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Ln(NTA),3~
Ln(OH)3

Ln(On)z - nHO

LnPOy
Lna(P,07)3

Ln(R-CHOHCQ)g 3~

LnSCOy

LnSO;
LnS,05

LnX3 - YRNH;
Lu

Lu3+

177Lu

LuCl3

LuoO3

Mg

Definition

holmium oxide
holmium chloride
holmium nitrate
hydrogen phosphate ion
iodine

iodide ion

potassium

potassium hydroxide
lanthanum

lanthanum ion
lanthanum citrate
lanthanum ascorbate
lanthanum acetate
lanthanum chloride
lanthanum nitrate
lanthanum oxide
lanthanum sulfate
lanthanides

atomic lanthanide
divalent lanthanide ion
trivalent lanthanide ion

lanthanide complexes with antipyrine (X = or GO

lanthanide oxalate ion

lanthanide acetate ion

lanthanide citrate ion

lanthanide chloride ammine complexes
lanthanide 1,3 - diketonates
lanthanide aminepolycarboxylate ions
lanthanide aminepolycarboxylate ions
lanthanide hydroxide

lanthanide 8-quinolinol

lanthanide phosphate

lanthanide diphosphate

lanthanidea - hydroxycarboxylate ion
lanthanide sulfite ion

lanthanide sulfate ion

lanthanide thiosulfate ion

lanthanide halide amine complexes
lutetium

lutetium ion

radionuclide of lutetium

lutetium chloride

lutetium oxide

magnesium
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NOMENCLATURE

Symbol

Mn

Mo

N

N2

Na

NaOH
NCS-

Nd

Nd3+
Nd(CH;COO)
Nd(CsHs07)
NdCl3
Nd(NOs)3
Nd203
NH;

Ni

NO;

O

O,

0,

OH

OH~

P

Pm

147p
POy

PO~

Pr

PrCk
Pr(CH;COO)
Pr(GHsO7)
Pr(NGs)s
PrsO11
RECk

S

Sc

ScCk

Si

Sm

153Sm
SmCkg
SM(NGy)3
SmO3
Slo/m

Definition

manganese
molybdenum

nitrogen

molecular nitrogen
sodium

caustic soda/ sodium hydroxide
thiocyanate ion
neodymium
neodymium ion
neodymium acetate
neodymium citrate
neodymium chloride
neodymium nitrate
neodymium oxide
ammonium ion

nickel

nitrate ion

oxygen

molecular oxygen
peroxide radical
hydroxyl radical
hydroxide ion
phosphorus
promethium
radionuclide of promethium
phosphate

phosphate ion
praseodymium
praseodymium chloride
praseodymium acetate
praseodymium citrate
praseodymium nitrate
praseodymium oxide
rare earth chlorides
sulfur

scandium

scandium chloride
silicon

samarium

radionuclide of samarium
samarium chloride
samarium nitrate
samarium oxide

sulfate ion
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NOMENCLATURE

Symbol

Sr

Ta

Tb
Tb3+
ThCls
Th(NOs3)3
Tb407
Ti

TI

Tm
TmCls
TmoOs3
TREO
Y

Y3+
%0y
169y
yCly
Yb
YbCl3
Yb(NOs)s
Zn

Abbreviations

Symbol

AAS
ACTH
ADC
ADI
ADP
AES
AG
ALT
ALP
AST
ATP
AUC
BW
BWG
cAMP
CAT

Definition

strontium

tantalum

terbium

terbium ion

terbium chloride
terbium nitrate
terbium oxide
titanium

thallium

thulium

thulium chloride
thulium oxide

total rare earth oxides
yttrium

yttrium ion
radionuclide of yttrium
radionuclide of yttrium
radionuclide of yttrium chloride
ytterbium

ytterbium chloride
ytterbium nitrate

zinc

Definition

atomic absorption spectroscopy
adrenocorticotropic hormone
absorption capacity

acceptable daily intake
adenosine diphosphate

atomic emission spectroscopy
Aktien Gesellschaft

alanine transaminase

alkaline phosphatase

aspartate transaminase
adenosine triphosphate

under the curve

body weight

body weight gain

cyclic adenosine monophosphate
catalase
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NOMENCLATURE

Symbol

CEC
CF
CFC
CFU
CIS
CNNA
CP
CR

CRT
DBWG
DFD
DGGE
DLG
DM
DNA
DPTA
DW
EC
ECso
E. coli
Ed.
EDso
Eds.
EDTA
EFSA
e.g.
EMF
ESRD
ETH

EU
FAL

FC
FCR
Fl

FIA
Fig.
GA3
GABA
GH
GOT
GPT

Definition

cationic exchange capacity

crude fat

chlorofluorocarbon

colony forming units

Commonwealth of Independent States (former USSR)
chemical neutron activation analysis
crude protein

concentration ratio in dry weight of

plant per mass in dry weight of soil
cathode ray tube

daily body weight gain

dark, firm and dry

denaturing gradient gel electrophoresis
Deutsche Landwirtschafts-Gesellschaft (German Adfice Society)
dry matter

desoxyribonucleic acid
diethylenetriaminopentaacetate

air dried or oven dried weight

European Community

median effect concentrations
Escherichia coli

editor

the median growth concentration

editors

ethylenediaminetetraacetic acid
European Food Safety Authority

for example

endomyocardial fibrose

end-stage renal disease
Eidgendssische Technische Hochschule
(Swiss Federal Institute of Technology)
European Union

Forschungsanstalt fir Landwirtschaft
(Agriculture Research Institute)

feed conversion

feed conversion rate

feed intake

free ion activity model

figure

gibberellic acid

y - aminobutyric acid

growth hormone

glutamic oxaloacetic transaminase former AST
glutamic pyruvic transaminase former ALT
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NOMENCLATURE

Symbol

HPGe
HPLC
IAA

ICP - MS
Ig

IgM

IL

i.m.
INAA
incr.

i.p.

U

V.
LA-ICP -MS
LCso
LMWOAs
LPC

ME

MDA
MRI

n

NAA
14C-NAA
NADH
NOEC
NOEL
NO(A)EL
n.s.

oC
OECD
OES
OVvX

p - value
PCR

PD

pH1

PH24

p.o.

POD
PSE
PTH

RE

REE
REO

Definition

hyperpure germanium

high performance liquid chromatography
indole-3-acetic acid

inductively coupled plasma-mass spectrometry
or IG immunoglobulin

immunoglobulin M
interleukin

intra muscular
instrumental neutron activation analysis
increased

intra peritoneal

international units

intra venous

laser ablation ICP - MS

the median lethal concentration

low molecular weight organic acids

lipid protein complex

metabolic energy
malonyldialdehyde

magnetic resonance imaging

number of samples
neutron activation analysis
a-naphthaleneacetic acid

reduced form of Nicotinamide adenine dinucleotide
non observed effect concentration

non observed effect level

non observed (adverse) effect-level

not significant

osteocalcin

Organization for Economic Co-operation and Develapime
optical emission spectrometry
ovariectomized

significance

polymerase chain reaction amplification
pyridinoline

pH determined in meat one hour after slaughter
pH determined in meat twenty four hours after slaughter
per 0s

peroxidase

pale, soft and exudative

parathyroid hormone

rare earths

rare earth elements

rare earth oxides
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NOMENCLATURE

Symbol

RE O3
RNA
RNAA
ROS
RUSITEC
S.C.
SD
SOD
SR
STH
Ts

Ty
TNF-a
TREO
TSH
uv
Vit.
WHO
WUE
YAG

Definition

rare earth oxides

ribonucleic acid

radiochemical neutron activation analysis
reactive oxygen species

rumen simulation technique
subcutaneous

standard deviation

superoxide dismutase

stomatal resistance

somatotropin, equal to GH
triiodothyronine

thyroxine

tumor necrosis factor alpha

total rare earth oxides

thyrotropin, thyroid-stimulating hormone
ultra violet

vitamin

World Health Association

water use efficiency

yttrium aluminium garnet
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ABSTRACT

have revealed that animal production needs to be enhanaddivide by at least 2 % each

year so as to provide sufficient feed. Yet, effective growtbnpoting agents, in terms of
in-feed antibiotics, have been completely banned througkarope due to the possible develop-
ment and spread of multiresistance in bacteria. New efficggie and inexpensive feed additives
are therefore needed in order to maintain or even furtherawgperformance levels in animal
husbandry. Based upon this information, rare earth elesrfeate been considered as promising
natural feed additive. Thus, this study was designed togbiagether the current research on
rare earths in order to analyze the data obtained and tadaeithe discussion of its relevance to
agricultural utilization.

The termrare earth elementsomprises the elements scandium (21), yttrium (39), lantha
(57) and the 14 chemical elements following lanthanum (5&)-called lanthanoids. Favoring
the tripositive oxidation state, rare earths present a hifhity for ionic bonding, thus a large
number of both organic and inorganic rare earth salts maybmed. Nevertheless, rare earths
may also form complexes especially with chelating oxyggands. In nature, rare earths occur in
multiple minerals, such as bastnaesite and monazite winicmainly used for industrial produc-
tion. Today, rare earths are part of several daily used ds\sach as lighters, television sets and
computers. Additionally they are found in medical techgglonuclear engineering, automobile
industry, military devices and even in spacecraft. Furtteee, rare earth-containing drugs are
used for the treatment of hyperphosphatemia in chronid farlare patients and for burn treat-
ment. Based upon their paramagnetic properties, raresga$ipecially gadolinium, have also
been arranged as contrast agents in magnetic resonandagraag computer tomography. In the
future, among other uses, rare earths might be involvedioeraherapy, treatment and prevention
of osteoporosis and atherosclerosis as well as organ teartapon.

In China, rare earths have been successfully used at lonentnations as feed additives and
fertilizers for decades. Yet, careful interpretation ofir@&se data is recommended due to the fact
that Chinese papers are often only available in native laggand furthermore not up to standard
with Western scientific research reports, hence lackingssital treatment of data and details
of experimental methods. However, in China, both yield éases and quality improvements
were achieved in multiple plant species including cerefalsts and vegetables after rare earth
application. Recommended application rates vary with thp species, the application technique
(soil, foliar or seed dressing) as well as the timing.

As feed additives, rare earths were shown to improve bodghtejain and feed conversion

CALCULATIONS performed in consideration of a continuously increasinglavpopulation
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ABSTRACT

in nearly all categories of farming animals (chickens, paiscks, cattle). Additionally, improve-
ments in milk production in dairy cows, in egg productionagihg hens and in output and survival
rate of fish and egg hatching of shrimps were noticed. Feettivveklused thereby predominantly
contain light rare earths (La, Ce, Pr, Nd) but even though bajanic (nitrates, chlorides etc.) and
inorganic (ascorbates, citrates etc.) rare earth feediaelsliare commercially available, organic
ones are claimed to provide better results.

Based on the effects reported in Chinese studies, expetsmene initiated under Western con-
ditions in order to investigate the action of rare earths oih Iplant and animal growth. Several
Western feeding trials conducted on animals have been aldemonstrate significant perfor-
mance enhancing effects after dietary rare earth apmitatvhile results obtained from experi-
ments on the effects of rare earths on plant growth have m@noversial. In pigs, improvements
in body weight gain of up to 19 % and in feed conversion rate@¥%dwere observed after their
diets were supplemented with low-dosed rare earth chlsriéiven better effects were however
noticed after rare earth citrates were added to the feedysf piurthermore, under field conditions,
rare earths were shown to increase body weight gain by up % &6d improve feed conversion
by up to 9 % in pigs. Following these results, rare earth doimtg feed additives in terms of
Lancef® have entered the market in Switzerland, where a temporanyipgion has been granted
for their use in pig production.

In addition, in broilers, rare earths were also shown todase final weights by 7 % and
improve feed conversion by up to 3 %. Very recent studies@sdirmed performance enhancing
effects in broilers with increased body weight gain and fegdke of up to 6.6 % and 6.9 %,
respectively. In rats, which were used as a small animal maderovements in body weight
gain and feed conversion of 4 - 7 % and 3 - 11 %, respectivellipwed the application of rare
earths. Thus, clear performance enhancing effects werevachin Western studies on rats, pigs
and poultry due to dietary rare earth supplementation. Kewehere are also studies in which
positive effects of rare earths on animal performance wet@$ obvious or not observed at all.

A comparison between the results of these feeding expetfmaarto the mixture of rare earths,
the concentration as well as the compound applied showedhtrse parameters are involved in
the magnitude of performance enhancing effects of rarbgaftt present, no definitive statement
on optimum composition can be made. However, a dose-depeydeas observed in several
trials and better effects have been achieved when the meixfiunare earths was applied instead of
single lanthanum. Additionally, it seems that organic remeth compounds have a higher impact
on animal performance than inorganic ones. This is probabteibable to different chemical
characteristics, which lead to variations in both absorpéind bioavailability.

Generally, absorption of orally applied rare earths is \ew; with more than 95 % being re-
covered in the feces of animals. According to minute gastestinal absorption of rare earths,
oral toxicity is very low and comparable to usual table saR5g values determined in various
animal experiments rang from 830 mg/kg to 10 g/kg body weitjlaine of the feeding trials per-
formed reported any effects on the state of health of the alsimvhich coincides with low oral
toxicity and additionally supports the safe applicationare earth feed additives to animals. In
addition, no effects on either meat or carcass quality weseved. Likewise, rare earth con-
centrations determined in organ samples were very low andesior even lower than in control
animals. This is attributed to the ubiquitous occurrenceud earths, thus also in plants and soils.
As a result they also appear in commercial diets and sube#dgue animal and human tissue. It
has also been shown that rare earth contents in usual végiialstuff are still higher than those
in meat obtained from animals additionally fed with raretlesr Therefore, the application of rare
earths as feed additive is also considered to be safe forimima

Furthermore, as to current knowledge, no damage is to becegen the environment as
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ABSTRACT

a consequence of rare earth application to agriculture.adh fas rare earths can improve feed
conversion, they may support the efficient use of naturauess, while additionally reducing
environmental loads in terms of animal excrements. Hendd, mspect to animal, human and
environmental safety, rare earths meet legal recommeandatf the European Union for their
registration as feed additive.

Although the mechanism underlying performance enhandfiegts of rare earths is not com-
pletely understood, several proposals have been maderdingdo current research, rare earths
might exert their action locally within the gastrointestitract, including effects on the bacterial
micro-flora as well as on nutrient uptake, digestibility anidization. Likewise, anti-inflammatory
and anti-oxidative effects may also contribute to posiéffects. Additionally, actions on the in-
termediate metabolism in terms of effects on cellular fiomd, growth- and digestibility-related
hormones and enzymes or the immune system have also beétereds It might also be possible
that rare earths are not yet identified essential elements.

Based on the information gained in this study, it has beecladed that rare earths are of high
interest as possibly new, safe, inexpensive feed additiEurope, especially in pig and poultry
production.
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KURZFASSUNG

gestellt, die ergaben, dass die Herstellung von tieristtamwungsmitteln weltweit jahrlich

m mindestens 2 % ansteigen muss, um eine ausreichendesheaiktefversorgung gewahr-
leisten zu kénnen. In Europa wurden jedoch potente Leisfidnderer in Form von Fitterungsan-
tibiotika verboten, um der Entstehung und der Verbreituegjstenter Bakterien vorzubeugen.
Neue effektive, sichere und kostenguinstige Futterzusditzsverden daher benétigt, um das Leis-
tungsniveau von Nutztieren aufrechterhalten zu kdnnen bdieses nachhaltig zu verbessern.
Aufgrund dieser Entwicklung werden Seltene Erden als esprechende naturliche Futterzu-
satzstoffe in Betracht gezogen. Diese Arbeit wurde dahedenmn Ziel angefertigt, einen Uberblick
Uber den gegenwartigen Forschungsstand zur Anwendurengekrden in der Landwirtschaft zu
schaffen, sowie die aus der Literatur gewonnenen Daten alysiaren und dadurch die Diskus-
sion bezlglich ihrer Relevanz in der Landwirtschaft zu eghoten.

Die Gruppe der Seltenen Erden umfasst die Elemente Scan@ilnYttrium (39), Lanthan
und die 14 auf das Lanthan folgenden Elemente (58 - 71), djersmnten Lanthanoide. Da die
Seltenerdelemente bevorzugt im dreifach positiven Okadarzustand vorkommen, sind sie in der
Lage eine Vielzahl sowohl organischer als auch anorgaeisShlze zu bilden. Seltene Erden
kénnen dartber hinaus auch Komplexe eingehen, besondechemtbildenden Sauerstoffligan-
den. In der Natur kommen Seltene Erden in verschiedenenriiae vor. Fur die industrielle
Produktion werden vor allem Bastnasite und Monazite vedgerHeutzutage findet man Seltene
Erden in einer Vielzahl taglicher Gebrauchsgegenstarelspielsweise in Feuerzeugen, Fernse-
hern und Computern. Aul3erdem finden sie Anwendung in der Nfedchnik, der Kernkraft-
technik, der Automobilindustrie, der Ristungstechnik isowv der Raumfahrttechnik. Dartber
hinaus werden Seltene Erden auch als Bestandteil von Meeikien zur Behandlung der Hyper-
phosphatemie infolge chronischen Nierenversagens undlle® zur Behandlung von Brandver-
letzungen eingesetzt. Aufgrund ihrer paramagnetischgartschaften haben sich Seltene Erden,
vor allem Gadolinium, als Kontrastmittel in der Kernspswaanz- und der Computertomographie
bewahrt. Zukinftige Anwendungsgebiete konnten die Kredrsipie, die Therapie und Pravention
von Osteoporose und Atherosklerose sowie Organtranspianén umfassen.

In China werden Seltene Erden in geringer Dosierung seitzdahten erfolgreich als Fut-
terzusatzstoffe und Dingemittel eingesetzt. Bei der Bdurtg chinesischer Daten ist jedoch
\orsicht geboten, da chinesische Artikel haufig nur in demdesssprache veroffentlicht werden
und des Ofteren Angaben zu Statistik und Details des Vessufhaus fehlen. Sie entsprechen
daher oftmals nicht dem Standard wissenschaftlicher Rarsgsberichte westlicher Lander. Es

V OR dem Hintergrund der stetig zunehmenden Weltbevoélkerunggd@n Berechnungen an-
u
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KURZFASSUNG

ist jedoch unbestritten, dass durch die Anwendung Selterdan in China der Ertrag zahlreicher
Pflanzenarten, darunter verschiedene Getreide-, FrighteSGemusesorten, sowie deren Qualitat
verbessert werden konnte. Die empfohlene Art der Anwendhérgt von der Pflanzenart, der
Anwendungstechnik (Boden-, Blatt- und Samenbehandluoey) @auch von der Jahreszeit ab.

Dartber hinaus konnte durch die Verfitterung Seltenericbéefast allen Nutztierarten (Hih-
ner, Schweine, Enten, Rinder) eine Verbesserung der Kgepechtszunahme und Futterwertung
erzielt werden. Zusatzlich wurde eine Steigerung der Mhtoduktion bei Milchkiihen und der
Eierproduktion bei Legehennen, sowie eine verbessersdreg und Uberlebensrate bei Fischen
und eine erhdhte Schlupfrate bei Garnelen beobachtet. dbiei derwendeten Futterzusatzstoffe
enthielten Gberwiegend leichte Seltenerdelemente (LaPC&d). Es sind sowohl organische als
auch anorganische Seltenerdfutterzusatzstoffe auf derkt Eidaltlich, bessere Resultate wurden
jedoch mit organischen erzielt.

Die in der chinesischen Literatur beschriebenen Effektaniassten dazu, die Wirkung Sel-
tener Erden auf das Pflanzen- und Tierwachstum unter westliBedingungen zu untersuchen.
Mehrere westliche Studien konnten zeigen, dass die Vertiity Seltener Erden an Tiere zu einer
signifikanten Verbesserung der Leistung fiihrte, wahrendi&h hinsichtlich ihrer Effekte auf
das Pflanzenwachstum zu sehr unterschiedlichen Ergebrkasgen. Bei Schweinen, deren Fut-
ter mit Seltenen Erden in Form von Chloriden in niedriger iBasg erganzt wurde, konnte eine
um bis zu 19 % erhohte Korpergewichtszunahme und eine unuldi® 26 verbesserte Futterver-
wertung beobachtet werden. Weiter verbesserte Ergebnigsen erzielt, wenn Seltenerdcitrate
dem Schweinefutter hinzugefiigt wurden. Des Weiteren lem&eltene Erden, die in Feldver-
suchen bei Schweinen eingesetzt wurden, die Korpergemiohhme um bis zu 10 % sowie die
Futterverwertung um bis zu 9 % verbessern. Daraufhin sittdredhaltige Futterzusatzstoffe
als Lancef® in der Schweiz auf den Markt gekommen. Derzeit besteht inSgémweiz fur die
Anwendung Seltener Erden in der Schweineproduktion eiitkchebegrenzte Genehmigung.

Zusatzlich konnten Seltene Erden bei Hilhnern das Endgewrh7 % und die Futterverw-
ertung um bis zu 3 % verbessern. Erst kiirzlich durchgefiBitelien waren in der Lage, diese
leistungsfordernden Effekte bei Hihnern zu bestéatigenviEde dabei von einer um bis zu 6,6 %
erhohten Korpergewichtszunahme und einer um 6,9 % venttesdeutteraufnahme berichtet. Bei
Ratten, die als Kleintiermodel verwendet wurden, verl#sseoral verabreichte Seltene Erden
die Korpergewichtszunahme um 4 bis 7 % sowie die Futterveang um 3 bis 11 %. In west-
lichen Studien konnten demzufolge durch die zusatzlichéitterung Seltener Erden an Ratten,
Schweine und Geflugel deutliche leistungsfordernde Edfekzielt werden. Es wurde jedoch auch
von Studien berichtet, in denen Seltene Erden nur schwatdrekeine positiven Effekte auf die
Leistung von Tieren ausubten.

Ein Vergleich der in Futterungsexperimenten erzieltenreBrgsse hinsichtlich der verwende-
ten Mischungen, Konzentrationen und chemischen VerbigelrSeltener Erden hat ergeben,
dass diese Parameter das Ausmald der leistungsférdernfisnteHieeinflussen kénnen. Eine
abschlielende Angabe zur optimalen Zusammensetzung lameitdnoch nicht gemacht wer-
den. Konzentrationsabhangige Effekte konnten jedochiiscigedenen Studien festgestellt wer-
den und bessere Effekte wurden erreicht, wenn eine Miscl8elggner Erden anstelle eines
reinen Lanthans verwendet wurde. Des Weiteren haben eganBSeltenerdverbindungen einen
groReren Einfluss auf die Leistung als anorganische, wasutkch auf chemische Unterschiede
zurlckzufuhren ist, die ihrerseits zu Veranderungen inAtesorption und der Bioverfiigbarkeit
fuhren kénnen.

Die Absorption oral verabreichter Seltener Erden ist gelheehr gering; mehr als 95 % wur-
den im Kot der Tiere wiedergefunden. Entsprechend der nale@mgastrointestinalen Aufnahme
zeigen Seltene Erden eine sehr geringe orale Toxizitatyeligleichbar mit der von gewdhn-
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lichem Kochsalz ist. LIgy Werte von 830 mg/kg bis 10 g/kg Kdrpergewicht wurden in megme
Tierversuchen ermittelt. In Ubereinstimmung mit der ggein oralen Toxizitat, konnte in keinem
der durchgefiihrten Futterungsversuche eine Beeintgioigides Gesundheitszustandes der Ver-
suchstiere festgestellt werden, was zusatzlich fur ercteese Anwendung Seltener Erden als Fut-
terzusatzstoffe spricht. Aul3erdem konnten keine naalpeilEffekte auf die Fleisch- oder die
Schlachtkorperqualitat beobachtet werden. Ebenso waedkahzentrationen Seltener Erden in
Organproben nur sehr gering und lagen in der gleichen Gaiflieang wie die der Kontrolltiere
oder sogar darunter. Die Begriindung dafir liegt in dem utdicgn Vorkommen Seltener Erden,
also auch in Pflanzen und Bdden und somit ebenfalls in kometkenrz Nahrungsmitteln. Sie sind
daher auch in tierischem und menschlichem Gewebe zu findekomhte gezeigt werden, dass
der Gehalt Seltener Erden in pflanzlichen Lebensmittelnemnoch hoher liegt als in Fleisch-
produkten, die von Tieren stammen deren Futter mit Selt&énden erganzt wurde. Demnach ist
der Einsatz Seltener Erden als Futterzusatzstoff fur keiételliefernde Nutztiere auch fur den
Menschen unbedenklich.

Dartber hinaus verursacht die Anwendung Seltener Erdegribahdwirtschaft nach heutigem
Wissenstand auch keinerlei Umweltschaden. Vielmehr kar8etene Erden als Futterzusatz-
stoffe zu einer effizienteren Nutzung der natirlichen Ressm beitragen und zuséatzlich die
Umweltbelastung reduzieren, indem sie die Futterverwegrtterbessern und dadurch die Auss-
cheidung tierischer Exkremente vermindern. Hinsichtlien Sicherheit fir Mensch, Tier und
Umwelt erfullen Seltene Erden hiermit die gesetzlichendkdérungen der Europaischen Union
fur die Zulassung als Futterzusatzstoft.

Der den leistungsfordernden Effekten zugrundeliegendehlsl@smus ist derzeit noch nicht
vollstandig geklart, es wurden diesbezuglich jedoch enitpeorien aufgestellt. Entsprechend
dem heutigen Stand der Forschung entfalten Seltene ErdenAirkung vermutlich lokal im
Magen-Darm-Trakt durch Einflussnahme auf die bakteriellkrtlora oder auf die Aufnahme,
Verdaulichkeit und Verwertung von Néhrstoffen. Entzingsimremmende und antioxidative Ef-
fekte kdnnten ebenfalls positive Einflisse haben. Zusdtziird eine Wirkung auf den inter-
mediaren Stoffwechsel, also auf zellulare Funktionen uamidHormone und Enzyme, die an
Wachstums- und Verdauungsprozessen beteiligt sind, ofldaa Immunsystem in Betracht gezo-
gen. Es besteht auch die Moglichkeit, dass es sich bei ®eltEnden um derzeit noch nicht
identifizierte essentielle Spurenelemente handelt.

Basierend auf den Erkenntnissen dieser Arbeit sind Seleden auch fur die europaische
Landwirtschaft, besonders im Hinblick auf die Schweined @Gefliigelproduktion, als moéglicher
neuer, sicherer und kostengunstiger Futterzusatzstofgvol3em Interesse.
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CHAPTER

INTRODUCTION AND AIM OF THE THESIS

in the West. While some of them, like acupuncture, were ketaden over and established

because it can treat not only daily problems, like headaahdsstress release, effectively but
also more severe problems, such as pain relief in emergeedicme, other treatments favored by
traditional Chinese medicine, such as the treatment oftihifig in humans, are still considered to
be ineffective and predominantly based upon placebo sffétbwever, it is strange that Chinese
advances in agriculture with rare earths, which includeaeckd plant and animal growth, were
delayed so long from being transferred to the West. One eafitan may be that the changeable
reputation of Chinese medicine in the West was too easilydedneglect of Chinese agricultural
achievements in the application of rare earth elements, #anigh Chinese agricultural improve-
ments are not in any way related to Chinese traditional nieeli¢iowever, ever since the valuable
research on rare earth application to agriculture becaroerkrand Chinese achievements were
acknowledged, the interest has greatly grown all over thedwdNow it is well-known that the
term rare earth elements refers to several elements in timmgesystem: scandium, yttrium and
lanthanum as well as the 14 elements following lanthanum (B8 called lanthanoids. It is also
known that applications of these elements can be made ionusapractical disciplines. Thus there
is a real need to collect the research in China, as far asvtitasle, as well as in other countries,
both in agriculture and in other disciplines.

This situation was the starting point for this thesis, whitends to assemble the current knowl-
edge as it is presented in the various studies while emphgdize application of rare earths to
agriculture. Until now, only a few scientists have probeid #nlarged field of Chinese rare earth
application under Western conditions. Earlier studiesawienited in number and pointed to the
need for further studies. However, it was the complete baim-deed antibiotics from the Euro-
pean market as of the beginning of 2006, which accentuageddad of further investigations and
temporary try-outs of rare earths, with a view to their ptitdinise as new feed additives. Presently,
there is no official authorization for the use of rare eartheither fertilizers in plant production
or feed additives in animal husbandry within the Europeaiokhin Only Switzerland has been
granted a temporary permission for the dietary applicatiorare earths in terms dafancef® to

I N the past Chinese applications, especially medical treasneere given a variable reception
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pig production in 2003. The validity of this permission hastjrecently been extended until 2007.
On this basis, it is the aim of this study to fill the need for mmmformation on rare earths by pre-
senting a comprehensive overview of current research enaarhs. Besides bringing together
the available literature, this study additionally strifesan evaluation of this data. With respect
to rare earth studies in Western countries, it is the objeddf this thesis to assemble the basic
information as well as available information on the incregsiumber of rare earth applications.
Additionally the study will concentrate on the effectives®f rare earths in terms of performance
enhancements in agriculture with emphasis on animal pteudProspective future uses of rare
earth elements, especially in Western agriculture, wélbdle considered and discussed by giving
close attention to the potential function of rare earth elets as feed additives in animal hus-
bandry. It is hoped that the information gained from theg®res may pave the way for their
registration as feed additive in Europe in addition to dboting to a comprehensive discussion
of current views on the effectiveness of rare earth elemaragriculture.

The thesis will be divided in various chapters which movenrfriheory to application. Thus,
Chapter2 briefly comments on the source materials that provide this basthis study. It will
be followed by a presentation of the theoretical backgrouraduding the discovery of rare earth
elements, their occurrence, natural deposits and minneggthemistry and physics of rare earths
and their most important biochemical and pharmacologicgderties, which is provided in Chap-
ters3to 5. The theoretical background will be carried on with infotioa on the metabolism
and toxicology of rare earths in Chaptr This will be followed by relevant information on the
environmental impact of extensive rare earth use in ingiuagriculture and animal husbandry in
Chapter7. Chapter8 is then devoted to quantitative analytical methods for tbeination of
rare earth elements, because nearly all studies performeare earths depend on accurate and
reliable methods of analysis. Two methods, inductivelyaded plasma (ICP) - mass spectrometry
and neutron activating analysis (NAA) will be treated witlopity, since they are predominantly
used in environmental (soil, rock and plant) analysis arichahexperiments. Thus, it is hoped
that a selection of theoretical areas that are directlywagleto the applications of rare earths will
facilitate the explanation and evaluation of the reseanatiiss and avoid too much repetitiousness.

Chapter9 starts with the report on rare earth applications. It bridégcribes the uses of rare
earths in technical and industrial areas including cardanrlghting, lighter flints, coloring and
decoloring of glass, television tubes, catalysts and $asdrile applications of rare earth elements
to medicine are then outlined in ChaptHD. It will be shown that former uses of rare earths
were limited to anti-vomiting agents in pregnancies andcaagulation agents. But nowadays,
drugs such as lanthanum carbonate, a newly registered Ipdesdpinder, or cerium nitrate for the
treatment of burns, are available, while, gadolinium ddlera contrast agent, has been proven
beneficial in several imaging studies.

Chapterl1deals with the application of rare earths as fertilizer toadture in China, but also
discusses experiments conducted under Western conditidnusstralia and Europe, which aimed
at investigating the yield enhancing effects of rare eanthsdlifferent plant species. Furthermore
information on the uptake and the bioavailability and ondbecentrations of rare earths in plants
is provided which leads into a description of the possiblemaaism behind yield improving
effects and ultimately into a discussion of future reseaeds.

Chapterl2 gives a detailed report on rare earth application to aninngblandry in China,
including several feeding trials. It also specifically d#ses experiments carried out so far in
Germany and Switzerland which were designed to investigattarmance enhancing effects of
rare earths on different animals, such as rats, pigs, Japapmils, chickens, calves and fish. This
leads into information on the safety of rare earth applcgtabsorption and bioavailability as well
as on the mode of action and ultimately into a discussionef tierformance enhancing effects on



animals. Based on the information gained from Cha@eosl2, Chapterl3 discusses the current
views on the effectiveness of rare earth elements in aninoalyztion and provides perspectives
for the future. This chapter particulary deals with potalhfiarising questions, such as: "Is the
mixture of elements or one element itself responsible fomgn enhancing effects? Is there a
clear dose-dependency in effectiveness? Does it matteahwdnion is bound to rare earths?".
These questions can give a perspective for further rese&iaally, the thesis’s conclusions for
the adoption of rare earths in animal production will be medited. The tables referred to within
the report will be found in Appendicésto D in order to provide a concise design.






CHAPTER

RESEARCHSOURCES AND THEIR
METHODOLOGY

well as to personal communication. This chapter therefons at presenting some overall

information on currently available rare earth studies Whiere relevant to this report. In
addition to information on their source and reliability easch methods applied and problems
revealing thereby are also described.

The literature on rare earth elements is fairly heterogesebirst of all there are several hun-
dred Chinese papers. Unfortunately a lot of these publiplapers originate from sources which
are still hard to assess, because many of them, especialbjdbr ones, are often completely writ-
ten in Chinese or only attach an abstract in English. Alsoyr@mnese papers, especially older
ones, are not up to standard of Western scientific reseapcitsedue to a lack of information on
their experimental methods and the absence of a rigorotist&tal treatment of data. The lack
of such essential information makes a critical evaluatib@linese data rather difficult. Hence,
a careful interpretation of data from China was necessatlyhais been attempted in this study.
However, there are a few readily available Chinese papspgoally more recent ones which
have either been partly or completely translated into Eshgineet Western criteria and have been
treated on the basis of such criteria.

Besides literature from China, there is a number of studi€snglish which partly dates back
to the first half of the last century, especially in regard hysgcal, chemical, biochemical and
pharmacological features of rare earths. Some of thatnmdition has not yet been updated, thus
current information on them is rare. The same applies toalitee on their toxicological and
metabolic behavior of rare earths. Even toxicological gatsented on the home pages of rare
earth producing companies mainly refers to papers daticg tiathe 1960s and 1970s. Only
recently, that is with the introduction of new rare earthteamng drugs, more information on
their toxicity has become available.

However, there is also a good number of current papers freera/Nestern countries, which
clearly meet the scientific criteria in terms of statistieahluation, material and methods and

THE search for sources of available studies within this thesais @tended to books, papers as
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which were included in this thesis. Although many papersasa earths are available, only a few
monographs exist. Among them are mostly older ones suthickery (1953, Vickery (1960,
Moller (1963, Trifonov (1963, Topp (1969, Evans(1990, Brown et al.(1990, Gmelin (1938 -
1993 and only few recent ones such@gel et al.(2003.

Additionally to books and papers, useful information haodieen obtained through personal
contact with M. L. He, a Chinese scientist, who works on ramthes through a research fellowship
that is supported by the Humboldt Foundation (2005 - 200&d, feom H. Richter, an expert in
rare earth chemistry. M. L. He and his wife Shuyuan Li haverigled several Chinese data, which
they themselves translated into English.

A search in the internet has also produced information anearths which was made available
in the websites of rare earth producing companies both in&and in Western countries. Their
websites are listed below.

e http://www.cre.net/english/index.asp
e http://www.brire.com

e http://www.beyondchem.com

e http://www.lanthanoide.de

e http://www.zehentmayer.ch

e http://www.sano-pharm.ch

e http://www.treibacher.com

e http://www.shire.com

e http://www.rhodia-ec.com

e http://www.molycorp.com

In this thesis some recurring terms will be abbreviatedhsagrare earthsor rare earth ele-
mentsasRE or REE It is also worthy of note that the term "rare earths" is fregly used syn-
onymously withlanthanidesshortened as Ln. Although, they are not identical in atstease, as
further explained in Chapte; their equivalent use is often convenient not only in olderature
but also in this study. It will also be noticed that rare eatiidies conducted within the fields of
physics, chemistry, biochemistry and pharmacology asagsith many medical studies, prefer the
term lanthanide, whereas studies in agriculture predaomtliypnase the termare earthsin German
Seltene Erdeand in Frenchierres raresrespectively.

The termrare earthsrefers to the elements scandium, yttrium and lanthanum dawthe 14
elements following lanthanum. Since they exhibit varioasful chemical, physical, biochemical
and pharmacological properties, the field of their applocats enormous. On the one hand, they
can be seen in common daily objects such as flints, carbonguts,| glass additives, polishing
agents, permanent magnets and liquid crystal display flaess, and on the other hand, they can
be used as medicinal agents. Lanthanum carbonate, for éxgtrgule nameFosreno@), has
recently entered the European market. It is an important drewg for the treatment of hyper-
phosphatemia in patients suffering from chronic renalfail Additionally, medical technology,
including magnetic resonance tomography, has been greagisoved by the use of rare earth
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containing contrast agents (such as gadolinium chlorleich are applied intravenously. Exten-
sive research has opened up even new areas of rare earttasippli In China, for example, their
utilization has already exceeded technical areas by brgakio the extensive field of agriculture.
Almost none of the other elements in the periodic system stabkshed a similar usefulness in so
many different fields and modes of application. Thus, rartheglements are somehow peculiar
and special.

Nevertheless, in order to assess the usefulness of rates @ardifferent areas of application
further aspects need to be considered. Therefore, Ch&ptérsffer a gradual learning about their
specific features. In addition, background informatioregivn Chapter® - 12 will explain why
rare earths can enter so many various fields and even corfgpiaréa of agriculture including
animal production. Potential adverse aspects, on the biogi, such as toxicological features
and environmental hazards must not be neglected and atedreadetail in Chapter§ and7.
Additionally, Chapter8 provides information on rare earth analysis since a rediabéthod of
gualitative and even more important quantitative detecisoessential for the determination of
rare earth contents in animal tissues, in environmentalaa samples or in medical preparations.

However, the usefulness of rare earth properties for im@digroduction and commerce greatly
depends on the accessiblility of rare earthes in the neadedrs. Therefore, some information
on their occurrence and distribution will be added in Sec8& But generally speaking, it can
be said that, despite their name, rare earth elements ae ajuindant in the earths crust with
Ce being the 28 most abundant element at 60 ppm, ahead of tin and lead andaditile less
abundant than zindJalvert 2003, (Brown et al, 1990, (Topp, 1965. For several applications,
purified individual elements are more essential than a mastu Thus, a brief description on
recovery and separation techniques of rare earths is aleo i line with background information.

Concerning research emphases, it will be shown that rdsesr¢he physics and chemistry
of rare earths or on their biochemical and pharmacologeatiures dates back to the first half of
the last century. This is due to the fact that during that tiheeinterest on rare earths had just
started and there was a great interest in revealing the fpatehrare earths. Since then, only little
further research has been conducted in this field. Thusradaets described in Chapte3do 6
are based on information obtained from older literaturéngatack to 1960s, 1950s or sometimes
even further back. With increased research on their pasgitowth enhancing properties as well
as with the introduction of new rare earth-containing drugsuman medicine, research on the
metabolism and toxicity of rare earths has progressed. eftve, new information has become
available, while older one has been confirmed.






CHAPTER

DISCOVERY, OCCURRENCE AND
SEPARATION TECHNIQUES OFRARE EARTH
ELEMENTS

3.1 Discovery of Rare Earth Elements

areas in inorganic chemistry and has produced two hundrai y# trial, error and false
claims which reflect its peculiar nature within the perioslystem.

First discovered, in 1788, by the Swedish army lieutenamt Kxel Arrhenius, who collected
the black mineral ytterbite, named after the nearby Swettisi, their special chemical struc-
ture was the reason for spending so much time on distingquggthie individual elements within
the group of lanthanides. As rare earth elements could ngptrdyerly arranged into any table,
no information on the number of existing elements was ahglaThus, fractional crystallization
was the only method used for the purification of elementsattttme and multiple recrystalliza-
tions were necessary that in turn caused various false slamthe nature of rare earth elements
(Holden 2001). In 1794, Gadolin isolated ytterbia from the mineral yigx, containing mainly
yttrium, middle and heavy earths. The discovery of ytterblertened to yttria by Ekeberg 1797,
aroused the interest of many scientists, particularly 8arg, Vauquelin and Klaproth. Soon af-
ter, Berzelius and Hisinger and, independently of thempkKith, found a new oxide which was
named ceria after the Latin goddess of agriculture. The raireerite predominantly contains
light earths. Yttria and ceria presented similar propsrdied provided a basic mineral from which
light and heavy earth groups could be subsequently isolétealyzing a cerite sample, Vauquelin
found out that ceria has two degrees of oxidation. This wasrgrortant discovery which later
established the presence of two valency states of ceriuaB838, the chemist Mosander extracted
lanthanum (meaning to lie hidden in Greek) from ceria, wivile years later he separated another
new earth called didymia (referring to the twin brother aftlzana; from Greeklymium- twin)

THE history of the discovery of rare earth elements is one of thetroomplex and confusing
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from lanthanum oxide (1841). By fractional precipitatiandbtained three oxides yttria, the pink
terbia and the yellow erbia (1843).

After a relation between the chemical properties of the el@sand their atomic weight was
established and presented in line with the periodic law (@ééeyev), further thorough studies
on rare earth elements were conducted. The developmentofrepcopic methods of analysis
and the exploration of electrochemical separation led ¢odiscovery of a new earth, ytterbia,
from Mosander’s erbium nitrate (C. Marignac 1878). A yeaetdaNilson (1879) isolated scan-
dia and Cleve (1879) thulia (named after Thule, the romanenfamthe northernmost region of
the inhabitable world) and holmia (Latin for Stockholm)rfrerbia (1879). In the same year, de
Boisbaudran extracted samaria (named after an Russianesmyand gadolina from didymium
seven years later. He also discovered a third componentd, eralled dysprosia (Greakys-
prositos- difficult to obtain), in 1886. Von Welsbach separated didym into two constituents
- neodymium (Greekheo - new) and praseodymium (Gregkasios- green) (1885) by using
fractional crystallization. A similar procedure helpedrdecay to derive europium (from Eu-
rope) from samaria (1901). In 1907, Urbain extracted neéeryta and lutetia (the Latin name
of Paris) from ytterbia, earlier discovered by Marignac,ile/the same result was obtained by
Von Welsbach in 1908. Apart from promethium, all elementd bhaen discovered by 1907. It
was not until 1947, that promethium (named after the Greel gas chemically separated from
fission fragments of uranium, which were produced by nestrdmough the use of ion exchange
chromatography (Marinsky, Glendenin and CoryeWllafinsky et al, 1947, (Moller, 1963, (Tri-
fonov, 1963, (Topp, 1965, (Evans 1990, (Holden 2001), (Calvert 2003, (Fachschaft Chemje
2009, (Richter and Scherman2006. Information on the discovery of the rare earth elements
including the classifiers: element, year of discovery, aliecer and origin of the name given, are
summarized in Tabl8.1

Considering the limitations of the techniques and effortslable, the early work on separation
of rare earths was outstanding. Today, high purity isoletiesommercial use are mainly obtained
by solvent extraction while ion exchange resins are usedtiver special cases.

10



1T

Discoverer Year of discovery  Origin of name
Lanthanum Mosander 1839 from Greek Lanthanein = to lie mdde
Cerium 1st Berzelius and Hisinger 2nd Klaproth 1803 Cenmessteroid discovered in 1801

which is named after the Latin goddess of agriculture

Praseodymium Von Welsbach 1885 from Greek Prasios = grgempd = twin
Neodymium Von Welsbach 1885 from Greek Neo = new, dymium = twi
Promethium Marinsky, Glendenin, Coryell 1947 PromeththesGreek god who stole fire from heaven for men’s use
Samarium De Boisbaudran 1879 from its ore, samarskite, dafter the Russian engineer Samarski
Europium Crookes 1889 Europe
Gadolinium Marignac 1880 after the Finnish chemist Gadolin
Terbium Mosander 1843 after the town of Ytterby in Sweden
Dysprosium De Boisbaudran 1886 from Greek Dysprositos d tmget at
Holmium 1st Soret, 2nd Cleve 1879 from Latin Holmia = Stodkio
Erbium Mosander 1843 after the town of Ytterby in Sweden
Thulium Cleve 1878 after Thule, the Roman name for the nathesst region of the inhabited world
Ytterbium Marignac 1878 after the town of Ytterby in Sweden
Lutetium 1st Von Welsbach, 2nd Urbain 1908, 1907 from Latindtia = Paris
Yttrium Gadolin 1794 after the town of Ytterby in Sweden
Scandium Nilson 1879 Scandinavia

Table 3.1: Discovery of rare earth elements.
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3.2 Occurrence and Distribution of Rare Earth Elements

Occurrence and distribution of rare earths are not only t&rést because of their usefulness
for industry but also because they have raised a discusdiether rare earths might be essential
for plants, animals and even humans. As a group, rare eastistitte the fifteenth most abun-
dant component of the earth’s crust; thus they are not raadl.aThe most plentiful rare earth
elements, cerium and yttrium, occur more often in the earthist than lead, molybdenum or
arsenic. Lanthanum and neodymium occur in similar quastiéis lead. But even thulium, the
rarestof the rare earth elements, can be found more often than glalshum or iodine Reiners
2001, (Brown et al, 1990, (Topp, 1965, (Fachschaft Chemj009, (Richter and Schermanz
20069. Table3.2 provides the approximate average abundance values ofitieatdades in the
earth’s crust. Approximate values usually are in the rarfiges® mg/kg. In addition, rare earths
are also found in very small amounts in plant and animal éiss®romethium, however, has only
been found in very small amounts in uranium ore depoBitshter, 2009.

Evans(1990 andMédller (1963 Taylor and McLennai(1985

Lanthanum 18.0 16.0
Cerium 46.0 33.0
Praseodymium 55 3.9
Neodymium 24.0 16.0
Promethium - -
Samarium 6.5 3.5
Europium 1.1 1.1
Gadolinium 6.4 3.3
Terbium 0.9 0.6
Dysprosium 4.5 3.7
Holmium 1.2 0.8
Erbium 2.5 2.2
Thulium 0.2 0.3
Ytterbium 2.7 2.2
Lutetium 0.8 0.3
Yttrium 28.0 20.0
Scandium - 30.0

Table 3.2: Average abundance of rare earth elements in the earths(pu®).

The strong affinity for oxygen and phosphate explains thé mgidence of rare earth occur-
rences as phosphate compounds. Under natural conditaortbahides exist as oxides, silicates,
carbonates, phosphates and halogen compounds in mingykds 2004). The amount of individ-
ual rare earths found in different mineral sources variesthe similarity in ionic radius, oxidation
state and general properties results in their universalroecce in all rare earth minerals. Appar-
ently, nature is no better than chemists in separating tAdmrefore, no known mineral contains
only one lanthanide as a major constituent. However, trebéshment of typical lanthanide con-
tents in minerals enables scientists to determine thegiroriThis is also used for geochemical
research on rock formationsifller, 1963, (Trifonov, 1963.

Rare earth elements are obviously widely distributed, lsutally occur in small amounts as
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shown in Table3.2 The Oddo-Harkins rule can also be applied to members ofahth&nide
series {opp 1965. According to that rule, elements with even atomic numizggear more
often than the neighboring element with an odd atomic nunhbexddition, studies show that the
guantity of elements decreases with an increase in the atmmber in both even-numbered and
odd-numbered sequencéspata-Pendias and Pendia®01), (Wei et al, 2001).

More than two hundred minerals are known to contain rarénedements, yet only a few of
them are useful for industrial production. Principal mader the abundance of rare earths in them
and the geographical locations of their most important dépare shown in Tabl.3.

Composition Location of significant deposits
idealized generalized

Light Rare Earth - Cerium - containing Minerals

Monazite (light RE)PQ@ 49— 74% light RE  China, Western Australia, India,

1-4%Y earths Brazil, Zaire, South Africa, USA, USSR
Bastnaesite (light RE)FCO 65— 70% light RE  China, USA, USSR

<1%Y

Heavy Rare Earth - Yttrium - containing Minerals

Euxenite (Y)(Nd, Ta)TiQ- H,O 13—35% Y earths Australia, USA
2— 8% Ce earths

Xenotime (Y)PQ 54—-65% Y earths Western Australia, Norway, Brazil
~ 0.1% Ce earths
Gadolinite (Y)ZMQ SirO10) 35—48% Y earths Sweden, Norway, USA

2—17% Ce earths

Table 3.3: Important rare earth containing minerals; with M: Fe, B&(ler, 1963.

Since rare earths are fractionated during weathering psesg ores tend to be rich in either
heavy or light rare earth elements. Rare earth elements imedrfrom a great variety of ores,
principally bastnasite and monazi#&hang et al.1995.

Presently, bastnaesite (Ce, La)(§)B a rare earth fluorocarbonate, constitutes the main sourc
for industrial production of rare earths, it, thereforepfshigh commercial importanceryler,
2004). Likewise, monazite, a thorium-rare earth phosphateseaes another important mineral
source because itis readily highly available and contdionsie50 % by weight rare earth elements.
It can be found in Australia, China, South Africa and the EdiGtates, yet there are only a few
places which offer enough quantity to permit vein mining efidfore, secondary deposits, called
monazite sands generated by natural weathering and g@uiigentration processes are mainly
used for industrial miningRichter and Scherman2006. Bastnaesite and monazite provide light
rare earths and account for about 95 % of currently utilizzd earth elements. The composition
of rare earth elements in monazite is shown in Tée

A further source for rare earths are aluminum silicates tvhie also known as ion absorption
ores. They are produced by natural weathering processes) ethables them to absorb resolved
lanthanidesRichter, 1996.

Monazite and xenotime naturally occur as accessory mimandbw-calcium granitoid rocks
and pegmatites, while bastnaesite predominantly existalicium-silicate rich rocks and to a
lesser extent in quartz veins, epithermal fluorite-beaxams and breccia fillingsT{ifonov,
1963, (Mdller, 1963, (Evans 1990, (Chengdu Beyond Chemicaf2009.

However, the main fraction of rare earths on the earth’saserfire not concentrated in previ-
ously mentioned enriched minerals but in abundant minefatdéher elements such as apatite, a
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Composition of monazite (%) Composition of gadolinite (%)

Lanthanum 23.0 1.0
Cerium 48.0 2.0
Praseodymium 6.0 2.0
Neodymium 20.0 5.0
Promethium - -

Samarium 2.0 5.0
Europium 0.02 <0.1
Gadolinium 0.5 5.0
Terbium 0.04 0.05
Dysprosium 0.08 6.0
Holmium 0.01 1.0

Erbium 0.03 4.0
Thulium 0.003 0.6
Ytterbium 0.005 4.0
Lutetium 0.003 0.6
Yttrium 0.08 63.0

Table 3.4: Composition of rare earth minerals\(ans 1990).

calcium phosphate which contains small amounts of F, ClJ\& are earth elements and corre-
sponds approximately to (GAPOy)3(F, OH, Cl). The composition may, however, vary with its
origin (Richter, 20086.

Since it possesses 80 % of the worldwide deposits, whichualég 89 million tons of useable
raw material, the People’s Republic of China provides theagst amounts, which makes it the
largest producer of rare earths. China is followed by theskRmsFederation, the United States,
Australia, India, Canada, South Africa and Brazil. In aubiif some deposits of rare earth ele-
ments without industrial significance are found in Southigsfy Malaysia, Indonesia, Sri Lanka,
Mongolia, North Korea, Afghanistan, Saudi Arabia, TurkB\grway, Greece, Nigeria, Kenya,
Tanzania, Burundi, Madagascar, Mozambique and Egypt.uermg mainly light rare earths, the
mine Baiyuneba (Baiyuneba means "Mount of Riches") in Bouihmer Mongolia is probably the
most famous one. Another large deposit that might be ofestas located in the state of Minas
Gerais of Brazil. It owns 100 000 t of rare earth elemehisafis 1990, (Richter, 1996, (Hedrick,
2004), (Chengdu Beyond Chemicalz005.

In nature, rare earth elements become available to thersbit@ansequently to plants by leach-
ing from mineral deposits and then entering groundwateioua studies have reported significant
differences in rare earth element concentrations amomeyeift types of Chinese soil. The sum
of total rare earth elements ranges from 88,9 to 469 ppm,easdight rare earth elements range
from 76,2 to 447,7 ppm and heavy rare earth elements are natige of 9,2 to 55,2 ppm, respec-
tively (Kabata-Pendias and Pendi@®01). Average contents of rare earth elements in soil are
listed in Table7.1 Comprehensive studies on the rare earth contents in@iffeioils and plants
were also conducted byratka (1999 and the reported values were in the range of ppm in soils
and ppb in plants.

Even though rare earths present a slight mobility as welbassolubility and concentration
in soil, they still provide an available pool to plants. Yencentrations may considerably vary
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with the plant species. Contents of 10 ng/g dry matter, fangxe, were measured in spruce
needles (Tabl&é1.14 (Wyttenbach et al1996. In contrast, other plants including ferrst{ihashi

et al, 1992, (Wyttenbach et al.1994), have been reported as being highly capable of absorbing
lanthanides. Possessing concentrations of up to 2300 ppn{ddVdried or oven dried weight
samples), hickory trees have been classified as lanthaciclenulating plantsRobinson et a).
1958, (Evans 1990. Thus, concentrations of rare earth elements in plantslaegely by ranging
from below 1 ppm to above 15 000 ppb DW, while lanthanum, wigxhibits maximum values
from 88 to 15000 ppm DW represents the highest fractibab@ta-Pendias and Pendiad01l).

In the past decade, many studies on the distribution andvimtat rare earths in soils and plants
have been carried out and further details will be given ingiéis7 and11.

3.3 Mineral Sources and Separation Techniques

Recovering and separating rare earths from mineral socarestitutes the first step for their
commercial applications in technical, medical and agtical areas. As described above, rare
earth elements are neither rare nor are they earths. Thatipért of their name, the wongre,
relates to the considerable difficulties in separating ane earth element from another because of
their close similarity in chemical and physical propertid® second pagarths an old chemical
term for oxides, was applied to as they were first identifieches earth oxides. As a consequence
of their high resemblance to each other, several elemeafsand concentrated within individual
minerals. Hence, it takes quite some effort to extract tligvidual rare earth elements from
mineral sources.

First of all, rare earth mineral concentrates need to beffdtom ores by using general me-
chanical and physical treatments with mineral dressingh €8 gradual flotation and magnetic
separation, or a combination of both methods before any whaimeatment can be applied. These
methods usually provide 60 % concentrateSopp, 1965. Rare earth ions can be easily eroded
from ion absorption ores by using saline or ammonium sak$agning solutions. From this solu-
tion, rare earths are recovered by precipitation as oxal&encentrates of more than 90 % may
be obtained by calcining the oxalaté&¢hter, 1996, (Richter and Scherman2006).

Several methods of separating rare earths into the diffealements are known, but none is
considered to be universal. Since a detailed descriptiaf ofethods available exceeds the limits
of this thesis, the main points will be summed up briefly. Ulguthere is a choice between
acidic (using sulphuric acid) or alkaline (using caustidaomethods of breakdown, which use a
variation of temperature. These processes will be exermplitir monazite and bastnaesite:

At first, both minerals are treated with concentrated sulighacids at 400 - 500C in rotary
furnace before the pasty reaction product is diluted witkewevhich creates a sulphate solution.
For the separation of monazite, sodium saline or sulphatéded to the solution and a crystalline
precipitate of the sodium lanthanide double-sulphate®iained, which is boiled in a 10 % ex-
cess of caustic soda. The resulting rare earth hydroxidesileered off. To obtain rare earth
chlorides, hydrochloric acid is finally added. For the sapan of bastnaesite, extracting agents
are applied to the sulphate solution thereby receiving ear¢h ions, which are further extracted
with hydrochloric acid to rare earth chlorides.

To separate heavy rare earths from light rare earths, additsolvent extractions can be ap-
plied to the rare earth chloride-containing solution thaild be obtained from either monazite or
bastnaesiteRichter, 1996, (Topp, 1965. To isolate individual lanthanides from rare earth mix-
tures for industrial purposes, industry predominantlysusa@vent solvent extraction, whereas ion
exchange methods are only applied in certain special cékgge¢ 1999. Extracting agents of
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industrial importance include Tri - n - butyl phosphate, Btimyl heptyl methyl phosphonate, Di
(2ethylhexyl) phosphoric acid, 2-Ethylhexyl phosphors@danono 2-ethyl hexyl ester, Tetra de-
cyl phosphoric acid and Naphtenic acii¢hter, 1996. For further detailed description, the inter-
ested reader is referred Yackery (1953, Ryabchikov et al(1959, Topp (1965, Mdéller (1963,
Trifonov (1963, Gschneidner and Eyrin@978 - 2003, Gmelin (1938 - 1993 andRichter and
Schermanz£2009.
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nition of the group itself. The termare earth elementbterally refers to three members of

group 1B, namely scandium (atomic number 21), yttriuno(atc number 39), lanthanum
(atomic number 57) and the 14 chemical elements found inplid& of the periodic table called
lanthanoids with the serial numbers 58 - 71 cerium (atomrmolmer 58), praseodymium (atomic
number 59), neodymium (atomic number 60), promethium (atonmmber 61), samarium (atomic
number 62), europium (atomic number 63), gadolinium (atomimber 64), terbium (atomic
number 65), dysprosium (atomic number 66), holmium (atamimber 67), erbium (atomic num-
ber 68), thulium (atomic number 69), ytterbium (atomic n@mb0) and lutetium (atomic number
71) (Trifonov, 1963, (Richter and Scherman2006§. This list does not distinguish between
lanthanides and yttrium (atomic number 39) and scandiuon{@t number 21). However, yt-
trium and scandium are included in the term rare earths dsirtitar chemical properties, which
also accounts for the fact that these elements occur tagetmatural minerals@soon 2009.
While the termlanthanoids meaning "lanthanum-like", embraces the elements 58 ta@&dum
to lutetium), the termlanthanidesncludes lanthanum. In the periodic table, rare earth etese
are represented by lanthanum while the other elements arel fim a separate sub-table below
the main groupings. Generally speaking, rare earth elesreznt be classified into two groups:
the light or cerium subgroup, including the first seven eletméatomic numbers 57 - 63) and the
heavy or yttrium subgroup, including yttrium as well as thengents within the range of atomic
numbers 64 - 71. Since promethium is unstable and not wellctexized, it will be described
only marginally.

There are several major books which include detailed in&dion on the topic of rare earths
within the fields of physics and chemistry, such @snelin 1938 - 1993, (Mdller, 1963, (Topp,
1965, (Cotton et al, 1999, (Evans 1990, on which this general introduction of rare earth chem-
istry and physics is based. The selection of the informatiorproperties will be governed by
its relevance to applications of rare earth elements, famgte, data on their electronic con-
figuration, their ionic radius as well as their compoundg]itahally on the chemical bonding
behavior which is basic for the understanding of their besnltal and pharmacological behavior.

THE introduction of the large group of elements known as rar¢heawill first require a defi-
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The introduction does not treat the structural chemistmacé earth compounds whose relevance
surpasses the realm of this study.

4.1 Chemistry of Rare Earths

4.1.1 General Information

Lanthanum is the first member of the third series of transisgtements which are made of
elements with unfilled f-orbitals. Lanthanides can only l&idguished by their 4f-electrons,
hence they are often called f-elements, which explaing #mgrmous similarity. In addition, their
chemical properties are determined by the 3d-shell. Witinarease atomic number, progressing
from lanthanum to lutetium, a consecutively filling of thevier-energy 4f-orbitals instead of the
5d-orbital takes place while their oxidation states remainhanged. Having 14 electrons in its
f-shell, lutetium is fully occupied. This phenomenon islifigimportant for the understanding of
rare earths, as many properties result from the shieldinigeoinner 4f-orbitals. The shielding of
the 4f-electrons by electrons of higher orbitals moreoweoants for the fact that 4f-electronic
behavior is neither influenced by ionization nor by comptexa Thus, their magnetic and spec-
troscopic properties are conserved upon binding. Thiseasiege addition of 14 electrons without
exerting any influence on the chemical bonding is uniqueerpiriodic table. The outer electronic
configuration of the lanthanides is shown in Tabl&

Atomic lanthanides Lh lonic lanthanides L#i

La 424p°4dl0585p°5dl65 58°5p°

Ce 434p°4d042585p065 415850
Pr  424p04d%4f3585p%65 41258500
Nd 4g4pP4dl04f4 58250065 41358250
Pm 484p°4dl41°558°5p°65 AfA575P
Sm  484p°4dt04055250065 4155850
Eu 424p°4d04f/5825p065 A4f658250
Gd 424p°4d048585p°5d6s”  4f/5°5p°
Tb  424p°4d04195825065 4185850
Dy 44pP4d04f105850565 4958250
Ho 424pf4d04fl15825p065 41058500
Er 424pP4d0%4f12585p065 411582500
Tm 484pP4dl041358556< 4f12582550
Yb  424pP4dl04f14525006< 413582500
Lu 4s24pP4dl04fl9525p05dl6s?  4f145525°
Y  45%4pP4di5S 4400

Table 4.1: Ground-state electronic configurations of atoms ; Ln: lanitles Evans
1990.

Due to the fact that lanthanides generally favor tripositxidation state, thus being highly
electropositive, their compounds are predominantly iamicature. Nevertheless, tetravalent and
divalent forms exist as well, yet only €eand E@+ are stable enough to persist in aqueous solu-
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tion, whereas their trivalent forms still present highexdity. The existence of further oxidation
states besides 3+ is contributed to the special electramifiguration of 4¢(Ce*) which has an
empty f-shell and 4{Ew?") and is half-filled Cotton et al, 1999, (Evans 1990, (Fachschaft
Chemie 2005. It has been argued that differences in oxidation statgsdisinguish rare earth
elements as to their biochemical behavior in plants and alsinbut this argument will be more
closely looked into in Chaptetsl and12.

The size of atoms and ions is determined by their nucleageh#nreir number and the degree of
occupied electronic shells. Hence, the actual radius obasisaid to depend on its valency. Yet,
rare earth ions display a unique physicochemical chaiatitein which a decrease in ionic radii is
associated with increasing atomic number (La 1.06 A and B& 8) (Topp, 1965. This paradox
calledlanthanide contractionms ascribed to the shielded 4f-orbital, which cannot conspéathe
effect of increased nuclear charge. Thus enhanced nudleactan is exerted upon the whole
electron cloud which finally shrinks and leads to the cotitbacof the entire ionic structure.
With respect to ionic radius it is worth mentioning that tleaic radius of lanthanides largely
resembles the one of €aat almost all coordination numbers because this is higlsigoasible for
most of their biochemical behavio€6tton et al. 1999, (Evans 1990, (Richter and Schermanz
2006. More detailed information on this topic will be given in &tter5. Additionally, Table4.2
summarizes some of their chemical properties.

Element Symbol Atomic number Atomic weight (g/mol) loniclnas (A)
Lanthanum La 57 138.91 1.061
Cerium Ce 58 140.12 1.034, 0.92 (&
Praseodymium Pr 59 140.907 1.013
Neodymium Nd 60 144.24 0.995
Promethium Pm 61 Isotopes 141 - 151 0.979
Samarium Sm 62 150.35 0.964
Europium Eu 63 151.96 0.950, 1.09 @&\
Gadolinium Gd 64 157.25 0.938
Terbium Th 65 158.924 0.923
Dysprosium Dy 66 162.50 0.908
Holmium Ho 67 164.930 0.894
Erbium Er 68 167.26 0.881
Thulium Tm 69 168.934 0.869
Ytterbium Yb 70 173.04 0.858
Lutetium Lu 71 174.97 0.848
Yttrium Y 39 88.905 0.88
Scandium Sc 21 44,956 0.68

Table 4.2: The chemical properties of rare earth elementsl(er, 1963.

4.1.2 Bonding and Chemical Compounds

Fundamental information on the chemical bonding behasavell as on chemical compounds
is essential for the prediction of the physiological bebawif rare earths in plants, animals or hu-
mans. This section will provide preliminary information ah will be relevant in Chaptergl
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4 CHEMICAL AND PHYSICAL PROPERTIES

and12. In contrast to transition metals, rare earths do not ekBighificant covalent bonding
or crystal field stabilizationMikkelson, 1976. This is attributed to the high energy of the outer
orbitals which hampers covalent bonding. Even though theekelectron tends to increase the
covalent character of bonding connections between ratbseand other molecules, rare earth
compounds are usually based upon ionic binding. As a rasué,earths attract water molecules
in agueous solutions to form a hydration shell around thantelhe hydration of their tripositive
ions is highly exothermic, rare earths are strong reducgenes under such conditions. In fact,
reduction potentials of the Bn/Ln?t are reported to be between 0.43 and 1.35 V, respectively.
By contrast, the potential of the couple®t¢Ce*™ depends largely on the anion in solution. Hy-
dration numbers ranging between 9 fortao Nd®* and 8 for T+ to Lu®* have been proven
(Spedding et al.1966. Lanthanide cations have a high affinity for bonding to fides, hydrox-
ides and other oxygen-containing ligan&si(man 2003, (Fachschaft Chemj&005. The order
of preference for donor atoms follows the sequence>® > S and F> CI, which indicates
that lanthanides demonstrate an overwhelming affinity tgger donor atoms. Under physio-
logical conditions, O donor atoms are supplied by eithebagyl or phosphate groups found in
proteins, nucleotides and nucleic acids, respectivelynséquently, the great affection for ionic
bonding leads to the formation of a large number of salts.CReenical term fosaltrefers to ionic
compounds consisting of positively charged cations (nyaimétallic ions) and negatively charged
anions with the product being without a net charge. Theragns can be either inorganic (Gl

or organic (CHCOQO™) as well as mono-atomic (F or poly-atomic (SC}‘) (Kurlansky, 2002.

Among inorganic rare earth salts, hydroxides, carbonaiessphates, oxalates and fluorides
formed by lanthanides are insoluble in water while theiodiles, nitrates and perchlorates remain
soluble and their sulphates are hardly soluble. Hydrolgsiserally increases forming insoluble
precipitates of Ln(OH) with an increasing pH and decreasing ionic radius from lamtm to
lutetium. Differences in solubility of many of these salts/h been used to separate rare-earth
metals from accompanying metals as well as to divide themimdividual rare earth elements
(Evans 1990, (Trifonov, 1963. Furthermore, data on solubility (Tabde3) is significant to pre-
dict the behavior of different rare earth salts under pHggigal conditions, the physiological pH
being 7.4. It has been reported that in vivo many rare eatth eghibit low solubility constants.
Thus, crystalline lanthanum phosphates present solupilitducts of 1824 (Firsching and Brune
1991).

Pharmacological properties as well as growth performanbarcing effects of rare earths have
been proven to depend on the chemical compound that is dpiet this will be discussed in
greater detail in Chaptér2. Due to the impact of different rare earth compounds regartheir
growth promoting effects, further information on rare bBaalts including their synthesis is given
as follows.

Rare earth hydroxides Ln(Okljre precipitated from a hot solution of a corresponding salt
after the addition of ammonia or of diluted alkalis. Ceriuemains the only exception since
its hydroxide is unstable and can therefore only be only gmexb by rigorously excluding air.
Hydroxides are generally powdery and insoluble in watet, dve soluble in acid. Rare earth
hydroxides are soluble in acids and, when heated td@)@hey pyrolyse to oxides. The addition
of ammonium carbonate to a diluted solution of a lanthanadtdesads to the precipitation of water
insoluble rare earth carbonates. Having the compositiof and Lru(P,O7)? respectively, the
rare earth phosphates precipitate when sodium phosphedelésl to a lanthanide salt solution of
pH 4.5. The normal oxalates precipitate from neutral sotully the hydrolysis of methyl oxalate,
whereas in nitric solution, ammonium ion produces doubles s&Vith solubility products in the
range of 1030, all oxalates are very insoluble in water. Halides are prpay treating the oxide
with the appropriate halogen acid. Except for the insoldhierides, all halides are extremely
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4.1 Chemistry of Rare Earths

Anion Light rare earth elements Heavy rare earth elements
(atomic number 57 - 62) (atomic number 39, 63 - 71)

Cl—, Br- soluble soluble

1=, NOg

CIQ,, BrOg

C2H3OE

F- insoluble insoluble

OH~ insoluble insoluble

HCO, slightly soluble moderately soluble

C05~ insoluble, insoluble in @07~ insoluble, soluble in @05~

(COs)%~ insoluble, insoluble in (Ce)?~ insoluble, soluble in (Cg)%~

basic NG moderately soluble slightly soluble

PC;~ insoluble insoluble

double M sulfate insoluble in K5O, solution soluble in MSOy solution

Table 4.3: General trends in the solubility of rare earth compoundsatew with M:
Na, K or Tl (Mdller, 1963.

soluble in water. Anhydrous and hydrous chlorides can kendigished, yet both are hygroscopic.
While hydrous chlorides can be simply prepared by heatiadntdroxides with hydrochloric acid,
anhydrous chlorides can be made by heating oxides with asexaf ammonium chloride. At high
temperatures and in the presence of water vapor, the oxelsadire formed from halides. Rare
earth nitrates are most soluble in water, but also solubt®me organic agents such as alcohol
or acetone. They are prepared by the reaction of nitric adild @xides. Anhydrous sulphates
result from heating rare earth oxides and concentratedchstitpacid at 400 - 500C. Beyond
1000 °C, the sulphates pyrolyse, thereby leaving the correspgndkides. The solubility of
sulphates varies with temperature. It decreases at etetatgeratures. This is an effect that can
be exploited in separating light from heavy earths sincdite earth sulphates are less soluble
when heatedTopp, 1965, (Chengdu Beyond Chemicald009, (Cotton et al. 1999, (Richter,
2009.

Organic salts composed of rare earth metal ions and orgaids,asuch as mono-, di- and
tricarboxylic acids, can also be formed. Stability conttaare reported to vary among different
organic acid rare earth complexes. Complexes with dicafmacids which offer two carboxyl
groups, e.g., malonate, succinate, glutarate or fumaaatemore stable than those with mono-
carboxylic acids, e.g., acetate or lactate. For complegesaming citrate, a tricarboxylic acid,
the stability constants range from 2.80° for La®t to 6.3- 10° for EL®t, and therefore provide
higher stability than lanthanide dicarboxylates, whicsg®ss dissociation constants of 1.10%
for La®" - succinate. Despite their apparently higher stabilitynpared to competing biological
ligands, citrates have a relatively low affinity to lanth@mions and give them up easilg\(ans
1990. Rare earth citrates are of special interest as they hase bsed in recent research on
performance enhancing effects of rare earths on animatsGhapterl2). Organic acids are not
only of interest because they are capable of modifying thysiplogical behavior of rare earths in
animals, but also because they can influence the uptakesoéaaths by plants from soil. Organic
acids of low molecular weight, such as citric, malic and mgégpically found in the rhizosphere,
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are considered important factors that influence the bitawiity of rare earths for plants (see
Chapterll).

Nevertheless, apart from ionic compounds, rare earths lsanfarm complexes with coor-
dination numbers ranging between 6 and 12 while preferrien@® 9 (Table4.4). Lanthanide
complexes, predominantly chelation, present great gewrakflexibility due to absent partici-
pation of the f-electrons in compounds. This enables themctupy various biological Ca
binding sites. By far the most stable and common lanthaniteptexes are those with chelat-
ing oxygen ligands, such as the poly amino poly carboxylhetators NTA (nitrilotriacetic acid),
EDTA (ethylenediamine-N-N-N'-N’-tetraacetic acid), DARdiethylenetriamine-N-N-N’-N’-N"-
pentaacetic acid) or DCTA (1,2-di-amino-cyclo hexane-NNNN'-tetra acetic acid). Regarding
their physiological behavior after oral administratioanthanide-DTPA complexes, which pro-
vide high stability, ensure gastrointestinal passageawitimteraction of lanthanide 3+ ions with
physiological ligands, whereas weaker chelators, suchDaBAEand NTA, permit physiological
exchange to some extent. Since lanthanides with higheriatonmbers exert stronger electro-
static interaction, light rare earth chelates are weakan those with heavy rare earthBofp,
1969, (Evans 1990, (Bulman 2003, (Fachschaft Chemje005. Structural changes in ho-
mologous rare earth compounds are contributddrithanoide contractiofbecause variations in
cationic sizes have a major effect on the formation, co@tidm numbers and reactivity of their
compoundskobayashj1999.

Type Examples Formula
lon pair associations Halo-L&E
Sulfito-LnSQ}

Sulfato-LnSQ
Thiosulfato-Ln$SO3
Oxalato-LnGOj,
Acetato-LnGH305"

Isoable nonchelated Ammines LnCkNH3
species Amine adducts LX yRNH,
Antipyrine adducts (Ln(ap)Xs

with X =1, ClO4, NCS

Isoable chelated species

1. Nonionic 8-Quinolinol Ln(Omy - nHO
1,3 - Diketones Ln(diket)- H,O
2. lonic Citrates [Ln(GH507)2]%~

a - Hydroxycarboxylates [Ln(R-CHOHCEx]®~
Aminepolycarboxylates  [Ln(EDTA)], [Ln(NTA)]3~

Table 4.4: A classification of typical complex species derived fronthemide 3+ ions
(Moller, 1963.

Besides carboxyl groups of chelators, rare earth elemamslso bind to unprotonated car-
boxyl groups of amino acids, hence forming complexes withidgjical ligands, such as amino
acids, nucleotides or peptides. If two carboxyl groups aeelable in one molecule, as in thy-
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mopoietin, rare earths can bind both, hence forming a bademmomplex. Weak interactions with
hydroxyl oxygen of certain peptides, including serine réonine and tyrosine, and with carbonyl
oxygens have also been report@dgdos et al.1974), (Evans 1990.

The coordination of cerium 3+ to nitrogen of porphyrin rirvggs demonstrated by using x-ray
absorption fine structure methods with the coordination lens of 8 and an average length of
cerium-nitrogen bond of 0.251 nnrdshui et a].2002. However, possible binding to unproto-
nated amino groups remains to be debated, as coordinatitve to - amino nitrogen atom and
hydrolysis of lanthanide ions occur at the same pH. Howetercomplexation of rare earth el-
ements with both amino and carboxyl components of amincsamdild perhaps explain the fact
that complexes with amino acids are stronger than thosesiwmith monocarboxylic acids.

4.1.3 Rare Earth Oxides

Rare earth oxides are the most stable of various rare eampaands, they are also the fun-
damental raw material of other compounds. Being the basidymt of raw material in industrial
production, they deserve a separate treatment withinritrieduction Cotton et al.1999), (Topp,
1965, (Chengdu Beyond Chemical®005.

Rare earth oxides originally known eare earthsplayed an important role in the development
of rare earth chemistry. The common formulaJ&Eg is applied to oxides of the trivalent rare
earth elements, whereas the dioxides ge@th cerium being quadrivalent, is also characteristic
member. A wide range of mixed oxides, many of commercialulsets, are known. The ones
containing La, Ba or Sr and Cu, and thus providing superccindty at and even above liquid
nitrogen temperature, are of great interest for industrs®. Furthermore, the amount of rare
earth oxides is considered as a fundamental basis to cortipam®ncentration of rare earths in
different rare earth-products both in industry and agtisel (Richter, 2006. Rare earth oxides can
be obtained through direct interaction of the metal with @iry(oxygen) or they can be produced
by pyrolyzing corresponding hydroxide, oxalate and cadbersalts. Higher temperatures are
required for nitrates and sulphates while halides are oohwerted by employing superheated
steam. Rare earth oxides are very difficult to melt, e.g. ntleéting point of cerium rises up to
2500°C (Trifonov, 1963.

4.2 Physics of Rare Earths

A short introduction into the physics of rare earth elementensidered to be essential and will
complement the insights gained from the description of ttie@mical properties. But even though
rare earths exhibit a great variety of physical charadiesissuch as crystallographic, mechanical,
thermal, electrical, magnetic and optical propertiesy timbse of relevance to the applications de-
scribed below in Chapte@&and10will be treated here, including magnetic susceptibiliadiant
energy absorption, luminescence behavior and superctowitjuc

First it will be necessary to describe their physical appeee. Rare earth metals are sofft,
malleable, ductile and chemically very active. When frgshit, their smooth surface has a silvery-
white luster, which changes to chestnut and dark brown,ectsely, as they form rare earth
oxides in the presence of air. They all react directly withiemaslowly at low temperatures and
rapidly at elevated temperatures, by expelling hydrogehthuns producing the insoluble hydrous
oxide or hydroxide. Reasonably fast reactions also takeephath C, N, Si, P, S, halogens and
other nonmetals at higher degrees of temperature. Thetmmgloints and density increase with
their atomic weight except for europium and yttrium, whiclght be due to differences in crystal
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structure. While being heated, many rare earths ignite and by forming oxides. This is why
they must be kept in safe places. Nevertheless, since impetals and cerium enriched alloys
are pyrophoric, they have become useful in flints (Cha@yer

The physical characteristics of rare earth elements, sitttesr magnetic susceptibility, radiant
energy absorption and luminescence, result from theinapaectronic configuration. In general,
magnetic properties are based on the fact that each mowngah itself is a micro-magnet. Hav-
ing both unpaired spins and orbital motion around their @y@lectrons like the 4f-electrons of
the lanthanides can exhibit magnetic behavior in two wayghiwa magnetic field, substances
may either align themselves in opposition (diamagnetig)amallel (paramagnetic) to the field.
While Y3, La®*, Lud* and Cé&" are diamagnetic all other lanthanides are paramagnetia- Pa
magnetism is a feature that allows for their practical aggtion to nuclear magnetic resonance
spectroscopy (Chaptdi0) but it is also important for industrial uses, e.g., as hpginformance
magnets (Chapté&).

Absorption bands of 3+ lanthanides reflect the energy cleatige result from electronic tran-
sitions within the 4f-orbitals. Since the 4f electrons akdlwhielded by filled 5s and 5p-orbitals,
complex formation and external perturbations have no effacthe extremely sharply defined
bands. Although characteristic absorption spectra ofiiddal lanthanides can be obtained, ab-
sorption spectroscopy for analytical purpose is of limgedsitivity due to the low absorptivities
of lanthanides. It still is a valuable property which is usedighter filters, glass blower goggles
or wavelength calibration in optical devicesditon et al. 1999, (Mdéller, 1963, (Topp, 1969,
(Evans 1990, (Fachschaft Chemj&005.

The transition of the f-electron is also responsible for limainescent behavior of the lan-
thanides. The weak luminescence of lanthanides in soklutibat have low oscillator strength
(~107%), can be overcome by energy transfer from organic chromashevhich will then pro-
duce highly luminescent lanthanide complexes. Luminaseean also follow excitation by ultra-
violet irradiation, x-rays, fast electrons, neutrons aedain chemical and mechanical means
which make lanthanides adaptable for commercial use ineogitbsphors, e.g., for color televi-
sion tubes and related devices.

Although rare earths are very poor conductors of elecyragiice they possess an electrical con-
ductivity of 10-8 Ohms, lanthanum can develop super-conducting abilitiésraperatures close
to absolute zero. This makes it highly useful for a numberechnical applicationsT¢ifonov,
1963, (Gmelin, 1938 - 1993, (Gschneidner and Eyrind978 - 2003. Disposing of sizable ionic
radii, most of the rare earth elements possess high neusioiuire profiles and high - emis-
sion probabilities for neutron activation products whigk aot only useful for their qualitative
and quantitative analysis, but also for some medical agitins Horrocks and SudnigkL979
(Chapter10). The physical properties of the rare earth elements, dieumelting points, density,
number of unpaired 4f electrons and color of tripositiveaa as well as magnetic moment and
cross section for thermal neutron capture, are summaniz&ahle4.5.
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Element Melting point  Density  Unpaired 4f-electrons Color Magnetic moment Cross section for thermal

T4

°ca (g/cnP) P of tripositive cation§  of tripositive cations!  (Bohr/Magnetonsy  neutron capture (barns/atorn)
Lanthanum 920 6.174 0 colorless 0 9.3
Cerium 795 6.771 1 colorless 2,39 0.73
Praseodymium 935 6.782 2 yellow green 3,47 11.6
Neodymium 1024 7.004 3 reddish 3,62 46
Promethium - - 4 pink, yellow 2,83 -
Samarium 1072 7.536 5 yellow 1,54 5600
Europium 826 5.259 6 nearly colorless 3,61 4300
Gadolinium 1312 7.895 7 colorless 7,95 46 000
Terbium 1356 8.272 6 nearly colorless 9,6 46
Dysprosium 1407 8.536 5 yellow 10,5 950
Holmium 1461 8.803 4 pink, yellow 10,5 65
Erbium 1497 9.051 3 reddish 9,55 173
Thulium 1545 9.332 2 pale green 7,5 127
Ytterbium 824 6.977 1 colorless 4,4 37
Lutetium 1652 9.842 0 colorless 0 115
Yttrium 1509 4.478 0 colorless 0 131
Scandium 1539 2.992 - - 24 -

Table 4.5: Physical properties of rare earth element$|ler, 196320¢ 1 (Evans 19909,
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CHAPTER

BIOCHEMICAL AND PHARMACOLOGICAL
PROPERTIES

tions principally relies on their biochemical and pharmagaal actions which shall be in-

troduced in this section. Furthermore, these actions anaging fundamental information
regarding the use of rare earths as feed additives, hengavithée taken up again in Chaptéae.
However, it must be noted that due to their enormous comiylexidetailed description including
all of their biochemical and pharmacological propertiesildayo beyond the scope of this the-
sis. Properties such as effects on smooth, striated anéacardiscle, on the reticuloendothelial
function or genetic effects are therefore just briefly maméd or not discussed at all.

Some of them that are relevant to the application of raréhedd medicine, such as antico-
agulation and antidiabetic properties, as well as effectthe calcium phosphate balance will be
described in Chaptel0, and those of toxicological relevance, such as the indaaifccalcifica-
tion, neurological actions, teratological effects aneet$ on the liver will be partly discussed in
Chaptel6. For further explicit information, the interested readerferred tddaley (1979, Evans
(1990, Wang et al(20038.

THE potential of rare earth elements for a great number of aljui@l and medical applica-

5.1 The Biochemistry of Rare Earths

Their biochemical behavior will be described at first. Instikbnnection, the ability of rare
earth elements, mainly lanthanides, to substitute forgelaumber of metallic ions, such as®Ca
Mg?t, Fer, Fé' or Mn?t, plays a major roleFvans 1983. Among these metallic ions, €a
is of particular interest. Given the importance of calciuncéllular metabolism and the efficient
displacement by lanthanides, great biological activityasfithanide ions is expected. Yet, their
inability to normally penetrate the cellular membrane wing cells restricts the scope of their
biological intervention.

Marked similarities in size, bonding but also in coordinatgeometry and donor atom prefer-
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ence — as shown in Tab%1 - enables them to replace Easpecifically in various physiological
processes. Even though occurring isomorphously, the isufisn of C&+ in enzymes and other
molecules is not necessarily associated with a loss in ilumality. Lanthanides have been shown
to activate a number of proteins and enzymes, while in othses;, they inhibit Ca or Mg?*
functions. There are also some?Cainding sites that totally refuse Bh (lanthanide ions) bind-
ing, e.g., in scallop myosin or concanavalin A.

Feature Ca Ln3*
Coordination number reported 6 - 12 reported 6 - 12
favored 6 or 7  favored 8 or 9
Coordination geometry highly flexible  highly flexible
Donor atom preference O>N>>S O>>N>>S
lonic radius (A) 1.00-1.18 0.86 - 1.22 depending on species
Type of bonding lonic lonic
Hydration number 6 8or9
Water exchange rate constant{s ~5-10° ~5.10
Diffusion coefficient (crd/(s- 10°)) 1.34 1.30 for lanthanum

Table 5.1: Comparison of properties of calcium and rare earth elemémts lan-
thanides Evans 1990.

Since larger LA ions are generally closer in ionic radius to®Caons, a relationship between
ionic radius and activity has been described. Yet in somes;&sg., the inhibition aff - amylase
or of C&" / Mg?* - ATPase of skeletal muscle sarcoplasmic reticulum, theceflecreased with
increasing atomic number. Even though#Cand Lr*t ions are reported to be quite similar, two
major differences have been documented. Firstly, raré éams display a much higher charge to
volume ratio which in turn leads to increased stability oitleanide complexes preferring greater
coordination numbersl@kupec et al2005. Similarly, Horrocks(1982 reported Ky values to be
smaller for Li¥* than for C&" explaining tighter bindings for lanthanides. The highearge to
volume ratio further contributes to greater affinity of laanides for given binding sites compared
to C&+. Secondly, in contrast to the spectroscopically silerttGans, lanthanide ions (L131)
exhibit spectroscopic signals. The use of lanthanidesrapriobes has therefore become a valu-
able tool for the analysis of biomolecular functions anddtires Horrocks and Sudnigkl979,
(McCusker and Clemmon997).

Most physiological effects of lanthanides on cells, tissoe organs are determined by in-
teractions between I’ and the external surfaces of plasmalemmae. Although laittbs are
generally unable to penetrate cellular membranes of heedls, they can still exert influence on
transmembrane processé®(enevskii et al.1997), (Evans 1990. Yet, it cannot be excluded
that under certain circumstances entry may be permittadesntracellular penetration has been
reported for dead and damaged cells, that is cells thathest tellular integrity. Nevertheless,
binding of lanthanides to membrane proteins stabilizespti@spholipid membranes, increases
their rigidity and alters their surface charge towards argdlectropositivity. This effect further
leads to increasing membrane potential and resistancearsgguently to a dysfunction of the
voltage-dependent transmembrane calcium currents. ‘atdition to voltage regulated calcium
channels, calcium entrance may also be permitted by recep&rated calcium channels, Na
Catt exchanger and G4 - C&' exchanger. All of them can also be inhibited by lanthaniahsio
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(Evans 1990. In certain cells, e.g., erythrocytes or adrenal cell$ Gafflux can also be inhib-
ited, whereas Ca influx is generally more susceptible, which indicates thatuptake of C&
into the cells is usually blocked. As a result, those physjmal processes depending on’Ca
influx are antagonized, whereas those depending on inlinéaretalcium release or those that are
mediated by an alternative source are not affedi&tfishenl1984).

Among others, involved processes include the transmisdinarvous impulsesaccari et al,
1999 and the release of neurotransmitter, the blood clottirsg@de Jakupec et al2009, the
contraction of smooth, skeletal and cardiac mustiey@jle and Triggle 1976, the release of his-
tamine form mast cellsBeaven et a).1984), the reticuloendothelial functior-arkas and Karac-
sonyi 1985, (Lazar et al, 1985 and a number of hormonal responsgsyeart et al.2002).

Since 1910, it has been known that lanthanides may inhibitdmtraction of frog heart muscle
reversibly Mines 1910. In addition, inhibitory effects have also been demonst@n skeletal
muscle Hober and Spatli914). The precise biochemical nature of their binding sitesai@sun-
clear. Investigations on the identification of surface ptoes for lanthanide ions were performed.
Results obtained bl Fakahany et al1984), who studied lanthanide binding to murine neurob-
lastoma cells, suggested that lanthanides associate a&ltlu channels surrounding receptors,
thus inhibiting calcium currents.

Furthermore processes influenced by lanthanides incledetbase of insulin or amylase from
the pancreas. However, they do not depend oft Qaflux from the outside, but are triggered by
intracellularly released Ga (Evans 1990. Yet, the mechanism behind it is thought to involve
an exhaustion of the extracellular Eareservoir due to repeated activation of cellular functions
by lanthanide ions. Since the maintenance of the intrdeelt&™ pool strongly depends on the
extracellular calcium concentration, further responsegeevented.

However, it has been assumed that rare earths can alsolexemfluence on cellular functions
by other means than inhibiting calcium fluxéshosh et al(1991), for example, demonstrated that
intraperitoneal administration of lanthanum and neodymahloride to chicken caused an obvious
reduction in enzymatic activity in the membrane of erytiytes. Other studies also confirmed that
their interactions are not restricted to&achannels. A dose-dependent increase of the gastric
acid secretion by lanthanum in isolated mice stomach wasdstrated in in-vitro studies<¢
et al, 2009). It was suggested that the mechanism might involve eitherelease of gastrin and
histamine or the activation of their receptors. Moreovettype potassium channels of adrenal
cortical could be blocked by lanthanide binding te?Caonspecific sitesHnyeart et al.1999,
while y - aminobutyric acid (GABA) - activated chloride channelglofsal root ganglion neurons
in rats could be enhancedligrahashi et gl.1994). Additionally, rare earths have been shown
to coordinate with further membrane structures such agtersefor acetylcholineRubsamen
et al, 1976 or insulin Williams and Turtle 1984 as well as with adenylate-cyclagedthanson
et al, 1979 and Na - K™ ATPase David and Karlish 1991). Activation of adenylate cyclase
poses one possible explanation for their action on enhgno&dMP. As cAMP belongs to the
intracellular signaling system lanthanides may also &fithe signal transduction pathway. At
the same time, lanthanides can also affect the cell sigmalistem via modulation of intracellular
calcium ion concentrations or hydrolysis of phosphatieygsitol, another trigger substance in
signal transduction pathway$/@ng et al, 20030.

Catalyzing hydrolysis has also been described in RNA mddscuAccording taEichhorn and
Butzow (1969 lanthanides have the ability to depolymerize RNA and miglkes under exper-
imental conditions. Besides destabilizing those moleguiiewas shown that their hydrolysis
was initiated. Binding to DNA generally induces conforrmoagl changes until final precipitation
occurs. But the affinity of rare earths for RNA is even highevans 1990. FurthermoreYa-

29



5 BIOCHEMICAL AND PHARMACOLOGICAL PROPERTIES

jima et al.(1994) reported that, under physiological conditions, lantdarions are able to form
adenosine 3’,5’- cyclic monophosphate from adenosin@dsphate, thus to possess phosphatase
activities and to provide a catalytic potential. The biotad relevance of these actions is not yet
clear. It has been suggested though that rare earths migtitaexenormous impact on the total
metabolism of organisms by the interaction with physiatad)y important phosphate compounds
(Bamann et a).1954), such as RNA. However, being capable catalysts for hyticoplitting of
phosphate ester bonds including those of DNA, lanthanidgktrbe clinically valuable for block-

ing gene-specific transcription for antibiotics or cheneo#ipeutic applications or for customized
targeting of oncogenic mutationsranklin 2007).

Another biochemical feature of lanthanides involves phasp. Wurm (1951) already de-
scribed the formation of water-soluble compounds betwaethhnides and phosphate in bacteria.
Later studies have been able to confirm the phosphate birgdioerty of rare earths£(ans
1990, (Diatloff et al,, 19959, (Hutchison and Albaaj2005. The strong affinity of rare earths
for phosphate has also been used to advantage commeroiatlyef removal of phosphate from
swimming pools to inhibit algae growtl(atloff et al, 19953, and it has been proposed that
lanthanum could be useful in waste water treatment to pitatgand remove phosphorugdcht
et al, 1970. This property also accounts for the capability of orajypked lanthanum carbonate
to decrease serum phosphorus levels and the calcium x ptrasgbiroduct in humangnn et al,
2004, which explains its current use in patients suffering frdmonic renal failure. More detailed
information on the phosphate binding properties of raréhsawill be provided in Sectiod0.2.1
and Chaptefl2. Phosphate binding ability of rare earths may provide aiptessexplanation for
effects of rare earths on plants and animals.

Interactions between lanthanides and calcium specific or specific sites on proteins includ-
ing ion channels, enzymes and receptors, are generallgiiohi. Yet enhanced insulin binding
to its receptors induced by competitive antagonizing cahcfrom its site, illustrates one excep-
tion. As there is a number of G protein coupled receptors nigipg on calcium, it was suggested
that lanthanide ions might also inhibit hormone binding loo&these receptors, as it has been
shown for ACTH receptorsHnyeart et al.2002. Interactions with the hormone system were also
described byHaksar et al(1976, Segal and Ingba1984), Lam et al.(1986.

5.2 The Pharmacology of Rare Earths

In the presence of agonists, it might occur that despiteadlgtsuppressing an action, lan-
thanides trigger an increase in activity as described feréhease of serotonin from platelets, of
catecholamines from the adrenal medulla and acetylcholim¢her neurotransmitters from nerve
ends Evans 1990. Such effects have been shown to depend on either the doatwen or the
ionic radius of lanthanides. This indicates that the stedahormesis effect may also be applied
to lanthanides. The hormesis effect describes a dose-depereversal effect that can occur in
drugs. Accordingly, pharmacological effective substansach as lanthanides, may exert contrary
effects depending on their concentration. While stimalatnay occur at low doses, no effects or
even inverse effects may appear at high concentratibmsg, 2009, (Wang et al.20030.

It has been known for quite some time that lanthanides psssegeat duality in biological
events affecting them from opposite sid&8ang et al. 20030, (Enyeart et al.2002), (Wurm,
1951). Thus,Muroma(1958 already described dose-dependent effects of lanthanidéscte-
rial growth. At high concentrations of 10 - 10~2 mol/l, lanthanides have been shown to in-
hibit bacterial growth, whereas growth stimulating efseatcurred at low concentrations of about
102 mol/l, and at supra-inhibitory doses the bacteriocidakpoy was reduced. For cerium,
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concentrations ranging from 18 mol/l to 1072 mol/l were required to inhibit the growth of
several bacteria including E. coli, Bacillus pyocyaneusp8yloccous aureus, Leuconostoc and
Streptococcus faecaliZliang et al.20000. While antibacterial properties of lanthanides have
been widely reportedBurkes and McCloskeyl947), (Wurm, 1951), (Muroma 1958, (Zhang

et al, 20000 a couple of possible explanations for their mode of infdbithave been suggested.
By binding to the surface of bacteria, lanthanides can changmbrane structures and alter the
surface charge, thus causing flocculati@oljek and Talbutl968. Since lanthanides can form
insoluble complexes with DNA and RNA, it is also possiblettttee combination with nucle-
oproteins of bacterial cells accounts for their bacteatistaction. However, in 1921Brooks
(1921 described direct effects on bacterial metabolism, narttedyability of lanthanides to an-
tagonize bacterial respiration processes. Blutrm (1951 attributed bacterial growth inhibition
to phosphate deficiency caused by the formation of insoll#rithanide phosphate complexes.
Additionally, owing to a direct action upon the cell, lantides have been shown to also inhibit
the resting, phosphate-independent metabolism. Fineis/not known whether the antibacterial
actions are due to morphological changes or metabolicriiahces.

Moreover, lanthanides can also inhibit the formation anangieation of fungal spores. Thus,
they may influence alarge number of organisBisrkes and McCloskey947), (Muromag 1958,
(Talburt and Johnsqri967), (Zhang et al.20009, (Zhang et al.2000h with bacteria, especially
gram - negativelfrossbachl1897), (Peng et al.2004), which are more susceptible than yeast or
fungi and heavy lanthanides that are more toxic than ligesdduroma 1958. This fact has al-
ready been reported in historical papepsdssbach1897), (Dryfuss and Wolf 1906. However,
certain fungi species are capable of detoxifying lanthesithrough incorporation into insoluble
oxalate crystalsTalburt and Johnsqri967. By using cerium nitrate for the topical treatment
of wounds including burns, weeping eczema, intertrigo,atigm contagiosa and other skin dis-
eases, physicians have successfully capitalized on tieeptit properties of rare earthiBghm,
1919, (Deveci et al.2000. Furthermore, anti-microbial actions are also consideea possible
explanation for the performance enhancing effects of rarthe observed in plants and animals.

Besides antibacterial effects, rare earths were also tegpoo affect viruses, tooBjorkman
and Horsfall(1948 were among the first to describe effects of lanthanides i@ @riganisms. Al-
though no effects were found on infectivity, hemagglutimgicapacity, antigenicity or immuno-
logical specificity, lanthanides demonstrated a certatenq@l to influence viruses. A single dose
of stable lanthanum acetate was shown to alter the elutibavier of influenza B virus perma-
nently in a similar manner as ultraviolet irradiation. Bt investigations state that lanthanides
indeed provide antiviral effectSédmak et a].1989, (Liu et al,, 1998, whereas intraperitoneal
administration was shown to be more effective than oraliegfbn (Liu et al, 2000. Sedmak
et al.(1989 contributed these effects to enhanced interferon aessitvhileLiu et al. (1998 gave
an account of direct antiviral effects. The mode of actiostik not well understood, and further
research is required. Chinese scientists have even repamtanti-HIV activities caused by rare
earths [(iu et al, 2002, (Liu, 1997), yet detailed information is lacking.

Further dose-dependent effects of lanthanides have beaordtrated on the immune sys-
tem. Suppression of histamine secretion from mast cellssean at high concentrations, while
low-dose lanthanides acted stimulatirigp(eman and Mongafl973. Thus, this is another ex-
ample of the hormesis effect induced by lanthanides. Aftanaiavenous administration at quite
low concentration, lanthanides suppressed phagocytidtsaif cells belonging to the reticuloen-
dothelial system (e.g. Kupffer cellsiH(sztik et al, 1980, (Lazar et al. 1985. Suppressing the
immune system consequently increases susceptibilitydtebal and yeast infection&érkas and
Karacsonyji 1985. At the same timel.azar et al (1985 reported increased survival rates from
anaphylactic death in mice pretreated with lanthanidesridds, especially Gdgl The stimula-
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tion of splenic lymphocyte transformation in mice afterl@dministration of lanthanum nitrate
at low concentrations has also been report®difg et al. 2003h. It can therefore be concluded
that lanthanides possess certain immunomodulating piiepeDue to its Kupffer cell blocking
ability, GAdCh supplies protecting action against ischemia and repenfusjury as well as injury
caused by xenobiotics in liveHamada et a).1999, (Bailey and Reinke2000, (Wang et al.
2003h.

Lanthanides also exhibit reactive oxygen species modhgjactivity, a property which is to
some extent related to the immune system. It is known thatdhmation of reactive oxygen
species (ROS), such as free radicals and peroxides, isteéserthe metabolism as well as in
the immune system. Nevertheless, it can also cause seVkeiguwgy up to cell death and impair
cell function due to mutation. Depending on the species andentration, lanthanides can either
inhibit or promote ROS-mediated processes. Inhibitioruogavith light rare earths and is further
enhanced at increasing concentrations. In contrast, grombappens with heavy rare earths,
whereas decreased concentrations reinforce those effébts underlying mechanism has been
shown to be due to binding to hydroperoxides, thus inhigiR©S-related lipid peroxidation and
oxidation of membrane proteins, and to magnetic interactdh free radicals $himada et aJ.
1996, (Wang et al.2003h.

Cell proliferation, differentiation and apoptosis are onant features in both normal that is
physiological and pathological processes. Effects ofnlanides on cellular proliferation have
also been widely reported. A close relationship betweehimgelry and proliferation depending
on concentration, but also on mechanism, was thereby nbtiéeseta and Naif1999 demon-
strated proliferative activities of low dose cerium on ratdiac fibroblasts, while Gd was able
to enhance cell proliferation of hepatocyt&&s( et al, 1997). However, a dose-dependent inhi-
bition was stated for bovine chrondrocytes proliferatifieragadodiamide (gadolinium complex
of diethylenetriamine pentaacetic acid bidmethylamideé)|RI contrast agent, was applied intra-
articularly Greisberg et al.2001). Pretreatment of Gdglprevented the proliferation of oval
cells in a liver injured by bile duct ligatiorlynyk et al, 1998, whereadshiyama et al(1995
reported that protecting effects of GdQ@In liver injury were followed by cell proliferation.

Although the exact mechanisms are still obscure, sevenéd hiave been provided. Cell pro-
liferation induced by lanthanides is linked to increased)RNA and protein synthesis\(ang
et al, 2003h. As Sarkander and Brad&976 have shown that different effects of lanthanides on
RNA synthesis are due to variations in their ionic radii,sitgenerally agreed that those effects
can change with species, cells and conditions. Since glttdar calcium has been proven to be
a mediator of cell proliferation, lanthanides may exerirtirfluence by increasing intracellular
calcium concentrations, as seen in rat fibroblaatar{g et al.20030. Liu et al. (1994 also con-
tributed inhibitory effects of GdGlon cell proliferation to the prevention of calcium influkai
et al. (1997 andPreeta and Naif1999 both agreed on the fact that ROS-modulating properties
of lanthanides account for cell proliferation. Howewafeiss et al(2001) reported calcium sup-
ply by store-operated calcium entry to be necessary for thifgration of cancer cells. They
further found lanthanide ions to be capable of inhibiting store-operated calcium entry, there-
fore, blocking proliferation of human colon carcinoma seHiRT-18.Sato et al(1998 confirmed
anti-cancer properties of lanthanides by demonstratiatttie growth of cultured B 16 melanoma
cells could be retarded by lanthanides at a concentratidnromol/l as the transition from the
Go/G; to the S state was aborted.

Enhancing cell proliferation may account for growth promgteffects (hormetic effects) of
lanthanides that have been observed in a number of plantarandhls. Nevertheless, the oppo-
site effect may also be beneficial with regard to the prewentif pathological processes as, for
example, cancer development.

Although poorly documented, influence of lanthanides ohdi#ferentiation is thought to be
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due to interference with calcium-depending processesthiaade-induced cell death has been
reported in rat alveolar macrophages associated with myéagis Mizgerd et al, 1996, (Kubota

et al, 2000, in rat skin fibroblasts and in HeLa and PC12 cells. Aftedfeg mixed lanthanide
nitrates at a concentration of 20 mg/kg to rats for 14 days, apoptosis has been observed in
splenocytes and thymocyted/ang et al. 2003h. In contrast to thatyvang et al (20039 found
out that lanthanum chloride given at a dose of 10 mg/kg was ebbecrease the apoptosis of
thymocytes in endotoxemia in mice. The bulk results frondi&si on concentration dependency
of cell growth suggest a growth promoting effect at low corications, but inhibitory up to lethal
effects at high concentrations, which is in line with thevwesly described hormesis effect of
rare earths. This conclusion should be kept in mind, as it alsy explain the dose-dependent
growth-enhancing effects in animal and plants, which walldgresented in Chaptetd and12in
greater detail. Thus, it will be shown to be of great relewaas to the application of rare earths to
agriculture.

A list of biological effects of lanthanides is provided inbla5.2 The broad biological activity
spectrum of lanthanides and the two-sidedness of theictsfflmakes them highly attractive for
medical purposes. However, clinical use of lanthanidemngly depends on the possible mod-
ulation of the opposing effects. A more detailed report am ttierapeutic significance of their
biological effects is given in Chapt&O in conjunction with their former, present and future use
in medicine.

Promotion and inhibition of growth of organisms
Promotion and inhibition of cell proliferation

Promotion and inhibition of apoptosis

Antioxidant activity and prooxidant activity

Stabilization and destabilization of cytoskeleton
Enhancement and inhibition of cell permeability
Positive and negative regulation of cell signaling system
Promotion and inhibition of bone growth

Increase and decrease of oxygen affinity of hemoglobin
Inhibition of muscle contraction

Blocking nervous transmission

Enhancement of mineralization and demineralization

Table 5.2: Biological effects of lanthanide$\(ang et al. 2003h.
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CHAPTER

TOXICOLOGY AND METABOLISM

medicine has increased tremendously over the last yeats;antinual research has found

new uses and applications. These facts explain the gredtfaedetailed information on
rare earth toxicology. Moreover, that information has Imeeandispensable in view of the possi-
ble application of rare earths for growth enhancing purpasanimal husbandry and new medical
applications.

At present, among other applications, rare earths are \sssedpgerconductors, glass additives,
fluorescent materials, phosphate binding agents, magmstimance agents, fertilizers and feed
additives in Chinese agriculture as well as in lasers, Ipgtiormance magnets and ointments for
burn treatment. Under natural conditions, rare earths mfylecome available in small amounts
via the groundwater and the atmosphere, increased useyvéowas enhanced the amount of
natural occurring rare earths, and has created severalm#esrfor rare earth uptake. Assimila-
tion might therefore occur by the inhalation of rare eartstdwat working sites (rare earths and
coal mining, in the past: production of carbon arc lamps) laydhtake of rare earth containing
foodstuff, industrial rare earth products or medicinalrag€gorally, intravenously, through burn
wounds) Evans 1990, (Hirano and Suzukil996, (Bulman 2003. For humans, the inhalation
of air-borne particles of lanthanides constitutes the rsmgtificant accidental exposure route. It
is interesting to note that increased concentrations aficgipraseodymium and samarium, which
may be linked to the use of diesel fuel, have been measuredmerotor-ways \(Vard, 19889.

However, since this study deals with the use of rare eart@fiinese agriculture and their pos-
sible use as feed additives in Europe, the focus of this ehapmainly on the oral intake of rare
earths. Yet, gastrointestinal-absorbed amounts are tegershare the same fate as intravenously
applied rare earths. The behavior of lanthanides afteavetrous injection, which is reported to
be the most toxic way of administration, will therefore besciébed as well, while other appli-
cations, such as subcutaneous, intramuscular and intitaqpeslly as well as inhalation, will be
mentioned briefly for the sake of completeness. The acdedidrature on rare earth metabolism
and toxicity goes back to the 1960s and 1970s, but more retaufies are lacking. However, with
the introduction of new drugs in medicine, some additionfdrimation has become available.

THE wide-spread usage of rare earth elements within industdy agriculture as well as

35



6 TOXICOLOGY AND METABOLISM

6.1 Metabolism of Rare Earths

To obtain a comprehensive understanding of rare earthitpxamn account of their metabolic
behavior is required. Their metabolism highly depends emtlanner of administering rare earths
as well as on the chemical form administered. Althoughtiyrgpeaking, rare earths are not me-
tabolized at all as their basic chemical nature remainsfeictad, the term metabolism seems con-
venient to useBulman 2003. Various studies performed on the metabolism of lanthesicsed
radionuclides as traceréivela, 1977). It has to be considered that detailed biochemical aralysi
of lanthanide metabolism may be complicated by a varietyctibas including the high affinity
of lanthanides to form insoluble lanthanum hydroxides atspdlogical pH and the formation of
so-called radio-colloids, which may take place prior tartipeecipitation. Further complications
may be caused by the formation of insoluble phosphates ahdmates due to high physiolog-
ical concentrations of phosphate and carbonate as well #isebgresence of numerous organic
ligands at different physiological sites (Chapsgr Moreover, binding of lanthanides to insoluble
carrier molecules may also cause their precipitation. ipitated lanthanides constitute a main
target for cells of the reticuloendothelial system and aexdfore taken up by phagocytic cells,
such as Kupffer cells in the liver. Yet, binding to solublert ligands may enable lanthanides
to travel from sites of extravascular injectioBvans 1990. This is why the metabolic fate of
soluble lanthanide salts, with respect to the type of appba will be treated first.

Oral absorption of rare earths is of great relevance for thet as performance enhancer in
animal husbandry. This section includes only some intrtmtyanformation while a thorough
description will be given in Chaptet2. It is generally agreed that in adults lanthanides are
only poorly absorbed by the gastrointestinal traga€hr and Wessled909, (Hamilton, 1949,
(Cochran et a).1950, (Haley, 1979, (Ji et al, 1985, (Fiddler et al, 20033, (D’'Haese et al.
2003, (Rambeck et aJ.2004), (Hutchison et al.2006. In animal experiments using rats, reten-
tion values have been reported to be in the range of belowt0.03 % of the orally administered
dose Hamilton, 1949. According toNorris et al.(1956, 90 % of a single oral dose 8fYCl was
found in the feces of rats during the first three days, whilegiete elimination occurred after
one week. Similar results were obtained with dagstthison and AlbaapR005, chickens {raz
et al, 1964 and quails Robinson et a).1978.

All lanthanides entering blood vessels, thus also traceuatsabsorbed by the gastrointestinal
tract, share the fate of intravenously injected lanthanidgccumulation of lanthanides in liver,
kidney, bone and teeth was reported in rats after oral agtpdic Ji et al, 19850, (Evans 1990,
(Harrison and Scot2004). Rare earth contents of up to 0.607 ppm were reported in, lkie-
ney, lungs, spleen and bone in rats fed rare earths at 180Kgmogér eight monthsJ{ et al,
1985h). Similar distribution patterns with slightly higher valsi were observed byleckenstein
et al. (2009). After oral administration of rare earths to broilers,eraarth contents were in the
range of 5 - 10Qug/kg and absorbed amounts were higher in liver, kidney ahddempared to
muscle or heart. Highest values were obtained in fat tisthwereas concentrations in bones have
not been measured. These results indicate minimal orga@hm of rare earths after oral ad-
ministration. However, another experiment on rabliftssmsch et al(1980 did not detect any
lanthanum in bones after feeding lanthanum chloride fonteigeeks, but an average concentra-
tion of 33 ug for lanthanum was measured in liver tissue. This might lpdieable by the higher
affinity of light rare earths for liver tissuéig@ley, 1979.

In contrast to adults, it has been stated that newborngndate lanthanides from the gas-
trointestinal tract to a much greater extent. 91 % of adrtenési'**Ce was absorbed from the
digestive system by newborn pigs and presented later inkibleten (Mraz and Eiselg1977),
(Haley, 1979. Further information will be given in Sectidl®.2.2.3 But Marciniak et al.(1996

36



6.1 Metabolism of Rare Earths

reported no absorption of rare earths from the gastroinedgtact of suckling rats. Yet the trans-
fer of lanthanides from the mother to the offspring via mil&sievident and increased with atomic
number following the order Ce&: Nd < Sm < Eu < Th. Accordingly,Feige et al(1974) de-
scribed rare earth transfer from mice previously injectét weriumt4 to their sucklings. But no
transfer through the placenta was seen, although higherdoantents have been noted in pregnant
animals Arvela, 1977). In contrast to those high values obtained in rats, onlyllsamaounts of
intravenously injected yttrium transferred into milk witbws.

Intraperitoneal injected lanthanides are prone to staliiwithe abdominal cavity coating the
surface of abdominal organs. Yet, transport of a small ivacdf lanthanides to bone, liver and
teeth has been reporteBians 1990. However, in guinea pigs unusually high absorption of
yttrium by the pancreas was demonstratédsul and Hundeshaget959. Greater transport may
occur in the presence of chelating agents. After intrajlaajection, lanthanides have also been
shown to remain primarily in the pleural space.

Absorption after intramuscular or subcutanous injectiaresreported to be negligible. Lan-
thanides predominately remain at the site of their injec(iovans 1990, as is the case for wound
contamination. No systemic absorption from burn wound @da€ found after local treatment
with cerium nitrate ointmentqox et al, 1977).

Although the same result has been reported for injectiotts the mammary glands, some
transfer of lanthanides to the corresponding lymph node otayr due to phagocytosis by cells
of the lymphatic system.

A biphasic removal from knee joints of rabbits was seen afftiea-articular injection. While
one third of the injected dose was removed with a half-lifdesk than one day, the remainder
needed about 60 days to be fully clearédgns 1990. Yet, only little transfer to other organs
was observed. While excretion is usually mainly througlegedor intra-articular injection it has
been shown to be via urine. It has therefore been speculstthnthanides may bind to soluble
physiological chelators found intra-articular therebgMiag the joint.

For intravenous injection, the formation of radio-colleiat low concentrations and of precipi-
tates at high concentration as well as the extensive irtterawith ligands in the blood has been of
great concern. However, in vitro studies proved quite theremy. No visible precipitates formed
when lanthanides were added to blood or serdiykér, 1962, lanthanides have even shown to
be more soluble in serum than in distilled wat€atapilly, 1980. This might be ascribed to the
formation of soluble complexes with ligands, such as phoBpids, amino acids, nucleotides,
proteins etc., present in the plasma. Albumin has been shole a main complexing agent ca-
pable of preventing lanthanide precipitation. Clearamomfthe blood with circulating half-lives
of 10 - 20 min, similar to those of chelators, and half-livé®oe to three hours for smaller parti-
cles are reported. It might be concluded that the clearahleatnanides strongly depends on the
ligands to which they are bounByans 1990. Nevertheless, at some point the complexing ability
of the plasma may be exceeded. This may explain the fact titlatnereasing concentration of
lanthanides, clearance from the blood decreases. Acaptdiaxtra-venous injections, liver and
skeleton also seem to be the main sites of deposition, wiiier @rgans like spleen and kidney
take up lanthanides only concur to a small extent with cdsteeing below 2 % of the given dose
(Li et al., 2002 (Haley, 1979, (Nakamura et al.1991h, (Wassermann et al1996, (Nakamura
et al, 1997). Some studies also reported the uptake of small amounéntfdnides into the lung
and certain endocrine glands. In contrast to previous fgslia recent study performed Bi-
mada et al(2005 demonstrated deposition of terbium chloride in soft esghat is spleen, lung,
and liver. AccordinglyShinohara et a[1997) reported that after intravenous injection of terbium
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chloride to mice, 80 % of the injected dose was mainly founliver, lung and spleen along with
increased tissue calcium concentrations.

The fact that a decrease in the ionic radius is, on the one, @swbciated with increased
solubility and chelate stability, and, on the other handhwliecreased basicity probably accounts
for different distribution patterns among individual ragarths. Thus, the more basic light rare
earths deposit mainly in liver and secondary in skeletoner@és the more acidic heavy rare
earths favor the skeletorib(irbin et al, 1956, (Arvela, 1977). Unlike adults, young animals
have demonstrated far greater skeletal uptdket and Eiselgl977). While the skeleton seems
to be metabolically stable, over time lanthanides can beasgld from the liverEvans 1990.
Liberalized material can be recaptured by the skeleton hnd &fter some time bone contains
almost the entire body load of lanthanides.

It was expected that inhaled soluble lanthanide compounos she same behavior as those
that are intravenously injectedl¢rris et al, 195. Evans(1990, on the one hand, stated that
the major part of injected lanthanides is transferred froerespiratory tract and lung to the gas-
trointestinal tract, and thus excreted with the feces witigeremaining part is gradually moved
to liver and bone. However, several other studies repohitec@tcumulation of inhaled lanthanide
chlorides in alveolar and tissue macrophages and alvealis.wSince rare earths have been
localized in lysosomes of alveolar macrophages, it was esstgd that they are changed into in-
soluble phosphates. Half-lives range between 168 to 244, edyereas gadopentate dimeglumine
(gadolinium chelate of diethylenetriaminepentaacetid)esurprisingly presented a half-life time
of just 2 hours uzuki et al, 1992, (Hirano et al, 1990. This is probably attributed to the com-
pound composition, as gadopentate dimeglumine is coresiderbe stable in the alveolar space
and hardly taken up by macrophages due to limited releasmaf gadolinium from the complex.
Nevertheless, retention of inhaled insoluble speciesamthg may last for several yeaBBulman
2003.

Except for intra-articular injections where the excretigas reported to be mainly via the urine,
itis generally agreed that fecal excretion through bothiteeand directly through the wall of the
gastrointestinal tract, constitutes the main route ofetkon. Early urinary excretion of less than
0.5 % is thought to be due to the formation of firm complexe$sibluble ligands which are
rapidly removed Baehr and Wessle1909, (Durbin et al, 1956,(Arvela, 1977), (Haley, 1979,
(Hirano and Suzuki1996, (Bulman 2003,(D’'Haese et al.2003, (Harrison and Scott2004),
(Hutchison and AlbaaR005.

Elimination from the liver was reported to be biphasic. 86 8 eeared within the first four
days while it took between 10 and 37 days to remove the restomtrast, between two and a
half and three years are needed for bone excretiam(lton, 1949, (Durbin et al, 1956, (Haley,
1979. In qualils, half-life times of 3 hours hence considerablyér than in mammals, have been
reported Robinson et a).1978, (Robinson et a).1984). The liver was also shown to be the organ
with the highest assimilation while quite a large amount alas found in the oocyctes and ovaries
of females and in the testes of males. Furthermore, lardbaraccumulated in the intestine and
cecum.

In sum, the systemic absorption of lanthanides adminidtasesoluble salts increases in the
following sequence per o& subcutanous< intramuscular< intraperitonally< intravenously.
Though the absorption efficiency strongly varies rangingitess than 1 % for oral administration
up to 100 % for intravenous injection, the distribution pattfor bioavailable lanthanides with
liver and bone being the sites of highest accumulation i©anged and independent of the way
of administration. However, if insoluble lanthanides enite body, they fall prey to phagocytosis
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in the presence of macrophages, and hence are quickly remyegeat sites with few phagocytes
as in muscles slow removal occuisvans 1990, (Hirano and Suzukil996).

The introduction of chelated lanthanides into the bodyltesncomplete absorption, increased
excretion rates, decreased plasma dwell times and atiesatif the distribution pattern. Highly
stable chelator-lanthanide complexes, on the one hand, quaskly through the body and are
excreted unchanged in the urine when applied intravenarslyin the feces after being orally
applied. On the other hand, weak chelator-lanthanide cexeplpermit the interaction with bio-
logical ligands and are therefore incompletely excretdtel&tors reduce the uptake of lanthanides
by the liver, enhance the relative uptake by muscle and tl@finain accumulation site from liver
to bone Arvela, 1977, (Haley, 1979. Chelating agents, such as diethylenetriaminopentatzcet
(DPTA) may also be used in cases of intoxication to decreasednd bone burdens and to remove

lanthanides from mammalian tissue.

6.2 Toxicity of Rare Earths

According to the Hodge-Sterner classification system, ear¢ghs are generally considered to
be of low toxicity Haley, 1979. As expected from prior information on rare earth metatoli
their toxicity varies with their chemical form and the roofeadministration. The acute oral lethal
dose of several rare earth elements are given in Taldle By comparing the effective doses,
however, it should be kept in mind that these values have bekgcted from studies performed
with lanthanides of different purity, hence discrepancgimihave been occurred. Investigations
on the acute and chronic toxicity of rare earths have stantd®50. In most studies, rare earths
were administered at quite high levels. The low oral toyiaitth LD 5g values beyond 1 g/kg body
weight (Venugopal and LuckeyLl979, (Ji et al, 1985h, (Richter, 2003, (Richter and Schermanz
2006 is ascribed to their poor gastrointestinal absorption.

Administered substance  Animal lsB(mg/kg BW) Reference

La3t - acetate rat 10000 Cochran et al(1950
La3t - ammonium nitrate  rat 3400 Cochran et al(1950
LaCl3 rat 4200 Cochran et al(1950
LaClz mouse male 2354 Shimomura et al1980
La(NO3)3 rat 4500 Cochran et al(1950
Lay(SOy)3 rat > 5000 Cochran et al(1950
La,O3 rat > 10000 Cochran et al(1950
CeCk mouse male 1959 Shimomura et al1980
CeCh rat 2110 Rhodia(2009

CeCk mouse 5277 Rhodia(2005
Ce(NG)3 rat female 4200 Bruce et al(1963
CeO rat > 5000 Rhodia(2005

PrCk mouse male 4500 (4054 - 4995) Haley(1979

Pr(NGs)3 rat female 3500 Bruce et al(1963
PrsO11 rat > 1000 Rhodia(2009
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Administered substance Animal lsB(mg/kg BW) Reference
NdCl3 mouse male 5250 (4730 - 5830) Haley (1979
Nd(NOs)3 rat female 2750 Bruce et al(1963
Nd,O3 rat > 1000 Rhodia(2005
SmCk mouse male > 2000 Haley (1979
SM(NGs)3 rat female 2900 Bruce et al(1963
Smy0O3 rat > 1000 Rhodia(2005
EuCh mouse 5000 Rhodia(2005
Eu(NGs)s rat female > 5000 Bruce et al(1963
EwO3 rat > 1000 Rhodia(2005
GdChk mouse male > 2000 Haley (1979
Gd(NGs)3 rat female > 5000 Bruce et al(1963
GhO3 rat > 1000 Rhodia(2009
ThCl3 mouse male 5100 (5049 - 5151) Haley (1979
ThCl3 mouse male 2652 Shimomura et al(1980
Tb(NO3)3 rat female > 5000 Bruce et al(1963
ThsO7 rat > 1000 Rhodia(2009
DyCl3 mouse male 7650 (7150 - 8186) Haley (1979
Dy(NO3)3 rat female 3100 Bruce et al(1963
Dy,03 rat > 1000 Rhodia(2005
HoCls3 mouse male 7200 (6667 - 7776) Haley (1979
HoCl3 mouse male 2568 Shimomura et al1980
Ho(NGO3)3 rat female 3000 Bruce et al(1963
Ho,O3 rat > 1000 Rhodia(2009
ErClz mouse male 6200 (5390 - 7140) Haley (1979
ErnO3 rat > 1000 Rhodia(2009
TmCl3 mouse male 6250 (5430 - 7190) Haley (1979
Tm,03 rat > 1000 Rhodia(2009
YbCl3 mouse male 6700 (6374.9 - 7041.7) Haley (1979
Yb(NOs)3 rat female 3100 Bruce et al(1963
LuCls mouse male 7100 (6630 - 7590) Haley (1979
Lu,O3 rat > 1000 Rhodia(2009
ScCh mouse male 4000 (3960 - 4040) Haley (1979

Table 6.1: Acute oral toxicity of lanthanides.

Numerous investigations have confirmed the minimal oralcttyin different animal species
such asCochran et al(1950, Durbin et al.(1956 andJi et al. (19850 in rats,Haley (1969, Ji
et al. (19850 in mice, Ji et al.(1985) in guinea pigs andHutcheson et a1979 in apes. Fur-
thermore, in medicine several studies reported the orakénof up to 3 g of lanthanum carbonate
per person per day up to four years to be without toxic effeltig and Finn2003, (Harrison and
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Scott 2004, (Locatelli et al, 2003, (Ritz, 2004). For drinking water, safety levels of[2g/l were
recommendeddge Boer et al.1996. As oral toxicity of rare earths is of special interest foet
main topic of this thesis, more detailed information is pded in Chapted 2.

Due to slightly higher absorption of subcutanous or intracularly injected lanthanides, their
acute toxicity is a little higher, as expected. For subcotgnnjections, minimal lethal doses of
100 - 1000 mg/kg are reported. Providing sg¥alues of 50 - 500 mg/kg body weight, intraperi-
toneal injected lanthanides are even more toxic, whereaggpigs have been shown to be more
susceptible than rats and mice. Although inhalation predumly few immediate effects, due to
accumulation of rare earth particles, chronic exposureoigertoxic because it causes emphysema,
pneumonitis, bronchitis and pulmonary fibrosis.

However, rare earths are most toxic when applied intravelgauth LDsg values ranging be-
tween 3 and 100 mg/kg body weight for rats and mideléy, 1979, (Evans 1990, (Hirano
and Suzuki1996. Liver and spleen degeneration with yellow atrophy andre¢tobe necrosis
may occur Haley, 1965. A delayed lethality takes place following high doses dfamenously-
injected lanthanides with peaks between 48 and 96 hourscael toxic symptoms being writhing,
ataxia, labored respiration, walking on toes with archetkland sedation. Those who survived
for thirty days presented generalized granulomatousgetis and focal hepatic necrosis. Applied
intravenously, all rare earth elements cause hypotenbidhe end death occurs by cardiovascular
collapse associated with respiratory paralysialéy, 1969, (Haley, 1979. While rabbits seem to
be less sensitive, a sex-dependency with females beingsusoeptible was reported in mice and
rats. In contrast to thaRobinson et al(1978 detected higher resistance in female quails. The
fact that the dose-response curve is bell-shaped, thusihiigises are of lower toxicity, is ascribed
to possible precipitation of rare earths at higher doseserGintravenously, the toxicity of rare
earths increased with higher atomic numbers while for tbfié neodymium salts, an increase in
the following order was found: chloride proprionate< acetate< 3-sulfoisonicotinate< sulfate
< nitrateZimakov (1973 cited byHaley(1979. In general, with intraperitoneal and intravenous
injection, low and frequent applications have been muckebéblerated than single high ones.
Besides using chelating agents, toxicity can be modifieduothér substances. Thus microso-
mal activity enhancing agents, drug-metabolizing enzymA&®, adenosine and tryptophan may
reduce the toxicity of rare earths, whereas dexamethastglanocorticoide provided lethality
enhancing effectdHaley, 1979, (Evans 1990, (Hirano and Suzuki1996, (Bulman 2003.

Although binding of lanthanides to DNA, RNA and nucleotidess previously been reported
in vitro (Eichhorn and Butzowl1969, (Evans 1990, in vitro and in vivo assays performed by
Damment et al(2004 demonstrated no genotoxicity after exposure to high éissud plasma
levels of lanthanum carbonate. Similadyget al.(19850) reported negative mutagenicity tests. He
further found no increase in chromosome abberation ratesaofow cells after oral application,
but, when compared to low doses at high doses, chromosacamaldication of the spermatocytes
increased significantly.

As far as carcinogenicity of rare earths is concerned, thentaof studies could not reveal
any (Schroeder and Mitchengk971), (Strubelt et al.1980, (Ji et al, 19850, whereas a few older
studies reported the formation of tumors in lung tissuer afiteatracheal application or inhalation
and in liver, stomach or intestinal trad¢tigley, 1979. However, as a consequence of chronically
feeding rare earths at high concentrations growth demnessas seen in ratsdgley, 1979, (Ji
et al, 198501, (Evans 1990. In contrast toD’Agostino et al.(1982, who found reduced litter
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weight after subcutanous injection of cerium citraliegt al.(19853 reported neither changes of
litter weights nor malformations of fetus or embryo aftealapplication.

In conclusion, regarding the oral application of rare egrtfo genotoxic, carcinogenic or ter-
atotoxic effects are to be expected, whereas for intraveaod other applications, the reported
results are contrary. But in order to assess those effextsefustudies are required. With regard
to the median lethal dose, rare earths administered osalbgutanously, intra-peritoneally or in-
travenously are not regarded as highly toxic agents. Neskass, some toxicological changes
may occur and shall therefore be briefly presented on the lb&she affected organ. As studies
on the pathogenesis and mechanism of toxicity of rare eartsnissing, explanations of their
toxic properties are based upon their biochemical behd@bapters). It is therefore not always
possible to differentiate toxic effects based on rare sdrtim nonspecific phenomena. Nor have
specific target cells involved in pathological processesnbeported. Hence some effects, such
as the induction of neoplasms or the effects on spleen arndogdsstinal tract, might not be
attributable to rare earths alone and should thereforedagded critically.

6.2.1 Effects on Lung

Many studies on the toxic effects of rare earth elements aftelation and intra-tracheal in-
jection have been performetiéley, 1979, (Evans 1990. It was proven that pulmonary toxicity
of stable rare earths is contributed to the development efnessive pulmonary fibrosis, also
known as pneumoconiosis, which may be accelerated or eatidncthe contamination of ra-
dioactive materials. The significant pathogenic potemtiahhaled lanthanides is related to type
and physicochemical form of the materials as to dose andidaraf exposurelemery 1990,
(Haley, 1991).

Rare earth pneumoconiosis is a long-term lung diseaseiooedly described in humans ex-
posed to rare earth dusts, e.g., smoke of cored carbon apslafhe accumulation of fine gran-
ular dust particles containing rare earth elements, maatwm, may cause interstitial disorder,
emphysema and severe obstructive impairment with a decdasrbon monoxide diffusion ca-
pacity. These deposits are detectable for a long tiviuay( et al, 1986, (Sabbioni et al.1982),
(Nemery 1990, (Porru et al. 2000. Although changes may be visible on x-ray, normally no
symptoms or functional deteriorations are foul@penberger and Buehlmant®75, (Vogt
and Ruegger200). Compared to other well-documented fibrogenic dusts, siscquartz and
silica, it can be stated that the toxic potential of raretesadisplays only mild pathologic potential
(Richter, 2003. Today, modern occupational exposure practices will igtyeestrict respiratory
intake of rare earth particles at work sites and as rare®arthtreated properly, health impairment
is not expected. Maximum allowable concentrations at Rumssork-sites have been reported by
Neizvestnova et a(1994 with maximum peaks of 2,5 mgfand average shift concentrations of
0,5 mg/n¥.

6.2.2 Effects on Liver

As liver tissue sequesters a considerable amount of biledairare earths, especially light
ones, hepatotoxic effects are to be expected and have wlbesmh reported in various studies.
After the injection of rare earth elemenkdagnussor{1963 andTuchweber et a{1976 demon-
strated elevated activities of liver specific enzymes silBRBT and GOT, which, however, re-
turned to normal after six to ten days. Furthermore hepataasis was found after both intra-
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venous and subcutaneous injection of rare eaRlabison et a).1986, (Salonpaa et 311992,
while pretreatment with phenobarbital, spironolactiod @arenenolon a carbonitril was able to
prevent hepatic damagéychweber et al.1976), (Salas and Tuchwehet976.

However, the induction of the fatty liver phenomenon by lighre earths is by far the most
obvious hepatic lesion following intravenous injectiorrafe earths. This condition which is as-
sociated with a massive hepatic accumulation of neutradirs has not been described after oral
application. Prior to producing the fatty liver, plasma centrations of free fatty acids increased
while cholesterol and phospholipid levels declinéavela, 1977). Though the exact mechanism
is not fully understood, based on the biochemical propemielanthanides, it is assumed that
increased hepatic sequestration of triglycerides frompllasma, decreased oxidation of lipids
by hepatic mitochondria as well as decreased hepatic ssisthad secretion of lipoproteins are
involved Evans 1990 (Chapter5). As lanthanides have been shown to accumulate in adrenal
glands Borowitz, 1972, it was suggested that the liberation of free fatty acidefadipose tissue
is due to lanthanide induced adrenal stimulatiBerfaud et a/.1980. In addition,Arvela and
Karki (1977 found out that lanthanides also reduced the activity ofiepnicrosomal enzymes
which are responsible for metabolizing and detoxifyingg#uThe induction of a fatty liver was
reported in rats, mice and hamster, yet not in guinea pigskehs or dogs and furthermore, the
effect was more consistent in females. Having its maximuter avo to three days, all effects
diminished after a week, even though rare earth concemtiain the liver remained higlid@ley;,
1965.

6.2.3 Effects on Spleen, Kidney and Gastrointestinal Tract

Further organs may also be affected. In spl&tmeman et al(1978 noted hypertrophy, retic-
uloendothelial hyperplasia and hyperactive lymphoiddétdk in mice after both subcutaneous and
oral administration of cerium citrate, while only after bapplication focal gastric hemorrhages,
necrosis of mucosa and neutrophil infiltration were seen.

6.2.4 Effects on Bone

In bone, lanthanides have been shown to associate to botingaric matrix and the inorganic
mineral of the boneKvans 1990. Although the skeleton constitutes the second major deépos
site of rare earth elements, no toxic effects on bone strectiere found. Bone mineralization
defects reported after high-dose lanthanum carbonaterggtnaition to rats which suffered from
chronic renal failure are due to phosphate depletion réatieer due to direct bone toxic effects
(Damment and She2009, (Damment et a).2003, (Freemont et a) 2004). Additional informa-
tion will be given in Sectiorl0.3.4

6.2.5 Effects on Skin and Eye

Intact skin is generally resistant to lanthanide saltsiappbn in contrast to abraded skin which
reacted severely with epilation and scar formation in rsbplaley, 1979. Furthermore, the pro-
duction of granulomas and local calcification with mild fisi®has been reported after intrader-
mally injected rare earthdH@ley, 1979, (Evans 1990. Since pyrophosphate is considered to
have a calcification-inhibitory function, it is hypothesizthat precipitation of lanthanides with
pyrophosphate is responsible for the induction of sofittescalcification. These precipitates are
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thought to form a crystallization nucleus on which calciumd @hosphate may accumulate to form
apatite Boeckx et al. 1992.

Rare earth salts are also ocularly irritating after topegaplication. Haley (1965 reported
ocular irritation with the formation of ulcera after thenoatluction of rare earth salt crystals or
solutions into the conjunctival sac of rabbits. The corragadcification which occurred later has
also been contributed to calcergenic properties of rathgamterestinglyswanson and Trues-
dale(1977) found out that cataractous human lenses contain moredanth than healthy ones.
Lanthanides might therefore play a role in the developménatarractic diseases. Nevertheless,
Ji et al.(19850 presented only mild irritation of skin and eye mucosa irbitsh

6.2.6 Effects on Brain

Lanthanides share a variety of actions on nerve cells and afideem, e.g., transmitter re-
lease are related to the interaction witt?Cénvolved transport processes. Because of the blood-
brain barrier, lanthanides are unable to enter the cenéralonis systemEvans 1990. There-
fore, systemic administration does not cause severe rogjical disturbances. Yet they can ex-
ert certain neurological effects. After direct injectionid brain tissue, L3 provoked analgetic
effects similar to those of opiates. Since those effectddcba antagonized by naloxone, and
morphine-tolerant rats were cross-tolerant to lanthartdanr(s et al, 1979, it might be assumed
that L& and opiates both operate by using the same mechanism. lutihsrfbeen described
that subarachnoidal injection of higher concentrationgaafolinium chloride, gadolinum-EDTA
or gadolinium-DTPA may produce loss of motor function andegpoid fits (Weinemann et al.
1984). Yet during long-term studies of orally applied lanthanoarbonate, no central nervous
system adverse effects were fouddifes et al2004), (Joy and Finn2003.

Concerning the toxicity caused by rare earth applicatipresjious studies were able to demon-
strate that the risk of oral intoxication is negligible. Wian oral L3y > 1000 mg/kg body
weight, which equals to 70 000 mg per perstvia{d, 1990, ingestion of such high amounts of
rare earths without knowledge or without the ability to abtaedical care is highly unlikely to
occur. Therefore, unless intravenously applied, intdiecaby rare earths is not to be expected
after oral application.

On this basis, the application of low concentrated rarehef@ed additives, as described in
Chapterl?2, is not expected to harm either animals or humans who consummeal products.
Experiments on the determination of rare earth contentsliinles even revealed higher concen-
trations in commercial vegetable feedstuff compared tsetio the tissue of animals whose diet
was supplemented with rare earths. This fact, which is lasdrto the ubiquitous occurrence of
rare earths, additionally confirms the safe applicationapé rearth-containing feed additives to
farming animals.
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CHAPTER

ECOTOXICOLOGY — IMPACT ON THE
ENVIRONMENT

ity of pollutants originating from industrial dischargeghus metals and metal species

constitute a significant part in environmental contamorafiyusof et al, 2001). Rare
earths also provide high industrial potential being imaottcomponents of metal alloys, special
glasses, superconductofsr{k, 2005, permanent magnets, fluorescent materials and solid-stat
laser areas. Along with the development of modern industtiee application of rare earth con-
taining materials to many industrial fields (e.g. Eu in cdkldevision tube; La, Ce and Tb are in
fluorescent light; Sm and Y in micro technology and superoetat) is growing rapidly £Zhang
etal, 20013, (Wei et al, 200]J). It has been reported that the scattering of rare earthesafues in
water and atmospheric environments may occur during exraprocedures from high-grad ores
and subsequent refining by ion-exchange chromatograpfaddition, rare earths may also enter
the environment in terms of atmospheric airborne waterldts@and particles bearing rare earths
as a consequence of their use as fine chemical in moderniieduithinashi et al.1992. Hence,
these particles, which mainly originate from oil-fired powtations or transportation vehicles that
use rare earths as catalystsigng et al.1994) may enter the plants via their leaves.

However, rare earths are also directly applied to planteldyand quality improvements pro-
duced by rare earths led to a large-scale application ofgaréh containing micro-fertilizers to
agriculture in the Peoples Republic of Chiraup et al, 1988, (Diatloff, 1999, (Maheswaran
et al, 2007). Micro-element fertilizers with lanthanum and cerium lasit main components have
been manufactured and used in Chinese plant productiovésra® yearsXiong, 1999, (Zhang
et al, 20019. The amount of rare earths applied to agricultural areastemtly increased. With
an application rate of 750 - 1000 g/ha more than 3 million heeveevered in 1998//ang 19989.
Furthermore, based upon performance enhancing propegresearths have also been applied to
animal husbandry in China and Switzerland and will evemyusd used in further Western coun-
tries in the future. As a result, the amount of rare earthsrerg the environment may further

M 0OST sources of environmental pollution are anthropogenic igimwith a great major-
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increase since liquid manure is applied to agriculturapsras an organic fertilizer. It has already
been predicted that industrial and agricultural utiliaatof rare earths will rapidly grow in the
next few decadesvVplokh et al, 1990, whereas in line with these human activities concentra-
tions of rare earths will increase in the environmentalaysiZhimang et al.2001). However,
Tyler (2009 stated that amounts of rare earths annually applied t@saitertainly much smaller
compared to those already present. Hence, regarding tdyrresommended application rates,
thousand of years may pass before the natural rare earttwdbloé doubled.

Yet, rare earths originating from anthropogenic sourcesilisenter the environment in much
more soluble and reactive forms, thus are biologically mav&lable Zhang and Shar2001).
This is of particular concern as they may dislocate the lza@laf the biogeochemical cycle of
rare earths§han et al.2002), cause adverse effects on the integrity of the soil eceaydgthi-
hashi et al.1992, (Wang et al. 1997h or even exert toxic effects on the aquatic syst&uoger
et al, 1997). Finally, rare earths will find their way into the human fopaith through ingestion.
Toxic effects of rare earths and several adverse healtbteffiie to continuous occupational and
environmental exposure have been reported and have beerbedsin Chapte6. Even though
most of the ingested rare earths will be excreted, uptakenafl@amounts into the blood vessels
and consequently into various organs cannot be excludeereldre, thorough investigations on
environmental contamination of rare earths are highlymeoended, and as to their use in agri-
culture, their chemical behavior in soil is of special il Yet, since in most countries rare earth
utilization is currently restricted to industry, serioumesiderations on their environmental impact
in general and in particular regarding their agricultuggpléecation have not been madei gt al.,
2001). Thus, at present only little information is available lvistrespect, which will be presented
here.

7.1 Concentrations of Rare Earths in Soil

In order to assess environmental pollution due to excesgipkcation to agriculture, reference
values on their concentrations in soils but also in plangésiadispensable. In multiple studies
rare earth contents in the soils of different countries Heeen determined)atloff et al,, 1996,
(Yoshida et al. 1998, (Krafka, 1999, (Wyttenbach et a].19983, (Zhang and Shar2001) and
their results are presented in TalBld. In most soils, rare earths were found in very small quanti-
ties which is consistent with an earlier report describimgtotal content of rare earths in soils to
be of the order of mg/kgRobinson et a).1958.

For the determination of rare earths in various environalesamples, such as soil, accurate
and precise analytical techniques are necessary, for idA¢hand ICP-MS are most commonly
used (Chapte8). Among different types of Chinese soil, variations in raggth concentrations
have been reportedKbbata-Pendias and Pendia®01). The total amount of rare earths in soils
gradually decrease from south to north and from east to wisty usually are in the range of
108 - 480ug/g with an average of 198g/g. Similarly, mean values of 176.8 mg/kg (ranging from
85.0 - 522.7 mg/kg) were reported in another study. The comtilight rare earths made up the
main part with 83 - 95 %, while cerium accounted for 481%a(qg et al, 2005.
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Diatloff et al. (1999 Yoshida et al(1998 Krafka (1999

Wyttenbach et al(19983 Krafka (1999

Zhang and Sha(2007)

Australian soll Japanese soll German farmland  Swiss feuskt German forest soil  Chinese soil

ICP - MS ICP - MS NAA RNAA NAA ICP-MS
La 2.7-243 1.20-51.1 14.5-40.1 17.8 4.8-46.6 1.20-51.1
Ce 21.0-120.3 2.46-116 27.3-79.5 36.1 10.4-100.8 2.46 - 116
Pr 0.8-6.8 0.28-11.7 - - 0.28-11.7 -
Nd 28-24 1.08-435 12.9-32.6 15.0 4.2-415 1.08-43.5
Sm 0.4-46 0.21-8.73 2.46-6.8 2.82 0.81-8.49 0.21-8.73
Eu 0.1-16 0.05-2.57 0.5-1.29 0.513 0.15-1.75 0.05-2.57
Gd 0.6-4.3 0.23-8.71 - - - 0.23-8.71
Tb 0.1-0.7 0.03-1.40 0.34-0.95 0.381 0.1-1.18 0.03-1.40
Dy 0.3-3.2 0.19-8.21 1.97-5.44 - 0.56 - 8.63 0.19-8.21
Ho 0.1-04 0.04-1.80 0.35-1.1 - 1.14-1.54 0.04-1.80
Er 0.1-16 0.13-5.10 - - - 0.13-5.10
Tm 0.1-0.2 0.02-0.77 - - - 0.02-0.77
Yb 0.1-15 0.12-4.99 1.03-3.4 1.47 0.24 - 3.67 0.12-4.99
Lu 0.1-0.2 0.02-0.78 0.16 - 0.56 0.205 0.04-0.52 0.02-0.78

Table 7.1: Concentrations of lanthanides in various soil samples m.pp
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7 ECOTOXICOLOGY — IMPACT ON THE ENVIRONMENT

In Australia, rare earth concentrations in soil solutiaanirnineteen unamended soils ranged
from below the limit of detection (0.00gmol/l) to 0.064 umol/l (Diatloff et al, 1996. The
addition of CaCQ to the solil increased the solution pH and decreased thedotalentration of
rare earth elements, whereas inverse effects were seeritaftaddition of CaS@Q Lanthanum
and cerium constituted the greatest fraction with highesicentrations being 0.18mol/l for
lanthanum and 0.5umol/l for cerium. The exchangeable rare earth elements emanly ac-
counted for 0.07 - 12.6 % of the total rare earths. Content®.4fmg/kg EDTA - extractable
lanthanum and 7.7 mg/kg total lanthanum were measured itrélias soil in other studieB(ck-
ingham et al.1995. Comparable higher concentrations of 30 14§Jl of light rare earth elements
(La, Ce, Nd) were also determined in other soil solutionigsiCasartelli and Miekelgy2003.
Nevertheless, concentrations of rare earth elementsndieted in soils from various places have
been shown to be very similar. Furthermore, the distrilbugiatterns observed resemble the one
found in the upper continental crusifyttenbach et al.1996, and hence are equal to those of
many other soils found worldwide<@bata-Pendias and Pendi2901). A fact that has been
ascribed to the nature of the parent rock.

7.2 The Accumulation of Rare Earths in Soil

Pollution from industry and agriculture has been reporteith¢rease the soil’s loading signif-
icantly usually through the addition of sewage sludge, ngnivaste and factory efflueni¢nes
1997. To evaluate the enrichment in the studied material, emostalized rare earth patterns are
used since the abundance of rare earths in uncontaminaikedjical materials, such as plants,
sewage sludge etc., reflects the one found in the earth’s(¢chghashi et al.1992).

It should also be noted that many phosphate fertilizersgiiived from apatite, contain appre-
ciable amounts of rare earths as contaminants that mayrdlsence the concentration of rare
earths in soil and plants cultivated onWyttenbach et a).19983, (Abdel Haleem et a).20017).
Potential accumulation of rare earths may therefore not ontur due to rare earth fertilizers
or waste products, but also be expected as a consequenaggetelon application of phosphate
fertilizers. Russian scientists who analyzed phosphatigizer production to evaluate the envi-
ronmental pollution in soil found an increased storage & earths in agricultural plant¥¢lokh
et al, 1990. Accordingly, enhanced contents of soil exchangeable earths, which however
remained under 10 %, were reported after the treatment aithearthsing et al, 2003. The
composition of exchangeable rare earths in soil graduplly@ached that in extraneous rare earths
while remaining constant over the treatment of rare eat20@ mg/kg. The application of rare
earths furthermore increased the contents of exchangkahle metals as well as of Fe, Mn and
Zn with Mn responding the most. This indicates that contimiapplication of rare earths may
lead to rare earth accumulation in agricultural soil. Iniadd, this may cause potential detri-
mental environmental issues followed by adverse healéceffthrough bioaccumulation along
the food chain.

Yet the contrary was demonstrated for foliar-dressing iongterm in-situ experiment carried
out over 11 yearsL(u et al, 1997, (Liang et al, 2005. During the three-leaf stage of spring
wheat, Changle a rare earth-containing microfertilizer, was sprayeddhe leaves by 600 g
per hectare (net content of rare earth elements was 204, g/hih is a relatively small amount
compared to rare earth contents in soils themselviesdt al., 1997). After 11 years of foliage-
dressing, contents as well as distribution patterns ofearéhs in soil were still within the range
of the soil background. This indicated that foliage-dnegswith Changlefertilizer did not result
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in significant accumulation of rare earths in soils. Accogly, studies on the determination of
rare earth contents in atmospheric particles (36 Ay/imrain water (5-7ug/l soluble rare earths),
soil water (1-4ug/l soluble rare earths), surface runoff (5+@/l soluble rare earths) and different
parts of corn revealed that additional application has flaence on their concentratioliang
et al, 20019.

Within the scope of another study, several waste ash samm@es analyzed to assess their
potential risk to soils. Total contents of rare earths rafgem 54 to 130 mg/kg with the following
order: Ce>La=Y >Sc>Nd>Sm>Pr>Gd>Dy >Eu>Tb>Er>Yb>Ho> Lu
> Tm. In contrast to animal and horticulture waste ashesa&deWwalues were observed for Sc,
Sm, Eu, Gd, Tb in sewage sludge ashes and for Eu, Tb in in¢cordvattom ashes. Both were
slightly enriched in La and Ce. Food scrap ashes were orghtyfi enriched in Sm, Eu and Tb
(Zhang et al.2001g. Comparing the concentrations of rare earths in wastesasfté those
determined in different agricultural soils indicated tantinuous application of sewage sludge
and incinerator bottom ashes may cause an accumulation, @r8or Eu in some of the soils.
Phytotoxic or other adverse effects due to over-applicatfovaste ash to agricultural land cannot
be excluded. However, most of the rare earth elements irevessttes were normally distributed
and the pollution is therefore not regarded severe.

In this context, it may also be relevant that if rare earthgriowe feed-utilization, as reported
with respect to animals (Chapt&®), they will consequently reduce the amount of faeces, there
diminishing the environmental impact due to slurry dispogdong with the restriction of an-
tibiotic performance enhancers, application of copper zind to animal husbandry, especially
to pigs, has increased tremendously. A recently conduategsiigation observing the impact of
heavy metal by economic fertilizers (slurry from pigs anttleq over several years reported in-
creased values of Cu and Zn since 1999, though in the perid®&® - 1990, decreases were
noticed (Muller, 2002. In accordance with that, increased copper and zinc ctsteere found
in the liquid manure of pigs which will cause remarkable esnwimental loads. The use of rare
earths as feed additives may therefore reduce the applicatticopper and zinc and decrease their
environmental pollution.

Concerning the causes of rare earth accumulation in sathdu studies were performed in
order to determine how rare earths may affect the soil-systewill be reported next.

7.3 Effects of Rare Earths on Soil Nitrification

Literature has shown that nitrogen transformation in sail be affected by heavy metals such
as Cu, Ni, Cd, Cr and Ad_@dislay, 1995 and a few reports exist on the effects of rare earths on
nitrogen transformation in soifu et al, 2002, (Liu and Wang 2001). They have revealed that
the effect of lanthanum on nitrification in soils was smailemn that of heavy metals. Nevertheless,
interactions between rare earths and nitrogen in the sailtjglystem is considered very important
for the safety assessment of agricultural used rare earths.

Rare earths applied at doses higher than 5 mg/kg dry soil sfexen to affect the contents of
soil available N and Nljﬂ - N significantly, whereas soil ND- N contents remained unchanged
(Liu and Wang 2001). A correlation was found between the decrease in soilkavia nitrogen
concentration and the inhibition of soil urease activitheTdecrease of soil nitrogen may there-
fore be ascribed to inhibitory effects of rare earths on tisymatic nitrogen mineralization. 5 mg
of rare earths per kg dry soil were set up as no observed et (NOEL) as to the potential
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influence of rare earths on the chemical transformation aadiadility of soil available nitrogen.
Inhibition of nitrification at high doses was also observgdZbu et al.(2002. Yet at lower con-
centrations, solil nitrification was stimulated slightly lajmthanum with a stimulation rate of 20 %
at 150 mg/kg dry soil in red soil and of 14 % at 300 mg/kg dry sofluvo-aquic soil. In red soill,
ammonification was significantly reduced in doses of 900 &@DIng lanthanum per kilogram
dry soil, whereas in fluvo-aquic soils, except at 600 mg/kgsdil, lanthanum reduced soil am-
monification in doses from 60 - 1200 mg/kg dry soil. In paddy lsowever, ammonification was
strongly stimulated by lanthanum. Based on those findingsin be assumed that application of
lanthanum accelerates the transformation of nitrogeniis ablow dosage. It was further con-
cluded that the currently applied dosage in Chinese aguicitannot inhibit soil nitrification and
ammonification even after long term successive application

7.4 Effects of Rare Earths on Soil Micro-flora

The fact that rare earths have been shown to influence a larggywof microorganismu-
roma 1958, (Talburt and Johnsqii967), (Zhang et al.20009, (Zhang et al.20000 (Chapters)
has caused for concerns about the possible impact of ratleseam soil micro-flora. The soill
micro-flora plays a major role in the living pool of soil orgamatter and it is furthermore re-
sponsible for essential parts of the major nutrient cycle€arth Jenkinson and Ladd. 981).
Changes of the micro-flora due to rare earth application resefore have great consequences.
It has been reported that the functioning of soil-planteyst can be highly affected by agents
which suppress or adversely affect soil organisms or chamgejuality or quantity of organic
matter either in the short or long-termrookes 1995. After entering the soil, heavy metal ele-
ments usually stimulate soil bacteria at low level whilerhizag them at high level. Similarly, rare
earths may change the population of microorganism fountiensbil system to various extents
(Ma et al, 1996, (Tang et al. 19983, (Chu et al, 2001b, (Tang et al. 2004. It was reported
that various microorganisms present a high capacity ofrbirsg rare earth ions, such as &d
(Andres et al.2000.

At moderate concentrations, lanthanum could increasedihenscrobial biomass as well as
the population of bacteria, actinomyces, azotobacter anifymg bacteria, whereas excessive
application resulted in the inhibition of all microbial grerties of the soilChu et al, 20018, (Chu
etal, 20013. Inhibitory effects in association with increasing doaese also observed Byu and
Wang(20017), while stimulating effects of lanthanum on microbial biass have however not been
found. Non observed effect concentration (NOEC) were ttegyldio be 432 mg lanthanum per kg
soil. Consistent withKu and Wang(2001), Chang(2006 observed inhibitory effects on the total
number of soil bacteria after rare earths accumulated atb 8 of absorption capacity (ADC).
Usually, there are two ways to express the amount of raréeared in soil application. The
amount may relate to the rare earth adsorption saturateméptage of the maximum adsorption)
or to the concentration used (mg/kg).

In further studies designed to evaluate the ecologicatetierare earths on soil micro-flora,
different accumulative concentrations of lanthandrar(g et al. 19989 and cerium Tang et al.
19979 were applied to simulate the situation of long-term agglan of rare earths elements. For
lanthanum, the results were as follows:

¢ La had inhibitory effects on the total number of soil ba@e an accumulation of 5 to 50 %
of adsorption capacity (ADC)
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La stimulated the growth of actinomycetes below 30 % ADChRkgj effects at 20 % ADC

La strongly stimulated the total number of fungi up to 50 % ADhest effects at 30 %

La stimulated aerobic cellulolytic bacteria below 10 % AD&hile up to 50 % ADC La
stimulated celluolytic fungi

La slightly stimulated soil ammonifiers below 10 % ADC, whdbove 10 % La had in-
hibitory effects

In total, it has been shown that, from 5 to 10 % ADC, lanthanwad different stimulatory
effects on aerobic cellulolytic bacteria, actinomyceted ammonifiers, while inhibitory effects
on the total number of soil bacteria were observed at all eotnation levelsTang et al. 19980.
Only slight differences were seen between lanthanum andrnoerSoil bacteria were inhibited
by lanthanum above 5 % adsorption capacity (5 % ADC) and osedabove 10 % ADC, whereas
actinomycetes were stimulated by both lanthanum and cebetween 5 and 20 % ADC but
inhibited at high accumulation. At 5 to 50% ADC, lanthanund a@rium strongly stimulated
soil fungi. In pure culture studies, some plant pathogenittdria as well as the activity of some
enzymes related to pathogenesis were shown to be affecteatdarth elementgéng et al.
19989.

A recently conducted study on the ecological effects of l@satje mixed rare earth accumu-
lation on major soil microbial groups revealed continudireglation of soil fungi and alternative
effects of stimulation, inhibition and re-stimulation avildacteria and actinomycetebgng et al.
2009). Inhibitory effects of rare earths on the three groups dfraecroorganisms were in the or-
der of bacteria> actinomycetes- fungi. A remarkable change in the population structure esé
soil microorganism was observed at an accumulation raté@hig/kg of rare earths. But median
effect concentrations (Ef{) of rare earths were 24.1 mg/kg for soil bacteria, 41.6 t& n3g/kg
for actinomycetes and 55.3 to 150 mg/kg for fungi. In coritnas obvious influence of rare earths
on soil bacteria was observed bja et al. (1996, whereas the biomass of soil fungi and acti-
nomycetes increased by a factor of ten and two to three, cagely. Stimulation of fungi and
actinomycetes at high levels of lanthanum was also obsdyyedong and Zhand1997, while
low accumulation levels inhibited bacteria. At 5 % ACD (0M35g/g/ soil), however, lanthanum
had no obvious effect on soil microbial flora.

Based upon these results, it can be concluded that the écallegructure of microorganism
in soil might be changed to various degrees under the stfdsgloconcentrations of rare earths.
However, according to current application rates of 750 -01§0r® (Xiong and Zhang1997) or
< 0.23 kg/ha per year{u et al, 2002 in China, an accumulation of 5 % ADC or 30 mg/kg
dry soil as critical limit Tang et al, 2004 has been determined in order to assure safe long-term
application of rare earths in Chinese agriculture.

7.5 Bioavailability of Rare Earths in Soil

A wide range of information on the bioavailability of rarerées in soil and their uptake by
plants will be given in Chaptetl. However, as that information is indispensable in order to
evaluate the potential health risk of rare earths in a comat®ed environment, some of these
aspects shall also be mentioned in this section.
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It is generally agreed that the total concentration of nsatakoil and water is neither a good
indicator of bioavailability nor a good tool for potentiggk assessmengfian et al.2003h. How-
ever, in extracted soil solution, rare earths can be fourdlffarent fractions: the water soluble
fraction, the exchangeable fraction, the carbonate boraadidn, the sulfide bound fraction, the
one bound to Fe-Mn oxide as well as the one bound to organitemeatd the residual fraction
(Li et al,, 19989, (Wang et al. 20019. Several studies reported that the water soluble and ex-
changeable forms of rare earths are the ones most avaitalplarts Zhang and Shar2001),
(Cao et al,2000b, (Wen et al, 2001), (Xu et al, 2001). Yet the contents of various forms of rare
earths as well as the transformation and distribution a&f earths in different fractions in soil are
closely related to the physicochemical properties of ¢sdlf (Liang et al, 2009 including soil
pH, organic matter, cation exchange capaditiyet al., 2001), (Jones 1997, and organic acids
(Davies 1992, (Yang et al, 1999, (Shan et a].2002), (Shan et al.20030.

Rare earth concentrations in the exchangeable factiorerlrog trace amounts to 24 mg/kg,
which equals to 10.5 % of the total rare earth concentrat{@hsi and Xj 1992. Very small
amounts of the water soluble and exchangeable fractions algo reported b¢ao et al(20000,
whereas the residual fraction accounts for the majorith wb.2 to 94.7 %. Residual forms of
rare earths are stable under natural conditions, whiler dtinmns are unstable and may therefore
be activated easily. Most of non-residual rare earths avedhdo carbonates, Fe-Mn oxides and
organic matter and the amount of rare earths in differemtifvas follows the order residuab
bound to organic matter bound to Fe-Mn oxides- bound to carbonates- exchangeable and
water soluble Zhang et al.19961). Hence, lowest amounts of rare earths are found in the most
available fractions, which are considered of great impmgeas to environmental behavior. Stud-
ies on their contents, distribution and their ratio to totak earth elements are therefore of high
interest.

Average contents of water soluble rare earths were in thgerah10 - 20 mg/kgZhu et al,
1996. However, values may vary within soil-types and layersiclwimay be attributed to differ-
ences in rainfall, contents of organic matter and clay asageoil pH. Acidity of the soil solution
and the volume of acids may apparently cause the leachirgy®®arths from soil. Yet, leaching
property depends on soil-types and individual rare eagimehts Pang et a].2002. The effect of
soil pH on the bioavailability of rare earths will be furtragescribed in Chapterl. Measuring the
activity of glutamic oxaloacetic transaminase (GOT) magiaonally provide useful information
on the bioavailability and accumulation of rare earths¢sia good correlation was observed be-
tween bioaccumulation values of rare earths in plants am@mizyme activity of GOTZhimang
et al, 200)).

7.6 Rare Earth Transfer from Soil to Plants

Generally, low soil plant ratios (transfer factors) of 01040.09 have been described for rare
earths Tyler, 2004), indicating low concentrations of rare earths in plantsertlower transfer
factors of 0.02 to 0.03 were reported Kyafka (1999. As described above, rare earth bioavail-
ablility depends on their concentration in different fraos of the soil solution. For metals in
general, concentrations in soil solution are most likelptoolled by adsorption and desorption
processes. Similarly, information on how rare earths asgifand released as well as on the fixing
and releasing rates have also been shown to be necessahng forediction of bioavailability of
rare earths\{’en et al, 2002). While desorption is generally reported to be very low,caggon
capacity of rare earth elements may vary with the clay tygkthe amount of amorphous iron and
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manganese oxides, the latter having the highest adsorgitities (Peng et al.1996. In China,
rare earth adsorption was demonstrated to increase fromt &dlorth, thus correlates with the
cation exchange capacitZliang et al.1999. Furthermore, it was shown that the migration dis-
tance of rare earths was very low, which coincides with losadption reported for rare earths in
soil. Depending on the soil pH, migrating distances of 1 @afywere reported in acid soil with
low absorption capacity; whereas in alkaline soil, the @iigig distance was only 2 cm every 5
years.

Almost complete absorption of cerium 11l in soil occurredthimn 0.5 min in a study using the
radioactive nuclidé*'Ce, whereas 1 to 30 min were necessary for cerium Ill desoriti et al.,
200]). Thus, a fast reaction of rare earths with soils followerpgon from solution, whereas
desorption took place at relatively slow rates. This leadbé¢ conclusion that rare earth bioavail-
ability decreases with time, which is further associatethweduced uptake by plants. Accord-
ingly, applied rare earths (2 - 60 mg/l) were rapidly conedrto other formslL(ju et al., 19990.

In addition, a time-dependent reduction in the soluble argleable fraction was observed. At
the same time, rare earths complexed to organic matter neshainchanged at first but then in-
creased, while Fe-Mn-oxide bounded rare earths initialtyeased, but later also decreased. Over
the whole time, residual rare earths remained stable. &imakults were reported byuang et al.
(2002.

In accordance with.i et al. (2001), nearly complete absorption of lanthanum has also been
observed in another studyyha (2005 reported that the application of lanthanum at 10 mg/kg
soil resulted in 80 % absorption by soil while smaller amsuntre totally absorbed by soil.
Based upon the incorporation of lanthanum ions into thes swdtrix, the risk of increased toxicity
using high amounts of lanthanum may therefore be considenedte. Furthermoresyha(2005
demonstrated that even high-dose application of lanthaoniy caused little accumulation in
plants. Yet, higher values were obtained after foliar aygtion of lanthanum chloride.

Studies on the dose-dependent accumulation of individwalearth elements in different parts
of crop plants upon addition of rare earths are very impoffianthe safety assessment of agri-
cultural rare earth application. Consistent wiithiha(2009, no significant accumulation of rare
earths in root and leaf was observedlbging et al.(2005 after soil dressing. In contrast, com-
pared to the control, foliage-dressing also caused higtmrmaulation of rare earths in root and
leaf, but no significant difference in stem and crust. Af@raige-dressing the contents of rare
earths at the maturing stage of spring wheat were in the afderyot > leaf > stem and crust.
Yet after long-term foliage-dressing, no accumulationawérearths was observed in spring wheat
grains. Furthermore, no obvious accumulation was seeraingpof winter wheat when soil was
treated with 2550 g/ha or three times higher amounts of rarth elements (7650 g/hay\iang
et al, 20019. Thus, for both soil and foliar dressing methods, no ddatresidues of rare earths
were found in plant grains as can be seen in Tabl2and7.3.

According toXu et al. (2002, at dosage of less than 10 kg rare earths per ha, no apparent
accumulation was observed in maize grains. It was therefoneluded that even over a long
period the dosage of rare earths Q.23 kg/ha per year) currently applied in China can hardly
affect the safety of maize grains. In wheat seed, rare earitents ranged between 18 g/g
and 108 g/g. Compared with the mean value of total rare earths in &¥rsoil of 177 mg/kg,
concentrations in seeds were three to four orders of madgltwer than that in soil. However, its
distribution pattern was similar to that in the sdilgng et al, 2009. Similarly, pot experiments
showed that after rare earths were sprayed on plants, theteatrations in the edible part of corn
(grain) were below 0.09 mg/kg\ang et al.20010). At an application rate below 32 mgfimo
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dose-dependent accumulation was seen. Doses used indgpnaictices are reported to be in the
range of 16 mg/rh

Control (mg/kg) Soil dressing (2550 g/ha) Soil dressingb(¥§/ha)

La 0.0081 0.0079 0.0920
Ce 0.0182 0.0238 0.0197
Pr 0.0021 0.0028 0.0024
Nd 0.0079 0.0088 0.0086
Sm 0.0027 0.0038 0.0040
Eu 0.0017 0.0022 0.0002
Gd 0.0008 0.0012 0.0020
Tb 0.0002 0.0003 0.0002
Dy 0.0009 0.0016 0.0010
Ho 0.0004 0.0004 0.0008
Er 0.0009 0.0010 0.0018
m 0.0003 0.0002 0.0005
Yb 0.0009 0.0006 0.0008
Lu 0.0003 0.0006 0.0002
> REE 0.0458 0.0552 0.0514

Table 7.2: Concentrations of rare earths in winter wheat grains afédrdsessing
(Liang et al, 2009.

La Ce Nd Sm Eu Tb Yb Lu

Control 0.005 < 0.0075 < 0.04 0.0007 0.0006 < 0.0002 < 0.0008 < 0.0002
Application 0.004 < 0.0075 < 0.04 0.0007 0.0004 < 0.0002 < 0.0008 < 0.0002

Table 7.3: Concentrations of rare earths in grain of spring wheat éflexge-dressing
with rare earthsl(iang et al, 20095.

After long-term field studies performed over 12 years usl@f dressing of 16 mg/Arare
earths, no increase in rare earth concentrations in comees observed while rare earth concen-
trations in other parts of corn were obviously higher in reaeth treated plant&.iu et al,, 1997).

It is therefore assumed that with regard to the concentratioare earths of 0.04 - 0.3 mg/kg, ob-
served in naturally grown corn grailiiang et al.2001b, application of rare earths at the present
dose level in China should be safe for human and animal coptsoim Certified reference values
for rare earths in wheat flour are shown in Tablé

Based on results from basin and field experiments using eaitle fertilizers, a safety interval of
25 days between spraying and picking was suggested fotead et al,20033. Concentrations
in new shoots have been lower than those in other parts ofdats@nd similar to those in control
groups. In tea fusion, rare earths were mainly bound to pobisaride and a decrease in the
amount bound was observed with time.

In contrast to plant grains, there are a couple of reportsase-dlependent accumulation of
rare earths in plant roots as well as in other plant parts dagticultural applicationXu et al,
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GBWO08503 (wheat flour)
certified value (ng/q)

La 15.1+ 1.6
Ce 27.9+ 3.09
Nd 14.8+ 2.0

Table 7.4: Rare earth elements in certified reference material (wheat)fby ICP -
MS (Shan et a].20038.

2002, (Xu et al, 2003. Significant higher values were obtained in plant roots stetns after
the application of 1 mg/kg rare earths. Although at low ceniaions, contents of individual rare
earths in overground plant samples were similar betweetr@land treated group ranking in the
order of Ce> La > Nd > Pr > Sm; another concentration order of taCe > Nd > Pr > Sm
was noticed when rare earths were applied at higher dosas|ycindicating the incorporation of
exogenous rare earths into plant tissi&s(g et al.2001h. Increased rare earth concentration in
root, leaf and stem following the application of rare eadtfifizers were also observed bywen

et al, 2001). Even though rare earths accumulated in edible parts aftabtes, no significant
accumulation was noticed in cereal grains.

In pot experiments conducted byang et al (20011, a dose-dependent accumulation of rare
earths was observed in the roots of maize plants. Valuesmaol higher in roots than in stem
or leaves which was not only attributed to the assimilatibmaoe earths by roots, but also to
their adsorption on the surface of the root system. Conagairs in stem were only one-sixth
of those found in roots with a different dose-dependent eh#han the one observed in roots.
Yet in leaves, a significant dose-dependent accumulatiemeanoticed at all and concentrations
were much lowerXu et al. (2002 however reported a significant dose-dependent accuronlati
of individual rare earth concentrations in both plant roatsl tops of field grown maize after
soil application. Yet, no obvious accumulation of indiveduare earth elements was induced
at concentrations below 10 mg/kg soil, whereas doses of 58grspil resulted in a preferred
accumulation of lighter rare earths in both roots and topsooh (Xu et al, 2003. Compared to
cerium, lanthanum was shown to be taken up selectively bgtarfaf two-thirds. In addition to
concentration, accumulation also varied with both the m@t#mnd timing, that is the plant growth
stage at which rare earths were applied.

Further studies performed b¥u et al. (2002 showed that at high concentrations (2 kg rare
earths per ha) accumulative concentrations of the ligletearths (La, Ce, Pr, Nd) and of gadolin-
ium in the tops were even higher than in the roots of maizetglaiihus, under experimental
conditions, a fast transport from the root to the tops o@djrwhich was particularly observed at
low dose application. Easy\(ang et al,20019 and rapid [chihashi et al.1992 translocation of
rare earths to leaves have been reported before. Incoiocdtexogenous rare earths in the plant,
and a translocation process of rare earths from plant rdeafar from leaf to root, respectively,
when rare earths are applied to soil or to leaves, was higddyraed bywang et al.(20010.
Yet, at the same time a homeostatic regulation mechanisextmssive uptake of rare earths by
plants to control the rare earth concentrations in plantates been suggested, which coincides
with Diatloff et al. (19950 andChang(1991). Similarly, Xu et al. (2002 described an obvious
reduction in their concentration in maize roots followirge earth application at very high doses
of 100 kg rare earths per ha. Since this reduction was asedamth decreased dry weight of
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the maize root and the presence of yellow spots in old leavesy be ascribed to certain plant
protection mechanism®{atloff et al, 19950). Reduced amounts of biomass in ryegrass plants
were also observed after soil-dressing with 200 mg/kg rarths, while additionally the average
height of the plants decreasddgng et al, 2005.

Toxic effects of high-dosed rare earth fertilizer were afl®@monstrated on root tip cells of
Vivia faba, a field bean species thereby affecting its rootvgin (Qu et al, 2007). Within the
scope of studies performed on the toxicity of rare earthslantp, which were based on meth-
ods recommended by the OECD (Organization for Economic @aiion and Development),
values ranging from 694 to 3916 mg/kg for the median growthceatration (EGp) and from
967 to 4781 mg/kg for the median lethal concentration{})©f rare earth oxides were reported.
Additionally, it was shown that these values varied withpcepecies and soil types. For k&
values, among the species tested lowest toxicity was sedner{Zhang et al.20019. How-
ever, values obtained have been lower than those of othey Imeatals such as mercury (E§of
100.1 mg/kg), cadmium (Efg 188.8 mg/kq), lead (E£g 401.3 mg/kg), arsenic (Eg84.7 mg/kg)
and aluminium (EGp 810.2 mg/kg) Chang 2006, (Zhang et al.20011H.

7.7 Accumulation in Plants

Concentrations in plants have generally been reported t@helow. However, the capacity
of plants or agricultural crops to accumulate rare eartlisthas the contents of rare earths may
vary extremely depending on the plant species as well as@ndlowing conditions including
rare earth contents in the substrate soils or rotkddkh et al, 1990, (Ichihashi et al. 1992,
(Wyttenbach et a].19983, (Fu et al, 200]). Investigations on rare earth concentrations in corn
and rice presented different results for both plant spgtiest al., 19989. Higher values were
found in rice which indicated that rice has a higher accutmuieability for rare earths than corn.
Though much higher concentrations were observed in rootgaced to other parts of the plants,
in grains of both rice and corn, only Y, La, Ce, Pr and Nd coddlbtermined quantitatively with
values ranging from< 0.78 ng/g to 5.58 ng/g whereas other rare earth elements ciese or
below the limit of detection.

Usual rare earth contents are in the rangegy for ordinary plants\(Vyttenbach et a] 1994).
Concentrations of spruce needles, blackberry leaves and ether plants are presented in Chap-
terl1(Tables11.11, 11.12 11.14. Nevertheless, higher rare earth contents have beerteedor
plants growing on high mineralized grounddiékeley et al, 1994). In addition, certain plants,
including ferns and hickory trees, are capable of accunmglaare earths, thus being called hyper-
accumulatorsRRobinson et a).1958, (Koyoma et al. 1987, (Ichihashi et al.1992, (Wei et al,
20017). FurthermoreChua(1999 reported beet and apple to be among major biological stires
rare earths.

Researchers have suggested capitalizing on these hyperaletors, such as certain ferns,
as indication plants to assess rare earth contaminatios,tiie environmental load8\ei et al,
2007, while the safety of agricultural application of rare éagtements may additionally be as-
sessed by determining gadolinium contents. Since both (fi&idet al, 2002 and experimental
trials (Xu et al, 2003 demonstrated that increased application doses of ratlesaasult in posi-
tive gadolinium contents, which were more obvious in th@plaps than in the roots, the so-called
gadolinium anomaly has been proposed as an important pggame
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7.8 Effects of Rare Earths on the Aquatic Environment

As aresult of increased industrial and agricultural aggian, rare earths may also accumulate
in the aquatic environment. This may not only impair the emwnent but also harm humans
by getting into groundwater. There are two ways how rareheamtay enter groundwatedd
Boer et al, 1999. On the one hand, rare earths which are already presentlimagp dissolve
into the groundwater, while on the other hand, those brooghd the soil surface may migrate
through different soil layers until reaching the groundsvaDespite this knowledge, only a few
investigations have been performed on the effects of ratesean the aquatic flora and fauna and
on the contents of rare earths in natural or drinking waters.

Similarly to soil, an inverse correlation between the coticion of rare earths and the water
pH was reported in river water§spldstein and Jacobseh989, (Keasler and Lovelandl982).
Alkalinity was furthermore shown to correlate negativelyhwhe uptake of lanthanides, indicating
that increasing complexation reduced bioavailabilityr &issolved lanthanum, which is mainly
complexed to carbonates and dissolved organic mattereotrations ranged from 0.82g/l to
23 ugl/l. Accordingly, rare earth concentrations up tad/l were reported in surface waters. In the
solution phase of river waters, a depletion of light and aicement in heavy rare earths has been
found which might be ascribed to increased solution congiler with important ligands (F,
CO5~, OH™, HPG;"). Furthermore, cerium and europium anomalies were fourttiénwater.
According to soil solutions, different fractions of raretha could be determined in five different
streams in Finland. Among these was a cationic fraction¢clviaias dominated in rare earth rich
runoff from acid sulphate soils and depleted in heavy rarthegrobably due to hydro-chemical
and geochemical processes, an anionic fraction, a thictidrapresumably consisting of colloidal
rare earth elements and a minor particle-associateddracti

Investigations on rare earth contents in raw and drink wedenples of 18 groundwater sta-
tions and two surface water stations revealed dissolvedearth concentrations of up to 3@/l
in groundwater which is used for the preparation of drinkimager. High concentrations were
only determined when groundwater was won at moderate dépihiag low carbonate contents.
Significant amounts of rare earths were measured in raw wataples of eight locations and in
the drinking water of three locations. At two of the threedtians, indicative admissible drinking
water concentrations were exceeded for a number of rarbsebyta factor of up to seven, thus
possible health risks for humans could not be excludiedHoer et al.1996, (Moermond et al.
2001), (Astrom and Corin2003.

Results obtained from studies on the effects of rare eariteqoatic plants are quite similar
to those reported for plants in general. Thus, environnieasadues of rare earths could enter
into the aquatic flora as demonstrated for Eichhornia goassia water hyacinttChug 1999.
Consistent with reported conditions in soil, plants alsiragated rare earths via the root system in
contaminated water while further distribution to varioastp of the plant followed. Additionally
to roots, accumulation also occurred in plant leaves. Maedeaves exposed to atmospheric
contaminants have also been able to take up rare earthsr téstiag conditions, both nil effects
(Hu et al, 1996 as well as growth stimulatiorHu et al, 2003 of algae (Chlorella pyrenoidosa)
have been reported at lower concentrations (2 mg/l). Yet witreasing concentrations, toxic
effects in terms of inhibited growth and reproduction welbserved. The order of toxicity &g
96 hours was Nd> Ce> Pr> La > mixtures. Though the differences in toxicity were quite §ma
slightly higher values were obtained for Nd compared to tindure of rare earths. On this basis,
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it was concluded that high concentrations of rare earthedan substrate water may impair the

aquatic flora. Furthermore, due to accumulation in plartse earths may also enter the human
food chain thus potentially endangering public healtheesdly in China, as water hyacinths are

often fed to pigsChug 1999.

Dissimilar to the typical distribution pattern of rare dertreported in plants with main ac-
cumulation in roots, in water hyacinths rare earth contergse found to be in the order leaves
> stem> root. Furthermore, a dose-dependent accumulation washkserved. At concentra-
tions of 0.4 ppm rare earths in the substrate water, accuiomnlaf rare earths in plants was 8.8
times higher while especially the leaves accumulated rarthe up to a concentration ratio of
13.9. However, consistent with the suggested plant plioteatechanismiatloff et al., 19958,

a decrease in these concentration ratios was observednatangearth concentrations until they
approached constant valu&dhug 1998.

In contrast to rare earth accumulation behavior in aquddaictp, considerable low uptake was
reported in fish under experimental conditiofisi (et al, 1994. After continuous exposure of
carps (Cyprinus carpio L) to solutions containing 0.50 noflanthanum, gadolinum and yttrium
respectively at a pH of 6.0 for 45 days, skeleton, musclés gild internal organs were analyzed
for their rare earth contents. The bioaccumulation wasrtedao be in the order of internal
organs> gills > skeleton> muscle. Heavy rare earths generally presented lower ctnatens
than light rare earths. Besides very low accumulation heeisynergistic nor antagonistic effects
were seen in carp after being exposed to rare earths. In tusel@) concentrations of rare earths
were below the limit of detectiorRjondato et al.2001). Riondato et al(2001) further reported
that compared to low up to subg/g concentrations of rare earths in calcareous soil aret riv
sediment, those in aquatic plants and mussel tissue wesederpably lower (low to sub ng/g). On
this basis, the risk of rare earth accumulation in the aquavironment is suggested to be minute
for both aquatic animals as well as humans. For Daphnia aari(water fleas), the following
chronic toxicity were reportedBarry and Meehan2000: 43 ug/l (soft tap water), 118Qg/I
(hard water) and 499/l (diluted sea water). In addition, at concentratiorb7 ug/l no effects
on growth were observed, yet, lanthanum caused a delayadatiah in Daphnia. Studies have
also been performed on Tetrahymena shangaiensis (shrimpsjler to investigate the aquatic
toxicity of rare earths. Results suggested a dual effeca earths with growth stimulation at
low concentration and toxic effects at high concentratipi'ang et al. 20009. The same was
reported byKong et al.(1998, with the sequence of toxicity being in the orderGd> Y3+ >
st > Ladt,

7.9 Transfer into Human Beings through Foodstuffs

Besides raising environmental concerns following exeessare earth application, it has also
been objected that rare earths may enter the food chainhhgagt uptake, which might be dele-
terious to human health. Hence, this objection shall be rdlmsely focused upon in this section.
The risk of rare earths transferring into human beings vaa foriginating from animals will be
discussed along with animal product safety after rare egoptication to animals in Sectidi2.2.2

According to extremely small concentration ratios (CR)arépd byHenkelmann et a(1997)
andWyttenbach and Toblgf2002), transfer of rare earth elements from soil into plants iy ve
low. Concentration ratios of rare earths expressed as niasseoearths in dry weight of plant
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per mass in dry weight of soil were reported to be 01® 3 (Weimer et al, 1977, (Linsalata
et al, 1989. A field study investigating the uptake of light rare eaiithan area containing high
amounts of rare earths in soil, reported mean concentratitos (x 10~%) for edible vegetable
samples of 22.5 for lanthanum, 16.8 for neodymium and 9 fouoe (Linsalata et al. 1989.
Consequently, concentrations of rare earths have to beleeryn plants. Several report&S(n
etal, 1999, (Lietal., 19983, (Wang et al.2001h, (Wen et al, 2007), (Wang et al.20013, (Xu

et al, 2002, (Liang et al, 2009, as presented in Sectiagh6, confirmed very low concentrations
of rare earths in cereal grains and no significant accunaulatiie to rare earth fertilization. Thus
grains and products made of them such as wheat flour are eveditb be safe. Slightly higher
concentrations were determined in other plant parts. Algiiaconcentrations are quite lo&yha
2009, (Ichihashi et al. 1992, (Wyttenbach et a].1994), transfer into humans cannot be fully
excluded.

Analysis of several vegetable foodstudi €t al, 19850 showed rare earth concentrations to
be in the range of 0.5 - 2 ppm (rice: 0.5 - 1 ppm, wheat: 1 - 2 ppegetables, melons, fruits
mostly: < 0.5 ppm). In addition, after rare earth application, no gigant increase of residues
was observed in wheat plants. Another study on the migratr@htransformation of rare earth
elements in food chain3aq 1998 also reported very low rare earth concentrations in food50
- 2.0 mg/kg). However, after treating plants with rare esrthslight increase was observed in the
residual level.

The acceptable daily intake (ADI) of rare earth nitratesfomans was reported to be 0.2 -
2 mg/kg (referring to rare earth oxides 0.1 - 1 mg/ki)et al, 19850. Accordingly, a daily intake
of 12 - 120 mg/person/day rare earth nitrates (referringute earth oxides 6 - 60 mg/person/day)
was considered as safety standatdrfkelmann et al1997), (Ji et al, 1985h. This limited range
exceeds the possible intake (2.10 - 2.50 mg/person/dapgfaple living in China, which was cal-
culated from studies on rare earth contents in vegetabtistafis Su et al, 1993. Consequently,
it can be assumed that there is no risk for humans accumgliare earths through vegetable food
that is the food chain. Low transfer through the food chaily alao be supported by low levels of
rare earths determined in human tissues and fluids as shotlatlies7.5and7.6.

Liver? Ovary?  Skinf Uriné? Lymph- Cerebrospinal-
24 h (ug) node$ fluid®

La 0.08 0.002 0.072 0.28-0.71 6148.8 0.1+ 0.06
Ce 0.08 0.006 - 36 1588 58 1.6+ 0.08
Nd - - - - 51+10.4 0.1+ 0.06
Sm - - 0.07 - 9.8+ 3.5 0.1+ 0.06
Eu - - - - 61.4+ 8.8 0.1+ 0.06
Gd - - - - - -

Tb - - - 1.6+ 8.8 0.034+ 0.03 -

Yb - - - - 57+ 2.4 0.015t 0.05

Table 7.5: Concentrations of rare earths in human tissue and fluidssieues in ng/g
or for fluids in mg/l, no values reported for Dy, Ho, Er and Tiyphgar et al.197832,
(Sabbionia et a]1992P.

Nevertheless, investigations on rare earth contents gblpeworking in rare earth’s mines
demonstrated higher contents in the hair of work&anQ et al.2002. This was supposed to
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Total Plasma Serum Lung Bone Brain Heart
blood
La - <0.006 <0.006 0.01 0.2 0.001-0.036 0.0012
Ce <0.002 - - 0.05 - - -
Nd <0.001 <0.002 <0.03 0.0062 - - -
Sm 0.008 <0.002 < 0.07 0.003 - - 0.006

Eu <0.004 <0.004 <0.2 0.001 - - -
Gd < 0.0086 < 0.002 <0.1 0.02 - - -
Tb - < 0.0006 < 0.09 -
Dy <0.008 < 0.002 <0.1 0.002 - - -
Ho <0.002 < 0.002 <0.2 0.001 - - -
Er <0.008 <0.006 <0.03 0.002 - - -
Tm <0.002 <0.0006 <O0.1 - - - -
Yb <0.006 <0.002 <0.1 - - - -

Table 7.6: Concentrations of rare earths in human tissue and fluidssfeuds in ng/g
and for fluids in mg/l [yengar et al.1978.

reflect the transfer of rare earths from soil and plants todmsnYet, concentrations of rare earths
in the atmosphere were reported to be less than 0.62 nigitmgprk sites, whereas Ce@as 0.33
mg/nt. These values were only one-fifteenth of the maximum acbéptancentration (5 mg/f
defined in the former Soviet Uniodi(et al, 1985h. Higher values for rare earth dust (0.97 - 2.80
mg/nP) were measured in another study. According to Chinese hggigandards, they were still
within the normal rangeGuang-Li Zhao and Jun Tiah995. Furthermore, significant differences
were neither observed during physical examinations nolaady urine, coagulation time or liver
function tests i et al, 19850h. In contrast to that, slight deviations of blood paramgtarcluding
decrease in total protein, aloumf; globulin, glutamic pyruvic transaminase, serum triglydes
and immunoglobulins as well as increase in cholesterole len determined in human beings
from regions containing high amounts of rare eartfisang et al.20003. It was suggested that
these blood deviations might be attributed to prolongeaktof rare earths along with the food
chains. While in women altered blood parameters went baoktmal, this process was reported
to be irreversible in males. Another study demonstratedawioaos differences between pregnant
females working in a rare earth producing factory and the@robgroup Guang-Li Zhao and Jun
Tian, 1995, whereas compared to the control, there was a higher tepdehow birth weights.
Effects of excessive rare earth intake on the central neyvcardiovascular and immune sys-
tem were also reported. In China, significant decreasesimtklligence quotient were observed
in children living on high rare earth containing saflfang et al. 19993, whereas in adults, the
conduction time from the median nerve to the thalamus wasdaa be reduced. Yet studies on
long term application of rare earths reported that up to 4g2ane earths did not cause any nega-
tive effects on the intelligence quotient of childréiinang et al(19990 cited in Richter, 2003.
Normal uptake of rare earths was considered to be aroundn33f@re earths per day, whereas
subchronic toxicity concentrations of 6 - 6.7 mg was detagdi In addition, it was reported
earlier that the presence of cerium in diets of poor peopladiin India may be a contributing
factor for the development of endomyocardial fibrose (EMBliathan et al.1989. This disease
mainly affects children and young people and is especialipél among those obtaining their car-
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bohydrate intake from tropical tubers grown on high ceriwitss Cerium contents of 467 ng/g
in yams, 466 ng/g in tapioca and 173 ng/g in taro were repdiEegen 1998. However, fur-
ther studies indicated that EMF results from magnesium i@efty in association with excessive
cerium intake.

Although it is very unlikely that excessive intake of raretea may occur through edible veg-
etables, further research on possible effects of rare ®artthumans after oral intake are recom
mended.

7.10 Conclusions and Research Needs

The application of rare earths to industry and agricultareanstantly increasing, which con-
sequently leads to scattering and bioaccumulation of raréh€in the environment. Thus, rare
earths may influence the plant and soil ecosystem inclutiemgduatic environment. Furthermore
rare earths may also affect animals, and last but not leastah beings through accumulation
along the food chain. Until now, only little information isailable on the impact of rare earths on
the environment especially due to agricultural appliggtas in most countries rare earth elements
are only used in industry. However, as to rare earth conatoirs and their distribution patterns
in soils it has been stated that they are quite similar amaffgrent soils tested. For Chinese
soils, average values have been reported to be aroungdd/@6 Nevertheless, studies on the ac-
cumulation of rare earths in soil especially due to agrigaltapplication of rare earths presented
different results. While it is generally assumed that loe@gn application will result in bioaccu-
mulation of rare earths in soil, a recent study demonstrthi@idfoliage dressing over 11 years did
not cause any significant accumulation of rare earths. Eurtbre, quite normal distribution of
rare earths was found in different waste ashes, which iteBaanly minor environmental pollution
as a consequence of waste disposal.

Nevertheless studies were performed to reveal to whichnexéee earth accumulation may
influence the soil system. Although rare earths have beewrshm affect solil nitrification, ef-
fects were smaller than those of heavy metals. Inhibitioly oncurred at high concentrations,
whereas 5 mg/kg were considered as non observed effect(M@#L). Compared to currently
applied doses of rare earths to agriculture in China, nditdry effects on soil nitrification and
ammonification are expected from long-term applicationhih concentrations, rare earths have
also been shown to change the ecological structure of mgamgsm in soil with inhibitory effects
occurring in the following order: bacteria actinomycetes- fungi. In addition, stimulation of
fungi was reported at high rare earth concentrations. Thexea critical limit of 30 mg/kg was
determined for accumulated rare earths in soil.

Even though rare earths may potentially accumulate in sod,assumed that after rare earth
application only very little amounts are available, as thegamty of rare earths has been found
in the residual form. Furthermore among the non residuah$oiowest concentrations of rare
earths were determined for the most bioavailable forms hie found in the water soluble
and exchangeable fraction. Moreover, adsorption of ramthg#o soil happens very fast thereby
additionally reducing their bioavailable forms. Consmteith that desorption and migration of
rare earths are reported to occur at very low rates.

With respect to rare earth accumulation in plants follonaglitional rare earth supplementa-
tion, results obtained are controversial. However, it wasas that dose-dependent accumulation
varied with the method of application. Higher accumulatwas reported after foliar dressing
whereas the inverse was seen with soil application. Yetbédh methods no residues were re-
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ported in grains. In addition, application of rare earthsely high doses caused a reduction in
rare earth uptake by plants. Along with that, adverse effegth as decreased biomass occurred.
Studying the toxicity of rare earths to plants revealegd&@lues of 694 - 3916 mg/kg and kg
values of 967 - 4781 mg/kg, which varied with plant specied soil types. These values were
far exceeding the currently applied dosage<oD.23 kg/ha rare earths per year in China thus
indicating that long-term application of rare earths ta@gture in this respect is safe.

The effects of rare earths on the aquatic environment aiiabtar On the one hand, algae
presented a strong ability to accumulate rare earths evéeiif concentration was quite low in
substrate water. Generally low bioaccumulation of raréhsaon the other hand, was observed in
carps and tuna muscle.

Investigations on the migration and transfer of rare eatiisg with the food chain into humans
are still very rare. Yet, concentrations of rare earthsrd@teed in vegetable (0.05 - 2 mg/kg) were
very low. In China, acceptable daily intake of rare earthatés of 0.2 - 2 mg/kg was reported to
exceed the daily intake of 1.75 - 2.25 mg/person/day of \&dgetedibles. Consequently, the risk
for humans to accumulate rare earths through consumindgaldgecomestible may be considered
negligible.

In conclusion, it seems unlikely that rare earths may cangesavere environmental pollution
in the near future, as, compared to their ecotoxicity, catregions are too low. In addition, their
use as feed additives might even have positive effects orrticonment. Regarding improved
feed conversion, rare earths can reduce the amount of feodsged in animal husbandry and
thus the environment load associated. Notwithstandingjght be possible that rare earth con-
tents in soil and water may reach unfavorable levels arotnoth@ point sources. Yet, currently
recommended application levels for the agricultural useaoé earths in China do not seem to
be of great environmental concern. However, systematearel into the environmental biogeo-
chemical behavior of rare earth elements in soil-plantesyistis not satisfactory at present and
information on the fundamental mechanisms in plant metsimohs well as on the effects of rare
earths in humans after oral uptake is still lacking. Thusi] now, the ecological consequences of
extensive fertilization using rare earths may not be ptatie sufficiently. Further research might
be advised prior to the application of rare earths as eignitizers to plants or feed additives to
animals. Research needs include:

Thorough investigations on the dynamic changes and fates®earths used as fertilizers

Estimation of indirect effects of rare earths on human heaitd ecosystem due to their use
in agriculture

Assessments of rare earths as hazards in their use in agrecul

Development of standards for soil and water quality

Consequence of the transfer of rare earths to water andsplant

An international association for the research on rare eagtiiphysiology has already been
created Fink, 2005. Participating countries are Germany, China, Brazil,efiina and Austria.
Research will be focused on the metabolism of rare earthie\whckground information on natu-
ral rare earth concentrations, solubility of rare earthglainlogical transfer will also be provided.
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CHAPTER

METHODS OFANALYSIS

medicine requires an accurate determination of rare eartvarious samples. Furthermore,
the determination of rare earths becomes more and more iampavith respect to environ-

mental issues and food safety. Therefore, this chapterbeildedicated to the establishment
of authoritative and accurate methods of analysis. Withgtrumental multi-element chemical
analysis in general, many methods for the qualitative arahtjtative determination of rare earth
elements are delineated. These include different speetranechniques, such as atomic absorp-
tion and emission spectroscopy (AAS and AES/ OES) as wellassrapectrometry (MS), which
have undergone remarkable changes by the use of inducteeigled plasma (ICP-AES and
ICP-MS). Furthermore, there are chromatographic tecles@uPLC) and radio-analysis (NAA)
(Houk, 1978, (Evans 1990, (Alfassi, 1998, (Krafka, 1999, (Noppet 2003. X-ray fluorescence
analysis, which is a variation of luminescence analysis,dlsao been documented for rare earth
determination in plant samplesi{ou, 1995. Other methods include polarography, which is based
upon the reduction of lanthanide 3+ to lanthanide O or lamttea2+ if this is stable, however, it is
rarely used today.

At present, NAA and ICP - MS are the preferred analytical rmdfiregarding rare earth deter-
mination in animal and human tissue as well as in environale@mplesTyler, 2004, (Liang
et al, 2005 and will therefore be treated here. Their principles,rinstentation and basic analyt-
ical capabilities will be chosen for a general descriptiddditionally, the chapter will exemplify
some uses that will be given closer attention in Chaptérand12, yet, sample preparation will
only be given marginal treatment in this description. In&nel, NAA and ICP - MS are shortly
compared with each other including their major advantagdsigsadvantages. A full treatment of
the currently available studies would exceed the purposei®thesis. Thus, for a more compre-
hensive study the following sources are recommenidgtp (1965, Ryabchikov et al(1959, de
Soete et al(1972, Bowen(1975, Houk (1978, Boynton(1979, Krafka (1999, Alfassi(1998.

I NCREASING interest in the use of rare earth elements in agriculturenanproduction and
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8.1 Neutron Activating Analysis (NAA)

Neutron Activation Analysis was discovered in 1938 when ésgvand Levi Boynton 1979
found out that samples containing rare earths become @dieafter exposure to a source of neu-
trons. Today, it still constitutes a highly sensitive andwaate technique for both qualitative and
guantitative detection of rare earth elements especitllynaconcentrations, while other routine
methods, such as AAS, ICP - OES and ICP - MS, find it difficult ébedmine rare earths at very
low levels. Limits of detection for rare earth elements aespnted in Tabl8.1 The principle of
NAA is quite easy to understand, even though, neutron daiivanalysis is constantly improv-
ing, as detailed information on the properties of degayenergies ang - emission probabilities
become more and more available and new detector systems\ai®ping Krafka, 1999.

La Ce Dy Eu Er Gd Ho
0.05 0.2 0.00003 0.0001 0.002 0.007 0.003
Lu Nd Sm Tb Tm Yb Sc

0.0003 0.03 0.001 0.03 0.2 0.02 0.001

Table 8.1: Detection limits {ig) of rare earth elements for neutron activation analysis
(Krafka, 1999.

Generally speaking, a nuclear reactor is used as the sofireutrons in which a sample is
irradiated in a flux of thermal neutrons (median neutron gyerf 0.025 eV). Alternatively, par-
ticle accelerators or radioactive nuclides may be usecerAlfte absorption of neutrons into their
atomic nucleus, stable isotopes of the elements presem seimple turn into instable radioactive
products, which instantaneously de-excite into a mordestabm emitting one or more character-
istic prompt gamma rays. As this new configuration mostlydge radioactive nucleus, further
slow emission of gamma rays occurs in accordance with theuarhalf-life which usually follows
radioactive decayHoynton 1979, (Reinhardt et aJ.2001).

The gamma energy and the half-life time are mutually inddpahparameters and constitute
characteristic features of an element. Thespectroscopic analysis therefore permits a definite
identification of the radionuclides that are produced, thatf the elements present in the sam-
ple (Krafka, 1999. To measure these gamma rays, semiconductor detectiongrity hyperpure
germanium (HPGe) detector systems are employed. Thesar#inerfassociated with other elec-
tronics including a computer-based multi-channel anal{@éascock 2009.

For exact information on the concentration, a comparasordsird containing a known amount
of the element of interest needs to be irradiated togethttr tve sample. Measured on the same
detector, the specific activity of the particular elementha sample is equal to the one in the
standard. Nowadays, multi-comparator methods are usedhichvstandards of the elements of
interest are mixed together, thus creating a single cortgsgindard that can be included in every
irradiation Boynton 1979, (Glascock2005.

Depending on the need for chemical separation, the techrofjmeutron activation analysis
may vary. If chemical separations are required after igthaln in order to remove interfering ma-
trixes or to concentrate the radioisotope of interest, ¢srtique applied is called radiochemical
neutron activation analysis (RNAA). There is a further idistion between the chemical separa-
tion of the whole group of rare earths or of single elementghWistrumental neutron activation
analysis (INAA), no chemical processing is necessary wisigharticularly important for very rare
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samples as this method is considered to be nondestruktigég, 1999. In this case, more than
thirty elements can be analyzed simultaneously by usingnaatic sample changer, hence little
operator attention is require@(ascock 2005. If chemical separations are performed before irra-
diation, the technique is called chemical neutron activaéinalysis (CNNA), a technique which
is usually not needed for rare earth containing samesriton 1979, (Krafka, 1999.

The application of NAA for the determination of rare earthgjuite multi-functional. It com-
prises environmental (archaeology, geological scienestand soil science, environmental pol-
lution, food and health related studie§)ifttenbach et al.1996), (Yusof et al, 2001, (Abdel
Haleem et al.2001), (Glascock 2005, industrial (control of cleanness), medical (content8sn
sues, nuclearmedical diagnostic and therapyaika, 1999 and even forensic studies (e.g. in
finger printing to compare material found on the suspect wighterial from the sceneBpynton
1979. Some illustrative examples of NAA application, inclugisample preparation and pro-
cedure, will be introduced here. These examples have béectex on the basis of rare earth
utilization described in Chaptefd and12.

RNAA, for example, has been used successfully to determare earth contents in wheat
powder and human hair at concentrations of 0.11 - 26.8 ng4p (et al. 20023. Irradiation
was thereby performed at a thermal neutron flux ofi®3 ncn¥/s. After four days decay, the
irradiated samples were dissolved in HN&hd HCIQ, in the presence of 134 and B&™" carriers.
After complete dissolution, the media was changed to HCILaadd as well as HF were added to
form rare earth fluorides, which were further centrifugedr sample counting, a computerized
HPGey-ray spectrometer (2.0 keV) was used.

Li et al. (2002, however, have proven that INAA is also a sensitive, corargrand reliable
method for the research on the biological effects of raréhean animals at low concentration.
For sample preparation, a certain amount of organs or seasaken on Teflon film and dried by
an infrared lamp before it was wrapped with aluminium foil fmadiation, whereas bone samples
only needed to be heated at 7@Dfor three hours before they could be used directly. The &8np
were irradiated together with the artificially mixed rareteahemical standards in a heavy water
nuclear reactor at a neutron flux of approximatelyl®3 ncné/s for 16 hours. After 7 days and
after 20 days, the radioactivities were counted with a higptity Ge detector that had a resolution
of 1.85 keV.

Rare earth contents in different soils and plants have be&rrdined by using both INAA
and RNAA (Krafka, 1999. They were in the range of ppm in soils and ppb in plants. The m
terial was first dried and then dry ground before irradiatioOnly plant samples were incinerated
before long-term irradiation. Values of both plants and som identical sites permitted the cal-
culation of transfer ratios which were in the range of 0.3 - 3a&¥d thus provided information
on the uptake of rare earths by plants. NAA was further usedetermine information on the
elemental composition of rare earth containing fertikzesed in China. In addition to soil and
plants, samples of muscle, liver, spleen and bone of pig®soitkr have also been tested for their
rare earth contents. Those samples were lyophilized b&f#é and RNAA respectively were
applied Gchuller et al.2002. In some cases, application of a group separation afdiation
might be useful on account of better sensitivitiggy{tenbach et al.1996. It ensures that all
measured samples have exactly the same composition, asdrhindependent of the nature of
the irradiated materials.
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8.2 Inductively Coupled Plasma - Mass Spectrometry
(ICP - MS)

For along time neutron activation analysis has been theadethchoice for ultra trace element
analysis providing detection limits of up to ¥ g/g (Krivan, 1985. But with inductively coupled
plasma mass spectroscopy (ICP - MS), a further method thatssnsitive as INAA and moreover
recording some additional elements has been establigtietkg, 1999.

ICP - MS is based upon the atomization and ionization of a sammphigh - temperature
plasma Echmidt and GebegR000. The instrument comprises a sample introduction systleen, t
argon plasma, the interface region with two apertures, i@sef ion lenses, a quadrupole mass
spectrometer and a detection system, which is attacheddmauter Alfassi, 1999. The sam-
ple, typically in liquid form, is pumped into the sample mdiuction system consisting of a spray
chamber and a nebulizer. It emerges as an aerosol and, lgyaisample injector, enters the base
of the plasmaThomas200]). The plasma is generally produced by the interaction ohéenise
magnetic field on a tangential gas flow (normally argon) stieg at about 15 I/min through a
concentric quartz tube (torch). The gas is thereby ioni¥élden seeded with a source of electrons
from a high-voltage spark, it forms a very high temperatdasima discharge~10,000 K) at the
open end of the tubeMarabini et al, 1992, (Smarteam2005. Traveling through the different
heating zones of the plasma torch at atmospheric presh@esample aerosol is dried, vapor-
ized, atomized, and ionized. Thus, when it finally arriveshat analytical zone of the plasma,
at approximately 6000 till 7000 K, only excited atoms andsieist that represent the elemental
composition of the sampldfiomas2001).

In ICP - MS, the plasma torch is positioned horizontally asdised to generate positively
charged ions rather than photoissr{arteam2005. The extracted cations are further conducted
through two orifices called sampler and skimmer into a vacabamber, which contains an ion
lens system, a quadrupole mass spectrometer and a detgstioms Passing the ion lenses, the
ions are focused while non-ionized species and photonsxateded. The ions finally reach
the mass spectrometer where they are separated accordimgrtmmassesAlfassi, 1998. Every
element has at least one isotope whose atomic mass is uh&nee constitutes a characteristic el-
emental feature which enables the qualitative and quérétanalysis of a sample. As single ions
are recorded after mass separation, even very small ammaytbe detected. Besides qualitative
and quantitative analysis, ICP - MS permits the determomatif the isotope ratio§chmidt and
Gebe) 2000. Sample preparations might be quite complicated and &xtraprocedures include
nitrohydrochloric acid, boric acid or perchloric acid bkdawn as well as microwave breakdown.

For the purpose of rare earth determination the applicatid@P - MS can be seen as greatly
resembling the one of NAA described in Sectid. In animal feeding studies, the actual amount
of rare earths present in the feed of pigssele 2003 and fish Tautenhahn2004) has been
analyzed successfully by ICP - MBisele(2003 has also used ICP - MS to determine the contents
of rare earths in organs of pigs. While for feed samples 0.2%ag required, the amount of
material needed for organ content analysis was ten timéghidhe sample material was heated
in a silicate crucible for four hours before it was extractth HNO3, H,O» and HO at 220°C.
Prior to the determination by ICP - MS, the solution needdaketdiluted with BO. ICP - MS has
further been used for the determination of rare earths inneowhole blood reference material
with satisfying results. It has been found that rare eagimehts are ranging from 0.90 pg/g for
Tm to 1880 pg/g for CeRujimori et al, 1999. Additionally, Fleckenstein et a(2004 used ICP
- MS for the determination of rare earth contents in difféi@gans of broilers. For the extraction
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of sample material, a microwave-induced pressure extmaetas recommended. With rare earth
contents in kidney, liver and fat of 5 - 1Q@g/kg, ICP - MS has been proven suitable for the
detection of rare earths in animal tissue. For geologidaremce material, detection limits are
listed in Table8.2

Element Sample Detection limit Reference
La geological reference material 26.7 fig/g)  Houk (1978
La soil/rock 0.01 (ng/g) Linhardt(1997
Ce geological reference material 54.4gg/g) Houk (1979
Ce soil/rock 0.02 (ng/g) Linhardt(1997)
Dy geological reference material 6.59 f(iig/g) Houk (1979
Eu geological reference material 1.99 (ig/g)  Houk (1978
Er geological reference material 3.74 (ig/g) Houk (19798
Gd geological reference material 7.1 (ig/qg) Houk (1978
Ho geological reference material 1.29 (ig/g) Houk (19798
Lu geological reference material 0.54 {ig/g) Houk (1978
Nd geological reference material 28.9 fig/g)  Houk (1978
Sm geological reference material 6.8 (ig/qg) Houk (1978
Tb geological reference material 1.08 (ig/g) Houk (19798
Tm geological reference material 0.53 (ig/g) Houk (19798
Yb geological reference material 3.55 {iig/g) Houk (1978

Table 8.2: Detection limits of rare earth elements in geological staddeference
material using inductively coupled plasma mass spectpysco

8.3 Comparison of NAA and ICP - MS Techniques

Although both methods have shown high sensitivity and caatpa detection limits for the de-
termination of rare earth&(afka, 1999, (Cao et al, 20023, some advantages and disadvantages
exist, as shown in Tabl&.3, which will be explained thereafter.

One of the major advantages of neutron activation analgsisecially INAA, relies on their
minimal sample preparation requirements. Accordinglyitids errors due to incomplete ex-
traction, analyte losses or contamination by polluted dbal® that occur in ICP - MS. Sample
preparation is confined to weighing into polyethylene omhpairity silica tubes and afterwards
heat sealed. Required sample quantity are only a few nahigrto a couple of grams while indi-
vidual chips may also be wrapped with aluminium fdbfynton 1979. But solid samples can be
analyzed without special treatment.

In the case of ICP - MS analysis, a method originally develdpe the analysis of liquid sam-
ples, it is necessary to extract the probed material. Noysdaser ablation and electrothermal
evaporation techniques are available for the analysis laf samples. For each analyzed mate-
rial precise optimization is needed, as standardizati@pnaven to be problematié/oens and
Dams 1999. Nevertheless, with the introduction of laser ablatiorductively coupled plasma
mass spectroscopy has been remarkably changed. Hence,CR - MS is now beginning to
displace INAA in the field of archaeology and later may alsabed in other fieldsQdurrant and
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Ward, 2005. But the fact that NAA constitutes a nondestructive analyshich in turn allows
repetitive measurements, is probably hard to replace.h&urtore NAA exhibits negligible in-
terferences with both matrix and elements. Moreover, ihgependent of the type of chemical
bonding. Matrix effects, however, often constitute a peobin ICP - MS. This disadvantage may
be overcome by the use of multiple standards and by certaitiai procedures, but currently
only at the expense of sensitivity.

As to the number of elements that are determinable, up tor@plsa per day may be analyzed
by ICP - MS by providing additional information on the isoeopomposition of the present ele-
ments Krafka, 1999. By contrast, INAA allows the simultaneous analysis of entdran thirty
elements with comparatively little time and effo@l@scock 2005. Compared to spectrometric
detection methods, NAA seems very advantageoubjgasamplesup to 1 kg will probably be
analyzed in the near future, including very heterogeneaatenal such as trasliénkelmann and
Krafka, 1999. However, since NAA requires access to a nuclear readtoyolves the danger
of working with radioactive material, hence needs stricusitly measures. It is also expensive
and requires several weeks for the determination of songlivad elements. As a result, NAA
does not pose an alternative for routine analysis despiterly low detection limits. Nevertheless,
based on its high sensitivity and accuracy NAA is indispetesaspecially for the certification of
standardized reference materiél#fka, 1999, (Durrant and Ward2005.

Neutron Activation Analysis (NAA)

Advantages Disadvantages

high sensitivity access to a nuclear reactor
no matrix interference long analysis duration
little sample preparation (especially for RNAA)
nondestructive analysis high costs

multi-element analysis radioactivity

identification with two high time and effort

mutually independent parameters
a) energy ofy - radiation
b) half-time of radionuclide

Inductively Coupled Plasma Mass Spectroscopy (ICP - MS)

Advantages Disadvantages
high sensitivity sample preparation including
high sample throughput - contamination hazard

information on isotope composition - incomplete extractio
- loss of analyzed material
matrix interferences

Table 8.3: Comparison of the advantages and disadvantages of NAA dnd MS.

68



CHAPTER

TECHNICAL APPLICATIONS OFRARE
EARTH ELEMENTS

Western countries. But this chapter can only give a brie€deson due to the multiplicity
of applications.

Industrial processes and commercial utilizations of rarthemetals started in 1903, when Carl
Auer von Welsbach discovered their pyrophoric propertrestaus found alloys which were ideal
for the development of flints as they could ignite themselesugh scratching with hard and
sharp surfaces. Before that, he had already invented wkabisn as the incandescent mantle or
Auer-Gluhkorper(1891), which, besides thorium, also contained tracesrefearths. Following
these discoverieJreibacher Chemische Werkas founded in 1907, and along with that the first
industrial production of ferrocerium-lighter flints begdowadays, ferrocerium can still be found
in every disposable lighter and purchased\asrmetafrom Treibacher Industry AGWelsbach
20006, (Calvert 2003. Yet this is just one example for the multiple technicalsisérare earths.

At the same time industrial production of rare earth maleaéso developed in other countries
including the United States. In 1985 rare earth manufaoguncreased tremendously especially
in China Richter, 2003, while at present the worldwide demand of rare earthsligrstreasing
worldwide, as shown in Figur@.1. The amount of rare earth oxides (REO) processed in 2006 has
been estimated to be approximately 108 000 tons. In 1996, 66®@anufactured rare earth ores
originated from China, whereas in the Western world, maodpction took place in the United
States Haid and Wettig 2000. Hence, the Peoples Republic of China constitutes thedigorl
largest producer and supplier of rare earths in terms of raliwencentrates, alloys, metals, oxides
and other compounds. This is attributed to the fact thatleage earth reserves are found in China
(Richter and Scherman2006§. Regarding rare earth reserves, China is closely follolethe
Commonwealth of Independent States, that is the former Y&8dRthe United States (Tal9el).

TECHNICAL applications constitute the major part of commerciallycusee earth elements in
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Figure 9.1: Worldwide demand of rare earth elements oxides (in kilo X@rosn 1986
- 1996 and estimation for 2006 source; with 45 ktin 1986, 64 k991, 85 kt in 1996
and 108 kt in 2006Haid and Wettig2000).

Location Reserves (kilo tons)
economical mined reserve base % of the world reserves
China 27000 89000 59.3
CIS 19000 21000 14.0
USA 13000 14000 9.3
Australia 5200 5800 3.9
India 1100 1300 0.9
Canada 940 1000 0.7
South Africa 390 400 0.3
Brazil 110 200 0.1
Malaysia 30 35 0.02
Sri Lanka 12 13 0.008
other countries 21000 21000 14.0
Total 88000 150000 100

Table 9.1: World rare earth reserveslédrick 2004).

In line with the enormously increasing production of raretles from~6000 t/a in 1963 to
85000t REOQO in 2002, of which 75000 t were produced in Chirseaech on technical applications
of rare earths is progressing as well.

On account of the high disposability of rare earths, pricesace earth oxides are low. In
China, in 1995, they were 16.50 US$/kg for 99 - 99.9 % ceriumd@®x17 - 19 US$/kg for 99%
neodymium oxide and 25 - 82 US$/kg for 99.9 - 99.999% yttriutde, 280 - 380 US$/kg for
99,95 - 99,99% for terbium oxide and 370 - 420 US$/kg for 9%3uropium oxide Richter,

70



1996. Yetlow prices as well as great availability of rare eadtesnot only of interest for industrial
production but also their possible use as feed additiveSwitzerland, where rare earth containing
feed additives may already be purchased commerciallythessone Swiss franc has to be paid
for rare earth supplementation of 100 kg food (one Swisscfral®.65€ = 0.78 US$ Qanda
20006) (Azer, 2003, while approximately 5 US$ = 4.1§ are charged for 1 kg of rare earths, in
addition to transportation costs. These low costs may aadily be explained by the fact that
rare earths used in agriculture are usually gained as byupte of technical processing, whereas
high purity products are required for technological pugsos

There are classical applications of rare earths, such atehdlints, carbon arc lamps, Auer-
incandescent mantles, polisher, glass and ceramic agsli@&chter, 2003, (Osoon 2005. Cur-
rent applications of economic importance, however, cogeteir use as catalysts, as additives in
glass and ceramic industry (coloring, decoloring, pohghlJV absorber) as well as in metallurgy,
as permanent magnets, as fluorescent and pigments andlarisoels such as laser materials, su-
perconductors, data savers, glass fiber cables, cememitrasldr in nuclear technique, magnetic
cooling, jewelery, textile refinement, grease, coatintgrsenergy systems and medical techniques
(Haid and Wettig 2000, (Richter, 2003, (Calvert 2003, (Chengdu Beyond Chemical2009,
(Seilnacht 2009, (Richter and Scherman2006. As a description of all world-wide usages
would go beyond the scope of this thesis some technical@gijuins have been selected as being
representative.

The high potential of rare earths in technical applicatimnascribed to their chemical and
physical properties, which were specified above in ChafteEarly uses of rare earths were
mainly based on their ease of oxidation, whereas subsegleatitonic and magnetic applications
rely on further properties arising from their charactécigtf electrons. Furthermore, their high
capture cross sections made them useful tools in nucleanadémyy.

Being oxidized easily, rare earths are both used as redageqts for hardly reducible metals
and applied as getters, especially in electron tubes attbigperatures. Furthermore, the addition
of rare earths to metals or metal alloys leads to desulfiiozand deoxidation thereby improving
physical properties of these alloys. Inexpensive alloyshss misch metal which is composed of
cerium and lanthanum, are used for this purpose. Hencejdmn following cerium addition
has been reported to improve softness, density and cadticgsbiron, while cerium may also
control grain growth in chilled casting. In addition, canband other impurities are removed
easily in cast iron or steel through rare earth applicathdso, grain refining may be promoted in
high-grade steel, while rolling, tensile strength as wsllimpact, creep and corrosion resistance
can be increased as welBnelin 1976, (Osoon 2009. Yet, properties of non-ferrous alloys
may also be improved by rare earth addition. Accordinglgirgrefining is promoted in Al or
Mg containing alloys, while electrical and thermal condlities may be improved in Al alloys.
Furthermore, increased corrosion resistance in Cr allogissaaling resistance in heater windings
in other metals or alloys are found to be improved by rarensartheir utilization in metallurgy
comprises one of the most important fields of rare earth egipdin.

Misch metal is additionally also included in nickel metabingle rechargeable batteries, which
are about to replace nickel cadmium batteries in poweringapte electronic devices, such as
laptop computers and mobile phon€sspon 2009, (Calvert 2003. Their use in this respect is
based upon the ability of alloys composed of (La, Cg)ahd finely divided Er to absorb large
amounts of hydrogen, which in turn enables them to stogrentémaller space compared to, for
example, compressed gas cylindeesrelin 1976, (Chengdu Beyond Chemical2005.
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Furthermore, lanthanide metals were shown to present aicaeratalytic potentialgun and
Schumann2009 allowing their use in cracking processes (La, Nd and Pr)iartdydrocarbon
oxidation (Ce) Gmelin, 1979, (Seilnacht2006. One to five percent of rare earth chloride may
already increase the catalysts cracking efficiency of i=obtalysts. In addition, cerium oxide is
also used as a catalyst in self-cleaning oveéle\(ert 2003. Moreover, rare earths are included
in autocatalytic converters and CFC catalysts, in whicly tinay stabilize the gamma-alumina
support and enhance the oxidation of pollutamtseps 1999, (Junxi Jan and Jianchun Zhao
1999, (Osoon 2005. Accordingly, lanthanum is found in fuel cell®fiodig 2005 and cerium
in fluid catalysts. Thus, rare earths have been found usafthé control of automotive emission.
In addition, their high neutron capture cross sectionsdesfly Sm, Eu, Gd, Dy, Er and Tm)
enable them to be used as components of reactor control Guslin, 1976, (Krebs 1999,
while europium, dysprosium and thulium may also be appl®deutron absorbers to nuclear
reactors Bergmanin 2002. Based upon its ability to absorb neutrons, gadolinium algo be
included in neutron-shielding metalglénych 2003.

With respect to electronics, rare earths are found in bamgsa ceramics for electronics (lan-
thanum, cerium, praseodymium), in micro-wave filters (s@umna), cathode ray tubes (CRT) and
flat plasma tv screens (europium, thulium, yttrium) or asgpiors and luminescence materials
(europium, terbium, dysprosiumiK(ebs 1998, (Rhodig 2005. Praseodymium is also used in
television tubes functioning as the activator of green hascent substances while europium may
activate red oneBergmann2002).

Furthermore, rare earths are applied within the glass ingldisr coloring and decoloring
(Richter, 2003. Lanthanum, for example, is used as glass additive in higdlity lenses of
optical devices including scientific instruments and casdkrebs 1999, (Seilnacht 2006,
whereas didymium, the mixture of heodymium and praseodymis involved in the produc-
tion of welders’ and glass workers’ goggleslgnych 2003, (Calvert 2003, (Bergmann2002).
Moreover, blue colored glass in astronomical and laboyabtxsservation instruments may also
contain neodymium as this can absorb the yellow sodium tirilkee visible light spectrunkfebs
1998.

Rare earths also constitute major components of seveidtsalte lasers including Nd: YAG,
Er:YAG, Gd:YAG and Ho-YAG lasers (neodymium, erbium or halm-doped yttrium aluminium
garnet) Calvert 2003, with Nd:YAG being among the most important high power tasgpplied
to both science and technologyi¢hler, 2003. It has also been reported that europium may be
applied in addition to the glue of postage stamps so that theybe read by electronic sorting
machines in U.S. post offices. Promethium, which is not foundaily devices, may however
serve as the heat source in spacecraft including unmanmetitea or space probes since it can
be used in nuclear-powered batterigsgbs 1999, (Bergmann2002.

Another field of rare earth application comprises permanggnets. High performance per-
manent magnets are usually based upon compounds with mditsgaintrinsic magnetic proper-
ties, optimized microstructure and alloy compositi@p(l and Kronmulley 2000. It has been
early shown that lanthanide alloys with cobalt (e.g. LgJatispose of desired properties in order
to serve as permanent magne®si(elin, 1976. Thus, pure Ho and Dy, for example, have been
useful as pole pieces for low-temperature high field stienggnets. Presently, the combination
of rare earth metals (Nd, Pr, Sm) with transition metals (@& @o) constitutes the most powerful
permanent magnet materials. Permanent magnets are idvolwarious fields including elec-
trical, automotive and mechanical engineering, compugdecommunication technology, navi-
gation, aviation and space operations. Though Sm-cobalC(5-SnyCo,7) is quite expensive
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due to the incorporated cobalt, its use as a high performauagmet has already been established
in industrial, military and aerospace applicatio@afvert 2003, (Bergmanin2002. However,
cheaper magnets such as neodymium-iron-boronkldB) also exist and are nowadays found,
among other uses, in automobile starting motors, windsongger motors, computer disc drives,
compact disc players and camera mot@sdqon 2005.

Moreover, permanent magnets have also entered medicaldiegly. According td\oar and
Evans(1999, rare earth magnets are useful tools in orthodontics ie cdgooth intrusion, re-
tainers, expansion and tooth impaction. Yet due to unfdlereorrosion of NdFe;4sB magnets,
robust coating is required. Furthermore, regarding métkchnical applications, rare earths are
also found in intensifying screens in radiologya( den Hurk 2003, (Vetline, 2009, (Klose,
2006 and in X-ray filters Gmelin, 1976, while ytterbium may also be used in portable X-ray
machines, as it can produce X-rays without the need of &égt(Krebs 1998, (Bergmann
2002.

Constituting important laser materials, rare earths hdse become indispensable in laser
medicine Mordon et al, 1987. Nd, Er or Ho:YAG lasers have been described to be used for
therapeutic purposes including various surgical procesi@fvhite et al, 1991), (Marker et al,
1999, (Rofeim et al, 2001). Thus, in terms of lasers, rare earths constitute an impogart
in dentistry, ophthalmology (e.g. cornea surgery), deohogty, angioplasty (e.g. removal of
atherosclerosis), urology, gastroenterology and neugesy Eichler, 2003. Neodymium YAG
lasers, for example, can be used for the treatment of paplirus lesions4aak et al, 2003, at
the same time holmium YAG laser lithotripsy is also perfodrihamamian and Grassz004).
Yet holmium may also be found in radioactive metallic stesasered with holmiurtf®, which
have been developed for radiotherapy including maligndiairp strictures (Von et al, 2005.

In conclusion, technical applications of rare earths agaligimanifold, as shown in Table2
On the one hand they are part of several daily devices, whilhe other, they become more and
more important in fields, like spacecraft, military and ne&ae. Through continuous research
their fields of application are both improving and expandi@ghuchardt2000, (Manych 2003,
(Sun and Schuman2009. As to environmental considerations, new applicationy malude
the substitution of heavy metal as pigments for paint anstiglas well as substitutes of CFC in
refrigerators Qsoon 2005. In addition, they may be applied with superconductorsiarmg@ment
manufacturing for energy savings.
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9 TECHNICAL APPLICATIONS OFRARE EARTH ELEMENTS

Element Application
Lanthanum superconductors, catalysts, lasers, fluorestwerials, optical devices
Cerium lighters, catalysts, glass additives, ceramicgjnmees

Praseodymium

Neodymium
Promethium
Samarium

Europium

Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium
Yttrium

Scandium

filtering rays,
permanent magnets, lighters, glass addgiteeamics, cryogenic refrigerants
high strength permanent magnets, lightersidagkass additives, infrared filters
in terms of nuclear-powered batteries in spaftec
lighters, permanent magnets, condensers,
nuclear reactor control and neutron shielding, micro-wfdters
fluorescent materials, cathode ray tubes, flaiaés screen,
imaging plates, nuclear reactor control rods
magnets, glass additives, laser, single drgstatillator, computer memory chips
fluorescent materials, magneto-optical materials
fluorescent materials, magneto-optical melgrceramics
electrical materials, lasers
glass additives (infrared absorber), ceramicgré&a®optic fiber
fluorescent materials, cathode ray tubes, portelésy machines
condensers, research
superconductors, single crystal scintillatarpfescent materials, rechargeable batteries
superconductors, cathode ray tubes, lasers, sadar
fluorescent materials, catalysts, ceramics, portable/ xaachines
cathode-ray tubes, lasers, fluorescent materials

Table 9.2: Technical applications of rare earth elements.
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CHAPTER

THE APPLICATION OF RARE EARTH
ELEMENTS TO MEDICINE

days, the uses of rare earth elements have exceeded td@ndcagricultural areas and are

becoming part of medicine. Comprising many biochemical@imarmacological properties
of clinical relevance, lanthanides have been of greatestdor medical purposes. They have been
shown to act as antimicrobial, anticoagulant, cytotoxid phosphate-binding substances, while
most of their effects are ascribed to their influence ofitGalepending processes, which may also
be involved in certain diseases. In the past, inhibitorga# of rare earths on calcium-dependent
physiological processes constituted the main basis far pharmacological applications. Yet not
all biochemical and pharmacological properties may bébatid to their resemblance to €a
In addition, lanthanides have the ability to accumulateumar tissue. As they provide various
radioisotopes emitting 3 or y - radiation — some of them even possess paramagnetic pespert
— they have become useful for anticancer diagnosis andmheidevertheless, first attempts to
introduce lanthanides as useful drugs have not been vecgssitl either because of their narrow
therapeutic index or because of the development of supeagents of less toxicity. The situation
has changed since the end of th&2fentury as research progressed and new ideas for the use of
lanthanides were developeBians 1990, (Wang et al. 2003h, (Damment and Totter2003.
The following sections will present an overview of formeregent and future applications of rare
earth elements to medicine.

SON after their discovery, first medical applications were diésa for rare earths. These

10.1 Former Use of Rare Earth Elements

10.1.1 Antiemetics

The use of lanthanides for medical purposes first began Ywtin prescription as antiemetics.
Cerium oxalate introduced as an antiemetic in the middlaehineteenth century was beneficial
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in relieving vomiting. Orally applied, cerium oxalate wapecially used for the treatment of vom-
iting during early pregnancys{mpson 1854, (Browning, 1969, (Evans 1990. Subsequently, it
was prescribed with various success for all sorts of gagtstinal disturbances associated with
vomiting, even for coughs and neurological disord&ksli¢ox, 1916. Investigating the mecha-
nism of its antiemetic propertigaehr and Wessl€i909 found out that cerium oxalate prevented
local irritation of the gastric mucosa by forming a proteetcoating. Though cerium oxalate
administered orally was unable to inhibit the vomiting ohtal origin in dogs, soluble cerium
salts, given intravenously, were shown to prevent apomoepimduced vomiting. A fact that was
attributed to poor gastrointestinal absorption and tloeesfow bioavailability. In order to over-
come those limitations including its unreliable therapeptoperties, a new formulation, colloidal
cerium oxalate, was introduced. It was predominately pilesd for vomiting in pregnancy and
all sorts of motion sickness. Though cerium oxalate stofiye@ag applied for digestive disorders
in the early twentieth century, it was still distributedrevemesi® Heydenfor the treatment of
several kinetoses including seasickness. However, ard®bd it was withdrawn from the market
because of radioactive residué8drner 1959, (Richter, 2006. The replacement of cerium ox-
alate as to the relief of vomiting in pregnancy and motiokisgss was soon found in other drugs
(e.g. antihistaminic meclizineYékupec et a/2005. But even thoughi’eremesi@ Heydenwas
commercially available until 2005, it did not contain anyiaen oxalate but meclozine, as active
agent Apo-line, 2005.

10.1.2 Antimicrobial Agents

Early attention was drawn to the fact that rare earths peogittimicrobial properties and then
research strongly aimed at harnessing these propertiedifiazal use. Yet attempts to use lan-
thanides as antibacterial drugs in the treatment of tulbes=) leprosy or cholera failedEyans
1990.

10.1.3 Anticoagulation Agents

Nevertheless, preparations containing neodymium, wisde least toxic of the rare earth
elements, were introduced in 1936 as anticoagulants anthtiulytic agents. Prolonged clotting
time of mammalian blood linked to intravenous administnatof lanthanides had been reported
for quite some time before lanthanides started being usedifacal purposes@oosens1964).
Experiments on rabbits demonstrated that one to two hotasiafravenous injection of 60 mg/kg
Nd(NGOg)3 the blood did not clot anymor@&gaser et al 1942). The underlying mechanism is only
partly understoodHunter and Walke(1956 were the first to ascribe the effects of lanthanides to
specific antagonism of €& in blood. Today, it is generally assumed that the abilityanithanides
to inhibit certain C&" - requiring enzymatic reactions involved in blood clottamgrounts for their
anticoagulant effect since €ais required for at least four reactions (activation of faddand
X, conversion of prothrombin to thrombin and cross-linkofghe fibrin clot) Evans 1990, (Fu-
nakoshi et al.1992. Nevertheless, it is also possible that lanthanidesfertemith blood clotting
through the inhibition of platelet aggregatioilolmsen et al(197]) reported that lanthanides
are capable of inhibiting ADP-induced platelet aggregatidagy et al.(1976, however, found
out that a single large dose of Hainterfered with prothrombin activity, while smaller doseafs
La3* inhibited coagulation through a different mechanism gugsinvolving a disturbance in
liver function. It was hoped that lanthanides could be usddansfusion equipment or in artificial
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organs taking advantage of both their anticoagulating aidisflammatory properties, but later
reports of acute and chronic side effects including chiéiser, muscle pain, abdominal cramps,
hemoglobinemia and hemoglobinuria indicated their undedity (Evans 1990. Despite great
efforts which finally lead to the development of less toxiciekgives, rare earths were excluded
from the market as safer, more effective and cheaper drugb,as heparin, became available.

10.2 Present Use of Rare Earth Elements

10.2.1 Lanthanum Carbonate Used as Phosphate Binder

Though in the past, rare earths failed to be introduced inicmezlmostly due to the develop-
ment of more effective and less toxic drugs, the inverse kas Ishown recently. As it is known
that patients suffering from chronic renal insufficiencyelep hyperphosphatemia, drugs are re-
quired to lower phosphate levels. However, the use of fophesphate-binding agents based on
aluminium or calcium has been overshadowed by severe ffigltseincluding aluminium-related
bone and central nervous system toxicity as well as incceasks of hypercalcaemia and car-
diovascular calcification. Although the more recently adluced drug, sevelamer hydrochloride
(Renage@), presented less coronary and aortic calcification and Hahelesterol levels than
calcium-based phosphate binders, its application has Ibegad due to gastrointestinal adverse
effects, large pill burdens and high costs.

In search of alternatives, scientists came across lanth@avbonate, a rare earth salt that pro-
vides highly effective phosphate binding properties thakenit beneficial for the treatment of
hyperphosphatemia. Hyperphosphatemia results from faihale as the kidney becomes unable
to excrete phosphate properly. Left untreated, it will léadhe stimulation of parathyroid hor-
mone and the suppression of vitamig production. This further causes renal osteodystrophy,
metastatic calcification and increased morbidity probahlg to increased myocardial, vascular
calcification and cardiac microcirculatory abnormalitiés the process of vascular calcification,
phosphate seems to play a major role. Additionally, it haanbs&tated that hyperphosphatemia
is directly associated with reduced life expectancy. Hesaée and effective phosphate binders
were urgently needed to control phosphate serum lekklsison and Scot004), (Behets et a.
20041, (Hutchison and Albaaj2005. Preclinical and clinical studies reported lanthanum car
bonate to be an effective phosphate binder with very lowcioxand minimum gastrointestinal
absorption thus offering a good safety profile. Oral adntiat®n of 1 g of lanthanum carbonate
three times daily was proved to be efficient, while additiynshowing good tolerability, whether
taken during or shortly after eating.

Its efficiency is based upon the formation of a water-insi@@lbmpound after binding to phos-
phate which enables lanthanum carbonate to decrease sbnsphwrus levels, calcium x phos-
phorus product and serum parathyroid hormone (PTH) levelgatients with end-stage renal
disease (ESRD) significantly, while the phosphorus bal@o®intainedfiddler et al, 2003h,
(Fiddler et al, 20033, (Sack et al. 2002, (Hutchison and WebsteP003, (Hutchison et al.
1998, (Finn et al, 2003, (Finn, 2003, (Stewart et a].2003, (Hutchison and Albaap005. Less
than 0,001 % of the lanthanum dose was absorbed into thensgsteculation when given with
food and even oral administration of a cumulative 15 g dodg @sulted in very low lanthanum
plasma levels< 1 ng/ml (Stewart et al.2003, (Fiddler et al, 20033, (Steward and Frazg?002).

In addition, it is reported to be well tolerated, whereas adserse events were mild to moderate
in severity with gastrointestinal events, such as vomijtimgusea and diarrhoea, being the most
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common. Long-term studies have been consistent with pueviiodings in efficacy and safety.
Furthermore, the lack of any acute or long-term central oes\system toxicity confirms the low
potential of lanthanum carbonate to enter brain tisslagrfson and ScotR004), (Hutchison et al.
1998, (Pennick et al.2004), (Jones et al.2004). Even though it is known that lanthanides are
able to bind to DNA, RNA and nucleotides in vitro, lanthanuanbonate has neither in vitro nor
in vivo demonstrated genotoxicity, which might be ascribedhe fact that this chemical class
is unable to penetrate the cell membrane of healthy, in&lts Evans 1990, (Damment et a.
2004). However,Lacour et al(2005 hypothesized that the accumulation of lanthanum aftdr ora
administration in chronic renal failure might be far abolke tanthanum concentration observed
under normal conditions. They demonstrated that feedirmgtnanum carbonate containing diet
to healthy rats led to a tenfold increase of tissue lanthaoantents in some organs including
liver, lung and kidney. However, a close focus on the expenital design and the calculation of
tissue contents showed that these results have to be coetsige artifacts. High contents found
in lung tissue turned out to be the result of inhalation otipkas from the diet rather than from
oral intake since lanthanum carbonate was applied in tefrpswder instead of pellets. Lung
deposition of rare earth elements following inhalation besn reported before, while, at present,
there is no study describing this after oral application.atcordance with this cas®ambeck
(2009 has pointed out that caution must be paid when interpretimignal data.

Previous experiences with aluminium-based phosphatetsnarhich revealed bone toxicity,
aroused suspicion towards the use of lanthanum carbonateeffiects on bone were observed.
Further studies, however, proved that high-dose indudedtsfof lanthanum carbonate on bone
mineralization in chronic renal failure rats are attritiiléato phosphate depletion and not to direct
bone toxicity Damment and Sher2009, (Damment et a).2003, (D’Haese et al.2003. On
the contrary, lanthanum has even been shown to improve tahactivity, it thus demonstrated
positive effects on bone metabolism. After one year of inegit, the mean lanthanum content was
low and the development of renal osteodystrophy was red{igéthese et al.2003, (Freemont
and Denton2004). Based on this information, it can be concluded that p&dieeceiving lan-
thanum carbonate may be less likely to develop osteopeniitidnal information concerning
the possible use of rare earths in the treatment of ostesisosdl| be provided in Sectioh0.3.4

As to their use in the treatment of hyperphosphatemia, éamtin carbonate has been granted
first global approval as a new effective non-calcium, nanvahium phosphate binder in Swe-
den in 2004 idutchison et al.2004). Further marketing approvals were granted in the European
Union and the United States in 2005. Presently, lanthanubooate is commercially available
asFosrenof®, while it will soon be marketed throughout Europe as wigkk\{swire Europe Ltd
2005.

Based on these encouraging results, applications migbtcalgitalize on phosphate binding
properties of lanthanum carbonate in veterinary medicirwever, first studies designed to
investigate phosphate lowering effects of lanthanum caat®in cats failed to reproduce pre-
viously described results. As to phosphate levels in urmsignificant differences were observed
between animals receiving a lanthanum carbonate contpdigt and control animal€Bfugge
2009. Nevertheless, it was reported earlier that phosphateriog agents successfully used in
cats did not affect phosphate levels in humaRaribeck2006h. This indicates that there must
be some differences between humans and animals with reasggobsphate metabolism.
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10.2.2 Treatment of Burns

So far rare earth applications have not been able to profit fre specific antimicrobial prop-
erties of rare earths which are thought to be useful in cotimgdbacterial diseases, however, these
properties are potentially valuable in new areas. In 19@@&iatment containing cerium nitrate-
silver sulphadiazine for the topical treatment of burn wasimas introduced publiclyMonafo
et al, 1976. Among its several advantages are easy and painless appli@and removal as well
as the production of a yellow and leathery crust with goodtasce to infection.

Burn injuries are still of great importance because theylpee significant morbidity and mor-
tality in developed countries. In Catalonia, 31 per 100 08&pns each year need special treat-
ment, while the incidence and mortality due to burns is fimo other developed countried4ret
et al, 1999. The so-called burn disease, which causes infection witbre complications after a
shock phase, constitutes a major problem in burn patiength $tisceptibility to infection is based
upon an acute and severe systemic and local inflammatoriyaeadich results from thermal in-
jury that can be lethal. It has been proven that prompt excisf burn eschar and wound coverage
improve chances for survival and prevent postburn immupsassionDeveci et al,2000. Sim-
ilarly, cerium silver sulphadiazine has also been showretsedie and effective in the treatment of
deep and extensive burns. By improving survival rates coaipe to prompt excision, it seems
to be a good alternative in patients not undergoing earlyndaexcision and closure because of
co-morbidity Kistler et al, 1990, (Luo, 1990, (Boeckx et al. 1992, (Koller and Orsag1999,
(Deveci et al. 2000, (de Gracia200]), (Lorenz et al. 1988. Scheidegger et a{1992 reported
that one single bathing with 0.04 mol/l cerium nitrate of tests than 30 min, on the first day of
burn, neutralizes eschar toxic material and improves th@eabs for survival enormously.

Cerium nitrate has a potent antiseptic effect in human buwuands, especially against gram
negative bacteria and fundivipnafo et al, 1979, (Fox et al, 1977), (Wassermann et al1989.
Thus, it significantly reduces the degree of Pseudomonagi@aesa contamination and improves
cell-mediated immunity4apata Sirvent et gl1986, (Boeckx et al, 1985. The characteristic
yellow-green color of cerium nitrate treated eschars mayltérom oxidation of trivalent cerium
to yellow ceric ions thus providing a continuous source afigacerium for microbial inhibition
(Fox et al, 1977. Suppression of cell-mediated immunity is associatedh Wit absorption of
burn toxin known as lipid protein complex (LPC), which stilaes phagocytic cells and thereby
causes the release of a variety of inflammatory mediateasd et al. 1996, (Eski et al, 2007),
(Boeckx et al. 1992, (Monafo et al, 1976, (Sparkes et al1990, (Jakupec et al2005. It has
been observed that cerium nitrate trivalently binds thiel Ippotein complexes and thus prevents
its entry into the circulation§parkes1993, (Deveci et al.2000. As an alternative to direct inter-
action of cerium nitrate with the burn toxin or immunosumsiee factors, C& ions might exert
direct impact on the cells producing those molecutesafs 1990. IL-6 and TNFa are impor-
tant mediators of the acute and severe inflammatory reaictithiermal injury. It was reported that
cerium nitrate is capable of suppressing the elevation df-diNevels by increasing IL-6 levels
(Sparkes1997), (Deveci et al. 2000. Both its antiseptic and immunomodulatory properties as
well as the formation of a physical barrier made of yellovear eschar contribute to the effects
of cerium nitrate. WhileHirakawa (1983 stated that prolonged topical treatment of cerium ni-
trate/silver sulfadiazine cream or cerium nitrate solufior burn injuries results in considerable
absorption of silver and cerium into the liver and the kidrm&yincreasing toxicity was reported
by Boeckx et al(1992), Fox et al.(1977) andEvans(1990. Nowadays, cerium nitrate-silver sul-
phadiazine is marketed throughout Europe, but is only abtel asFlammaceriur® in the UK
(Garner and HeppeglR005.

79



10 THE APPLICATION OF RARE EARTH ELEMENTS TO MEDICINE

10.2.3 Diagnosis and Treatment of Cancer

Cancer research in the early twentieth century arousetestten rare earth treatments as po-
tential anticancer drugs. In a first instance, a solutioreoiuen 111 iodide was applied to patients
suffering from lymphogranulomatosis (M. Hodgkin) or inoglele tumors. The results obtained
had been highly promising, reducing tumor sice and impmlifie quality (Lewin, 1924, (Cohn
19295. It was suggested that cerium might act either on its owrs@raactivator of iodine. Better
effects of cerium iodide, compared to other iodide compasuhdd been reinforced in an rabbit
sarcoma studyiio, 1937). In contrast to those findingdjaxwell and Bischoff(1931) could not
note any effects of cerium chlorides on tumor tissue using@erimental tumor model in rats.

The development of cancer is thought to be associated wath overload resulting in acti-
vation of the ROS which, along with other factors, leads toamuclear changes and finally to
alterations in cell proliferation and differentiation pesses. Within this action, the signal trans-
duction system, cell cycle and immunological functions @s® out of order. Comprising iron
uptake blocking, ROS inhibiting, signal transduction iefiging as well as cell proliferation mod-
ulating properties, which were described in Chafelanthanides provide several abilities that
might interfere with the development of cancer. Howeveg, dinality of their actions definitely
evokes certain problems and studies on anticancer prep@ttrare earths are therefore still con-
troversial.

Several Chinese studies reported inhibitory effects owtir@f sarcoma cells and Lewis lung
cancer cells in mice as well as on leukemic celarfg et al, 1992, stomach and lung cancer
cells in humansWang et al. 20030. Additionally, Jiang et al(2004) stated that low dose of
lanthanum nitrate could inhibit the progression of prenastic lesions in rat hepatocellular car-
cinoma studies. Antineoplastic action of rare earth elémerre also reported in further studies
(Liu et al, 19993, (Yang et al, 1997. It was assumed that anticancer effects are based upon
inhibition of tumor cell proliferation, increase in mact@mes and polymorphonuclear leukocytes
activity as well as T-cell proliferation or selective cyaatcity (Wang et al, 20030.

Yet, antineoplastic effects were not only reported in ChiHance, suppression of tumor ac-
tivity in lymphatic leukemia and lymphosarcoma bearing enicas shown byAnghileri (1979,
who related the mechanisms involved to effects on tumor lbeditam of calcium and magnesium.
Sato et al(1998 described reduced growth of melanoma cells after lanttsaadministration
which they attributed to morphological changes and cellecgerest in the G/G; phase. Strong
cytotoxic effects of cerium compounds on cancer cells wkse shown bylakupec et al2002.
They suspected interactions with calcium behind the effexte calcium plays an important role
in controlling cell cycle and proliferation processes. utingly, Weiss et al(2007) proved anti-
proliferative actions of lanthanides on human colon cawedls to be caused by an interruption
of required calcium supply. Further speculations on thehaeism of anticancer action include
enhanced expression of tumor suppressor gene, decredsextiohn levels (i et al, 2000 or
apoptosis, as is already seen in leukemic célsi et al, 2002. Furthermore, it has been shown
that lanthanides may facilitate the cellular uptake ofaiertirugs, e.g. cisplatin, by increasing
cell permeability Canada et al.1995 as suspected earlier lyewin (1924 and Cohn(1925.
Although rare earths seem to provide a certain potentigdh®use in cancer chemotherapy, more
detailed research is necessary before rare earths can loedagmically.

However, as various radioisotopes exist among lanthanities ability to emita, 8 or y

- radiation may enable them to approach tumor therapy froothem direction. Thus, in nuclear
medicine and isotopic diagnostics, radionuclides of heawy earths(’ ’Lu, 1°3Sm,1"1Eu, 1>"Dy)
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have been investigated for their use in bone imaging andnakeadiotherapy of bone neoplastic
metastases from breast or prostdt&(ciniak et al, 1996. In addition,®°Y was shown to be a
suitable radionuclide for therapeutic purpos&¥ is a puref - emitter with a penetration depth
of 1 cm and a half-life time of 60 hours.

Nevertheless, despite their high metabolic affinity for igratissue which is useful in tumor
scanning, lanthanide radionuclides are rather directigegu at the site of the tumor. This can be
done by either intra- or peri-tumor injections or by surgiogplantation, thereby minimizing any
toxic effect on healthy neighboring tissue. Using colldildmthanides, one can take advantage
of the fact that insoluble complexes are well retained atitfection site Evans 1990. But,
intraperitoneal administration of lanthanides may be igplgh case of ascites tumor. In the past,
lanthanum was shown to be a potent inhibitor of Ehrlich asctumors in mice, which could
successfully reduce the number of tumor cells and proloagtivival Lewin et al, 1953. Yet, in
human tumors, mainly surgical implantation was used, theedlowing the successful treatment
of Nelson’s syndrom, Cushing syndrom as well as treatmemashmary and prostatic carcinoma
(Haley, 1979. Treatment of cancers may also take advantage of the faictissue concentrations
of lanthanides alter during cancétans 1990. Thus, measuring lanthanide concentrations may
provide valuable diagnostic and prognostic informatiors. t& bone seeking radionuclides, such
as1%3sm, it has been reported that they may also be used effickentéfieve the pain originating
from bone metastaseB4dyouth et al.1994), (Serafinj 2000.

At present, lanthanide-loaded micro-particulate systanesunder investigation for cancer
imaging or as radionuclides for therapy. Advanced bioddgpée drug delivery systems based
on liposomes and polymeric nanoparticle have already f&gnily improved anticancer thera-
pies. They are effective tools that carry anticancer drogbeir site of action. Co-loading with
non-radioactive or radioactive lanthanides may furthgyaexi their useZielhuis et al, 2005.
Additionally, based on their inhibitory action on the reficendothelial system (RES), lanthanides
might also be able to enhance the effectiveness of mondcdmtiodies and liposome-encoated
drugs, thereby preventing their sequestration by the RES.

10.2.4 Contrast Agents

Lanthanides have not only become a useful tool in scintlyapnaging as described above
in tumor diagnostic and therapy, but also as contrast agesesveral other imaging techniques.
Based upon their paramagnetic properties (Chaftdanthanides have been introduced as con-
trast agents in magnetic resonance imaging, which is onbeofitost powerful techniques in
medical diagnosis and biomedical research. Administatiocontrast media is designed to en-
hance the contrast between normal and diseased tissuendli¢ate organ function or blood flow.
Gadolinium was found to be superior to other lanthanidegims of proton spin-lattice relax-
ation times Evans 1990. Possessing seven unpaired electrons, each gadolinitirol@dtself
is a micro-magnet, thus capable of accelerating the retaxaff water protons in surrounding
tissues. In 1988, [GA(DTPA)(#D)]?>~ was approved as first commercial contrast matekialif
et al, 2003. Presently, gadolinium(lll)chelates are widely usedraisavenous contrast agents in
clinical practice including mammography, diagnosis oéfimetastasis or malign liver tumors, or
verification of postoperative results, e.g. after livensplantation or heart surgery by visualizing
the blood flow Bilow, 2002, (Reimer and VosshenricR004). Furthermore, improved diagnostic
illustrations of brain tumors have been reported aftergigiadobenate dimeglumine, a gadolin-
ium containing contrast ageriigopp, 2004). In addition, lanthanide containing contrast agents
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are also applied in computer tomography to sharply brigthenimage. Even small tumors of

less than 5 mm, which stand out clearly as they do not takejapted lanthanide particles, have
thereby been identified in liver tissue\ans 1990. Using gadolinium as computer-tomographic
contrast agents, good vascular, sufficient renal and sirbapbhepatic enhancements were re-
ported Gierada and Bgel999.

In addition, lanthanides have also been used in cisterpbgreo delineate cavities of extra-
cellular compartments and provide information about flumvB. Andrews and David1974)
were first to investigate the use of lanthanide DTPA comei®Y-DTPA), that are known to
be highly stable, for the measurement of spinal fluid kirgetithus, images of excellent quality
were obtained. Furthermore, intra-articular injectioesnpitted scintographic detection of syn-
ovial cysts. As Ln-DTPA complexes are rapidly excreted gy kiuneys, they have also become
useful markers to monitor glomerular filtration ratés/éns 1990. Moreover, due to low gas-
trointestinal absorption, lanthanides are efficient digesarkers in nutritional studies on both
experimental animals and humarn&ysl et al, 1985, (Schuette et gl.1993, (FairweatherTait
et al, 1997, (Bernard and Dorea000, (Xue and Cuj2001).

10.3 Potential Future Uses of Rare Earth Elements in Hu-
man Medicine

10.3.1 The Treatment of Joint Diseases

Direct intra-articular injection of lanthanide radioniggs may also become established in ra-
diosynectomy, that is nonsurgical destruction of inflamgdosia found under arthritic condi-
tions. Inflammation of synovia, which is the tissue betwermmtkrodial joints, causes articular
destruction, pain, swelling and loss of motidtvans 1990. According toKahan et al(2004),
intra-articular injected®Erbium citrate was effective in arthritis diseased fingént whereas
Yarbrough et al(2000 suggested thdP3Sm may be useful for synovectomy of inflamed synovial
membranes, as shown in osteochondral chip-induced sysdvitaddition, injection of%¢Ho fer-
ric hydroxyide into the joint was safe and effective in patgesuffering from chronic synovitis of
different origin Ofluoglu et al, 2002).

Based on anti-inflammatory properties of lanthanides,rthge in arthritic joints had been
suggested before. The high degree of intra-articular tieteafter injection as well as limited ac-
cumulation in other parts of the body might additionallydatheir use in the treatment of arthritis
(Evans 1990. Anti-inflammatory effects of lanthanides were reportecseveral studies. Ac-
cording toJancsq1961), angiotaxis and edema following increased vascular paipitiy, caused
by inflammatory agents, was inhibited by several inorgaaitssof La&*, Cet, Nd*+, P+,
Snm?t. This was confirmed basile et al(1984), who described that lanthanide chlorides’(Pr
Gd®t, Yb®) decreased histamine and serotonin induced vascular pbititg Furthermore,
it was reported that lanthanides may affect several celhgsponses to inflammation including
the activation of lymphocytesramage and Evand 989, macrophages, and polymorphonuclear
(O’Flaherty et al, 1978 as well as leukocyte chemotaxBdqucek and Snydermah976. A high
affinity of lanthanides for inflammatory sites has alreadgrbeevealed in several imaging studies.

At present, rare earth containing feed additi\LeH;re-spur®) for dogs are commercially avail-
able. According tadRowedo(2006), they are expected to support both the formation of bone and
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joints in dogs. Small amounts dﬂltra-spur® applied at 1 g per 5 kg to the feed of dogs over
an experimental period of four years were reported to dserélae incidence of hip dysplasia.
FurthermoreUItra—spur® is recommended to enhance the immune system and preventygbut
this information has to be considered very carefully regaydhe questionable reliability of the
source as no further scientific data on this product is aviala

10.3.2 Prevention of Caries

Though early studies on the use of rare earth salts as caeegernting drugs were contro-
versial, their application as to caries prevention has lpgeposed by Chinese scientisEh@ing
et al, 19999. While neither topical use of cerium salts nor mouth-mgsiith lanthanum chlo-
ride showed any effecRegolati et al.1975, (Beazley et al.1980, yttrium nitrate, in contrast,
injected intra-peritoneally or administered via drinkiwgter was capable of reducing caries de-
velopment in ratsNlercado and Ludwigl979. Since rare earths exhibit a high affinity for teeth
and bones, this effect was thought to be ascribable to thepocation of rare earths into the
teeth rather than to antimicrobial properties of rare eafflnang et al. 1988. Incorporation of
lanthanides is supposed to harden tooth enamel by redusirsglubility. These findings were
confirmed byBanoczy et al(1990, who demonstrated cerium uptake in both healthy enamel and
into incipient carious lesion. The developed cerium-dpdias proven to be harder and more
resistant. It was shown earlier that incipient dental caatthe stage of demineralization can
be reversed by local application of fluorides through remalzation. Rehardening of surface
enamel after lanthanum treatment was also reporteddilys et al.(1990. They also stated that
a solution containing both lanthanum and fluoride could farprotective acid-resistant surface
coating. According to Chinese scientists, lanthanum caa siiccessfully prevent degradation
processes of cemental root collagen by inhibiting cloatrdhistolyticum collagenasé.[ et al.,
1997. The combination of lanthanum and fluoride seems to be nfGogeat than each by itself
(Collys et al, 1990, (Zhang et al.19999. Rare earths might therefore become a useful tool for
caries prevention.

10.3.3 Prevention of Atherosclerosis

Following reports on the inhibition of atherosclerotic pegses due to oral administration of
LaCls to rabbits Kramsch and Chgrl979, it was suggested that rare earths might be capable
of generally preventing atherosclerosis. Atherosclersscaused by the formation of plaques on
the internal surface of certain arteries. By being compagexmbllagen, elastin, cholesterol and
calcium, those plaques can partially or totally obstruobhl vessels and thus provoke myocardial
infarction.

Rabbits given a LaGlcontaining diet presented decreased values for total stestd, colla-
gen elastin, total calcium and non-lipid phosphorus. kablowed a dose-dependent protection
from increased cellularity of the intima, accumulation ofiagen, damaged elastic fibers and from
calcium, lipid and glycosaminoglycan deposits in the ggrtdmonary arteries as well as in the
major coronary arteries. No side effects on other tissugsgsiological parameters have been
reported. Later work has also shown that LaiSInot only capable of inhibiting the development
of arteriosclerosis but also of regressing already formadyes Kramsch et a].1980, (Kramsch
et al, 1981). Another study performed bySinsburg et al.1983 confirmed the suppressive ef-
fect of orally administered La@lon atherogenesis in the aorta of rabbits. However, in thidyst
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lanthanum chloride was ineffective against the developgrokatherosclerosis in the coronary ar-
teries. The exact mechanism is still not well understood.eBelation to antagonization of €a-
dependent biological processes by inhibiting or replacalgium is generally agreed, since other
calcium channel blockers such as verapamil and nifedipiasgmt similar resultssvans 1990.
Wang et al(2003h suggested that lanthanides exert their anti-sclerotects by preventing pro-
cesses involved in plaque formation such as phagocytogds by macrophages, ROS - related
pathological events (oxidation of low-density-lipopriote endothelial injury), platelet aggrega-
tion and calcification. Notwithstanding previous findingey et al (1997 reported a significantly
higher incidence of arteriosclerosis of the fundus ocuti arsignificantly increased serum choles-
terol and IgM level among people living in a rare earth ardausl a direct or indirect effect of rare
earths was assumed. It was suggested that the formatioteabaclerosis could be facilitated by
immunogenic damage of the vascular wall. Yatj et al. (2004 was able to confirm the results
obtained byKramsch et al(1980. After the administration of lanthanum chloride to raslied

a high lipid diet, less pathological changes of atherossleroccurred and even already present
bone alterations could be reversed to some extent.

Since atherosclerosis is a major cause for cardiovascigdansks, further research on anti-
atherosclerotic properties of lanthanides is highly rec@mnded, especially with regard to their
low oral toxicity and, according t&ramsch and Cha(l1978 andLiu et al. (2004), high effective-
ness.

10.3.4 Treatment of Osteoporosis

In line with their high affinity for bone Arvela and Karkj 1971), (Evans 1990, it was hy-
pothesized that rare earths might also be used in the treamh&one diseases. Indeed, within
the scope of studying lanthanum carbonate as phosphatmdiadents effects on bone miner-
alization had been evident in chronic renal failure ratsaddition, neither parathyroid hormone
levels nor bone histology were affected by lanthanum appba (Torres et al.2003, (Behets
et al, 20043, (Hutchison and AlbaaR005, and no toxic effects could be observed on bone due
to lanthanum depositioriMalluche et al. 20043, (Malluche et al, 2004h. Quite the contrary,
further studies revealed that lanthanum exerted posiffeets on bone metabolism in terms of
improving bone-cell activityTorres et al.2003, (D’'Haese et al.2003, (Freemont and Denton
2004). Enhancing effects of lanthanum on bone formation anditdgrs well as on the activity
and differentiation of bone cells have been summarizedtbyrton et al(2002).

Analyzing the location of lanthanum within the bone of choorenal failure rats, it was shown
that lanthanum was mainly located at the bone surfBedéris et a).2005, indicating that lan-
thanum deposition may involve binding to organic matrixghe-ionic exchange with calcium and
precipitation of insoluble amorphous lanthanum phosplagéereases in calcium phosphorous ra-
tios were noticed in pig bones after lanthanides were supghed at low concentrations to the
feed Knebel 2004, (Prause et al20059. Yet, they were solely attributed to significant reduced
calcium contents. Additionally it was shown that effectsbmme calcium contents were dose de-
pendent (Tablé.1). At low dose application, calcium contents were reducdtkeas the inverse
occurred at high concentrations. Increase in bone calcawedd due to lanthanum treatment was
also observed byorres et al(2003, while Prause et a(20059 described reduced bone magne-
sium contents. It has been suggested that isomorphicdistisution of calcium and magnesium
may account for these changésvans 1990. Dose-dependent effects were also demonstrated
in another study designed to investigate the effects ohkamte ions on bone resorbing function
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of osteoclasts by culturing rabbit osteoclasts on boneslidVhile osteoclastic activities were
inhibited at low concentrations of Ba, S+, ERT, Nd**, Gd®*, the inverse was observed when
high concentrations of 134, Sn?t, Ert were appliedZhang et al.2003. Thus, lanthanides are

capable of affecting bone loss dose-dependently.

On this basis, it has been concluded that lanthanum mighséRilun the treatment of osteo-
porosis. This is a hypothesis that could be further fleshednorecently performed feeding ex-
periments on ovariectomized (OVX) rats that were used ad amanal model of postmenopausal
osteoporosis. Results from this study revealed that ratbsmay restore accelerated bone loss in
rats (Vehr et al, 20069. Accordingly, lanthanum was shown to decrease both timayriexcretion
of collagen crosslinks (pyridinoline), a specific markebohe and cartilage collagen degradation
correlating with bone turnovebelmas et al.1991), and the serum concentration of osteocalcin
in OVX rats, while increasing calcium concentrations ingibone (TabléA.2). Thus, lanthanum
was not only capable of normalizing high bone resorptiolofeing OVX but also of adding bone
to the osteoporotic OVX rats. Similarly, higher osteoaalievels were observed in humans af-
ter lanthanum carbonate application, indicating enhansggbblastic activity and bone formation
(Malluche et al.20043.

Based upon these results, it is suggested that lanthanunbenagen as being beneficial in
further studies and possibly also be useful in the treatmieosteopenia following ovarioectomy.
The use of lanthanum for the treatment of several bone diseasluding osteoporosis has already
been patented in the United Statésherton et al, 2002.

10.3.5 Miscellaneous

Further possible medical applications have been suggestiediing antidiabetic actions, ther-
apy of skin diseases, prevention of immune-related rgedbllowing organ transplantation as
well as inhibition of scar formation.

Antidiabetic actions exhibited by lanthanides comprispdglycemic effectsEvans 1990,
inhibition of hepatic gluconeogenesid/ang and Xy 2003 and ROS (reactive oxygen species)
induced cell injury §himada et a] 1996 as well as effects on insulin secretion and insulin reaepto
binding Williams and Turtle 1984), (Enyeart et a].2002. On this basis, lanthanides may be
useful in the treatment of diabetes.

Effective application of lanthanides has also been sugdesigarding the suppression of im-
mune response in patients following organ transplantagasnGdC4 was shown to prevent the
induction of portal venous tolerance in rats which had resgbicardiac allograft transplantation
(Kamei et al, 1990. The effectiveness was ascribed to the inhibition of altmpen uptake by
Kupffer cells. Since the formation of reactive oxygen spedROS) is responsible for microcir-
culatory failure in rats after liver transplantation, Gg@las able to improve microcirculation by
reducing ROS-related oxidation process8shauer et gl.2001). In a similar manner, the sur-
vival rate of rats was increased by GdG@fter liver transplantation from ethanol-treated donor
rats ¢Zhong et al. 19969. However, prolonged survival was also achieved in ratsrdfuman
insulinoma cells were implanted to liver tissueagar et al. 1997). These results indicate that
gadolinium chloride might be beneficial for the preventidnnomune-related rejection and loss
of function of transplanted organs.

Furthermore, drugs containing lanthanides have been a@®@lin China for the treatment of
serious skin diseases including psoriasis, which is the thniost common reason to visit derma-
tologists, and a patent has already been appliedGoina Rare Earth Information Ne2005.
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The cause of psoriasis is still not clarified, however, chhilesions are the results of hyperpro-
liferation and abnormal cell differentiation in the epiohés. Genetic, immunological as well as
environmental factors are considered to be involved in tieeldpment of psoriasiC@amisa
2004). The mechanism underlying the treatment of psoriasis bth&nides is supposed to com-
prise interference with cell metabolism and DNA synthe®ased upon their ability to act as
phosphatases, it is assumed that lanthanides may remdwadqugtal changes in the nucleic acid
chain, additionally, the structure of diseased skin cellsansidered to be affected selectively.
Lanthanides may also restrain the expression of psoriasiegy Furthermore, they can enhance
the activity of T lymphatic cells. Clinical trials perforrd®n humans in China demonstrated good
results following the application of lanthanide contamproducts to diseased skin.

In addition, recent experimental results have suggestadidnthanum chloride can prevent
and treat scar formation by inhibiting the expression ofag#n proteins in wound tissugt{ong
et al, 2003. However, these results need to be confirmed in furtherestud

In conclusion, lanthanides have already been establisheaedicine as drugsF()sreno@,
FIammaceriun@) and as contrast agents. Nevertheless, based on furtHat beehemical and
pharmacological properties, such as anti-inflammatony;reeoplastic or anti-sclerotic character-
istics, lanthanides may find their way into additional metlareas.
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CHAPTER

APPLICATIONS OFRARE EARTH ELEMENTS
TO AGRICULTURAL PLANTS

nian and Bulgarian scientists in the early nineteenth ecgnttich reported mostly positive

effects. In 1972, systematic research started in China asdo@ginning to have a practical
impact on China’s agricultureuo et al, 1988. Even shortly afterwards, outstanding growth
enhancing results of rare earth applications at low comagans to various plant species were
reported in China and the commercial use of rare earths iicudfyre was started. Since the
People’s Republic of China disposes of large resourcesadtbeen searching for applications
which did not require one specific rare earth element, butidvallow the commercialization of
the whole spectrum of elements in the mix that nature itsel¥ides. A first attempt was seen
in the application of rare earth elements as growth stintslemagricultural plants. In turn this
experiment aroused the interest of other countries, eslheof those that also possessed large
amounts of rare earth resources, such as Australia. Hoytbeee was the difficulty that the Chi-
nese research, which provided the only source of informatio agricultural use of rare earths,
did not become available internationally until the 1990serEtoday most of that information is
almost unavailable to Western scientists, since the ad¢odsg source is difficult, but also since
most reports are only written in native language and weravaitable in English, which hampers
a clear understanding. Additionally, the Chinese papero#ien lacking details of experimen-
tal methods and statistical treatment of the data, whichengadritical evaluation of most of the
published information difficult. Thus, knowledge on the adfity and effectiveness of rare earth
application to plant production was still patchy and oftgmpdthetical. Therefore it became ev-
ident that basic research on the potential biological agtof rare earths in plants needed to be
conducted outside China in order to verify Chinese claintstarprovide more detailed informa-
tion. Yet, studies on the influence of rare earths on planwtfr@arried out in Australia, Germany
and Austria showed conflicting results and there was evelefhboth beneficial and detrimental
results. In contrast to earlier Western studies performigaimthe period from the thirties to the

SME reports on the action of rare earths on plant growth wereighad by Russian, Roma-
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seventies, the majority of recent investigations couldaooifirm the outstanding yield enhancing
effects reported in China.

Nevertheless, up to now several hypothesis have been mopsdo how rare earths may effect
plant growths. These hypotheses range from predictingtsffen transportation mechanisms,
accumulation of ions, nitrogen fixation over influences doioan metabolism and photosynthesis
to the protection against certain plant diseases or dradidte high diversity of possible effects
of rare earths on plants indicates the complexity of thigexzib However, in China, rare earths
are not only used as fertilizers in agricultural plants bBsbas feed additives in farming animals
(Section12.)). Information on the influence of rare earths on plants,afwee, is also valuable
for a feasible improvement of husbandry. Since plant anthahproduction are closely related
to each other, they also constitute important backgrouna tthat pave the way for the potential
application of rare earths to farming animals (Chafdi®rin Western countries. It is generally
agreed that more than 90 % of orally applied rare earths aretd in faeces (Chapté). Hence,
feeding rare earths to animal husbandry will also affeatfsiandirectly as this automatically leads
to increased contents of rare earths in organic fertiligdreh in turn are applied to plants. As a
result, their effects on plants, including both risks anddjis, need to be evaluated before rare
earths can be introduced as performance enhancers to gmiogiction. That information will
also be necessary in order to assess the environmentaltiofpace earths, which may result from
increased agricultural application (Chaptgr

Therefore, it is the aim of this Chapter to present the resulitained so far in China (Sec-
tion 11.1) and in other countries (Sectidrl.?2 and compare the yield enhancing effects of rare
earths on plants. In addition, their physiological and bemical effects on plants (Sectidi.4)
will be included in reference to Chaptgrin order to provide possible explanations for their influ-
ence on agricultural crops. On this basis, further resestebs will be presented. Some reviews
on this topic have already been published befor8imywn et al. (1990, Hu et al.(2004) andTyler
(2009.

11.1 China
11.1.1 Effects of Rare Earths on Plant Growth, Yield and Quality

Today the use of rare earth elements as trace nutrientsiculigre including plants and ani-
mals is widely practised in China. Their application to faxghanimals will hence be described
in Section12.1 In China, extensive research started in 1972, involvini Ipot trials and field
demonstrations, and since then a great variety of planiepbas been tested. Different methods
of rare earth applications and various concentrationstlynlwsv ones, have thereby been inves-
tigated. To date, yield increases for 50 plant species dnegucereal, sugar and industrial crops,
fruits and vegetables, and for 20 species of trees and pagtasses have been reported. Some of
them are listed in Tablekl.1and11.2
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Plant species Increase Effect on quality of the product fRafz
in yield (%)
Cereal crops
Maize 6-12 - Guo(1993
Wheat 6-15 tendency of incr. Lysine content Xiong (1995
Rice 5-15 - Xiong (1995
5-10.3 - Wan et al(1998
Oat 6.43 - 26.4 - Xia and He(1997)
Barley 18.6 - Xia and He(1997)
Sugar crops
Sugar Cane 8-20 incr. sugar content of 0.5 % Xiong (1995
Beet 8-15 incr. sugar content of 0.4 % Xiong (1995
Industrial crops
Rubber Tree 6 - 20 - Xiong (1995
Tobacco 7-16 elevated grade rate of 10 % Xiong (1995
Soybean 6-12 tendency of incr. protein and oil conteniXiong (1999
Peanut 8-15 - Xiong (1995
Cotton 5-12 incr. weight of single boll of 0.1 g Xiong (1995
incr. span length of fibre of 0.1 - 0.4 %
5-10 - Xia and He(1997)
Ramine 7-15 incr. fibre count of 10-15 % Xiong (1995
Flax stem 8 - 12 incr. fibre of 10 - 15 % Xiong (1995
seed10-14 -
Rape 14 -24 incr. oil content of 2 % Xiong (1995
Fruits
Apple Tree 10-22 incr. sugar content 0.5 - 10 % Xiong (1995
incr. Vit. C content of 20 %
doubled cyanin content
Watermelon 8-12 incr. sugar content of 0.8 % Xiong (1995
22.9 incr. sugar content Wan et al(1998
Honey melon 75-111.4 - Wan et al(1998
Grape 10-15 incr. sugar content of 20 %
incr. Vit. C content of 20 %
Chinese Gooseberry  10-25 incr. sugar content of 1.3 - 2. % Xiong (1995
incr. Vit. C content of 40 - 42ng/100g
Banana 8-14 incr. sugar content of 3-4 % Guo(1993
incr. Vit. C content of 4 - 6 % Xiong (1995
Orange 8-38 incr. sugar content of 0.6 % Wan et al.(1998
Vegetables
Potato 10-14 incr. starch content of 1 % Guo(1993
Tomato 16 - Wan et al(1998
Chinese Cabbage 10-20 incr. head-forming rate, 3.5 ldaa@d/ Xiong (1999
Cucumber 13-15 - Xiong (1995
Edible Fungus 10-30 incr. amino acid content of 40 % Xiong (1995
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Plant species Increase Effect on quality of the product fRafe
in yield (%)
Pasture Grasses
Sibirian Wild Rye Hay 15 - 25 incr. CPof3-9% Xiong (1995
Seed 10 - 15 -
Alfalfa Hay 5.2 - 33 incr. CPof 3-10% Xiong (1995
Seed 10 - 15 -
17 incr. grain weight of 5 % Guo(1993
Shadawang Fresh grass 10 - 20 - Xiong (1995

Table 11.1:Effects of rare earth elements on crops and pasture gras€ésia; incr.:
increased, Vit.: Vitamin, CP: crude protein.

Tree species

Results

Effects on product quality

Changbai Larch

Scotch Pine

Red Pine
Chinese Pine

Small Black Poplar

Mulberry

incr. stocking by 6 - 12 %
incr. sapling yield by 6000

plants per mu ( 1 mu = 1/15 ha)

incr. stocking by 6 - 10 %
incr. sapling yield by 2000
plants per mu

incr. sapling yield by 12.8 %

incr. sapling yield by 10 %

incr. stocking by 10 %
incr. sapling yield by 2500
plants per mu
incr. stocking by 15 %
incr. leaf yield

raised grade of stock
enhanced resistance

raised grade of stock
enhanced resistance

raised grade of stock
enhanced resistance
raised grade of stock
enhanced resistance
raised grade oflstoc
enhanced resistance

incr. soluble sugar by 35 %

Table 11.2: Effects of rare earth elements on trees in China; incr..eased Xiong,

1995.

Common responses of plants to rare earth application are to the order of 5 to 15 %
and sometimes even highefi¢ng, 1995. In addition to plant yield increases, improvements in
product quality, comprising increased sugar content irsagne, increased vitamin C content in
grapes and apples and increased fat and protein contenylieao Brown et al, 1990, (Wan
et al, 1998 have also been reported for a wide range of crops. Furthe;mare earth supple-
mentation was reported to decrease the content of cheregidues in several crops such as rice,
orange, water melon, grape and pepper.

As far as accessible, past and present Chinese literatuteeaifects of rare earths on growth
and yield enhancement as well as on quality improvementantplwill be summarized and pre-
sented on the basis of some selected plant species. Sontealdnformation on their possible
mode of action is also provided. However, since generaliplogical and biochemical effects of
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rare earths in plants may account for their beneficial effatplants, this whole complex will be
discussed in detail in Sectidri.4 Although nowadays mostly mixtures of rare earth elemengts a
used in Chinese rare earth-containing fertilizers, in expental designs both single and mixed
rare earth elements were applied in order to evaluate tbh&angial.

Several solution culture experiments with sugar beet sggsihave been performed Byeng
(1987. The results showed that in 48 % and in 32 % of all cases, sy@th and plant height
respectively could be increased by the application of rarthe at concentrations of 0.01 % up to
0.1 %, whereas in 10 - 55 % of all cases dry weight was alsoase@ Furthermore, advanced
germination and rhizogenesis were found in sugar beetisgsdifter a two year storage period.
At high concentrations, however, inverse effects werecedti Further studies showed that sugar
beet seeds without lignified septals presented higher getion rates compared to those with
lignified sepals. It was therefore suggested that the ligghiiepal might disturb the uptake or
translocation of rare earths in plants.

In the last twenty years, extensive research on the apjolicaf rare earths to sugar beet has
been carried out in China. Out of 124 field experiments. 84 ¥haiestrated significant im-
provements in both yield and quality of sugar beets as atresuhre earth application. Average
increases of 7 % for tuber yield and 5 % for tuber sugar contené reported in these trial& (1o
et al, 1988, (Jig 1986, (Jie and Zhengl989, (Chen 1986. Similar results were reported in
other studiesXiong et al, 2000. Increased yield and improved quality in terms of highegasu
content were also demonstrated in sugar cane (Saccharwmaftim L.) treated with 300 ppm
REE/l (Kuang and Ma1998g. Measuring the activity of certain enzymes, an increasacid
invertase and amylase as well a decrease in indoleaceticoamase were noticed. As these
changes correlated positively with the observed growtraeaoimg effects, it has been concluded
that rare earths increase yield and sugar content by inflogtivze enzyme activity in sugar cane.

Moreover,Kuang and Mg1998h were engaged in the effect of rare earth elements apicati
on the nutritional metabolism of phosphate in plants. Dyitimese studies, rare earths have been
shown to enhance the transformation of inorganic phosphtderganic phosphate compounds.
Furthermore, higher amounts of nucleic acid, phosphatmdeemergy rich phosphate could be
detected in plants, whereas the contents of phosphoheroseasged significantly. On this basis,
it was assumed that these changes favor both the growth af sage as well as the accumulation
of sucrose. In addition, experiments with rice using a lanthm supplemented mixture of rare
earth elements showed yield increases of 6.5/9arf 1995. It was observed that rare earths
increased the number of tillers and tassels as well as grightv Numerous field trials had been
performed previously with average increases being GUo(et al, 1988. It was also stated that
spraying a solution of 0.01 - 0.03 % rare earths on rice placteased the amount of white roots,
that is the dry weight of roots by 36.7 % and 8.5 %, respedgtivehile root volume (0.94 - 5.4 %)
and root activity (20 %) were also improved/éng and Huangl985. Inverse effects on new
root growth of rice were seen when contents of rare eartheeigtowth medium exceeded 5 mg/l,
whereas below that root growth enhancement was obseied &nd Xiag 1989. A more recent
study showed that the germination rate of natural aged @edswas significantly increased after
treating them with lanthanum nitratel¢ng et al, 20003.

Similar effects have been described in rapeseed. Hende jiyaeeases of 11.4 % were reported

after spraying a rare earth nitrate containing solution@f @g/l. After seed dressing, increases
of 7.6 % could be observedéi and Jing1989, (Cai and Zheng1990. Similar results were
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obtained byRen and Xiad1987. Accordingly, rapeseed yield increased by 3.7 to 48.4 %r aft
spraying a rare earths containing solution at 100 - 1080, whereas 50@g/I provided the best
results. Rare earth application has furthermore been abietease the amounts of divarication
in rapeseed by 32.4 %, the pod numbers by 26.7 %, the numbered§er pod by 13.9 % and
thousand grains weight by 6.2 %ipng et al, 2000.

Growth promotion after rare earth application was also nkeskin potatoes in pot experiments
(Jie, 1987. Both seed dressing and foliar application increasedlyoélpotatoes by 5.7 % and
4.8 % respectively. Results obtained from 43 field trialsngs2880 kg/ha showed an increase in
tuber yield of potato by 13.8 %. Spraying of 750 g rare ear#trsha increased starch yield by
1.5 % and the ascorbic acid concentration in the tubers by 38/kg. Thus, rare earths have
been shown to promote potato upgrowth, improve tuber faonand growth as well as starch
accumulationChen and Zhend.990.

In accordance with potatoesang (1989 described quality improvements in cotton. Espe-
cially fiber intensity and the rate of fiber protraction wapnoved {Yang and Jiang1989. In-
creased cotton lint fiber yields of 5 - 12 % have been shownherogéxperiments. Rare Earths
could increase the yield of cotton in 15 out of 19 field trigBuf et al, 1988. Further studies
demonstrated that these positive effects were proven tadrteel by both single and mixed rare
earth elements. However, better results were obtained WsinPr or a mixture of rare earths in-
stead of Ce. Among further positive effects, increased bssyand root hair growth were reported
(Zhu and Zhangl986. Moreover, enhanced nutrient absorption has also beesrdas

In corn, yield responses in the range of 8.5 to 18.5 % wereritbestafter rare earth applica-
tion (Xiong et al, 2000. Both growth and length of main roots were shown to increasmsrn
seedlings after rare earths were supplied, thus improvipgvdight and yield Zhang and Zhang
1989. Cui and Zhadq1994) applied a rare earth nitrate containing solution to coedse Under
these conditions an increase of 15.4 % in leave area index%2 free sugar content and 16.2 %
in total amino acids was observed.

Increased content of total amino acids by 12 % with an ineredsl1.9 % for lysine and of
21 % for histidine has also been described in wheat whileeaséime time yield increase@(o
et al, 1988. Out of 39 field trials, almost 90 percent showed positived/response for spring
wheat with an average increase of 7.5 %e(and Zhengl1988. Quite recently, improved crop
yields have been reported in winter wheat (Triticum aestiMu) treated with rare earth based
fertilizer (Zhang and Shar2007J). In this study, increased dry shoot weight was observest aft
a rare earth fertilizer was applied at a rate of up to 2 mg rarthe per kg soil. However, over
the range of 2 - 40 mg rare earths per kg soil almost constdmesavere obtained for dry shoot
weight. With higher rare earth application rates, a gradeduiction occurred, which was ascribed
to excessive concentrations of rare earths fertilizers\gkterm studies with rare earth fertilizers
applied at 600 g/ha/year over a continuous ten-year pegatbdstrated that rare earths enhanced
the output of wheat by 4 - 10 % per hectar®(ig et al, 1996. Another study reported increased
root volume (12.2 %) and root dry weight (20 %) of wheat plaafter the application of a rare
earth elements solutiodié and Y411985.

To compare the effects of individual rare earth elements e Pr and Nd) with mixed rare
earths, pot incubation experiments in wheat were performbd greatest yield enhancement was
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thereby obtained with Pr, followed by a mixture of rare esnrile lowest promotion was seen
with Ce ¢Zhu and Zhangl1986. Studies using seed dressing showed that after the tratmid

30 - 50 mg rare earths/l, the seed germination rate could heneed by 8 - 9 %, whereas further
enhancement was seen with 60 - 120 mg rare earth nitratedqgrakn seeds (8.7 - 16.5 %0)\(u

et al, 1984). Best results were obtained at a rate of 100 mg mixed rathsper kilogram seeds,
while higher amounts in the range of 160 - 200 mg/kg exerteibitory effects on the germination
of wheat seedsy(ang, 19893, (Yang 19890). A dose-dependent growth enhancing effect of rare
earths has also been demonstratedCbyng et al(1998. They showed that while, on the one
hand, concentrations of less than 1 g/kg soil were benefiplant growth, higher doses of 1 -
2 g/kg soll, on the other hand, impaired the harvest. Basédese facts but also on the knowledge
of the hormesis effect (Chapt8) occurring in rare earths, it has been strongly assumedhthat
optimum concentration of rare earths exists, which, if exiesl, results in controversial effects. In
addition,Chang et al(1998 postulated that rare earths may exhibit positive effeotthe nutrient
uptake in plants by influencing its velocity and physics.

In soybean, another crop species which responded to ratie aaplication, yield could be
enhanced by 8.9 and 8.1 %, respectiveKiofg et al, 2000, (Qiao and Zhangl1989. Even
though yield increases of 18.3 % are reported in low feytilélds, they have been limited to 6.4 %
in high fertility sites {(Ven 1988, hence indicating that crop response may be directlyedlat
to soil fertility. As previously reported in wheat, seed sig using rare earths also increased
germination of soybean seeds by 4.4 - 9.6 %0(g et al, 2000, (Chief Office of Helongjiang
Farm 1985. Even better results (74 - 94 %) have been obtained with segking using 0.01 % -
0.1 % of rare earth-containing solutio&{ and Wy 1982. It has further been reported that the
application of a rare earth-containing solution at 0.5 nagfielerated soybean rhizogenesis, thus
increasing root weight and length by 35 % and 10 % respegt(V&L et al, 1984). In accordance
with previously described findings in wheat, higher conimins have been inhibitive to root
growth in soybean. However, mixing 15 - 35 g of rare earth&i\ih kg soybean seeds thatis 1 -
2 g REE per kg seeds led to increased root weight of 10.9 - 34(Biéfg et al, 2000, (Chief
Office of Helongjiang Farm1985. At the same time, accelerated root nodule formation and
nitrogen fixation were observe@€lien 1991). During this study it could be further noticed that
the effects of rare earths present a strong dependency amdperowing stages. Besides yield
enhancement, the fat content was also increased in soylpean b6 after seed dressing with rare
earths, while after spraying at late flowering stage an as®eof both fat and protein content of
0.49 % and 0.26 %, respectively, was observed. Nowadayd,dressing and spraying of rare
earths during seedling or flowering stage is part and pandgghinese soybean productioki¢ng
et al, 2000.

However, growth enhancement has also been demonstratédrtfioer plant species treated
with appropriate concentrations of rare earth elemelits. et al. (1998, who investigated the
effects of rare earth elements on tissue culture of Chaelesnspiciosa, a genus of deciduous
spiny shrubs, also confirmed growth enhancing effects &f earths on this plant species. The
application of rare earths contributed to an increase oh4gips differentiation. Both the growth
of over- and underground parts of the plant could be incka3@ey further demonstrated that
a higher percentage of transplanted plants survived wheviqusly sprayed with rare earths.
Another study reported improved germination rates of smaland onion of 13 - 14 % and of
23 - 45 % for eggplants after the application of 50 - 500 mg# rearths Zheng et al. 1993.
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Tea production could also be enhanced evidently after sgyayare earth nitrates at a rate of
300 mg/kg and a dosage of 0.225 kg/ha/year on tea plevesi§ and Wangl996, (Wang et al,
20009. It was early noticed that the effects of rare earth elesient plant growth vary with
both the individual element and the doses appli€dng and Tond1988 demonstrated that at
low concentrations of 0.05 - 1 mg/l La, Pr, Nd and especiakyicreased the radical growth
of Chinese cabbage while high concentrations of rare eértt0) mg/l) prevented root growth.
Cerium chloride has also shown marked effects on the celalnoéism of Chinese pine seeds
with increased germination rates as well as seedling’shiteignd weights. Best results were
obtained at a concentration of 0.5 mmol/l. The growth enimaneffects were ascribed to the
higher enzyme activity of dehydrogenase and superoxidaeutasse as well as to an increased
content of photosynthetic pigmentsi{o and Denkyi1998).

In pot culture experiments, the effect of cerium on spinadwh was investigated blyashui
et al. (2002. Besides stimulating the growth of spinach, cerium colgiously also increase
the chlorophyll content and the photosynthetic rate. Itheen assumed that through this, cerium
may exert its growth promoting effects on plants. Accektgbhotosynthetic light reaction as
well as growth promotion was also observed in tobacco (Moattobacum) seedlings after the
treatment with 5 - 20 mg/I of lanthanum chloridél{en et al.2001). The optimum concentration
for growth enhancement was reported to be 20 mg/l of lantmeehloride in nutrient solutions. A
gradual increase of the content of chlorophyll was seeneuatitentrations up to 20 mg/l, whereas
a decrease occurred with concentrations exceeding 50 mg/I.

In tobacco as well as in peach trees (Prunus persica), igaésns on the short term effects
of rare earths on pollen showed increased pollen germmatial pollen tube growth at low con-
centrations of 2Qumol/l lanthanum or ceriumSun et al. 2003. For lanthanum, most effective
concentrations for promotion ranged from 10 tq#hol/l, whereas inhibition occurred at doses
> 40 umol/l. Inhibitory effects were also reported after rapeypdavere treated with lanthanum at
high levels & 300 mg/kg). Higher doses-(600 mg/kg) even presented toxic effec&(g et al,
200]). A decrease in chlorophyll content was noticed at cone¢intrs of more than 15 mg/kg,
and with increasing concentrations, a gradual increaserofqase appeared. However, although
not significant, growth and yield enhancement was obserftedtae application of low concen-
trations of lanthanum. The feasible application level aitteanum was suggested to be below
15 mg/kg.

From previous information, it can be concluded that rar¢he@lements are not exerting ben-
eficial effects on plant growth under any circumstances.irTéfeects may be divided into three
groups: beneficial, inhibitory and toxic. In addition, ithldeen shown that the maximum thresh-
old of rare earth concentration varies with the crop specd&snerally, except for rape, growth
promotion was expected by the application of less than 1 gikgearth oxides to the soil, while
the use of more than 1 - 2 g/kg rare earth oxides caused inhyletfects Chang et a].1999.

Zhang and Taylo(1988 attributed the response to rare earth application to a guatibn of
factors. Those factors include soil properties such as pgaroc matter and mineral content,
methods, rates and timing of rare earth applications, covglitions, such as variety and stage
growth, as well as weather conditions. Based on field regsaokcrops to rare earths, critical
concentrations of soluble (acetate extracted) rare edagthents in soils were obtaine@rown
et al, 1990, (Asher, 1995. According to those, Chinese soils have been classified fine
categories£hu and Liy 1992: very low < 5 mg/kg, low 5 - 10 mg/kg, medium 10 - 15 mg/kg,
high 15 - 20 mg/kg and very high 20 mg/kg. Crop responses were reported to be most probable
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in soils containing less than 10 mg/kg available rare eawhde plants in soils containing more
than 20 mg/kg soluble rare earths were considered unlikelggpond Kuang et al, 1991).

11.1.2 Rare Earth Elements Used as Fertilizer

In accordance with results obtained from several field erpants, different types of rare earth-
containing fertilizers were developed soon after reseatalted. Over the last 30 years, these
fertilizers have been used extensively while the commbydigeated area constantly increased
from 1330 ha in 1980 over 3300 ha (1981), 20 667 ha (1982) aB@QQ ha (1983) to 367 000 ha
(1984) Gug, 1985. In 1986, approximately 0.5 million ha of land in China weesated with rare
earth fertilizer Guo, 1987, while in 1989, the area increased almost threefold to lilomha
(Asher et al. 1990 and almost another threefold to 3.73 million ha in 19B8fmmer 1994). In
1995, the application rates of rare earth products for afjual use reached a maximum of 1000
metric tons per year covering estimated 16 - 20 millionb&{|off et al,, 1996. The increases of
the cropland area treated with rare earth-containingifegtiin China over the time are shown in
Tablel11.3

Year Area treated with Rare Earths (ha) Reference

1980 1330 Guo(1989H

1981 3300 Guo(1989H

1982 20667 Guo(1985H

1983 113000 Guo(1985H

1984 367000 Guo(1985H

1986 0.5 million Guo(198%

1989 1.4 million Asher et al(1990
1993 3.73 million Bremmer(1994
1995 16 - 29 million Diatloff et al. (1996

Table 11.3:Increase (ha) of cropland area treated with rare earthagang fertilizer
in China from 1980 to 1998.

In China, the primary sources of rare earths for agricultusa are soluble extracts from min-
eral ores including bastnaesite, monazite and ionic ratl eee (Xiong, 1999. They usually are
extracted by using nitric acid. More details on this are giveChapte3. Nongle(translated into
English meaning happy farmer), which consists of a compfesotuble chloride forms of rare
earth compound, was the first fertilizer produced for testire efficacy of rare earths in field ex-
periments Gug, 1985. In 1986, another rare earth product, nanBtangle(meaning happiness
forever), was registered as commercial fertilizer. Besentaining about 38 % rare earth oxides,
it also included a number of elements essential to plant tir¢lauc, 1986, (Brown et al, 1990).
Rare earth-products used today basically comprise ratk p#rates, rare earth chlorides, com-
pound rare earth fertilizers with multiple trace elemewstsnpound fertilizers of rare earth and
ammonium bicarbonate{ong, 1995 and rare earth compounds mixed with amino-acids (MAR)
(Pang et al.2002. However, rare earth nitrates found@nanglestill constitute the main prepa-
ration used in plant production. These fertilizers are reggbto contain 25 - 28 % lanthanum
oxide (L&0s3), 49 - 51 % cerium dioxide (Cef), 5 - 6 % praesodymium oxide (§D11), 15 -
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17 % neodymium oxide (N@D3) and less than 1 % other rare eartisofig, 1999. This compo-
sition reflects that of by-products of industrially proddaare earths, which constitute the basis
for the manufacture of rare earth fertilizers. In additianpther preparation containing 80 - 90 %
lanthanum oxide has come into use.

Crop species  Application method Amount of rare earths  Tgmin

Wheat spraying 600 mg/I end of March to mid April
Maize blending seeds 3 g/kg -
immersing seeds 8 g/kg -
Potato blending seeds 6 g/kg -
Rape blending seeds 5 g/kg -
Ramie spraying 100 - 300 mg/l seedling period
Flax blending seeds 600 g/ha -
spraying appear bud period
Reed spraying 600 - 900 mg/I seedling or flowering period
Chinese spraying 700 mg/l flower and young fruit period
gooseberry
Haw spraying 400 mg/I flower period
Banana spraying 300 - 500 mg/I seedling and young fruit perio
Astragali spraying 300 mg/I seedling period
Alfalfa blending seeds 100 - 300 mg/kg -
Mushroom spraying 50 mg/I -

Table 11.4: Application methods and concentration of rare earths auegtto various
crops Guo, 1993.

About 100 factories manufacture rare earth fertilizerafpicultural application in China while
different methods of application exist. Rare earth ammuridicarbonates, for example, are used
as root fertilizers and are therefore applied directly te soil. Besides soil application, other
common methods such as foliar spraying, seed dressing drasgkroot soaking are practised
(Brown et al, 1990, (Diatloff et al., 19953, (Li et al., 2001, (Tyler, 2004). It is generally
recommended to apply rare earths at the primary growth safigeugh the proper timing of
application depends on the crop and the growth stage, fangbea wheat in the jointing stage,
rice in the jointing and blooming stage, cotton in the bloogstage and rape in the full blooming
stage Chang 2006§. Recommended rates f@hangleare reported to be 600 - 675 g/ha, which
represents a rate of rare earth application of 150 - 170 g/blag) et al, 1990. Up to now different
amounts of rare earths and different methods of treatmerst Ibeen established according to the
crop species. Some of them are listed in Tabled For all species, application needs to be
performed every year, otherwise it will be inefficie®ang et al.2002.

11.1.3 Summary

In China, the application of rare earth-containing micedtfizers to agricultural plants has al-
ready been practiced for over 30 years and the commercialiyed area is constantly increasing.
Based on accomplished research and experiences gathefa&dfsmm commercial application,
Chinese research has reported both physiological and rgefztbnses of various plants and trees
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treated with low concentrated rare earth-solutions. Repgoyield responses include increased
dry and fresh matter in crop plants such as wheat, corn aadinicreased sugar content in sugar
cane, increased starch content in potatoes, increasedini@ content in grapes and apples and
increased fat and protein content in soybean. The physaabgesponses comprise darker green
foliage due to higher chlorophyll concentrations, enhdre¢e of development, higher root pro-
duction and stronger tillering. Furthermore, increasezlyere activity and amino acid contents
and effects on nutrient uptake were described. Howevergaths are not exerting positive effects
on plants under any circumstances. A strong dose-depenti@sdeen noticed with high doses
presenting adverse, even up to toxic, effects. Recommeshasss vary with the plant species, yet
for soil-dressing concentrations of less than 1 g rare eadithes per kg soil have been advised.
Besides the concentration, effects of rare earths aremflsenced by soil properties, such as soil
fertility, whereas high fertility soils showed less respmeness. Application techniques include
soil-, foliar- and seed- dressing with commercially avaléarare earth micro-fertilizers, however,
they may differ among plant species. Yet, annual applicagdighly recommended and though
timing is also crop dependent, the primary growth stage megaly favored. The fertilizers used
contain a mixture of rare earths with lanthanum, ceriumgdygegdum and praseodymium account-
ing for their main components. Application of the mixturepi®bably because of easier, and
therefore cheaper production rather than due to bettestefmess as some studies reported pos-
itive results no matter if a single rare earth element, sclarthanum or praseodymium, or the
mixture of rare earths was applied. However, controverssiilts were reported for cerium. On
the one hand, some studies observed lowest promoting £ffecerium plants, in other studies,
on the other hand, cerium exerted marked growth enhanciagtef

11.2 Western Countries

11.2.1 Studies on the Effects of Rare Earths on Plants under Western
Conditions

Before extensive research started in China, in 1972, a fediest on the effect of rare earths
on plants were published in Western countries. Among thsestudy conducted bghien and
Ostenhou(1917) is considered to be the pioneer work on this field as it firdégcribed phys-
iological effects of cerium on water-floss (Spirogyra). mr@935 to 1973, a couple of Russian
articles were published on this topic reporting both nil atichulating effects of rare earths on
wheat growth $avostin 1934, (Savostin and Gobele1935, (Savostin and Terngi937). Fur-
ther studies used soil culture experiments to investigadeetfects of lanthanum carbonate at a
concentration of 20 - 60 mg/kg and cerium oxalate at a conagom of 60 - 120 mg/kg on the
growth of two wheat cultivars. Results obtained were onlyifaee in one of the varieties, while af-
ter cerium oxalate treatment negative effects on the yieldewobserved for both speciesaf/ostin
and Ternerl937), (Kogan and Skripkal973. Yet positive effects on plant growth in peas, rubber
plant and other crops due to the treatment with rare eanthteg were reported in other studies
(Drobkov, 1937, (Drobkov, 1941H, (Drobkov, 19413. Similarly, Romanian scientists docu-
mented increased yield in wheat, soybean and sugar beetgonse to the application of cerium
chloride Horovitz, 1974. At the same time, yield enhancing effects of 24 - 17 % in singet
treated with 50 mg/l and 100 mg/I cerium chloride were désaiin Bulgaria Evanova 1964,
(Evanova1970. Additionally, Sharoubeem and Milad. 969 reported growth enhancing effects
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on mungbean (Phaseolus vulgaris) shoots and roots aftextarenof rare earths (Th, Ce, La, Pr,
Nd) was applied as nutrient solution at 2.5 - 10 ppm, whild besults were obtained at 5 ppm.

Today, it is not reproducible whether or not previous repfmam Western countries drew the
attention of China to the possible agricultural use of ramghs or whether, as considered more
likely, research on the agricultural application of raretles developed independently in China.
Nevertheless, China has been the first country which startegstematical research, and thus
commercialized the use of rare earth elements in agriauliys described in detail in Sectidd.1,
results of Chinese research largely suggest that the supplation of low dose rare earths to
agricultural crops has beneficial effects on plant growth.

However, on the basis of poor documentation of these resuitgernational scientific litera-
ture, knowledge on potential growth promoting effects oérearths in plants has for a long time
been deprived. Thus, before 1990, only a few additionalstigations on rare earth application
to plants were performed outside China. Among these botibitohny (Pickard 1970, (Bala-
mani et al, 1986, (van Steveninck et gl1990 and beneficial\{elasco et al.1979, (Hanzely
and Harmet1982), (Harmet 1979 effects of rare earths on plants were reported. According
to Pickard(1970 Pr and Nd inhibited the auxin-stimulated elongation of c@toptile sections
while Balamani et al(1986 found out that even low concentrations of lanthanum cti(iL0 -

20 umol/l) restricted tuber development in potatoes. Almoshptete inhibition of cell division
and root elongation was observed in the root tips of barleytsl after colloidal lanthanum was
applied {an Steveninck et gl1990. To the contrary, rare earths were shown to promote root
and shoot growth of tropical plants, such as Phaseolustusdgnd Brassica pekinensis and the
development of larger green leaves and fleshier roots in @aamioba, a root cropyelasco et al.
1979. Despite an initial depression, growth response was diserved in Avena coleoptile seg-
ments treated with millimolar concentrations of lantharzhioride Hanzely and Harmefil982),
(Harmet 1979. Another report on plant growth stimulants comprising ahé&ins was published
inthe UK in 1983 Andrew, 1983, and a patent on the application of rare earth elementsteept
soft-rotten disease of cabbage and plant blight was grantédpan, in 1980Kawasakj 1980).
Along with that, rare earths were also reported to enharenet girowths. However, even to this
day there is still a limited number of studies on growth efeaf rare earths on plants performed
in Western countries and results presented so far are e@ngial. As a consequence, it is not
possible to make a clear statement on whether or not rareseaxert positive effects on plant
growth.

After 1990, first investigations to verify Chinese resultelar Western conditions were per-
formed down under as Australian scientists had abandoresdstives to an impulse given by
a mission from the Australian Academy of Technological 8ces and Engineering to China in
1982. From this mission it was reported that small quastiiE mixed rare earth elements in
the nitrate form were used in China as trace elements to Etiegrowth of a variety of crops.
Information on the experimental design, Chinese test phaes and techniques as well as on
the material used had been obtained from further visits tma&hYet prior to the conduction of
studies, commercial Chinese rare earth fertilizers weedyaand using ICP - MS in order to ob-
tain detailed information on the elemental compositionadnordance with Chinese reports, they
were found to be composed of a mixture of nitrate salts (45ttatei by weight), with lanthanum
(8.7 %) and cerium (12.4 %) being the most abundant raresearéasured. Other rare earth el-
ements, namely neodymium (5.7 %), praseodymium (1.7 %) addlgium (0.49 %) were also
presented in appreciable amounts. Additionally, 0.74 %ieal and 0.80 % chloride were mea-
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sured, whereas concentrations of the remaining rare dartteats and other elements were below
0.01 % Qiatloff, 1999. A similar elemental composition was describedAsher et al (1990,
who determined 48.7 % nitrate, 9.3 % lanthanum and 15.4 %imerd % chloride and 2.2 %
calcium in a Chinese rare earth fertilizer. Both resultsiaraccordance with those obtained by
Krafka (1999 (Table11.5 after analyzing a sample @hangleusing NAA.

Element

Concentration in mass fraction (%) Method of analys

Rare Earth Elements

La 9.8 INAA

Ce 18.62 INAA

Eu 0.00016 INAA

Nd 6.5 INAA

Sm 0.028 INAA

Tb 0.00002 (single value) INAA

Pr 1.9 ICP - AES
Yb 0.0003 (single value) INAA

Other Elements

Zn 0.006 (single value) INAA

Ba 0.24 INAA

Ca 0.68 ICP - AES
Cr 0.25 INAA

Mn 0.015 INAA

Na 0.13 INAA

Cl~ 3.4 HPLC
NOy 449 HPLC

Table 11.5:Elemental composition d€hangle(Krafka, 1999.

Thus, these results demonstrated that Chinese rare edilizdes were mainly composed of

Ce, La and Nd with the predominating anion beingN@hile other rare earth elements were only
presented in much smaller amounts. Based on that informétie question was raised whether
the mixture of rare earth elements or the single elemernt issesponsible for the effects reported
in Chinese literature. However, the predominating use i& earth mixtures in fertilizers usual
in the trade in China is probably rather ascribed to the faat tommercialization of mixtures is
cheaper and easier compared to purified individual elentbatsto better effectiveness. There-
fore, in order to compare their potential both single andedirare earth elements were applied in
Western studies. But in later studies individual elemergsavwnore often used as it was suggested
to be unlikely that each element has the same activity.

Preliminary experiments carried out in Australia failedréproduce Chinese results under
Australian conditions. No significant effects of rare earépplied asNonglewere observed in
sorghum and soybean. Additionally, in a field trial perfodneeither spraying nor seed dressing
of rare earths on Brassica seeds showed any response. tastppbt trials revealed highly sig-
nificant (p< 0.01) increases in the yields of sugar cane tops and root dights after the setts
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were dipped in eithelongleor a mixture of laboratory grade cerous and lanthanum ei(fiatbe

et al, 1990, (Maheswaran et gl2001). Similarly, beneficial effects on barley growth due to the
application of low concentrations of lanthanum (0.5 - 1 migYlbarley grown on perlite were also
reported from glasshouse triaBuckingham et a.1995. Leaf widths and stem widths increased
by 14 to 16 % and 8 to 26 %, respectively, while improvementbymatter of plants treated with
lanthanum were in the range of 48 to 90 %. In accordance withe&Ske reportsgrown et al,
1990, visual differences including darker green foliage, styer tiller and delayed senescence
between plants treated with lanthanum and the control gooud be observed{eehan et a.
2007). In line with further experiments, other plant speciesvgrmn perlite were investigated.
Among those tested, ryegrass and barley showed the mosdicaghresponses. Increases in dry
matter of perennial ryegrass were reported to be in the rahg2 % to 78 % and 35 % to 38 %
for canola (rapeseed). Information on dry matter yield fachespecies is given in Tabld..6

Lanthanum Barley Canola Ryegrass
(mg/l) dry weight (g) dry weight (g) dry weight ()
0 1.805 1.718 0.413

0.5 3.434 1.728 0.858

1 3.074 1.934 0.632

2 2.638 1.866 0.566

5 2.675 2.380 0.670

10 1.802 2.331 0.459

Table 11.6: Dry matter yield of treated and control plants for barleyyaa and rye-
grass in pot trials using perlite; dry weights marked withasterisk ¢) are signifi-
cantly different from control (p< 0.05) (Meehan et a).1999.

Compared to the control group, the heights of perennialraggwas up to 60 % greater in
lanthanum-treated plants as shown in Taller. Visual differences in terms of advanced flower-
ing and delayed wilting were also recorded in canola.

Lanthanum Ryegrass Barley Barley

(mgll) height (mm) blade width (mm) stem width (mm)
0 151.9 10.42 2.57

0.5 273.1 11.9% 3.23

1 226.6 12.1% 3.04

2 232.8 11.32 2.79*

5 230.2 12.02 2.97

10 175.3 10.87 2.84

Table 11.7: Comparison of several physical parameters of control agmted plants
in pot trials using perlite; values marked with an asterigkafe significantly different
from control (p< 0.05) (Meehan et a).1995.

It was further found out that the optimum level of lanthanwmglant growths differed between
the plant species. While application of very low concemrat of lanthanum (0.5 - 1 mg/l) was
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most effective in perennial ryegrass and barley, optimwel$eof lanthanum needed in canola
were higher. Yet at this concentration, leaf areas weresaszd by 20 - 50 % in canola. Even
though visual differences as well as enhanced dry matt&ts/eere seen in all species grown on
perlite, using selected Australian soils the responsisgenéthe same plant species was lower than
in perlite Meehan et a).1995. However, in contrast theehan et al(1995, who did not observe
any significant effects of lanthanum on plant growth unddd fi®nditions but only in pot trials,
field trials conducted byreddy et al(2001) from 1997 to 1998 showed that barley responded to
lanthanum under water limiting conditions. Within the seay these glasshouse experiments,
increases in tiller production of 33 % associated with gyaéhd increases of 18 - 19 % were seen
after lanthanum treatment (125 g/ha to soil plus 125 g/haliage) under drought conditions
over the whole period of two years. Yet no significant effeatse observed for both fresh and dry
weight of stem. Similar results were reported for wheat ghér rates of lanthanum application
(500 g/ha) with grain yield increases of 11 %. Increasedngnaimbers per area and improve-
ments of the harvest index were also found for both barleyvamelat. Additionally, lanthanum
promoted the stomatal resistance and the water use effyorgmch was 21 % higher when plants
were treated with 10 kg/ha (soil plus foliar applicatiomaheswaran et gl2001). Furthermore,
plants treated with lanthanum generally showed lower leatewpotentials and higher osmotic
adjustment, whereas no significant differences were obddnor relative water contents. As it is
known that reduced leaf water potential together with higlative water contents can increase
crop yield, this might be a reasonable explanation for &ffebserved in line with these trials.

However, beneficial effects have also been reporte@ilgkingham et al(1996. Thus, ap-
plying lanthanum at a rate of 1 kg/ha increased the biomassugtion of a perennial ryegrass
pasture grown on an Australian soil by 24 %. Quite the conttzeneficial effects of lanthanum
on plant growth were neither observed for mungbean (Phaseallgaris) nor for maize (Zea
mays) in nutrient solution experiments performedvby Tucher et al(2007). It was even shown
that low concentrations (2Qmol/l) of lanthanum clearly reduced shoot growth of mungbley
60 % while the yield of maize remained unchanged. Additilyduie to lanthanum treatment the
mineral composition of both plants was changeah(Tucher and Schmidhal{&2005. However,
changes were more pronounced in mungbean with all measunedats, including N, P, Ca, Mg,
S, Mn, being significantly affected. In mungbean leavesyalses in potassium contents were
reported to be up to 60 % making the occurrence of deficienapsyms conceivable. It has been
further assumed that reduced potassium and calcium cer(@rtassium 16.1 mg/g and calcium
4.9 mg/g) found in the shoots are responsible for the deer@ashoot growth since low levels of
potassium and calcium are reported to be critical for plaoivth (Fageria and Baligad997). In
maize, significant changes were only observed for Ca, Mgaoidvin contents, which in contrast
to mungbean had no impact on biomass production.

Additionally, differences in the effects of lanthanum oe thineral composition were noticed
between root and shoot. While decreased contents of potasgtre found in the root, the calcium
content was left unchanged. Yet decreased contents faunalgere measured in the shoob(
Tucher et al.2007), (von Tucher and Schmidhalte2009. It was therefore suggested that lan-
thanum might impair the transport of calcium from the roati® shoot while in case of potassium
the uptake might be hampered. Accordin@faroubeem and Milad 968 also found decreased
calcium contents in shoots of mungbean previously treaiddnare earth containing nutrient so-
lutions. Yet, contents of Na, K and N in plant shoots were tbtobe increased by 5 ppm due to
rare earth application. Hence, effects of rare earths omtheral composition of plants are con-
troversial. In accordance witbbn Tucher et al(2001), Liu and Hasenstei(R005 also observed
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decreased potassium levels in corn root protoplasts dfgetréatment with lanthanum. Yet this
phenomenon only lasted for 30 minutes while no long-termatdfwere seen. In contrateehan
et al.(1995 described increased potassium uptake in some plantsdresth lanthanum.

Another experiment demonstrated a two-fold increase imtass of spikes produced in wheat
(Triticum aestivum L.) after the addition of 390y lanthanum to a nutrient solution, which was
used to moisten the rooting medium of whelslte€han et a).1993, whereas the contrary was
reported byDelhaize et al(1993. They demonstrated that the presence of even little amsount
of lanthanum of 2umol/l in the root environment were toxic to wheat. At a cortcation of 5 -

8 umol/l lanthanum root elongation of wheat plants decreagesl%. This range encompasses
the values determined yatloff et al. (19950, who found that 4.8 - 7. umol/l lanthanum could
reduce root elongation in corn. Thus corn and wheat seemve $iailar sensitivities to lan-
thanum. However, mungbean was more sensitive as the sanitsresuld be already obtained
at a concentration of 3.zmol/l. Similar results were found in additional studiesngscerium
instead of lanthanum. However, while lanthanum was morie toxcorn than cerium, the reverse
was seen in mungbean.

From previous studies it was concluded that the impact & eanrths on plant development
highly depends on the growth medium. On the one hand, inededsy matter production was
reported for some plant species cultivated in perlite umgteenhouse conditiond/@heswaran
et al, 2001) while, on the other hand, in soil, plant yield was unaffect&n exception was loamy
sand in which yield increases occurred under drought camdit Yet in field experiments virtually
no effect of lanthanum on the biomass production could bemiesl. On this basis, controversial
results reported on the effects of rare earths on plant gravety be ascribed to differences in the
experimental design such as growth conditions or growthiaea addition, the importance of
the selected nutrient solution in experimental studiesatesbeen emphasized Bhang(2006),
who furthermore considered it to be necessary that the pHirenbelow 5.5. This may be further
supported by the fact that concentrated nutrient solutodtes contain quite high concentrations
of phosphate which may even be tox[@igtloff et al, 1995h. It is assumed that precipitation
between lanthanum and phosphate may reduce these toxitsaffecven lower them to nontoxic
levels. Additionally, substantial amounts of lanthanides thereby removed as well. Thus the
overcoming of phosphate toxicity as well as the reductiofanthanide concentrations provides
a possible explanation for positive effects of lanthanum e&rium on plant growth when high
phosphate nutrient solutions are used. Failure in recouniare earth phosphate precipitation
has earlier already confused the interpretation of sel@wahemical studiesHvans 1990).

If diluted low phosphate nutrient solutions are used, witchrespond to the composition of
soil solutions, no significant beneficial effects of eitr@rthanum or cerium on corn or mungbean
root elongation were found. Moreover, both lanthanum amdicewere shown to be highly toxic
even at low concentrations (3@mol/l - 7.1 umol/l) (Diatloff et al., 19950. Based upon this
information, it was assumed that agronomic benefits frora earth application are the results
of rather indirect than direct biochemical effects on plgrawth controlling processe®(atloff
et al, 19959. Furthermore, it was suggested that if rare earths havepasyive effect on plant
growth, they are likely to be manifested only at very low cemications, probably belowamol/l.
Indeed, applying lanthanum at a concentration of less thamal/l could enhance root elonga-
tion of wheat grown in strongly acidic nutrient solution&r{raide et al, 1992. This coincided
with further studies performed Wyiatloff et al. (19959, who demonstrated that 0.@8nol/l lan-
thanum could significantly increase the dry weight of corotsdoy 36 %. Similarly, increasing
the lanthanum solution from 0 to 0.18mol/l also enhanced the dry weight of mungbean roots
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significantly (21 %). However, despite the increased rootmn of both corn and mungbean,
shoot growth or total dry matter production of either spgcemained unaffected. While a two
fold increase of corn root growth was also seen at a condenmtraf 0.63 umol/l cerium, in
mungbean, 0.19mol/l cerium solution already caused a significant reductiothe dry weight
of root (26 %), shoot (48 %) and total plant (40 %)idtloff et al, 19959. Moreover, the ap-
plication of a 0.63umol/l cerium solution to mungbeans produced small blackatexlesions
which correspond to symptoms found with manganese (Mn)idaftg. Indeed along with these
symptoms quite lower concentrations of manganese (5 mg/kgd determined compared to in
the control plants (44 mg/kg). This may indicate that at Bigtoncentrations cerium depresses
the manganese content. As lower root elongation in corn wasrged at pH 4.5 compared to
pH 5.5 Qiatloff et al, 19950, it was suggested that beneficial effects in whéani@ide et al,
1992 and corn Diatloff et al, 19959 may be ascribed to the alleviation of Hoxicity. However,
this may not explain increased root growth observed in maaghkreated with low lanthanum
concentrations.

In another glasshouse trial performed on corn negativetsften the growth were presented af-
ter foliar application of rare earth®{atloff, 1999. During this experiment, the Chinese fertilizer
Nonglewas sprayed on corn and mungbean. As the spraying instngabio the bag of rare earth
element fertilizer were cryptic (Tablel.8), different concentrations on the test plants ([w/v]%):
0, 0.025, 0.05, 0.1, 0.5 and 1 % were used.

Nongle (happy farmer)

Product specifications

Nongle is a product which has been tested in agriculturaktfor many years.
The product is harmless, easy to use and easy to distribetdyew the soil,
with good retention in soil and significant improvement iamgl growth.

Application
Nongle can be used for wheat, rice, peanut and soybean plaritsrees,
vegetables and garden flowers

How to use

Mix with seeds: dissolve 5 g Nongle in 100 ml of water.

One kilogramm of seed should be mixed with 40 ml of 5 % Nonglatsmn.

Sow after drying.

Spray: spray with 0.06 - 0.10 % Nongle solution and 450 - 75@®@gdie per ha.
Solution (2.0 - 2.5 %) used for spray by aeroplane and 0.4 ¥0s®lution by tractor

When to use
Spray at any period of plant development. Generally, spreg @r twice
and 12 day interval between two sprays.

Table 11.8: Product specifications and application instructions orbtgeof rare earth
element fertilizer Nonglg obtained from Chinaiatloff, 1999.

However, foliar application did not increase plant growtigreover, it was toxic at rates of
0.5 and 0.1 [w/v]% in aqueous solution. Although shoots sh@prayed with<0.1 % rare earth
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fertilizer appeared completely healthy throughout theeeixpent, plants treated with 0.5 - 1 %
showed symptoms of leaf burn within one to three days of imeat whereas aggravation took
place over the next five to nine days. Plants sprayed witlhéamtm and cerium nitrate solutions
developed symptoms similar to those observed on plantgegnaith rare earth fertilizer.

The effects of lanthanum on plant growth of mungbean (Phasealgaris L. var. nanus) were
also studied bysyha(2009 in Germany. During this investigation, different congatibns of
lanthanum (0.5, 1, 2 and 10 mg/kg) were applied to the soibof Experimental groups. Another
experimental group received one single foliar applicatiblanthanum chloride. In order to assure
optimum growth, a balanced nutrient solution containindgKNiVig, P, Ca, Fe, B, Mn, Zn, Cu and
Mo was also applied regularly. Neither soil nor foliar apption resulted in beneficial effects on
fresh or dry weight of mungbean shoots. Just as little negeaffects were observed on any of the
plants, although at high concentration (10 mg/kg), thers awéendency in pod weight decrease
indicating that detoxification takes place in soil. In actaoce with some of the previous reports,
increases in root fresh weight due to soil application of tege of lanthanum (0.5 mg/kg) were
noticed whereas at high concentrations of lanthanum caosedeffects on root development.

Similar results were obtained hyiu and Hasensteirf2005. While promoting effects of
lanthanum on root growth of maize plants (Zea mays L.) wendoals at low concentrations
(< 1 pmol/l), high concentrations (10 mmol/l) resulted in roobwth inhibition. Thus, elon-
gation occurred proportional to the external lanthanuncteatration. Growth promoting effects
following lanthanum application at imol/l were significant after 220 min. Over a time period
of four hours, with 1umol/l, the rates of root elongation increased by 10 %, whderdases of
28 %, 42 %, 55 % were seen at 1énol/l, 1 mmol/l and 10 mmol/l of lanthanum respectively.
After 24 hours, roots exposed to 1 mmol/l lanthanum were lenand peeled off, an effect that
was most pronounced in the elongation zone. These effetamtbfanum have been shown to be
similar to those of aluminium on maize root growiigncaflor et al.1998. In line with these ex-
periments, it was further noticed that adsorption of lantlhma was concentration-dependent with
lower lanthanum concentrations resulting in faster adsmip In roots of coconut palms, rare
earth elements could promote root growth at low applicataes, but at higher levels, absorption
of phosphorus (P) and zinc (Zn) by the palm was reduced segnitfiy (/Vahid et al, 2000.

11.2.2 Summary

From the thirties up to the seventies of the last centurywagdapers on the effects of rare
earth elements on plants were published reporting bothilpmsitive, but also negative effects.
Although positive effects were dominating only few furthieports were released till the end of
the eighties. It was not before the nineties that Westermtr@s resumed work on the effects
of rare earths on plants after Chinese literature on theintpyrowth enhancing effects became
partly available. In accordance with earlier findings, cownérsial results including nil, positive
and even negative effects were obtained by the followingstigations. Within the scope of
Western studies, commercially available Chinese rard @aidro-fertilizers were analyzed. They
were shown to be mainly composed of cerium, lanthanum, maady and praseodymium, all
of them in their nitrate forms. Thus in later studies effawtsingle rare earth elements, such as
cerium and lanthanum, were investigated. In pot trialsifizant yield increases were observed
after a mix of lanthanum and cerium nitrate or of rare earths applied to sugar cane. These
results could be confirmed in further pot experiments. lrgrgss, increases in dry matter of
22 % to 78 % and heights of up to 60 % were observed after thaspleere treated with low

104



11.2 Western Countries

dose lanthanum (0.5 - 1 mg/l). Similar increases were alported for rapeseed. Differences
for the optimum levels of lanthanum were shown to vary witthia plant species. The growth
enhancing effects demonstrated in pot experiments usititges growth medium could however
not be reproduced using Australian soil. This indicates thase effects may depend on the
growth medium. Moreover, effects of rare earths on plargscansidered to be influenced by the
type of nutrient solution used. Thus growth enhancing &ffeeen in pot experiments might be
ascribed to the alleviation of phosphate toxicity, sincecamtrated nutrient solution used in pot
trials usually contain high levels of phosphate. In furteerdies it was shown that under water
limiting conditions, rare earths were able to increase tele pf barley grown on Australian soil by
18 - 19 %. However, even at low concentrations oft2fiol/l of lanthanum, reduced root growth
was demonstrated in mungbean and maize plants in nutritilbien experiments. During this
experiment, lanthanum furthermore caused changes in theraticomposition which were more
pronounced in mungbean with potassium and calcium contexigy reduced. Similar results
were obtained in another study while in contrast to that,tralisn scientists described increase
potassium uptake due to lanthanum treatment. Other sttepested significant increases in dry
weights of plant roots due to the application of lanthanurntoat concentrations< 1 pumol/l)

in wheat, corn and mungbean. For corn, the same was foundcafiem treatment, whereas in
mungbean cerium applied at the same concentration rated¢ausignificant reduction in the dry
weight of root and shoot. In addition, toxic effects occdrmehen the concentration was further
increased. Further negative effects could be demonstaditexdcorn and mungbean were sprayed
with a rare earth containing-fertilizer and similar reswdppeared after replacing the fertilizer by
a lanthanum-cerium mixture. Regarding plant root growdime studies on the one hand reported
even toxic effects in wheat, corn and mungbean after beipgsed to low dose lanthanum or
cerium. But other studies on the other hand, described naatth enhancement in mungbean
and maize after lanthanum was applied at very low conceéntratand in coconut palm due to
the application of a mixture. Yet despite increased rooh@hbion, no effects on dry weight of
mungbean could be seen. In contrast to Chinese studiedtsredtained so far from Western
studies are quite controversial and a definite statemem ashéther rare earths may enhance
plant growth or not cannot be made.
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Reference Plant species REBpecies REPB application rate  Effect
Tribe et al.(1990 sorghum, soybean  REE - no significant effects
Tribe et al.(1990 brassica (field trial) REE spraying, seed dressing no &ffec
Meehan et al(1995 sugar cane REE - highly significant dry weight increases
(pot trial) REE - highly significant dry weight increases
Meehan et al(2001) barley La 0.5-1mgll 48 - 90 % increases in dry matter
(pot trial) leaf widths increases of 14 to 16 %
stem widths increases of 8 to 26 %
darker green foliage, stronger tiller
Meehan et al(1995 perennial ryegrass  La 0.5-1mgll 22 % to 78 % increases imdtyer
(pot trial) heights up to 60 % greater
Meehan et al(1995 rapeseed La 0.5-1mgll 35 % to 38 % increases in dry matter
(pot trial) advanced flowering and delayed wilting
leaf areas increased by 20 - 50 %
Reddy et al(200]) barley (field trial) La - yield increases of 18 - 19 %
water stress increased grain numbers per area
increases in tiller production of 33 %
von Tucher et al(200.) mungbean La 2@mol/l reduced shoot growth by 60 %
maize La 20umol/l no effect on yield
Meehan et al(1993 wheat La 39Qug twofold increase in the mass of spikes
Delhaize et al(1993 wheat La 5-8umol/l 50 % decrease in root elongation
Diatloff et al. (1995h corn La 4.8 - 7.3umol/l decreased root elongation
Kinraide et al.(1992 wheat La < 1 pmol/l increased root elongation
Diatloff et al. (19959 corn La 0.63umol/l increase of 36 % in the dry weight of roots
corn Ce 0.63umol/l increase in root growth
mungbean La < 0.19umolll increase of 21 % in the dry weight of roots
mungbean Ce 0.1Amol/l decreased dry weight of root (26 %)
shoot (48 %), total plant (40 %)
Diatloff (1999 mungbean, maize REE 0.025t0 1 % spraying  nil to toxic effégymptoms of leave burn)

La, Ce nitrate

0.025 to 1 % spraying

nil to toxic effects

continued on next page
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Reference Plant species REBEpecies REEB application rate Effect

Syha(2009 mungbean La 0.5 - 10 mg/kg soll no effects on fresh or dry hieig
La low concentrations increased root growth
(0.5 mg/kg)

Liu and Hasenstei(005 maize La < 1 pumol/l increased root growth by 10 %

maize La 10Qumol/l decreased root growth by 28 %

maize La 1 mmol/l decreased root growth by 42 %

maize La 10 mmol/l decreased root growth by 55 %
Buckingham et al(199§  ryegrass La 1 kg/ha increased biomass production by 24 %
Wahid et al.(2000 coconut La low concentrations increased root growth

L0T

Table 11.9: Western studies on the effects of rare earth elements ohgrawth? rare earth elements.
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11 APPLICATIONS OFRARE EARTH ELEMENTS TOAGRICULTURAL PLANTS

11.3 Rare Earths Uptake by Plants and Bioavailability to
Plants

Different ways and methods exist as to how rare earths maypked to plants. However,
among these soil and foliar application as well as seed itigease mostly used in Chin&éverill
et al, 1997, whereas, in nutrient solution experiments, root dippingpraying may also be em-
ployed Gua, 1987). After rare earths are applied they are partly absorbetidplants. Although
it has been assumed for a long time that rare earth uptakempiedtely occurs via the plant roots,
considerable assimilation through the leaves has alsofepented after foliage applicatio®s(n
et al, 1999, (Chug 1998, (Fashui et al.2002. Information on the uptake, translocation and
accumulation of rare earths in plants is very important asay help understanding the physio-
logical role of rare earths in plants. Moreover, along witformation on the bioavailability of
rare earths to plants, not only the influence of rare earthdamts but also on the environment in
general may be estimated as done in Chapter

Several investigations on the uptake as well as on trarepmtprocesses of rare earths from
soil and solution to various plant species were perfornm@diquampoix et a).1990, (Xiong
etal, 2000 (Huang et al.2001), (Gao et al,2003, (Liu and Hasenstejri2005. Main conclusions
drawn from sources published before 1982, which were reagdoyBrown et al.(1990, comprise
facilitated rare earth uptake following additional fardtion with high levels of nitrogen and
potassium, whereas inverse effects were seen after thiecedoli phosphate. Furthermore, it was
stated that soil chelates may influence rare earth uptakiée e Casparian strip constitutes a
barrier which limits the uptake of rare earth elements wartots. Yet to this day, it is still debated
whether or not rare earths can cross the cell membrane atedlirann et a).2000, (Gao et al.
2003. The cell wall which is composed of diverse cross-linkeshponents, including microfibrils
and other cross-linked carbohydrates, pectin, proteidsars Cosgrovel997) is assumed to act
as an ion exchanger with the surrounding solution. As a teu$ may enable the cell wall to
reduce the effective concentration of rare earths whilét@aally inhibiting their transport across
the plasma membrane. In contrast, it was shown that lanthaaum enter the cytoplasmic phase
of undifferentiated cells in root tips of barley plants. lnstconnection, the nucleolus presented a
particular high affinity for lanthanunvén Steveninck et g11990. Accordingly,Gao et al(2003
demonstrated that Bti and L&t could enter plant cells.

Nevertheless, in line with the general assumption that ear¢h uptake occurs through the
roots, gadolinium was shown to be taken up by root céllsiuampoix et a).1990. In a similar
mannerLiu and Hasenstei(R009 demonstrated lanthanum uptake by maize root protoplasts.
membrane binding component was thereby revealed whichollas/ed by a slower concentration
and time-dependent uptake. Another recent study repadntedoinding of lanthanum to barley
roots may occur through carboxylate groups and hydratidarathanum an et al, 2005. Rare
earths found in soil are thought to enter the roots in ionim®((Nagahashi et gl1974). After the
uptake, they have been reported to be absorbed into epijeontcal or endodermal cells before
moving through the cytoplasmic continuum to the vascuksue of the roots. From the vascular
tissue, they may further transfer to the plant tops throbgiwater flow of transpiration. Inside the
vascular tissue however, rare earths may bind reversibhpinediffusible anions (e.g. COOH
while the degree of bonding varies with their atomic numheuchli and Bieleski1983. This
may explain the differences in dose-dependent accumualaficare earths in corn observed after
lanthanum and not a mixture of rare earths was supplemeHtedt(al, 2003. However, other
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authors assumed that rare earths cannot enter the cyt@pkisoe passage through neither the
Casparian strip nor the plasmalemma of plant roots is regda be possibleSrown et al, 1990.
Their transport and distribution may therefore only océuotigh the apoplasm or along the cell
wall. Similar results were obtained byei (2000. His study on the distribution of neodymium
in solution culture of oilseed rape indicated that neodymiaust be either bound to the cell wall
or accumulated within the cell gap since no detectable aisonare found in the cytoplasma.
After absorption from the root, neodymium mainly accumediin the root while only little was
transported upward to stem and leaflet via apoplasma robtelebst was found in leaflets. These
results were further confirmed in soil culture experiments.contrast to that, results obtained
from investigations on the uptake of lanthanum in root pptasts suggested that lanthanum can
cross the cell membrane. However, the situation in intalts of roots may differ substantially
(Liu and Hasenstejr2009. In experimental results described Hyang et al(2001), lanthanum
was detected in the plasma membranes of cells of soybeas root

Besides roots, uptake of rare earths may also occur throlagih lpaves. Hence&;hua(1999
demonstrated that cerium could be absorbed via the stomaudiate, situated on the surface of
the leaves of water hyacinth. Afterwards it was distributedarious parts of the plant. Accumu-
lation of cerium in different parts of the plant was in the erdf leaves> stems> roots while
the leaves accounted for approximately 50 % of the condamtraf the entire plant. Neverthe-
less, assimilation of rare earths has been reported to vidhyeach individual element. Thus,
a significant correlation between scandium and lanthanuniddme observed in spruce needles
(Wyttenbach et a]1994), indicating that, with respect to the total soil concetina, the uptake of
lanthanum is higher than that of scandium. Accordingly,et al.(2003 found that sole applica-
tion of lanthanum at relatively smaller doses compared tdumes of rare earth elements results
in a substantial accumulation of lanthanum in maize plarss further supported the assumption
that rare earth uptake by roots as well as the subsequesptrarof the absorbed elements from
the roots to the plant tops varies with each rare earth elemen

The amount of rare earth elements taken up by plants higllgres on their bioavailability in
soil. This indicates that bioavailability and uptake oferaarths are closely linked to each other
hence making an independent discussion very difficult. @loee some additional information on
rare earth uptake will be provided along with their bioaaility in the following section.

Though claimed earlier, neither the total amount of raréhsan soil nor the sum extracted
with sequential extraction procedures are good analogbtiseaactual uptake or bioavailability
(Wyttenbach et aJ.19980, (Li et al., 19983, (Krafka, 1999 (Cao et al. 20000, (Shan et al.
2003hH. Poor correlations were found between the total contehtsast rare earth elements in
soils and their concentration in different parts of corn aiceé, which coincides with the gen-
eral assumption that only a small fraction of total metalsail is available to plants.{ et al.,
19983. Accordingly,Zhang and Sha(2007) did not observe any significant correlation between
lanthanum contents in plant roots and its total concewinati the adjacent soil. Yet bioavailabil-
ity of rare earth elements is influenced by many factors, avhp to now there is no universally
useful method for its prediction. According to the long use ion activity model (FIA) metal
bioavailability and toxicity are controlled by bufferedtiady of free ions in soil solutions, but
not the total dissolved concentrations. However, in soiremment there is a large variety of
inorganic and organic ligands and therefore only a smati@oof the overall dissolved metals is
present as free hydrated cations. Thus, this model prolokd@y not reflect the real bioavailable
form of metals in soil §han et al.2003. Others considered the labile forms of metals referring
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to metals that exist in solid phases in equilibrium with tloeepwater as the most easily bioavail-
able form @pte and Barley1995, while Davies(1992 reported that different fractions of soill
metals vary considerably in their chemical reactivity arahlailability.

Accordingly, fractional sequential procedures revedhed the water soluble, exchangeable and
carbonate bound fraction contained the highest amoungs®tarths bioavailable for plant uptake
(zhang and Shar2007). Yet, a poor correlation between rare earths found in thiemsoluble,
exchangeable and carbonate bound as well as in the Fe-Me bwighd fraction was described
by Wang et al(20049, who suggested apoplastically- and symplastically-llcane earths as an
indicator for the bioavailability. Nevertheless, watetudibe and exchangeable forms of metals
in soils are generally considered as the most mobile and aratedy bioavailable forms in soils
(Brummer 1986. Similarly, Xu et al.(2001) assumed that the bioavailability of neodymium to
wheat seedlings might be reduced by precipitation of rarthgehosphates because this might
limit the concentration of exchangeable rare earths. Agradtudy confirmed this by showing that
the bioavailability of rare earths mainly depended on thehargeable fraction of rare earths in
soil (Cao et al. 20008, (Wen et al, 2001, which in turn could be strongly influenced by the
physico-chemical properties of the sdiligng et al, 2005. This coincides with several studies
which demonstrated that the bioavailability and theretbeeuptake of rare earths by plants are
largely affected by soil propertie&fatka, 1999, such as pH, cationic exchange capacity (CEC)
(Lietal, 2001, (Jones1997), and organic mattet/(u et al, 2001), as well as the amount of low
molecular weight organic acids (LMWOASs) found in the rhighsre Davies 1992, (Yang et al,
1999, (Shan et a].2002, (Shan et a].20031.

Although metals bound to carbonate are supposed to bevediatinavailable to plants/iets,
19632), it is thought that they become easily released to solwtioen soil pH is sufficiently low to
dissolve the carbonateXifn and Shokohifardl989. The conversion of metals from precipitable
forms into soluble forms favored by low soil pH further leadsthe association of metals with
different geochemical phases such as the exchangeabt®frdound in soil solution darter,
1983.

Additionally, it has been established that the bioavaliglof trace metal ions in soils largely
depends on their concentrations in the soil solution armmthhyéumore, on the ability of the soil to
release trace metal ions from the soil phase to replenisgetremoved from solutions by plants
(Backes et a).1999. Thus, concentrations of metals in soil solutions are rhiksly controlled
by adsorption and desorption reactions, while it has beparted that adsorption of La, Y, Pr
and Gd are depending on both the cation exchange capacity) (@t the soil pHJones1997).
Soils presenting greater cation exchange capacity showgbkeérsorption (i et al., 2001), while
adsorption of rare earth elements further increased vgthgisoil pH. This was supported byen
et al.(2002, who demonstrated increased release of La, Ce, Gd and Yoedteasing pH.

Nevertheless, the adsorption of heavy metals is often altoenced by the valence of the
adsorbate and adsorbent surface charge. The low pH of zesoiri@ce charges as found in many
soils indicates an electronegative surface charge, whippats the electrostatic attraction with
cationic complexeslliott and Denneny1982). This may further explain increased adsorption of
rare earths under acidic conditions. Similatlgo et al(2001) ascribed changes in the affinity of
soils for rare earths to pH dependent surface-charge gamsisoil colloids, thus accounting for
decreased desorption of rare earths with increasing pHlditian, pH may change the species of
organic ligands and thereby affecting the release of rate eeements.

Organic ligands may also influence the bioavailability akraarths independently. Though
after entering the soil, rare earths are expected to be blmmdganic and inorganic ligands, a
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greenhouse pot experiment demonstrated that the additi&@D®A, an organic ligand, to soil
could promote the bioavailability of rare earths to wheairmreasing their desorption from the
soil (Yang et al, 1999. With increasing concentrations of EDTA, increased ramheaccumula-
tion was observed in both roots and tops. Moreover, the obofaare earths in wheat seedlings
also presented a positive correlation with the concewotmadf EDTA in soil. On this basis, it
was assumed that instead of being absorbed and fixed on #aeeswrf the soil which usually
reduces their bioavailability to plants, rare earths amamexed with EDTA, thereby increasing
the amount of dissolvable rare earths in the soil solutiactokdingly, it was described that heavy
metals may not only be assimilated by plants as ions but alsyms of complexesiuy and Ross
Kean 1980. It has further been shown that other organic ligands sadrganic acids and fulvic
acids ghimang et al.200]) also influence the bioavailability of rare earths in sdihan et al.
(2002 reported that organic acids may increase desorption efgarths from soil thus boosting
their mobility in the vicinity of roots and enhancing thelygoavailability to plants.

In general, it is known that low molecular weight organicdsc(LMWOAS) are capable of
influencing many physicochemical and biological reacti@mkeng place in the root-soil interface,
such as the mobilization of metals in soil solution, the kptaf nutrients by plants as well as
plant microbe interactions and many mof&hén et al.2003h, (Ehlken and Kirchner20032),
(L6pez Bucio et a].2000. Along with carbohydrates, low molecular weight organiaa (LM-
WOASs) are physiologically exuded from plant roots, wheradditionally, they may result from
breakdown processes of plant residuieiset al., 19983, (Jones1999. In soil pore solutions,
concentrations of LMWOASs were reported to be in the range0df  10*~ mol/l, while in the
rhizosphere, even higher concentrations are folith( et al.2002), (Shan et al.20030). The
rhizosphere, a zone of increased microbial activity andaniaiss, has already been reported to be
highly influenced by plant roots, thus by LMWOAs. Among orgaacids studied, most signif-
icant effects on the decrease of rare earth adsorption vaexersby citric acid while acetic acid
presented the leasElian et al.2002. The reduction of adsorption of rare earths followed the
order: citric acid> malic acid> tartaric acid> acetic acid. This coincides with the stability
constants of rare earth elements with the organic ligartds.therefore highly probable that the
formation of aqueous rare earth organic ligands complegesumts for the observed adsorption
decrease. While in the absence of organic ligands it is |igdehat only electrostatic attraction
and repulsion exist in the soil system which may affect gotsam of rare earth elements, a com-
petitive effect of rare earths between soil adsorptiorssited aqueous organic ligands is expected
in their presence.

On this basis, it has been suggested that even though soibpstitutes an important factor
affecting adsorption and desorption processes of raresarsoil, the amount of organic acids is
might be the main controlling factor influencing rare earisarption and therefore their bioavail-
ability. Nevertheless, soil pH and organic acids are closelated to each other as increased
amounts of organic acids consequently lower the pH of theogghere. As a result, rare earths
turn into more soluble forms and thus become more easilyablaifor plant uptakel( et al.,
19983. Accordingly, concentrations of light rare earth elensdmve been found to be increased
by 21 - 78 % in a Chinese natural perennial fern fronds aftémss amended with organic acids
(Shan et al.20033, while uptake of lanthanum by barley (Hordeum vulgaieaif et al, 2005
and wheat roots\Wang et al. 2004H has been shown to be promoted by organic acids. This
is supposed to be mainly but not solely mediated by calciuanphls. The enhancement order
was acetic> lactic > tartaric > malic > citric acid and therefore consistent with that reported
by Shan et al(2002. Again, the lower the stability constants of lanthanurgamic ligand com-
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plexes the greater the effects, that is the more easily titedaum-organic ligand complex was
dissociated the more lanthanum was absorbed by the roassinfiicates that free lanthanum ions
were more easily available to barley roots than complexes ofonsistentlyBell et al. (2003
showed that for organo-metallic complexes no nutrientearexist making their diffusion at any
significant rate unlikely to occur. Yet, physiological pesses in soil and plant systems are more
complicated. Hence, via a purely apoplastic pathway, tioelanay also increase the uptake of
lanthanum into the xylem in young regions of the root wheesgthdodermis is not fully developed
to form a Casparian stripf@iz and Zeigerl998. But in localization studies, it could be revealed
that lanthanum diffused predominately through the apopligsliant cells Lehmann et a).2000).

In conclusion, soil is a complex system and interactionsbeh biota and soil are intricate. Itis
therefore difficult to predict the bioavailability of raramhs to plantsl(i et al., 19983. Yet recent
studies recommended the labile rhizosphere soil solutaetibn (Vang et al. 20010 with low
molecular weight organic acids LMWOAs as extractatign et al.2003h), (Wang et al, 20043
for the prediction of the bioavailability of rare earth elemts in soil pools to plants. Hence, future
studies on the interactions taking place in the rhizospbeitenay provide additional information
on the bioavailability of rare earth elements which is impot for assessing efficacy of rare earths
on plant growth as well as their environmental safety.

It has been shown that the availability of rare earths totplant only depends on soil prop-
erties, as described previously, but also on the plant speabhemselves. Among different plant
species considerable variations in uptake and contents®tarths even under natural conditions
that is without rare earth supplementation were repofigdi{ashi et al. 1992, (Krafka, 1999,

(Fu et al, 2001) and a spread of five orders of magnitude was described fardheentration of
lanthanum in leaves of various plant species in Japagdma et al,. 1987). Other investigations
on the concentration of rare earths in six different plamtcsgs and their adjacent soils revealed
large variations between the plant speciégitenbach et al.19983, whereas the concentration
of rare earths in soil remained fairly uniform as shown inl&dli.1Q In addition to interspecies
differences, variations in rare earth contents were alsodan plants belonging to the same plant
species as demonstrated in spruce tré&ggttenbach et al.1996. It has been suggested that
variations in the transpiration rates of the individualsga trees account for these large intrasite
differences observed.

Place La Ce Nd Sm Eu Tb Yb Lu Mean RE

I 175 356 146 2.79 0.508 0.382 1.51 0.208 0.996
I 18.1 36.3 156 2.85 0.502 0.364 145 0.206 0.999
[l 178 369 149 274 0498 0.379 1.38 0.188 0.976
A\ 16.5 329 13.7 259 0485 0.361 1.48 0.206 0.947
\% 18.7 37.9 156 295 0.549 0.394 147 0.206 1.038
Vi 182 36.8 155 3.00 0.536 0.404 1.55 0.214 1.044

Mean 17.8 36.1 15.0 2.82 0.513 0.381 1.47 0.205 1.000

Table 11.10:Concentrations of rare earth elements (ng/g) in sdilgt{enbach et a|.
1996.
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However, the physiological processes of rare earth uptakgants are very complex. It is
known that despite their chemical similarities, chemicalgerties such as solubility or complex-
ing constants may vary among the trivalent rare earths. élti@gations are often connected to
thelanthanoide contractiopwhich comprises the slight decrease of the ionic radii @lith the
atomic number (Chapté. Chemists have early benefited from this by fractionatarg earth el-
ements. Yet it was long unclear whether and to what extentplaay do the same in the process
of uptake, translocation and deposition.

Several studies reported that there is no or insignificadtimnation between the individual
members of rare earths in plants with respect to the Baib{nson et a).1960, (Miekeley et al,
1994, (Laul and Weimer1982. However, according to geological procedures, thesdteeare
usually based on the comparison of distribution pattermaraf earth elements in plants with those
in soil after normalization to chondritic values. These eceites are considered to represent the
naturally occurring lanthanide abundances, undisturlyagelological and biological partitioning
(Evensen et 811978. On this basis, two important advantages have been addobehrondric
normalization. Firstly, it eliminates the abundant vaaas between odd and even atomic number
elements, whereas secondly, it allows the determinati@ngffractionation amongst the various
rare earth elements, as no fractionation between light aadyrare earths is reported in chondritic
meteorites \(Vei et al, 2007), (Xu et al, 2003. However for plants, chondrite normalization is
considered to obscure the values since the adjacent satittdas the ultimate source for rare
earths in plants which never has a distribution patternlamm chondrites. Thus, normalization
to the respective soil is rather recommended. If pertinefitamalyses are unavailable, plant
concentrations should be normalized to the concentratioare earths in the upper continental
crust (UCC) as most soils present similar distributiongrais to the upper continental crust.

Evans(1990 stated that the uptake of lanthanides by plants may eitbeurowith selective
enrichment of the lighter elements or without fractiongtthe individual elements. Yet, first ev-
idences on the fraction of rare earth elements in plants wsipect to the soil were given by
Wyttenbach et al(1996 who reported inconstant soil-normalized values for ranehe in spruce
tree needles. These results could be further confirmed ifiver plant species (silver fir - Abies
alba, needles; plaintree maple - Acer pseudoplastanugdeay - Hedera helix, leaves; black-
berry plants - Rubus fruticosus, leaves; and wood fern - pisas filis-mas, leaves and stalks)
as shown in Tabld1.11 Based upon these results, it may therefore be stronglyleded that
plants do not take up individual rare earth elements as egedbers of a chemically homogenous
group.

Particularly cerium demonstrated an irregular behavigalamts which coincides with several
studies describing a lower presence of cerium comparecetottier elementd/(yttenbach et a).
19983, (Fu et al, 2007). This so-called cerium anomaly could also be detectednsfeyet bigger
anomalies were observed in stem and leaf compared tofaatt(al, 1998.

The negative cerium anomaly indicates a reduced uptakerafncecompared to the other
trivalent rare earth elements. As it is known that the chahbehavior of compounds containing
cerium with a valence of four may differ from that of trivatenare earthsgrookinsg 1989, the
ability of cerium to occur in the cerium IV state may account these effects. Accordingly,
Cée*t is considered to be less available and/or poorly assindilayeplants Robinson et a).1960),
(Evans 1990, (Wyttenbach et a).19980), (Wei et al, 2001). Ce&, which is metastable in the
presence of organic material, may be stabilized by eithemptexation or adsorption onto solids.
Based on the information that microbially mediated redoxcpsses affect the behavior of both
cerium and manganese in seawatdoffet, 1990, it was assumed that similar processes may
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Species La Ce Nd Sm Eu Gd Tb Yb Lu

Soil (total@ 17800 36100 15000 2820 513 na 381 1470 205
Soil extract? 1878 3425 1797 459 925 na 70.3 152 15.80
Maple 1078 560 544 103 209 106 16.6 22.2 2.80
Wood fern 637 659 239 24 3.0 8 0.8 14 0.18
Blackberry 336 185 141 27 55 27 39 50 0.62

vy 172 75 67 9 1.8 8 11 20 0.26
Silver fir 97 61 65 14 32 17 35 83 1.01
Sprucé 78 60 53 13 30 16 32 76 092
Sprucé 110 110 69 14 31 16 31 69 0.83

Blackberry 76 55 33 6 13 6 09 17 021

Table 11.11: Concentrations of rare earth elements (ng/g dry weight)oi) soil
extracts and plant leaves of various plant spedi#éean of 6 places extracted with
0.5 mol/l acetic acid, 0.5 mol/l NiHacetate, 0.02 mol/| EDTA pH 4.65, concentrations
relative to the weight of the extracted s6ff from two different sites\(Vyttenbach
et al, 19983.

occur in the rhizospherd_éurie and Manthey1994). Thus, manganese compounds which are
found as surface coatings on soil particles may functionrds$or Cé+ (Hem, 1979.

In addition, small changes of the redox potential of theabphere were suggested to account
for differences in the size of cerium anomaly observed amargus plant species and even
individuals of one specied/\(yttenbach et a].19983. Nevertheless, cerium anomaly was even
more pronounced in plants after high doses of rare earths agplied Ku et al, 2003, whereas
Krafka (1999 did not observe any difference in the cerium behavior imfdat all. Even though
an europium anomaly due to Euis generally observed in minerals and rocks, none was seen
in plants {Vyttenbach et a.1996. This might be ascribed to the fact that under the condstion
prevailing in soils, E&' is unstable hence does not influence the uptake of europitenplants.

Yet, variations in rare earth uptake in plants grown on d#fe soils, on the same site and
moreover in plants belonging to the same species have ngtba@n reported byVyttenbach
et al.(19983 andKrafka (1999, but also byZhang and Sha(2001). In addition, the distribution
of individual rare earths within the same plant specieseebais well as can be seen for blackberry
plants in Tablel1l.12and for spruce trees in Tabld .14 Hence, the ratio between two rare earth
elements was neither constant among needles of sprucenoeesnong leaves of blackberry
plants. Yet, compared to interspecies differences, vanatwithin the same plant species were
smaller.

It has been assumed that changes in the oxidation state wi@d) presented the largest devia-
tions, account for some but yet not all of these effect oleiwyttenbach et a(1998Hh reported
that although in blackberry plants variation coefficientspped from 15 to 11 % after the exclu-
sion of cerium, the variability in plants still remained nmdarger than that in soils. Additionally,
it was also larger than in soil extracts (Talile.13, thereby eliminating extractability as another
cause for these variations.

Surprisingly, almost identical distribution pattern weybkserved for two cornifers (fir and
spruce). Nevertheless, they were very dissimilar from ehafsangiosperms, which in turn dif-

114



11.3 Rare Earths Uptake by Plants and Bioavailability tm®la

Place La Ce Nd Sm Eu Tb Yb Lu

I 362 237 116 17.5 3.15 2.48 4.00 0.464

11 244 128 112 22.8 4.63 3.54 4.24 0.500

\Y 270 158 114 21.9 452 3.29 3.94 0.507

V 565 276 288 55.7 11.43 7.87 9.05 1.146
VI 237 126 75 16.1 3.59 2.59 3.83 0.509

Mean 336 185 141 26.8 5.46 3.95 5.01 0.625

Table 11.12: Concentrations of rare earth elements (ng/g) in leaves adkblerry

plants; sample Il got lost during the investigatidiyttenbach et a].1998h).

Place La Ce Nd Sm Eu Tb Yb Lu
| 1918 3611 1937 484 96 71 172 19
[l 1826 3513 1653 428 85 66 137 14
1l 1721 3013 1716 442 89 61 149 15
AV 2137 3754 1972 494 99 76 162 17
vV 1730 2963 1601 423 87 70 140 14
VI 1940 3693 1906 484 99 78 149 16
Mean 1879 3425 1937 459 92 70 152 16

Table 11.13: Concentrations of rare earth elements (ng extracted perf gy soil)
extracted with Lakanen Solution from the salVyttenbach et a]1998h.

fered largely from ferns collected at the same site. In Jagdierent distribution patterns were
also described in various plant speci&®yoma et al. 1987 implicating that they are found in
different plant species throughout the world.
Anyhow, tight and regular relation between these diffeesnand the atomic number of rare
earths was described hyyttenbach et al(19983. Both in spruce trees and in blackberry plants,
distribution patterns showed a decrease from the lightetbtet heaviest rare earths about a factor
of six which indicates a substantial fractionation of ligintd heavy rare earths. The same has
been observed in other plant species. As rare earth coatiens are quite uniform in soil, this
fractionation seems to be linked to the plant itself that is plant species specific. Yet differences
in transportation length of individual plants have beenl@ed as possible explanation for the
variations. Until now there are no verified explanations tftgse large inter- and intraspecies
concentration differences. However, it is very likely ticamplexation of rare earth elements in
the rhizosphere of the plants accounts for the variationgptake as this can vary between places
and be different among plant species even when growing osaime site. Further support on this
has been provided by the observation that the ratio of iddai rare earths could be expressed
as a linear function of the atomic number of the rare earthdditfonally, this is in accordance
with several studies reporting that the bioavailabilityafe earths to plants is highly influenced
by complexation of rare earths to low molecular weight orgacids in the rhizosphere sofl.ao
et al. (20020 reported fractionation factors of rare earths in wheaitiClrm aestivum L.) to be
negatively correlated with the soil pH value, which may afgtuence plant uptake of rare earths.
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11.3.1 Concentration of Rare Earths in Plants

Regarding interspecies variations in uptake of rare eastiptants it is self-evident that concen-
trations of rare earth elements also differ within plantcsge Indeed, several studies confirmed
that rare earths contents in plants may vary extremely. ®otle hand, mainly low contents have
been reported in different parts of plantshihashi et al.1992), (Krafka, 1999 that is in the ng/g
range or even smaller; on the other hand, comparatively Yadies were found in some plant
species. Nevertheless, concentrations in plants arelysuale low (Tyler, 2004 and plant soil
ratios (transfer factors) of 0.04 - 0.05 have been describvile Krafka (1999 reported even
lower transfer factors of 0.02 to 0.03.

In ordinary plants lanthanum concentrations determinectwethe range of 3 to 5000 ng/g.
With rare earth contents of less than 10 ng/g as presenteabie T1.14(Wyttenbach et a] 1994,
spruce needles were among the lowest values measured ihngaaes Krafka (1999 determined
similar values. Particularly low values were also repoitedrains Gun et al. 1994, (Li et al.,
19983 and vegetabled @ul et al, 1979, (Bibak et al, 1999 with contents ranging from 10 to
10~ uglg. Mean concentrations are generally lower in plants @et to those in soil. A
comparison between rare earth contents in wheat plantsnaswiliis shown in Tabld1.15 In
wheat, low values of rare earth element contents were detedhin both parts (root and tops).
For lanthanum, a light rare earth element, values of 0.00%&gng root and 0.006 mg/kg in stem
and leaves were measured. Even lower values ranging froetectdble in roots to 0.002 mg/kg
in the plant tops were found for yttriunZiimang et al.2001).

Place La Ce Nd Sm Eu Tb Yb Lu Other RE

I 43.4 35.6 239 52 126 135 397 0417 0.477
I 54.0 564 435 101 233 2.7/0 7.06 0.838 0.840
[l 96.1 653 589 145 314 330 6.82 0.857 1.057

A\ 73.1 62.7 583 151 342 377 930 1138 1.129
\% 108.2 716 647 154 351 396 982 1.193 1.248
Vi 94.3 673 68.0 181 411 426 850 1.062 1.248

MEAN 78.2 60.2 529 131 296 322 758 0917 1.000

Table 11.14: Concentrations of rare earth elements (ng/g)in neediégténbach
et al, 1996.

However, a few plants may accumulate large amounts of ratlesedVith rare earth concentra-
tions in the uppepg/g range they are considered as hyperaccumulators. Arhesg aire certain
ferns (Pteridophyta)l¢hihashi et al. 1992, (Ozaki et al, 2000, (Wei et al, 200]), pokeweeds
(Phytolacca) Ichihashi et al. 1992, hickory trees (Carya)Robinson et a).1958, (Robinson
et al, 1960 or plants from the spurge family (Euphorbiaceae). Furtteee, higher values up
to 1 ng/g were also determined in plants grown on highly mineealisoils liekeley et al,
1994). In Japan, contents of about 1@/g of lanthanum were reported in some ferkdsyoma
et al, 1987 that is about 16times more than those determined in spruce needles. Siredalts
were obtained for Dicranopteris linearis, a fern speciestaining very high concentrations of
rare earths (134 - 1754g/g in root, 107 - 632ug/g in stem, 51 - 102ig/g in petiole and 977 -
2272ug/g in lamina) Vel et al, 2001), whereas lanthanum concentrations of up to 1 mg/g have
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Soil Root Shoot

range mean range mean range mean

La 13.25-41.05 24.20 0.73-8.96 4.30 0.053-0.22 0.11
Ce 29.45-87.54 50.98 4.96 - 16.5 11.29 0.87-0.51 0.19
Pr 3.06-9.89 5.62 0.17-1.81 1.03 0.01-0.06 0.02
Nd 10.75-36.15 19.78 0.58 -5.57 3.53 0.03-0.22 0.06

Table 11.15:Concentrations of rare earth elemenig/g) in Chinese soils and shoots
and roots of wheat (Triticum aestivum L.) from the same sites(n et al.20030.

been reported earlier in ferngihashi et al. 1992. Thus ferns strongly absorb rare earth ele-
ments from the soil even if they are present at relativelydowcentrationsWei et al, 200]). Yet
a certain soil-plant barrier exists as the absorption weakéen rare earth concentrations become
higher. On the one hand, this soil-plant barrier hampersliserption of toxic metal ions, hence
constitutes one of the main resistance mechanisms obserpéahts, while on the other hand, it
allows the maintenance of rare earths concentration irsferthin a certain range.

Due to the large variations of rare earths in plants even gniafividual plants of the same
species, it is probably more reasonable to define a "nornmglefacomprising extreme values
rather than a "normal concentration".

However, the determination of rare earths in plants entolwe difficulties. Due to their
extremely small concentration ratio plant/soil that isywemall concentrations in plants a very
sensitive, analytical technique is requiréteqikelmann et al.1997). Furthermore, already little
contamination by adhering soil will fudge the results andaamtrations measured will thus be
higher than the endogenous plant concentration. For theledenremoval, a special treatment
using suitable solvents, such as Chdk required since water cannot sufficiently dissolve the
epicuticular wax covering the leave surface under whichaomations are trapped. The mass of
the terrigenous material may amount uptd. 00 mg/g plant. Yet the error committed by includ-
ing surface contamination in the analysis of plant sampégsedds on the sample, the sampling
situation as well as the element determined and thus hascorisdered for each analysis sepa-
rately. Most plant analysis are done for physiological jmsgs and completely wrong conclusions
may be drawn if nonphysiological exogenous contributiomcduded. Careful interpretation of
published data is therefore recommended as several igaésiis lack proper removal of contam-
ination, and results from afflicted studies cannot be usdterdiscussion of plant uptake or of
other plant physiological processé8y(ttenbach et al1998b, (Wyttenbach and Toble999.

Two examples are given in order to emphasize the importainzareful removal of any aerosol
or soil particle from the plant surface prior to analysis. @atamination of 5 mg soil per g cheat
grass was determined thyaul and Weime(1982. Compared with the results, it was concluded
that rare earth concentrations measured in grass were taiotalsy due to contamination by saoill,
thus making these values completely invalid for plant pblggjical analysis. In contrast to that,
all external material was excluded by washing the fresh sssnwith toluene/tetrahyrofuran (1:1)
before the contents of rare earths in Norway spruce neeldiesg abies) were determined. Con-
centration values found were therefore much lower thanetmeported in literature as shown in
Table11.16 Lanthanum concentrations measured in spruce needlezaflass 1 were 44 ng/g
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compared to 4.9 ng/g when exogenous material was caretitpved (Vyttenbach and Tobler
2002.

Spruce Needles (ng/qg) Earth Crugty(g)
Wyttenbach et al(1994) Erdtmann(1991)° Goering et al(199])
site 1 site 2

La 22.8 28.9 307 30
Ce 13.2 29.0 403 60
Sm 2.81 3.85 49.6 6.0
Eu 0.795 0.765 9.04 1.2
Tb 0.710 0.739 10.5 0.9
Yb 1.80 1.566 26.4 3.0
Lu 0.180 0.159 - 0.5

Table 11.16:Concentrations of rare earths in cornifer needleslue include surface
contamination.

For spruce needles, average values were 10.7 ng/g for La.amdy/g for Sc while the relative
concentration of rare earth elements in the needles hasdbesmn to be similar to that found in
the earth crust.

Independently from the doses applied, rare earths acctealsérictly proportional to the nee-
dle age class with concentrations in the current year’s leg@ge class 1) being 5 times lower
than those in age class fivé/yttenbach et al.1996. Thus accumulation proceeds exactly with
time and may therefore be characterized by the yearly inenénvhereas there was no indication
for a retranslocation of accumulated elements.

11.3.2 Deposition and Accumulation of Rare Earths in Plants

There is little information on the metabolic consequendts aare earths are assimilated by
plants. It is still argued whether rare earths are depositegktra or intracellular locations in
plants. Regarding the similar linear time-depending aadation behavior of the rare earths and
of silicon in conifer needlesarschney 1986, (Wyttenbach et a].1994), it has been suggested
that rare earth elements provide similar dynamics, suchasiptake by the roots, and transport
by the xylem (with the transpiration stream). Thus, it migls#o be possible that rare earths are
deposited as hydroxides together with amorphous silicaveder, a study performed on hyperac-
cumulating ferns showed that about 40 % of the rare earths la@rnd to high molecular proteins
(Guo et al, 199. Zhimang et al.(200]) demonstrated that in wheat bioaccumulation of rare
earth elements was much higher in the root than on the top.dairnilarities in bioaccumulation
patterns observed in roots and tops suggested that rahes @é@anoot could be transported to the
above ground parts of the plant. However, as most rare eadhs assumed to be absorbed and
deposited on the cell wall, penetration into the cell membéravas considered difficulBfown
et al, 1990, (May et al, 1997).

Generally, roots have been reported as the main accumuisities for rare earths in several
plant species. Consistent with th&tpng et al.(1996 reported that absorbed rare earths were
predominantly accumulated in the roots (88 - 90 %) while dillyto 12 % entered the cortex
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and peduncle of plants. The average ratio in root to shoobofial0 also emphasized the much
greater accumulation potential of roots for lanthanuinang and Shar2001). Higher accumu-
lation values of rare earths in roots compared to leaveslaréfore higher concentration ratios
were also reported bWahid et al.(2003. It was further reported that high doses lanthanum
efficiently enhanced the permeability of the cell membranestdisturbing their physiological
function. This consequently leads to higher accumulatiorae earth elements in the roots as
further transportation to the shoots is hampega\n et al, 1990, (Chang 1991).

Nevertheless, accumulation of rare earths in plant rootg afso reflect the general behavior
of plants responding to environmental stress. Plants hohit the translocation of heavy metals
to their aboveground parts in order to minimize or overcooxécteffects caused by metals in soil
(Foy, 1983. Limited transport of absorbed lanthanum from the roottheoplant tops was also
observed byiatloff et al.(1995h, who similarly put this down to a plant-protection funetifsom
adverse effects of lanthanum. AccordingBlhou and Liu(1996 demonstrated that after being
absorbed, rare earths were fixed or precipitated on the @llok plant roots which hampered
further transportation to the plant tops. In contrast ta,teasy uptake of lanthanum from the root
to the shoot was reported in wheat plantéajg et al, 20019.

However,Chen et al.(19950) suggested that the soil pH could change the structureseof th
cell wall and plasmolemma of the plant as well as the osma#gssure of the plasma inside the
plant, thereby inhibiting the entrance of rare earth iomn@lwith the fluid into the cell. The
uptake of rare earths by the above-soil parts of the plamiofShs thus inhibited which results in
lower accumulation. This is consistent with the generaleexation of greater bioavailability of
rare earths at lower soil pH and, hence, with the observati@nsignificant negative correlation
between rare earth contents in roots and soil ghlagig and Shar007). Li et al. (19983 and
Yang et al.(1999 attributed higher accumulation values of rare earths atsrthan in other parts
(stems, leaves and grains) observed in corn, rice and wbesdduential distribution from the
soil solution to the roots and then further to the tops. Fieps are thought to be required for
the transportation of rare earths from solil to the planteysf/Vei et al, 200]). First total rare
earths to soluble rare earths in soil, second soluble ratéseto root, third root to stem and
then further to petiole and at last from petiole to lamina. v&ttheless, accumulation of rare
earths has also been shown to be influenced by the applicatien A correlation between the
accumulation behavior of La, Ce, Pr and Nd and the concemtraf applied rare earth-containing
fertilizer was demonstrated in winter whe@ih@ng and Shar2001). At low fertilization rates,
accumulation increased with higher concentrations, wdsetbe inverse was observed at high
fertilization rates and remained constant over the medarmearth range. In accordance with that,
Maheswaran et a(2001) also found higher concentrations of lanthanum in barleaheat with
higher rates of lanthanum application, particularly whppleed as foliar. However, when applied
at lower rates no significant differences were observece@ally when lanthanum was applied
to soil. A recent study reported that there was no signifieaotimulation with the soil-dressing
method. Furthermore, for both soil and foliar dressing raé#) no distinct residues of rare earths
were found in plant graind_{ang et al, 2005. As the relationship between accumulation and
fertilization rates is of high importance regarding enmimental effects of rare earths, it is further
discussed in Chaptét
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11.3.3 Distribution of Rare Earths in Plants

The distribution patterns of rare earth elements in natiaatp have been widely studieBy
et al, 2001, (Wyttenbach et a).19983, (Ichihashi et al.1992. As with most trace elements a
decrease in rare earth contents has been reported to beordireroot> leaf > stem> flower,
grains, fruit. The same was reported in corn and rige(al., 19983, (Xu et al, 2002. However,
the uptake of rare earths from soil to roots is generally mhigher than the translocation rate
from root to shoot ldu et al, 2002. Nevertheless, slight variations in the distributiontpat
have been observed among the individual rare earth eler{\f@iset al, 2001). In contrast to
light rare earths which presented distribution patterntheorder of lamina> root > stem>
petiole, heavy rare earths also presented distributicienpat of root> lamina> stem> petiole
or even root> stem> lamina> petiole. Compared to light rare earths, heavy rare eartlds (G
to Lu and Y) presented lower contents in stem, petiole, lanaind root. Higher accumulation
values for light rare earths in both root and tops of wheaevedso reported byang et al (1999.
This phenomenon is probably due to fractionation procesigght from heavy rare earths taking
place during transportation of rare earths from solil to {g@as well as within the plantVei et al.
(200)) could verify this by demonstrating that light and heavyeraarths fractionate during the
migration process from stem to petiole.

It was also reported that distribution patterns of raretesart plants may differ with the method
of application. After foliar spraying, rare earths mainlgcamulated in wheat leaves although
only 2.84 % of the amount sprayed were found on the wheat jiseif and most of the rare
earth spraying solution using cerium nitrate was found endhil (Hong et al, 20000. Rare earth
contents in leaves were ten times higher than in roots, X08stihigher than in stem and glume
and 3000 times higher than in grain. In contrast to that, & vezently observed that after foliage
dressing the contents of rare earths at the maturing stagprioilg wheat were still in the order
of root > leaf > stem and crust.{ang et al, 2005. Compared with the control, foliage-dressing
caused higher accumulation of rare earths in root and leafeds no significant difference was
observed in stem and crust. Additional information is pded in Chapter.

11.4 Effects of Rare Earth Elements on Plants

Over time, several attempts have been made trying to exihlaieffects of rare earths on plants
such as growth enhancement. Possible explanations, whechnainly based on physiological
aspects of rare earths in plants, include increased playnes activity, chlorophyll content and
photosynthetic rate, effects on the uptake of several ent8isuch as nitrogen, potassium and
phosphate as well as increased resistance to environnséneissé. Studies on physiological effects
of rare earths on plants will therefore be presented in gasen.

11.4.1 Effects on the Physiological Function of Calcium in Plants

It is generally agreed that calcium is an essential nutr@ieelement for plantsHu et al,
2004). Regarding their chemical properties, a lot of physiotadjieffects of rare earths can be
attributed to the extreme resemblance of individual raréhsaespecially lanthanum, to calcium
(Chapterd and Chapteb). Brown et al.(1990, who already reviewed the effects of rare earths
on physiological functions of calcium in plants, reporteditrare earths act analogous to calcium,
while lanthanum was shown to inhibit many enzymes as welliastfonal proteins. Furthermore,
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lanthanum could displace calcium from extra-cellular bigdsites thereby inhibiting the efflux
of extra-cellular and partly intracellular calcium Chape Similar to calcium, lanthanum could
inhibit K uptake in plants if applied for a short time, howeveng-time application resulted in
accelerated K uptaké.éonard et al.1979.

Besides influencing physiological processes involvingicah, rare earths may also affect the
calcium metabolism itself. To a lesser extent, they haven lsb®wn to disturb the metabolism
of magnesium, tooNari et al, 1989. Binding to calcium sites in the outer cell membranes,
lanthanum was able to affect calcium translocatiBar(toja et aJ.1992. Furthermore, it may
also influence calcium translocation by polarizing the oeimbraneKodick and Sieversl989.
Decreased calcium concentration of 41 % was found in cons to@ated with a solution of Gmol
lanthanum per | Qiatloff et al, 19959. Another study showed that gadolinium and lanthanum
inhibited calcium uptake by plant protoplasts even to a éigéxtent than Al. Yet in contrast
to cerium, which showed the same pattern of inhibition oticeth uptake, calcium uptake was
totally unaffected by scandiuniRénge) 19948. In accordance witlHodick and Siever§1989),
inhibitory effects of lanthanum were attributed to the alnction of positive charges into the area
of C&-ATPase, thus altering the net charge of cell membra®esi(usu et a).1997). Rengel
(19943 showed that lanthanum could inhibit calcium channels &rdaby the uptake of calcium.

Paradoxically, it has been reported that the addition ahkamum can diminish symptoms in
plants caused by calcium deficiendy/€ng et al. 1990. Lacking calcium usually leads to the
destruction of plant cells due to malfunctioning of the f&sma membrane(ng et al, 1989.
However, lanthanum and cerium may alleviate calcium defa@iesymptoms by replacing cal-
cium functionally (Chapteb). Dong et al.(1993 demonstrated that lanthanum chloride accel-
erated growth and root activity and furthermore improves dltivity of K and Mg -ATPase
in the cytoplasm membrane of cucumber under calcium deficemditions. In soil culture ex-
periments, it was shown that lanthanum 100 mg/kg) increased the calcium content in the sap
of rice (Chang 2006. Increased calcium contents were also observed in thevedlbf tobacco
callus and oilseed rape seedling root after lanthanum aurcewere applied at low concentra-
tions (0.01 - 0.05 mmol/l) whereas higher concentrationsd@nmol/l) caused a decreasthéing
et al, 19999. Nevertheless, the interference of rare earths, espeofdianthanum, with several
calcium functions probably accounts for many effects olegin plants, including toxic effects
(Pang et aJ.2002.

11.4.2 Essential Elements for Plants

According to the concept of essentiality proposed by Arribree criteria need to be fulfilled
by plant nutrients in order to be considered essentiai@n, 1943.

e Plants can either not complete a function or its life cycle
e A deficiency can only be corrected by application of the dpeelement that is deficient

e The element is directly involved in metabolism

However, there are certain plant nutrients classified agfimal elements which are found
to stimulate plant growth though have not been shown to benéss (Asher, 1995. Due to
improvements in experimental techniques, elements cilyrelassified as beneficial may later be
shown to satisfy Arnon’s criteria.
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In view of reasonable explanations for the effects of ramtheaseen in plants, it has been
taken into consideration that rare earths might be essetgiaents for plants. Especially the high
magnitude of yield increases of 8 - 15 %i¢ng, 1999 reported in China, indicated that many of
these crops would be deficient in rare earths under norn@lrostances and therefore suggested
essentiality of rare earths. However, no deficiency symptbave been reported, whereas, gener-
ally, large values of concentration ratios relating theasoriration of a given element in the plant
(dry weight) to that in the soil are found with essential edets such as Cl, Mn, Ca, Zn, K and
Mg, only small values are reported for elements that havdemee of 3+, such as rare earths, yet
also for arsenic and sodiurif/ttenbach and Tobled998. Furthermore, except Mn, variations
are smallest for essential elements but considerablyréogaonessential elements whose uptake
obviously is much less controlled by plants. For each rarthedement coefficients of variation
between individual spruce trees were reported to be about &d thus correspond to those often
found for nonessential elements in trees from one site amdnach larger than the variation of
some essential elemenigittenbach et al.199§. Moreover, as it is largely agreed that trivalent
metals are toxic to plant®\6her, 1995 and known that lanthanides exist as trivalent cations over
a wide pH range, it seems paradox to assume that they migtsseatal elements. But there is
no evidence that any of the rare earth elements is necessgplaht growth Pang et al.2002),
(Tyler, 2004). Nevertheless, essentiality of elements has only beelestin a limited number of
plants compared to the large diversity of plants existinguiaries between essential and non-
essential elements are not as definite as described indraadiplant physiology. A less defined
group of elements is known to exist, which, regarding certainditions, concentrations, chemical
forms, may be favorable to some plant species without bessgrdial to plant life.

11.4.3 Effects on the Mineral Nutrient Uptake and Metabolism

However, influence of rare earths on nutrient metabolismantg including beneficial effects
of rare earths on absorption, transfer and assimilatiorutiients in plants have been reported,
whereasChang et al(1998 demonstrated promoting as well as inhibiting effects of earths on
velocity and physics of nutrients uptake by crops.

Hence, after spraying tomato seedlings with 5 mg/l Gaé€lkontents increased by 10.34 %
(Tang and Tong1989. In rice treated with rare earth fertilizers, increasedaption of P of
12 % could be observedN{ng and Xiaqg 1989. In addition, increases of P uptake of 10.9 -
12.3 % were described in wheat plants due to rare earth estegiplicationJie and Yy 1985,
(Zhu and Hy 1988. Furthermore, the application of rare earths increasexpiate uptake in
cucumber, soybean, mungbean, tobacco and day lily flower €t al, 1984, (Wu et al, 1985.
ThereforéWu et al.(1985 proposed that improvements in plant growth may be atteidbt a rise
in phosphate uptake. Another study confirmed enhanced Reuptalanthanum-treated plants
and ascribed it to the release of phosphatase into the sdilmglLeonard et al.1975. In barley,
however, phosphate assimilation was unaffected afterei@té applicationNleehan et a).2001).
Investigations in hydroponics even showed that lantharush gs calcium was able to inhibit
the phosphate and potassium uptake significantty@.05 mmol/l) Chang 200§. Lanthanum
exhibited negative effects on the absorption of phosphmatke same way as calcium. This was
further confirmed in soil culture experiments which alsodgated that lanthanum>(100 mg/kg)
highly decreased the contents of phosphate and potassitna gap of rice. Similarly, rare earths
reduced the absorption of phosphorus (P) and zinc (Zn) bgradgpalm when applied at high
concentrationsWahid et al, 2000.
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According toNing and Xiao(1989 rare earth application increased the absorption of piniaiss
by 8.5 % in rice, whereas sole application of lanthanum eodédthe concentration of potassium
in barley tops by 11 - 14 %\(eehan et a).2001). Foliar application of neodymium on rapeseed
lead to a redistribution of K within the plant towards tho$anp parts treated with Nd/Xei et al,
1999. Cerium also enhanced the assimilation of K by willdw, (1995. Tomato seedlings treated
with cerium chloride contained 15.42 % more potassium coegptd the controlTang and Tong
1989. However, during the whole incubation period, decread¢ uptake was observed in rice
supplied with ceriumHKu and Zhi 1994). Within the first six hours, lanthanum also hampered K
uptake whereas afterwards accelerated assimilation @ctur

Impaired mineral composition after lanthanum treatmerd alao demonstrated in mungbean
and corn yon Tucher et a).2001). All measured minerals, including N, P, Ca, Mg, S, Mn, were
significantly affected in mungbean, while in leaves, deseelgpotassium contents were up to 60 %.
In maize, significant changes were only observed for Ca, Migaot Mn contents. Yet, decreased
potassium contents were also reported in corn root prattplau and Hasenstejr2009. In ad-
dition, a manganese deficiency was revealed in mungbeatsptaated with a solution containing
more than 0.63tmol/l of cerium Qiatloff et al, 19959. Velasco et al(1979 suggested that rare
earths might displace boron from its active site thus cayisoron deficiency. However, increased
absorption of Zn, Mn and Mo were observed in maize plantg aétee earths were applied at
5 mg/l, while at 10 mg/l inverse effects occurréth@ang 2006.

As to nitrogen, mixing tomato seedlings with 50 mg/l, raretlemlead to higher absorption of
NO3 by 8.13 % (ai et al, 1989. It has been assumed that the effect of rare earths on nutrie
elements depends on the method of application. Also in gptiptake of N was shown to be
accelerated by lanthanum application in solution cultw@eeiments Zhu, 1986. Furthermore,
both soil culture experimentZfu and Hy 1988 and field trials Jie and Y1985, (Zhu, 1992
could demonstrate enhanced N uptake by wheat plants aftgtg them with a mixture of rare
earth nitrates, whereake and Yu(1989 reported improved N utilization to be in the range of
20.2 - 26.3 %. Rare earths applied to Chinese date treesasentethe absorption of N and Zn
(Chang 2006. The application of rare earth containing fertilizer toerincreased its absorption
of N by 16.4 % (Ning and Xiag 1989. Additionally, sulfate absorption by soybeans was also
found to be enhanced. While seed dressing with rare earttesthas been shown to increase the
contents of N@ in corn by 37.4 % Cui and Zhap 1994, decreased N contents were observed
after the sole application of lanthanumiétloff et al, 19959. Alike, noncompetitive inhibition
of NO3 uptake as well as reduced assimilation of Ni#ere observed in rice after the addition
of lanthanum and ceriunHu and Zhy1994). In contrast to that, increased absorption of nitrates
was also reported in sugarcarteuéng 2009. The leaf nitrogen balance was decreased after
the application of rare earth nitrate containing fertitizé&dditionally, an increase in total leaf
nitrogen, a fractionation from nitrate nitrogen to amintiegen and the free amino acid pool was
observed. An accelerated transfer of N from inorganic taoig forms was also described by
Pang et al(2002. This is considered to be beneficial for both the proteirtlsgsis as well as the
regulation of nutrient balance.

Thus besides nutrient uptake, rare earths might also irduéme metabolism of nutrients in
plants. Enhanced nitrate reductase (nitratase) activaty moted in peanuts and tomatoes due to
spraying of rare earth elementsyo et al, 1988. Furthermore, after mixing seeds with rare earth
nitrate reductase enhancements of 37 - 75 % were observedvad of winter wheat, while at
the same time yield increased by 15.52 Yalig and Zhangl1986. After rare earth supply, the
number of root nodules increased significantly and the gt nitrogen-fixation was improved
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by 24 %. Consequently the absorption of N by legumes was eeldasignificantly {(Vu et al,
1984).

In addition to minerals, the content of amino acids coul@d &ls affected by rare earths. The
application of 5umol/l lanthanum chloride increased glutamine and alano@ents by 66 %
and 68 % respectively in cucumber (Cucumis sativi®)ang 2006. Significant increases in
amino acid contents especially aspartic acid, serine agidiae were also observed in leaves of
Jun Date, a Ziziphus species (Z. Jujuba Mill or Chinese Daf&gr rare earths were appliesiun
et al, 1998. In accordance with the dose-dependent effects of ratesean plant growth, differ-
ent concentrations may also influence their effects onentsiuptake. Besides dose-dependency,
these effects have also been shown to differ among the thdivirare earth elements. While
lanthanum on the one hand was able to increase N, P and K uiptgkants at low concentra-
tion, cerium, on the other hand, only increased N uptakerngak and K uptake unaffected. Pr
increased the absorption of N and P but decreased potaspiakeu While promoting the absorp-
tion of N, neodymium greatly inhibited phosphate and patess&bsorption Chang 2006.

Effects of rare earths (La, Ce, Pr) on transport and accuroaolaf ions especially of Na and
K have already been reviewed Byown et al.(1990 and an increased uptake of Ce and Pr was
reported in the presence of Na and K. Furthermore, rareseaxthe shown to disturb the transport
of various monovalent ions particularly of K. These effestsre ascribed to both influence on
membrane stability and leakiness as well as to the strorgmigiance to calcium. However,
studies on the effects of rare earths on nutrient uptake atdbulism, as mentioned above, have
arrived at different conclusions. These controversialltesnay, on the one hand, be attributed to
different analytical methods employed, whereas on therdtard, they indicate the complexity
of actions involved in the effects of rare earths on plantgublpgical processes such as nutrient
uptake. Nevertheless, despite different results, it isequidvious that rare earths have the ability
to affect ionic fluxes into cells, thus their concentratiomslifferent ways and to various extents.
Changes in ionic fluxes as well as in the mineral compositiay im turn affect several plant
physiological processes. Yet it needs to be kept in mindrémailts from several Chinese studies
are lacking detailed information.

11.4.4 Effects on Plant Enzymes

Changes in both activity and content of several plant ensynae been observed in plants
treated with rare earths and are therefore considered abfexplanations for the effects of
rare earths on plants. Significant increases in the contémgisicose and fructose were reported
in sugar beet leaves after foliar application of rare ear8iace another study which observed a
decreased activity of the sucrose-transform enzyme of 38427 % after sugar beet plants were
sprayed with 0.1 to 50Qug/l of rare earthsTian, 1989, (Bai and Chen1989, (Xiong et al,
2000, it was suggested that changes in enzyme activity accouimdreased sugar contents.

Stimulation of enzyme activity due to rare earth supply wias aighly assumed b¥himang
et al. (2001) after noticing a good correlation between accumulationaoé earths and enzyme
activity of glutamic oxaloacetic transaminase (GOT) withrrelation coefficients of more than
0.922. In plants, the GOT activates the reactonketoglutarate + L-aspartic acié L-glutamate
acid + oxaloacetic acid, which involves both the nitroged #me amino acid metabolism and
may changes organ functionxu( et al, 1998. Additionally, since oxaloacetic acid contains
carboxyl and hydroxyl groups-€ll et al, 1997, binding to them may faciliate rare earths uptake
to the plant tops. Along with enhanced respiratory réteng et al.(20009 reported increased
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activities of superoxide dismutase, catalase, and pesisgias well as decreased superoxide O
in rice seeds treated with lanthanum nitrate. Thus, it wagested that this may reduce the
permeability of plasma membranes. Other studies demaedtiacreased nitrate deoxidase in
soybean leaves when rare earths were applied as seed drastie early period of seed setting
or during flowering Chief Office of Helongjiang Farnil985, (Chen 1997), (Xiong et al, 2000.

11.4.5 Effects on Cytoplasmic Membranes and the Cytosceleton

Similarly to calcium, rare earths have also been shown &zxtfffie stability and functionality of
physiological membranesiikkelson, 1976, (Dong et al, 1993, (Qiao et al, 1993. In the review
of Brown et al.(1990, which summarized the effects of rare earths on membrailigation,
it was reported that lanthanum as well as related rare earttysrestrict leakiness by altering
membrane characteristics, particularly membrane fluidity

Other studies also reported reduced penetration of elgtesoas well as increased membrane
stability and integrity due to rare earth application tonpéa(Tian, 1990, (Shen and Yan20032.

It was assumed that this may additionally explain enhanodd resistance observed in treated
plants. Furthermore, by decreasing the penetrability biheembranes, lanthanum was shown to
influence the proton release of cellSigo et al, 1993. Dong et al.(1993 suggested that rare
earths might reduce penetration through cell membranestoyifig stable complexes with big
molecules such as phosphoglyceric acid. Similaty(1995, who observed that lanthanum chlo-
ride may decrease the permeability of plasma membranesatittuted these stabilizing effects
on the cell membrane to the interaction of rare earths wittspholipids or protein amino acid
groups. It was further reported that rare earths may re@adeompete with calcium for binding
sites on proteins and thus affect the stability of cell meambs Hu and Ye 1996. However at
high concentrations, rare earths could destroy the celllon@ne stability hence increase cell per-
meability Chang 1991). Another study demonstrated that lanthanum and ceriumplgwould
enhance the concentration of polar and nonpolar fat in cethbranes which was thought to pre-
vent leaves from agingding and Weng1991). In a similar manner, lanthanum increased contents
of unsaturated fatty acids in wheat settingsdt al., 19920.

In addition, effects of rare earths on reactive oxygen g(ROS) as reported in Chapter
also lead to increased membrane stabilization as it is kninanhfree radicals can destroy the
structure of cell membranes. According\tgang et al.(20030, rare earths may inhibit ROS-
related lipid peroxidation and oxidation of membrane predy binding to hydroperoxides. In
rice seedling roots, lanthanum chloride inhibited the tetet transfer from NADH to oxygen
in plasma membranes, reduced the production of active oxyaeicals and the formation of
lipid peroxides Zheng et al.2000. Lanthanum could also efficiently overcome peroxidatibn o
membrane lipids under osmotic stress and protect the memlhram injury of free radicals by
reducing the contents ofoand HO; (Zeng et al,1999. Wile lanthanum increased the resistance
of plants to osmotic stress, the normal function of membremdd be maintained temporally
under these conditions.

It was furthermore demonstrated that rare earth elemenysafifiect the activity of enzymes
involved in antioxidant defense. Neodymium chloride wasvai to increase the activity of su-
peroxide dismutase (SOD) and peroxidase (POD), decredsayidialdehyde (MDA) contents,
reduce membrane demagnification and enhance the abilitpofsto remove © (An and Chen
1994). Similar results were obtained for ceriunéng et al. 19973. Moreover, increased capa-
bility of cells to eliminate free radicals as well as conliedl over-oxidation of fat in membranes
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were demonstrated in rapeseed treated with a solutioruwn@l/l neodymium nitrate Nd(N€)3
(Wei, 2000. Additionally, neodymium increased the activity of supade dismutase (SOD), per-
oxidase (POD) and catalase (CAT) while decreasing the paimt of cell membranes. In rape
the activity of peroxidase (POD) was shown to increase @ifgwith increasing concentrations
of lanthanum Zeng et al.2001).

Besides stabilizing plasma membranes, lanthanum wasegpsoted to stabilize the cytoskele-
ton in root protoplasts of maize plantsyf and Hasenstejr2005. The cytoskeleton organization
which is controlled by cellular events depends on calciatmodulin-related processeSrfy and
Palevitz 1995. Based upon this calcium dependenicyy and Hasensteii2005 hypothesized
that after being taken up into plant cells lanthanum maycafjeowth via stabilization of the cy-
toskeleton. Both the rate of cell division as well as the eixté subsequent elongation, on which
cell growth depends, are closely linked to microtubuleswvds demonstrated that microtubules
affect cell division by organizing the pre-prophase band e formation of the cell plate. They
also contribute to cell elongation by coordinating celagdanicrofibrils Giddings and Staehelin
1997, (Wymer and Lloyd 1996. Like microtubules, actin is involved in numerous fundauad
cellular processes which include the regulation of cedlps) cell-motility and transport.iu and
Hasensteirf2005 demonstrated that lanthanum may shift microtubule omgin from random
to parallel while causing the aggregation of microfilamermemarkable changes were also ob-
served in the thickness of F-actin bundles which increasepqgtionally to the concentration of
lanthanum, thus impairing the function of fine action filantsefetelaar and Emon2001). As
fine filaments are associated with regions of active growttetiirepair, their aggregation, which
occurred at a concentration of 100 umol/l lanthanum, is consistent with growth inhibition. Via
actin reorganization, lanthanum may also affect the trarisg ions and metabolites across the
plasma membrané&ghwiebert et al.1994). Nevertheless, studies conductedsyn et al(2003
on the short-term growth promoting effects of rare earthgallen of tobacco and peach trees pro-
posed an apoplastic mechanism. It was suggested that famthaay exert its promoting effects
on pollen germination and pollen tube growth via endogerapaplastic calmodulin. Accord-
ingly, localization studies revealed that lanthanum difd predominately through the apoplast of
plant cells Lehmann et a).2000.

11.4.6 Effects on Resisting Environmental Stress

Furthermore, alleviation of environmental stress inatgdiraught and cold conditions, as well
as acid rain or metal stress may also account for performamtuancing effects observed in plants
after rare earth treatment.

Thus, significant growth enhancement was apparent whemdaatn was applied to barley un-
der water limiting conditionsNlaheswaran et gl2001), (Meehan et a.2001). While application
of lanthanum to well-watered plants did not show any sigaifteffects on the water use efficiency
(WUE), significant increases in WUE were observed when waipply was deficient. Highest
values were obtained at an application rate of 10 kg lantimgper ha with increases of 21 %. At
5 kg/ha, lanthanum significantly promoted the tiller prattut by 33 %. Stomatal resistance (SR)
also generally increased consistent with lanthanum agipdic which indicates that transpiration
was regulated and water conserved while photosynthesisnaastained. These physiological
measurements, including WUE and SR observed in plantettesith lanthanum under drought
conditions, implicated that lanthanum application enalike plants to maintain yield levels even
under environmental stress. Furthermore, plants treaiddanthanum presented lower leaf wa-
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ter potential as well as higher osmotic adjustment whereasdlative water contents remained
unchanged. It is known that high relative water contentsrwiband with low leaf water potential
may enhance crop yieldlaheswaran et gl2001).

Field studies performed under relatively dry conditionsfamed previous results in barley
with yield increases amounting up to 19 ®gddy et al.2001). Further experiments in which
lanthanum was applied to both soil and leaves of a drougblerant variety of wheat at rates of
500 g/ha also presented increased yield of 11 % comparediteated control plants. Although
in both wheat and barley a constant pressure was measuifecgiices were observed when com-
paring the water and osmotic potential of both plant spe&egh parameters decreased in wheat,
while an increase was noted for barley plants. However, dlative water content was affected in
barley as well as in wheat which indicates that cell hydrati@s not out of order. Other investi-
gations on the effect of rare earths on drought tolerancestithat in accordance with significant
corn yield increases of 16.8 % the lowest water potentiabim ¢eaves was measured when 1 kg
seeds were mixed with 3 g rare earth nitraté&( et al, 1992. Furthermore, compared to the
control, the electrical conductivity of wheat leaves teghvith rare earth nitrates at 5Q@/l was
shown to be reduced by 29.6 %. As to this reduction, it wasmasduthat rare earths might in-
crease the ability of cell electrolyte leakage hence redudamages to the cell membrane usually
caused by droughtang and Zhangl1986.

Rare earths might also induce their effects on water usaesftig by increasing the proline
content in plantsYu and Liu(1992 noticed higher proline concentrations in sugarcane #fter
plants were treated with rare earth elements. Additionddgreased free-water contents as well as
increased amounts of tied water were observed leading toreateed free water/tied water ratio,
which furthermore improves drought tolerance in sugarcdnereased amounts of proline may
therefore help plants to conserve water even during dropghbds as proline exhibits a strong
ability for hydration. To the contrangun et al(1998 observed that the proline content decreased
due to higher temperature in Jun Date, a Ziziphus specieki{dba Mill or Chinese Date). It was
supposed that the protein was damaged. Yet resistancehtadmgperatures was enhanced in Jun
Date following rare earth application.

It has been reported earlier that growth enhancement anelaise in dry weight of plants af-
ter low concentrations of rare earths were applied, arequoced under extreme environmental
conditions Guo et al, 1988. Thus, in wheat plants grown under <8, rare earths reduced the
amount of electrolyte effusion and enhanced the concémtrat proline in leaves and seedlings.
This indicates that besides increasing drought resistaameearths could also enhance the ability
of resisting cold in wheat seedlings. Increased prolingemas were also demonstrated at low
temperatures in Jun datyn et al. 1999 thus accounting for increased cold resistance. Further-
more, low temperature induced electrolyte leakage wasrafsorted to be decreased in the roots
of crotalaria (Crotalaria lium L.) after lanthanum and yiiem application thus maintaining the
integrity of the plasma membran®i{en and Yaj2002). In accordance witBhen and Ya2002),
Tian (1990 also ascribed increased resistance to low temperatuersities in plants observed
after rare earth supply to their membrane stabilizing aediwhich in turn prevents electrolyte
losses.

In addition to increased resistance in plants to unfaverabhditions as cold and draught due
to rare earth supplementation reported previously, raré @gplication could also increase the
resistance to acid rairYén et al, 1999, (Yan et al, 1999.

In a similar manner, alleviation of metal stress as repdsiedhou et al (1998 andZhou et al.
(1999 may also attribute to growth enhancing effects of rarensasbserved in agricultural plants.
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According toKataoka et al(2002 different rare earth elements, with erbium and ytterbiwgimg
most effective, were able to stimulated the malate efflux freat roots. This is considered as
the primary mechanism for aluminium tolerance in wheatesihdés assumed that these organic
anions chelate the aluminium cations in the rhizosphererta iontoxic complexes. By activating
malate efflux, rare earths may support plants to overcomaialum toxicity. Trivalent cations
have often been shown to be toxic to plants and especialtgialum toxicity has been found to
be a major factor limiting crop production on acid soff®y et al, 1978, (Kochian 1995. Even
micromolar concentrations of aluminium are capable ofdigpnhibiting root growth if the root
apex is directly exposed to aluminium ions. Toxic effectshef rare earth element lanthanum on
the root elongation were described in corn, mungbean andawbeatloff et al,, 19950, (Diatloff

et al, 19959. However, just as toxic effects exhibited by aluminiunhibitory effects of erbium
ions on root growth could be overcome by increasing conagotrs of malate which probably
forms nontoxic complexes with erbiurd#étaoka et al.2002. On this basis, it might be assumed
that indirect effects such as reducing aluminium toxictg@unts for growth enhancing effects of
rare earths on plants.

Additionally, it has been suggested that the antioxidanéemoal (Chaptels) of rare earths
might be responsible for their supporting effects on stresgstance in plants. Several studies
reported enhanced antioxidant abilities of rare eaffas) et a|.2002. Being oxidized to C&',
cet may reduce Q to H>O,; moreover, C&" could oxidize QG to O, while being reduced to
Ce*t (Wang et al, 19973.

11.4.7 Effects on Phyto-Pathogenic Organisms

In pure culture studies, it was shown that some plant pathiodeacteria as well as the ac-
tivity of some enzymes related to pathogenesis could beeinfled by rare earth elemenia(ig
et al, 19989. This indicates that rare earths may protect plants frothgagenic microorganism.
In accordance with that, a patent on the application of rartheelements to prevent soft-rotten
disease of cabbage was already granted in Japan, in K@80acakj 1980. However, the con-
trary was reported in older studies reviewedBrxpwn et al.(1990. Reports were ranging from
increased disease incidence in coconut trees grown onat#iaing high concentrations of rare
earths {elasco et al.1979 to increased susceptibility of barley plants to funguscggse whereas
Wang and Cheir(1985 reported that the application of rare earth containinggtsthe bark of
rubber trees helped to control the incidence of brown basadie. Further advances have been
made over the years investigating the effects of rare eartpfant diseases as to possible anti-
plant-disease abilities. It was assumed that rare earthpidect plants from diseases in two
ways (Mu et al, 2003. On the one hand, they can control some phyto-pathogenestigby
reducing their virulence to the host plant, while on the otinend, rare earths may somehow in-
crease plant resistance to diseases. Besides plant-pathagicroorganism, low concentrations
of LaClz were found to restrict the hatching of Globodera rostoddigera parasitic nematode,
which may damage the root of potatodskinson and Ballantyngl979. This was ascribed to the
prevention of binding and action of molecules in the rootuebeg of host potato plants which are
necessary to stimulate hatching. At concentrations of &0-uimol/l, lanthanum was able to in-
hibit hatching by 50 %. The contrary was however reportechtleer study which demonstrated
that lanthanum effectively stimulated hatching, wheregsapparent inhibition was only evident
at high concentrationsarke and Henness$%981).
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11.4.8 Effects on Plant Photosynthesis

It has also been largely suggested that growth enhanciegtefbf rare earths observed in
several crop species in China may be attributed to increaisetbsynthesis abilities.

Up to now, effects of rare earths on plant photosynthesis baglusively been reported by Chi-
nese scientists while publications on this are predomipamnitten in Chinese Guo et al, 1988,
(Xiong et al, 2000. However, mixed rare earth nitrates were widely reporteth¢ beneficial
for plant photosynthesis and effects were obvious in nuosepant species. Additionally, they
seemed to be independent of the method of application. Tnignced assimilation éfCO,
by 35.8 - 79.8 % was determined in sugar beet after foliagécgtion of 0.01 - 0.1 % rare earth
nitrates Meng and Bai1989), (Xiong et al, 2000. Increases in both the chlorophyll content and
the photosynthetic rate by 4.7 % and 31.8 %, respectivelgwbserved after the seeds of sugar
beets were mixed with rare earth6§€¢ and Chenl1984). Several further studies also demonstrated
increases in net photosynthetic rate of 11.5 - 31.2 % an@asad photosynthesis intensity after
the supplementation with rare earth elements to pladitsef Office of Helongjiang Farpil985),
(Chen 199)), (Cui and Zhap1994), (Xiong et al, 2000. However, the photosynthetic rate cannot
only be increased by mixtures of rare earths but also by siragk earth elements. Accordingly,
sole application of cerium also increased chlorophyll eatg and photosynthetic rate in spinach
(Fashui et a].2002. At concentrations of more than 15 mg/kg lanthanum, a deerén chloro-
phyll contents as well as in chlorophyll a and b was obserme@dpe Zeng et al. 200]). In tea
plants, is was also shown that rare earth fertilizers conlthace photosynthesig/ang et al,
20039. Besides photosynthetic rate, rare earths could alsceindlel the translocation of photo-
synthetic products. Increased translocation from thede&v the roots of 5.6 - 8.2 % was reported
by Bai and Deng(1995. According to that, a former study demonstrated that rarthe may
increase the translocation of photosynthetic products/yI49 % Kiong, 1986.

However, consistent with growth enhancing effects in @aeported in Chinese literature, a
dose-dependency could also be observed for the benefitegtsebf rare earths on plant pho-
tosynthesis. Thus, below 50 mg/l La, Ce and Pr were able t@@sed photosynthesis rate in
nitrogen-fixation algae, whereas inhibition occurred wtigzir concentration exceeded 50 mg/I
(Wang et al. 1989. The total chlorophyll contents of chlorophyll a and b abble improved
after a rare earth containing solution of 200 - 800 mg/l wasysgd on pepper-He et al, 1999.
Optimum concentrations were reported to be around 400 mvbkreas at very high concentra-
tions, adverse effects of rare earths were observed. Fwekperiments reported concentrations
of CeCk to be in the range of 0.2 to 0.5 mg/l for optimum promotion obfasynthesis in wheat
whereas 10 mg/l caused harmful effect$(1 et al, 1996. In addition, optimum concentrations of
1 - 5 mg/kg and 15 mg/l were determined for cucumber and sueflawespectively. In Jun date
only chlorophyll a contents were increased after rare eariply while chlorophyll b was unaf-
fected Gun et al. 1998. The principle of their improvements on plant photosysthés probably
related to enhanced enzyme activity, chloroplast devetyiras well as increased chlorophyll
contents.

In tobacco seedlings, an accelerated photosyntheticrggittion as well as increased chloro-
phyll contents were observed after the application of lantim chloride Chen et al.2007). At
low concentrations of 5 - 20 mg/l, lanthanum promoted both il reaction (2 HO + 2 A +
(light, chloroplasts)- 2 AH; + O,, where A is the electron acceptor) and thedVigATPase and,
furthermore, stimulated the rate of photophosphorylaitochloroplasts. Yet inverse effects oc-
curred at high concentrations. Accordingly, lanthanumdaiso increase the Mg -ATPase and
thus accelerate the Hill reaction in whe@hgng and Dail994). In rapeseed, Nd(N€); increased
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the activity of Mg+ -ATPase at 20 mg/l by 4.4 % and at 100 mg/l by 6.4 \Me( et al, 1999.
Enhanced activities of both Mg-ATPase and Ca -ATPase on the chloroplast membrane were
observed byPan et al(1998 after chloroplasts were treated with lanthanum chlor@ensistent
with that, they found that lanthanum chloride could ac@kephosphorylation by activating the
coupled reaction taking place in chloroplasts. Effectsanérearths on the chlorophyll contents
have also been reported in soybeatkdng 2006. Especially at concentrations ranging from 5
to 10 ug/g, rare earths increased the contents of photosynthgtiegmts of soybean chloroplasts
in an aquaculture experiment. Experiments conductdedsnui et al(2002 reported higher con-
tents of chloroplasts and chlorophyll in plants previousgated with cerium. It was therefore
suggested that cerium could enter the chloroplast henabngireasily to chlorophyll. Further-
more, cerium might be able to replace magnesium in orderrto é@rium-chlorophyll. Although
nitrogen is not one of the favored donor atoms (Chagjecoordination of C&" to nitrogen of
porphyrin rings was demonstrated using x-ray absorptiandtructure methods.

Accelerated synthesis of chlorophyll a and protein follogvCeC} supplementation was also
reported in spirulina platensis, an algae specigsu(et al, 1996. Rare earth application has
furthermore shown to increase the number of chloroplastsadisas the density of canaliculus
in wheat plantsGao and Xia1989. Similar toChu et al.(1996), increased chlorophyll a and
b contents were observed in wheat leaves after the plants tneated with individual rare earth
elements and a mixture of light rare earti®(and Yy 1985. In rapeseed, Ceghnd Nd(NQ)3
increased chlorophyll contents by 9 - 40 @n(, 1988 whereas, in wheat enhancements of 29.6 %
(Jie and Yy 1985, in soybean of 8 %(hief Office of Helongjiang Farml985, (Chen 1991)
and in corn of 15.2 %Qui and Zhap1994) were reported after the application of mixed rare earth
nitrates.

In conclusion, promoting effects on the photosynthetie rahd intensity as well as on the
chlorophyll contents and activity of photosynthetic enegnseem to be reasonable explanations
for increased crop yield and quality reported in severahtp$pecies in China due to rare earth
application.

11.4.9 Effects on Hormonal Balance

As it is reported that rare earths may affect hormonal bigdin either direct or indirect in-
teractions with their receptor&(yeart et al.2002 (Chapterb), interactions with hormones have
been proposed as one of the most important means by whichagtes may influence plant phys-
iological processes such as plant growinciwvn et al, 1990. Additionally, it was reported that
rare earths may function as potent hormone effectors duetobrane stabilizing actions.

As to plants, lanthanum was found to increase the bindingp@faixina-naphthaleneacetic
acid (14C-NAA), a plant hormone, to pelletable particusaieom corn (Zea mays) coleoptiles
(Poovaiah and Leopo]d 976. It was suggested that alterations in the attachment didheone
to binding sites in the cell account for this effe@ia{z and Zeiger19998. In addition, after the
treatment with 7.5 mg/l of La(N§)s, increased contents of indole acetic acid (IAA) could be de-
termined in wheat seedlingSlieng and Zhand 994). It is known that indole-3-acetic acid (I1AA),
which constitutes the main auxin found in plants, contradsmynimportant physiological processes
such as cell enlargement and division, tissue differantiaas well as light responses. Another
study demonstrated contents of tryptophan, which may be issehe synthesis of IAAl(eveau
and Lindow 2005, to be increased in the coleoptile of corn due to rare egphiation. Further-
more, rare earths could decrease the enzyme activity fordag¢omposition thereby promoting
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IAA synthesis, while lanthanum chloride was reported toastde IAA uptake and translocation
(Migliaccio and Galston1989, (Allan and Rubery1991). In line with yield increasesuang and
Ma (199849 noticed a decrease in indole acetic acid oxidase in sugar (&accharum officinarum
L.) which was previously treated with 300 ppm REE/I water.

Yet, further enzymes have also been shown to be affectedreyeraths. Thus, another study
described significant promotion afFamylase induction by gibberellic acid (GAdue to the appli-
cation of a NdC{ solution at 6umol/l (An and Chenl1994). Accordingly, accelerated formation
of a-amylase induced by GAIn the aleurone layer of wheat seed was observed after retesea
were suppliedl(iu and Liu, 1985. Decreased activities of peroxidase, amylase as well&s th
isoenzymes were observed in lanthanum and cerium treatedtwhedlings thus promoting their
growth (Hou et al, 1997. In contrast to that, an increased amylase activity wasrteg together
with yield enhancement in sugar carttuing and Ma19983. Neverthelessl.u et al. (1997
showed that low concentrations of Eu (0.001 - 1.0 mg/l) mdgl fsimilar functions as plant
hormones. It was highly assumed that the same mechanismrascor this as described for
the regulation of protein metabolism by calcium. Furthemmenembrane-altering solutes such
as lanthanum-containing solutions were shown to affectthding as well as effectiveness of
several plant growth regulators such as ethephon (2-aktloanephosphonic acid), abscissic acid
(ABA) and 1-TriacontanolBrown et al, 1990).

11.5 Conclusions, Perspectives and Research Needs

Compared to the multitude of investigations conducted enrtfluence of rare earths on plants
in China, only a few studies have been carried out in Westeuanities. Those performed so far
in Australia, Germany, the United States and some othertdearhave not been able to present
conclusive results and thus could not fully confirm the pesitffects of rare earths on plant
growth, yield and quality as reported in China.

Different results may on the one hand be attributed to thelfi@at effects of rare earths on plants
highly depend on a great variety of factors such as soil ptegse(pH, organic matter including
LMWOAs, cation exchange capacity, clay contents), rartheantents in soil, application meth-
ods, rates and timing as well as climatic and plant condsti@pecies, growth stage) which was
already assumed earlier Bypang and Taylo(1988. Yet on the other hand, it may simply indicate
the complexity of the whole topic as dual effects of rareleahtave not only been demonstrated
for plant growth but also in view of their influence on baceriumor growth and as to other
biochemical features (Chaptgy.

However, regarding both the apparently large-scale usarefearth fertilizers in China and
the uncertainty about the true nature of the beneficial tffetbere is still a need for further
well-documented and carefully conducted experiments esdtelements. Details concerning
experimental methods and rigorous statistical treatmedata is highly recommended in order
to compare individual results. Great attention should bkspaid on the use of reliable analytical
methods as well as on accurate removal of aerosol contaomrfabm plant samples before rare
earth concentrations are determined. In addition, det@ili®rmation on the impact of rare earths
on plants might open up agricultural use of rare earths teratbuntries beyond China. However,
up to now there are many questions left unanswered regabaditngheir effects on growth and the
mode of action behind as well as their physiological inflleean plants in general.

Although beneficial effects of rare earths on plants have lvadely reported in China over
the last 30 years, experimental trials performed so far emotountries are too little in order to
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systematically evaluate the effects of rare earths on gjeowth. Further systematic research on
the agronomic effects of rare earths is therefore necessastimate the possibility of applying
rare earths to agriculture in other countries.

In accordance with the hormesis effect which could be agpierare earths in several as-
pects, it was reported that beneficial effects on plantsrgdigeccurred at low application levels
whereas high doses often caused adverse and sometime®eweeffects. Thus, the amount of
rare earths not always corresponds to their actions. \&iiotestigations have been performed
on the dose-effect relationship predominantly in China.weler, since the concentrations re-
quired for positive effects are quite low, the tolerancenasin beneficial and adverse effects is
very small. Furthermore, even for very low concentrationspnsistent results were obtained in
different plant species, which may probably be ascribedat@ations in susceptibility of individ-
ual plants. ThuDiatloff et al. (19959 observed stimulating effects of cerium on root growth
of corn at a concentration of 0.g83mol/l whereas even lower concentrations of Opir@ol/l al-
ready reduced the dry weight of root in mungbean. The relahig between applied doses of rare
earths and their effects on plants should therefore beduitivestigated. Detailed information on
this in turn will allow the determination of optimum and toxdéoncentrations, while in addition,
a clear understanding between the amount of rare eartheed@pid that available to plants for
physiological effects could further help to improve thegr@anomic application.

Moreover, for effective application of rare earths in agltiare, effects of individual rare earth
elements compared to each other as well as to their mixt@e tocbe studied, too. In the majority
of Chinese studies reporting beneficial effects on plantethrare earths were applied though
similar results could also be obtained using single rarthsauch as lanthanum and ceriuGup
and Denkui 1998, (Fashui et al.2002, (Chen et al.2001), (Reddy et al.2007), (Sun et al.
2003. Even though belonging to a chemical homologous group gbnsidered unlikely that each
of the rare earth series exhibits the same effects on plBiftsrent physiological effects of single
rare earth elements such as uptake mechanism for lanthardioeaum Hu and Zhy 1994 have
already been reported. Furthermore differences in yiedgarsesavostin and Terngf937),
(Zhu and Zhang1986 (Diatloff et al,, 19959, (Diatloff et al, 19959 but also in nutrient specific
uptake Hu and Zhy 1994 have been demonstrated among the group of rare earth éemen

Until now, information on the effects of rare earths on plahysiological actions such as nu-
trient uptake as well as on biochemical processes is stijt v@re. Besides advancing studies
on bioavailability and uptake of rare earths to/by plartiat information could also help under-
standing their mode of action. Yet though several possildehanisms (effects on physiological
functions of calcium, membrane and cytosceleton stalitina effects on nutrient uptake and
metabolism as well as on photosynthesis, increased nesésta environmental stress, hormonal
interaction) have been proposed in order to explain thetsffef rare earths observed in plants,
these effects are not completely understood and thus furtisearch is needed. Additionally it
was suggested that rare earths might be essential tracergentiowever, to this day there is no
evidence that rare earths might be essential to eithergptargnimals.

Notwithstanding, besides beneficial effects on plant gnoybsitive effects have also been
reported on animals whose diets were supplemented witheeaths (Chaptet?2), whereas there
are hardly any reports on the effects of rare earths on hurmasuming rare earth containing
diets. Hence before allowing the agricultural applicatafrrare earths in other countries than
China, a thorough investigation on their effects on all paftthe food chain as well as on the
environment need to be conducted. Currently availablealitee provides only little information
on the environmental impact of rare earths including stalns, aquatic flora and fauna as shown
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in Chapter7. Thus, environmental behavior of rare earths in both sadl\aater and especially
their effects on soil microbial flora and nitrification as e on aquatic plants and animals has to
be investigated more efficiently.

Finally, further research should also be directed at estabh a more comprehensive data
base on rare earth contents in untreated and treated plashtsods of various sites. Since this
may provide additional information on the distribution aamtumulation behavior of rare earths.
It may also serve as reference material, thus helping tsaske environmental load due to rare
earth application. As to their effects on plants, reseasdts are summarized and listed beneath.

Plant responses to the application of rare earths in vagoustries
Relationship between application dose and effect
Determination of optimum concentrations

Comparison between effects of rare earth mixtures withatedsndividual rare earth ele-
ments

Physiological effects of rare earths on plants
Effects of rare earths on the cell, sub-cell and moleculachemistry of plants
Identification of possible explanations for the mode ofacti

Environmental behavior of rare earths and their impact ang@und water, aquatic flora
and fauna, animals and humans
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CHAPTER

THE APPLICATION OF RARE EARTH
ELEMENTS TOANIMAL HUSBANDRY

was discovered that rare earth elements may also enhanperioemance of farming

animals. Consequently, rare earth containing feed a@ditivere developed and applied
to animal husbandry. Today, rare earths are widely usednmstef fertilizers and feed additives in
Chinese agriculture. With respect to animal productionag been reported that low concentrated
dietary supplementation of rare earth elements may imgrotte body weight gain and feed con-
version rate in nearly all categories of farming animalsluding pigs, cattle, sheep and chickens.
Moreover, increases in milk and egg production due to rarén egoplication to dairy cows and
laying hens were observed, too. However, these effectsineshaompletely unnoticed in Western
countries for a long time. This may be ascribed to an insefficilow of information from the far
East to the Western world, hence a lack of knowledge. Butremaeason might be that there was
no need for further growth promoting feed additives, sincéeied antibiotics were largely used
for that purpose. Yet, the situation has changed. In theseoof heavy debates on the safety of
both vegetable and animal products, antibiotic perforrarthancers were urged to be excluded
from the agricultural sector.

Firstly banned in Sweden, in 1986, then in Switzerland, i82.%nd in Denmark in 2002,
all in-feed antibiotics have finally been prohibited thrbogt the European Union as of 2006 by
the European court of justice by invoking the precautiomgigle [EU directive No 183/2003
article 11 paragraph 2]. However, antibiotic performannbaacers were proven effective for
more than 50 years and the complete ban on routine inclugiantibiotics in creep and starter
feeds will seriously affect post-weaning health and penfamce, especially in pigs. Therefore,
the prohibition of antibacterial feed additives will cogsently lead to a reduction in both growth
and feed conversion of farming animals, as was already dstraied in Sweden and Switzerland.
Yet, along with augmentations of the world population, e@ases in feed production by at least
2 % per year are necessary to assure adequate feed suppéykedping environmental loads as

WITHIN the scope of researching plant growth enhancing effectarefearths in China, it
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low as possible. Thus, efficient use of available resoucesquired, which, among other things,

may be achieved with feed additives. Thus, legally allovgade and inexpensive feed additives,
which are capable of enhancing animal performance, willdeded in order to maintain the state

of health of farming animals and preserve their desiredyperénce and to guarantee efficient use
of resources.

It will be argued that rare earth elements might be apprtpfeeed additives since they exhibit
performance enhancing effects, as reported in China. Hemvéve manner of Chinese keeping,
housing and feeding conditions can hardly be compared ttiesailing in European countries,
as this is generally more intensive by being based on higloqymeance breeds and strongly opti-
mized housing, keeping and feeding conditions. It is alsoknthat effects on the performance
of animals of economic use are more pronounced when feedivatdare administered at sub-
optimum environmental conditions, low states of healtty twtritional value of the diet and low
performance, as reported for feed additives in generals Tihe accreditation of rare earth-based
feed additives will only be accorded in Europe if it is po$sito achieve effective improvements,
similar to those in China, in animal growth and feed conwersinder Western conditions. So far
several investigations on the performance enhancingteftdaare earths on various animal spe-
cies, including pigs, chickens, quails, calves and fishetlmeen conducted in Western countries,
predominantly in Germany and Switzerland. Although, esdlydn pigs and poultry, application
of rare earths to animal diets has shown performance ent@effiects in many studies, there is
still an uncertainty among scientists as to its efficacy adtg. Thus the utilization of rare earths
as feed additive to animal husbandry is still controversédihough several proposals have been
made, which will be treated in Sectidr2.3 it is not clear how these effects might be achieved.

Therefore, it is the aim of this chapter to look at the comiieaf the issue, first by review-
ing the information drawn from Chinese studies that tretitedyrowth enhancing effects of rare
earths on animals and reported on the current applicatioarefearths to animal husbandry (Sec-
tion 12.1). Next, an overview of currently available Western studiaghe effectiveness of rare
earths will be presented on the Western adoption of rarl esthods in animal production (Sec-
tion 12.2). Further information will deal with animal health and thefety of animal products.
Thus a full discussion of the issue will only be possible #igis of achievements are contrasted
with the needs for health and safety, because only then trepEan Union will consider the reg-
istration of rare earths as feed additives (Chapg®r At this point it is important to mention
that a temporary permission for the use of rare earth-coingifeed additives in pigs has already
been granted in Switzerland, in 2003. This is highly rembal&as Switzerland is among those
countries that first prohibited the use of antibiotics imaali breeding.

12.1 China

12.1.1 Rare Earth Elements Used as Feed Additives

A considerable field of research on the application of raréhedo agriculture has been de-
veloped in China over the past thirty years, which has beediyhaoticed in the West§chnug
2003. Shortly after growth promoting effects of rare earths d¢enfs were observed, Chinese
scientists found out that rare earths may also enhancerpafce of several animals. Test re-
ports on applying rare earths to animals in China are showalrke12.1 In present-day China,
rare earths are not only widely used as fertilizers as wasritbesl in Chaptefi1.1but have also
been successfully applied as feed additives to livestosk&adry and aquacultur¥ipng, 1999,
(Chang et a].1998.
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Chicken
increased body weight gain 15-18%
improved egg and laying rate and size 16 %

Sheep and Goats

increased average output of fine wool 0.25kg
increased daily body weight gain 40 %
in short period in sheep

Cattle, Horses and Pigs

increased body weight gain 20-25%
increased milk output in cattle 20 %

Fish and Prawns

increased body weight 20 %

Table 12.1: Test reports on applying rare earths to animals, Baotou Rarth Feed
Additive Co. Ltd. in ChinaRosewel] 1995.

Growth performance enhancing effects due to dietary sopghation of rare earths at low
concentrations are described for nearly all categoriesuwhing animals, including beef cattle,
sheep, pigs, rabbits, ducks, chickens, shrimps andSisar( et a].1991), (Rosewel] 1995, (Duan
et al, 1998, (Tang et al. 199849, (Liu, 2009, (Yang and Chen2000, (Yang et al, 2009.
Improvements in feed conversion rates were also observeeveral animals. Moreover, it was
reported that rare earths may also increase milk produdatiaiairy cows and egg production in
laying hens. Additionally, improved fertility in hens wals@a described\{u et al, 1994), at the
same timeHu et al.(1999 andLiu et al. (2003 even reported improvements in meat quality. The
same was observed in fisKi@ and He 1997. Regarding aquaculture, increases in output and
survival rate of several fish species including grass cdgmtisnoup carp, black carp, common
carp, silver carp and prawn were observédr{g et al. 19989, (Tang et al. 1997h. Besides
growth enhancement, improved egg hatching and nauplisamphosis were reported in giant
tiger prawns Xin et al,, 1997).

Hence, application of rare earths to animal diets was regart terms of increasing body
weight by up to 29 % along with improved feed conversion of 24n%everal animal species
(Wan et al, 1998. Increases in body weight gain of up to 22.5 % were reporbegigs fed a
rare earth-containing diet, whereas at the same time, ferkecsion decreased by 4.3 - 18.9 %
(Shen et al.199)), (Liet al., 19923, (Cheng et a].1994), (Zhu et al, 1994, (He and Xia 19983.
Improvements in laying performance of laying hens were regto be in the range of 8 % (ien
et al, 1991). Daily body weight increases of 8 - 10 % were described irs jaigd increased body
weight as well as improved quality of wool was additionalBtetcted in sheep. In chicken, rare
earth supplemented diets improved survival rate and bodghvdéy 4.5 - 10 % and 4 - 8 %,
respectively Guo et al, 1993. Also, in fish, body weight gain improved by 29.6 % in troutlan
by 16 % in carps after rare earths were supplemented to #edr{fang et al. 1997h. Similarly,
hatching rates of carps raised by up to 27.5 % after rare apphication {fang and Che2002,
while embryo development was also shown to improve sigmfiggShao et al.1998. Animal
species treated with rare earths and the results of applcate presented in Table.2
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Animal species Physiological-biochemical indices
and results of application
Pigs 6 -29 % BWG
increased feed utilization efficiency of 10 %
Sheep increased wool clip of 8 %
6 - 13 % increased BWG
Table Poultry increased survival rate of 3 -4 %

stable length and density improved
increased feed returns 4 - 12 %

Egg-laying Poultry increased survival rate of 5 - 10 %
increased laying rate of 8 %
Duck 6 - 10 % increased BWG

increased laying rate of 9 %
Fish (Grass Carp, Silver Carp, Carp) 3.4 - 3.7 % increased BWG
increased survival rate of 5 %

Long Hair Rabbit increased BWG 7 - 10 %
increased hair yield of 7 - 9 %
Domestic Silkworm increased digestible protein

increased cocoon production per 10000 larvae of 9 %
increased total cocoon weight of 3 %
grade of raw silk raised

Table 12.2: Effects of rare earth elements on livestock, poultry andefighin China
(Xiong, 1995.

Rare earth products commercially available on the Chinemdken mainly contain a mixture
of rare earths@Chen and Xiong1994), (He and Xig 2001). Both inorganic (nitrate, chloride
etc.) and organic (vitamin C, citrate etc.) rare earth coumgs are used as feed additives in
animal production $ong et al. 2009. It has been reported that best results may be obtained
using organic rare earth compoun@hén 1997, (Wan et al, 1997). Among organic compounds
are several rare earth salts, which may be applied to anirgadier products, such &VT - 2
mainly consist of ascorbic acid rare earths and contain 2% 3are earth oxideSVT - 2 which
is recommended to be applied to poultry (broiler and layiegd), pigs, rabbits and silkworm
at 100 g per ton feed, may still be purchased from the RarénEzenhter for Agriculture Use in
China Fleckenstein et gl2004. However, as ascorbic acid is quite expensive other pitsgduc
such as the typeRCT - 3andRCT - 4 have been developed including organic compounds. These
products are presently used in Chinese animal husbandrgaratulture Xiong, 1995.

Rare earths may either be mixed to the feed as, e.g., mirddtdivees or, after being dissolved,
applied to the drinking water of animal€lifang et al.1998, (Rambeck et al2004), (Rosewel)
1995. Optimum concentrations have been shown to differ amomgaspecies and type of
rare earth compound, whereas performance enhancingseffece reported to occur at a dosage
of 100 - 200 mg per kg feedBphme et al. 20029. Yet earlier, other authors recommended
lower rare earth concentrations of 5 - 40 ppm in feeds in ord@nhance animal growtl(o
et al, 1993. Since rare earth concentrations may vary within differame earth compounds,
information given in Chinese feeding trials often refer b@ amount of rare earth oxides. In
the majority of experiments performed, different mixtuoésare earths were used, though there
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are some studies in which single rare earth elements weleedgp animals to verify whether
performance enhancing effects may also be produced byidudilrare earth elements.

However, it needs to be mentioned that detailed informatiohoth statistical significance and
exact compositions of these mixtures is often lacking, /hatiditionally, chemical compounds,
organic or inorganic in nature, used in these studies mésrdié to concentration and composition
of individual rare earth elements. Furthermore, often dwlyconcentration levels were compared
to each other in order to determine optimum concentratiatiser than critically studying the
dose-effects of rare earths. Thus, these inconsistena&e @ comparison of results obtained
in different studies hardly possible. Nevertheless, Csengtudies on the performance enhancing
effects of dietary rare earth supplementation on animagsohomic importance will be presented
according to animal species.

12.1.1.1 Pigs

Effects of rare earth supplementation to the diets of pigspaultry are found to be described
the most in Chinese literature. It has been reported thdoqmmeance enhancing effects occur
when rare earths are supplemented at a dosage of 100 - 200rrkg f@&d, while improvements
observed were up to 30 9BOhme et al.20023.

According toChen (1997 andWan et al.(1997), good performance enhancing effects were
obtained using compounds in which rare earths are boundganar acids, as can be seen in
Tablesl2.3 12.4and12.5 Although better results were claimed for rare earth orgaompounds
by Wan et al(1997), with daily body weight increases of 32 % and improved feauversion rates
of 24 %, a comparison between organic and inorganic compoimithis trial is not possible, as
not only the compound but also the concentration was diiferéet comparisons as to the dose-
effect relation are often not only hardly possible withiredaeding trial but also between different
Chinese feeding trials.

control RE chloride RE chloride RE organic acids
80 mg/kg 160 mg/kg 700 mg/kg
Effects of rare earths on body weight gain and feed conversite

initial BW (kg) 46 41 49 44

final BW (kg) 69 66 72 73

BWG (g/day) 704 769 713 929

FCR (kag/kg) 2.63 2.41 2.61 2.01

Improvements compared to the control
BWG (%) +9 +1 + 32
FCR (%) -8 -1 -24

Table 12.3: Effects of dietary supplementation of rare earths on bodgh&€BW in
kg), daily body weight gain (BWG in g per day) and feed conversate (FCR in
kg/kg) of pigs; there were no data on significandéf et al, 1997).

Thus,Chen(1997), for example, presented similar resultsVdan et al.(1997 in another trial
in which only 100 mg/kg rare earth citrate was supplementetthé feed of pigs growing from
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control RE ascorbate RE citrate
100 mg/kg 130 mg/kg
Effects of rare earths on body weight gain and feed conversite
initial BW (kg) 50 51 51
final BW (kg) 75 76 81
BWG (g/day) 710 766 890
FCR (kg/kg) 4.23 3.91 3.44
Improvements compared to the control
BWG (%) +8 + 25
FCR (%) -8 -19

Table 12.4: Effects of dietary supplementation of rare earths on bodgh€BW in
kg), daily body weight gain (BWG in g per day) and feed conversate (FCR in
kg/kg) of pigs first trial; there were no data on significanCégn 1997).

control RE ascorbate RE citrate
100 mg/kg 130 mg/kg
Effects of rare earths on body weight gain and feed conversite
initial BW (kg) 32 33 32
final BW (kg) 97 112 96
BWG (g/day) 336 360 346
FCR (kg/kg) 5.12 4.53 5.42
Improvements compared to the control
BWG (%) +7 +3
FCR (%) -12 +6

Table 12.5: Effects of dietary supplementation of rare earths on bodgmi&BW in
kg), daily body weight gain (BWG in g per day) and feed conversate (FCR in
kg/kg) of pigs, second trial; there were no data on signitea@hen 1997).

50 kg to 75 kg. During this experiment increases in daily bagyght gain of up to 25 % could
be observed, whereas, increases of 8 % were reported wleeadh ascorbate was used instead
at the same concentration. Both compounds also improvetidesversion by 19 % and 8 %,
respectively, while better results were achieved using earth citrates.

Another trial performed over a longer period also showed timéh rare earth ascorbate and
citrate compounds were able to increase daily body weigint loja 7 % and 3 %, respectively,
in pigs gaining weight from 32 to 112 k@ Qen 1997. However, this time, rare earth ascorbate
presented better results by additionally decreasing feadersion by 12 %, whereas, an increase
of 6 % was observed in rare earth citrate-treated pigs. Yetlata on significance was available
for any of the three trials described previously.

In accordance wittChen (1997, growth promoting effects were also observed in growing-
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finishing pigs presenting an initial average body weight ®/53kg. Supplementation of a rare
earth mix at 75 mg/kg per kg feed for thirty days increasedagebody weight gain significantly
by 13.0 % (p< 0.05) compared to the control, while feed conversion algaraved significantly
by 6.10 % He and Xig 19981). At the same concentration (75 mg/kg feed), rare earthesackere
reported to enhance body weight gain significantly by 22.2063 % and 13.0 %, respectively,
in rearing, growing and fattening crossbred pigs (Duroc rdrace x Large White)He and Xia
2000. Furthermore, highly significant increases in body weiggih of 13.3 % (p< 0.01) were
observed in 40 - 50 day old growing pigs fed a diet supplentewi¢éh organic rare earth com-
pounds RCT - 3 at 0.01 % for 180 days-an et al. 1997). Likewise, the application dRCT - 3
at 200 mg/kg for 123 days to finishing pigs could improve bodyghit gain by 24.1 % (pc 0.01)
and feed consumption by 16.4 % €p0.01) without influencing meat qualityChen and Xiong
1994). Performance enhancing effects of organic rare earth cangisRCT - 3containing ap-
proximately 33 % of rare earth oxides were however not ongsented in finishing but also in
suckling and weaned pigs.

Feeding trials on weaned crossbred pigs, growing pigs agehath an average body weight of
9.78 kg, 12.55 kg and 17.28 kg, respectively, were condumtelddemonstrated that the addition
of rare earth compounds at 75 mg/kg per kg feed could significamprove both average daily
body weight gain and feed conversidig and Xig 19980, (He and Xig 2001). Rare earths fed
over a period of 15 days increased daily body weight gain cinee crossbred pigs (9.78 kg)
by 22.9 % (p< 0.05), while improving feed conversion by 7.89 %. Similaieets were also
observed in growing pigs (12.55 kg) presenting improvetydady weight gain and feed conver-
sion of 20.27 % (p< 0.05) and 8.20 %, respectively, after a 24 days lasting fegtlial. Slightly
lower performance enhancing effects were observed in pitisam initial average body weight
of 17.28 kg, which were also fed a rare earth supplementdadati®4 days. Yet, increases in
daily body weight gain and improvements in feed conversienenstill 18.07 % (p< 0.05) and
4.79 %, respectively. In contrast to that, rare earths weeel @t higher concentrations in another
feeding experiment performed on weaned pigléts et al, 1999. During this trial, a mixture
of rare earth elements (referring to oxides, the compasitias as follows 22.7 % &3, 10.42
% Ce03, 3.0 % P03, 2.14 % NgOs3, 0.58 % SmO3, 0.09 % EwO3, 0.11 % GdO3) was ap-
plied to 35-day-old weaned pigs (8 kg) for 33 days. In linewgieéveral Chinese publications, this
one did neither contain any information on the compositibrace earths applied including the
anion to which rare earths were attached. However, bodyhwejgin was increased at 200 mg
by 3.97 % (n.s.) and significant increases of 8.93 % (p.05) and highly significant increases
of 32.34 % (p< 0.01) were reported for animals fed a 400 mg and 600 mg sugplead diet,
respectively. Feed conversion also decreased by 1.66 %, @.685 % (p< 0.05) and 11.29 %
(p < 0.01), respectively, in 200 mg, 400 mg and 600 mg treated @sinBased upon these re-
sults, 600 mg/kg was considered as optimum concentratitbectE were thought to be ascribed to
an improvement in digestibility of nutrients as, along wgtlowth performance enhancing effects,
apparent digestibility of energy, crude protein as well@saltessential and nonessential amino
acids was also improved significantly due to rare earth supehtation at 400 mg and 600 mg.
Results from this trial are summarized in Tab26

In another study designed to investigate the effects ofaartn feed additives on growth perfor-
mance of piglets, a liquid product of mixed rare earth eleimeras used in 20 day old piglets for
40 days. It was shown that body weight gain increased by 7%8ahd feed conversion improved
significantly by 16.8 - 18.4 % over the whole experimentalquerSpecified data on the composi-
tion of this rare earth compound was however missidg €t al, 2000. Further studies reported
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that dietary supplementation of different rare earth caxgs STV-2 RE vitamin C,CL-1. RE
nitrates andCL-2: RE chlorides) to trihybrid pigs (Duroc, Landrace pig, Shag) could increase
daily body weight gain by 7 - 21 % (11.3 % on the average), wdgraverage feed conversion
decreased by 6.8 %, as can be seen in TaBl& (Ming et al, 1995. The feeding period could
therefore be shortened by 4 - 27 days, as the final weight ofg9@ds achieved earlier in rare
earth supplemented animals.

RE 200 mg/kg RE 400 mg/kg RE 600 mg/kg

Improvements of performance parameters compared to theoton

BWG (%) +3.97 (p>0.05) +8.93 (p< 0.05) +32.34 (g0.01)
FCR (%) -1.66 (p>0.05) - 4.65 (p< 0.05) -11.29 (p0.01)
Improvements of Digestibility of nutrients compared to tdoatrol
Energy (%) - +2.31 (p< 0.05) +3.98 (p<0.01)
CP (%) - +4.51 (p< 0.05) +6.86 (p:0.05)
essential AA (%) - + 3.06 (pc 0.01) + 3.06 (pc0.01)
non essential AA (%) - +3.42 (g 0.05) + 3.07 (p<0.05)
total AA (%) - +2.04 (p< 0.05) +4.24 (pc0.01)

Table 12.6: Improvements of daily body weight gain (BWG %), feed coni@rsate
(FCR %) and digestibility of nutrients (CP: crude proteiy:Aamino acids) of grow-
ing pigs due to dietary supplementation of rare earths (RiE)dt al, 1999.

control RE STV-2 RE CL-1 RE CL-2
Effects of rare earths on body weight gain and feed conversite
BWG (g/day) 484 590 541 543
FCR (kg/kg) 4.30 3.84 4.13 3.98
Feeding period 148 121 128 128
Improvements compared to the control
BWG (%) +21.3 +11.8 +12.2
FCR (%) +10.7 +4 +7.4
Feeding period (d) - 27 -20 -20

Table 12.7: Effects of dietary supplementation of rare earths on peréorce, daily
body weight gain (BWG in g per day) and feed conversion ra@RFn kg/kg) of
pigs; there was no significant difference among the experiaigroups, CL-1: RE
Nitrates, CL-2: RE Chlorides, STV-2: RE vitamin @ling et al, 1995.
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However, not only the mixtures, but also individual raretle@iements were able to enhance
growth performance in pigletsXu et al. (1999, Wang and Xu(2003 andLiu (2005 demon-
strated that lanthanum could enhance growth performanpg#ito a similar extent as rare earth
mixtures. In crossbred growing pigs fed a normal diet suppleted with 100 mg/kg lanthanum
for 30 days, it was demonstrated that average daily bodytweigreased significantly by 13.26 %
(p < 0.05) along with average daily feed intake, which improvgd#3 % (p< 0.05). Further-
more, feed conversion also improved significantly by 8.5 % @.05) Xu et al, 1999. Analysis
of blood samples revealed significantly increased serueidesf growth hormone, as well as of
both thyroid hormones @by 36.70 % and 7 by 28.96 %). Based on these results, it was sug-
gested that lanthanum may stimulate the synthesis andtisecoé several hormones, such as
growth hormone and thyroid hormones. In accordance Mitlet al.(1999, Wang and Xu2003
also observed significantly elevated serum levels of grdwitimone in growing pigs along with
significant increased average body weight gain of 13.06 %rapdoved feed conversion rate of
6.53 % (p< 0.05) due to the application of lanthanum at 100 mg/kg. AsiEaseen in Tabl&2.8
similar results were achieved after the addition of lantimrchloride at 100 mg/kg to a normal
diet based on corn and soy meal, which was fed to barrbws 2005).

control LaCk 100 mg/kg
n 30 30
Effects of lanthanum chloride on body weight gain and feed/ecsion rate of pigs
initial BW (kg)  54.69 54.75
end BW (kg) 74.30 76.90
BWG (g/day)  653.67 738.3%
FI (kg) 2.2 2.3%
FCR (kg/kg) 3.39 3.18

Improvements compared to the control

BWG (%) +6.30 (p< 0.01)
FCR (%) -10.29

Table 12.8: Effects of dietary supplementation of lanthanum chloridéody weight
(BW in kg), daily body weight gain (BWG in g per day), feed ikeég(FI in kg) and feed
conversion rate (FCR in kg/kg) of pigs; n: number of animasgxperimental group;
ab yalues without the same superscripts differ significantly §.05 (iu, 2005.

Although there is no definite agreement on the concentraiforare earths recommended,
which may be attributed to differences in composition oérearth mixtures applied, the majority
of studies reports doses in the range of 75 mg/kg to 200 mg/ke teffective, whereas, organic
compounds are supposed to provide better effects. It cdsibdbo@ demonstrated that not only the
mixture of rare earths but also sole application of lantimamo pigs may enhance animal perfor-
mance. In addition to growth promotion, supplementatioarafno acid rare earth compounds to
diets of growing pigs could also improve the quality as weltlee chemical composition of meat
(Liu et al,, 2003.

143



12 THE APPLICATION OF RARE EARTH ELEMENTS TOANIMAL HUSBANDRY

12.1.1.2 Poultry

According to Chinese literature, application of rare eadhtaining feed additives in order to
promote growth is not restricted to pigs. Performance ecihgneffects in terms of increased
body weight, improved feed conversion but also enhancedpegduction and fertilization rate
of hatching eggs were reported in poultry after oral rar¢heapplication, too\(Vu et al, 1994,
(Chen and Xiong1994). So far both inorganic and organic rare earth compounds wested.
However, due to differences in rare earth concentrationsedsas chemical compounds, it is
hard to make any statements as to whether organic or in@rgargé earth compounds may pro-
vide better performance enhancing effects in poultry. Addally, even though studies generally
reported ergotropic effects due to rare earth applicabgtimum concentrations recommended
varied largely. This again reflects the impossibility to gare data obtained in different Chinese
feeding trials due to variations in rare earth compoundsthEamore, often details on the com-
pounds are missing as it is also the case in the trial destabéollows.Wu et al.(1994) reported
that, with respect to all performance parameters, beslisasare obtained applying rare earths at
a rate of 600 mg/kg, therefore being considered as optimunoesdration. Within this experiment
it was demonstrated that a normal diet supplemented witérdriit concentrations of rare earths to
six-month-old hens (egg laying Xingza-288 breeding hemsrage body weight of 1.45 kg) im-
proved their performance significantly. At 200 mg, 400 mg 6@Pand 800 mg rare earths per kg
feed egg production was improved by 8.85 %, 3.90%, 7.25 % atdl% (p< 0.01), respectively,
while the fertilization rate of hatching eggs was also inve by 1.11 %, 3.46 %, 4.32 % and
1.54 % (p< 0.01). Additionally, single egg weight could be increasgdtb0 g, 1.23 g, 1.33 g
and 0.61 g at 200 mg, 400 mg 600 mg and 800 mg rare earths peedgFer rare earth nitrates,
however, an optimum concentration level of 300 mg/kg feed assumed by hang and Shao
(1999, who investigated the effects of inorganic rare earth fedditives on growth performance
of ten-day-old broilers for 60 days. The addition of raretleaitrates (38.7 % rare earth oxides;
mainly containing LaO3, Ce:0O3, Nd»O3) at 300 mg, 400 mg and 600 mg per kg feed improved
body weight gain by 20.3 % & 0.01), 18.6 % (p< 0.01) and 6.6 % (p< 0.05), respectively,
compared to the control.

In a very recent study, broilers at the age of 35 days wereléed/into four groups receiving
0 mg, 300 mg, 400 mg and 500 mg rare earth compounds bound @&rifuacid per kilogram
normal diet {fang et al, 2005. Besides improvements in feed conversion rates, econoemefits
could be achieved in those broilers fed rare earths. Besttsewere obtained using 500 mg
rare earths, thereby improving body weight (938 g) by 12.1rthf@ed conversion rate (3.0) by
13.1 %, compared to the control (837 g). Another study, h@neeported even higher optimum
concentrations of 1000 mg/kg and 1500 mg/kg feed in ordemdcease body weight gain by 1 -
9 % and decrease feed conversion rate by 9 - 11 % in polttapd et al. 1994). During this
study, it was further noticed that 60 to 100-day-old chickesmre particularly susceptible to rare
earth supplementation. Yet, lower concentrations in thgeaof 100 mg/kg and 200 mg/kg were
described in most of the other experiments. Hence, appicaf rare earths at 120 mg/kg could
improve total egg production and laying rate of 75-weekialdng hens (Beijing White T.) by
8.18 % and 6.41 %, respectivelglien and Xiongl994). In hen farming, it was reported thRCT
- 3 (organic rare earth compounds) supplementation at a dosd§® mg/kg for one month could
increase laying rate by 3.4 %, decrease feed egg ratio andisamtly improved both fertility and
hatching rate. In contrast ©Ghen and Xiong1994), dietary addition of 100 mg/kg rare earths
to breeding hens during laying had no significant impact tmeeifertilization or hatching rate of
eggs, yet laying and survival rate improved, respectivah4.12 % and 3.8 %. In addition, feed
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conversion was also reported to be improvieddn et al. 1999.

During growing, both survival rate and feed intake have ksk@wn to be enhanced. In breed-
ing hens, laying rate increased by 4.7 %, while the inciderfickamaged eggs decreased by 1.5 %
after rare earths were supplemented at 100 mg/kg to thei(@meg 1996. Furthermore, fertil-
ization and hatching rate as well as the percentage of yeeliickens increased. Improvements
in laying rates of 7.1 % (p< 0.01) and 3.6 % (p< 0.05), respectively, on the one hand, were
reported when rare earths were applied at a concentratidro8f% and 0.04 % to 53 week old
laying hens (Beijing White) for seven weeks. On the otherdhamdividual egg weight was also
significantly enhancedZpang et al.19969.

In another study, one-week-old chickens (Feng Hua Chickeng supplemented with organic
rare earth compounds at different concentrations (0 m&%&gyg/kg, 130 mg/kg, 195 mg/kg) dur-
ing the period of rearing (two to four weeks) and growing finig (five to nine weeks){ie and
Wang 1998. Increased average body weight gain of 6.30 %c(p.01) and 10.71 % (gc 0.01)
was demonstrated when rare earths were applied at 65 mgky3Ehmg/kg feed, respectively;
additionally, feed conversion was also improved compawebe control group. As can be seenin
Table12.9 best results were obtained when rare earths were suppiedaa rate of 130 mg/kg,
whereas, no effects occurred when rare earths were appli€bang/kg, hence indicating a dose
dependency.

control RE 65 mg/kg RE 130 mg/kg RE 195 mg/kg

n 120 120 120 120
Effects of rare earths on body weight gain and feed conversite
BWG (g/day) 25.24 26.82 27.94 25.21
FCR (kg/kg)  2.72 2.44 2.31 2.70
Improvements compared to the control
BWG (%) +6.30 (p< 0.01) +10.71(p< 0.01) -0.09 (p> 0.05)
FCR (%) -10.29 - 15.07 -0.74

Table 12.9: Effects of dietary supplementation of rare earths on daitjybwveight gain
(BWG in g per day) and feed conversion rate (FCR in kg/kg) atlen; n: number of
animals per experimental group; p-value: significante g@nd Wang1998.

Regarding the results of studies presented, rare earthdiaseusly shown to improve per-
formance of chickens in terms of increased body weight gathdecreased feed conversion rate.
Nevertheless, positive effects of rare earths on poultmgwiet only observed in chickens but also
in ducks. Application of rare earths at 180 mg/kg to the dieheat breed ducks increased their
body weight gain by 16 - 25 %Zfou, 1994). Additionally, it advanced their sexual maturity by
five to seven days. In laying ducks, 60 mg/kg rare earths calddy sufficiently improve total
egg production by 12 - 15 %, while also prolonging the peakgyf production and the input
output ratio. A summary of Chinese feeding trials perforroadgigs and poultry is presented in
Table12.1Q
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Reference Animal Species  RE doses RE compound Effect (%)
(mg/kg)
Shen et al(199)) piglets 300 RE mixture +12 BWG -11 FCR
600 + 14 BWG -14 FCR
900 +7BWG -6 FCR
Zhu et al.(1999 piglets RE mixture +5.37 BWG -4.31 FCR
Yuan (1994 piglets 48 RE mixture +11-19 BWG -9-19FCR
Wan et al(1997) pigs 700 RE organic acids + 29 BWG -24 FCR
80 RE chloride +9BWG -8FCR
Chen(1997 pigs 100 RE ascorbate + 8 BWG -8FCR
139 RE citrate + 25 BWG -19 FCR
Xia and He(1997) pigs 50 +6-12 BWG -4-10FCR
100 + 13 BWG -6-7FCR
150 +6-12 BWG -4-10FCR
He and Xia(19983 piglets 75 RE mixture +13-20 BWG -5-8FCR
Hu et al.(1999 pigs 200 RE mixture +4.0 BWG -1.7FCR
400 + 8.6 BWG -4.7FCR
600 +32.3 BWG -11.3FCR
Xu et al.(1999 pigs 100 Lanthanum +13.3 BWG -85FCR
Wang and Xy (2003  pigs 100 Lanthanum +13.1 BWG -6.5FCR
Liu (2005 pigs 100 Lanthanum chloride  + 6.3 BWG -10.3 FCR
Xie et al.(199)) broiler 10 RE mixture + 1.4 BWG -
20 + 3.8 BWG -
Shen et al(199]) broiler 50 - 600 RE mixture +12.0-12.4 BWG -12.4-12.8 FCR
Yang et al.(199]) broiler 140-200 RE mixture +7.9-10.7 BWG -14.8-20.7 FCR
Zhu et al.(1992 broiler 100-900 RE mixture + 5.7 BWG -8.4FCR
Wu et al.(1999 laying hen 200-800 RE mixture +3.9-8.9 egg yield -

+0.5-1.3 eggweight -

continued on next page
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Reference Animal Species RE doses RE compound Effect (%)
(mg/kg)
Zhang and Sha(l1995 broiler 300 RE nitrates +20.3 BWG -
400 +18.6 BWG -
500 + 6.6 BWG -
Xia and He(1997) broiler 130 RE mixture +10.7 BWG -12.9 FCR
300 +23.7 BWG -16.9 FCR
Xie and Wang(1998 broiler 65 RE organic + 6.3 BWG -
130 +10.7 BWG -
195 -0.1 BWG -
Yang et al.(2005 broiler 500 RE fumaric acid +12.3 BWG -13.1 FCR

Table 12.10:Chinese feeding trials on pigs and poultry FCR: feed comvenmate, BWG: body weight gain.

'uUIYD T'ZT



12 THE APPLICATION OF RARE EARTH ELEMENTS TOANIMAL HUSBANDRY

12.1.1.3 Ruminants

Although it has been reported that supplementation of rarthe to feed of ruminants may
enhance their performancg8i{en et aJ.1991), (Xiong, 1999, studies on these effects are hardly
available. Increased wool clip of 8 % and body weight gain efl@ % were reported in sheep
(Xiong, 1995. Additionally, it was described in China that dietary slgmpentation of rare earths
to goats can improve the length of cashmere grown, whileikgeghe fineness below 1gm.
Cashmere wool is an expensive and exclusive fibre, which reaybbained from Kashmir goats
(McGregor 2002. Though not significant, rare earth supplementation todtiveking water of
Cashmeres on a private Australian farm was also reporteahpoove the yield of raw material
and fineness. Furthermore, Cashmeres presented more l@amanséaughterosewel] 1995.
Enhanced average output of fine wool of 0.25 kg in sheep ant$ goa improvements of daily
body weight gain of 40 % in sheep were described in test reporapplying rare earths to animals
published by Baotou Rare Earth Feed Additive Co. Ltd. in @hFurthermore, increases in body
weight gain of 20 - 25 % and increased milk output in cattle@f2 were also reported.

Similarly, improvements of both body weight and feed cosi@r rate could be observed in
six-month-old fattening cattle (average body weight of RgPafter their feed was supplemented
with rare earth nitrates containirxg 38.0 % rare earth oxides (mainly lanthanum (22 %), cerium
(45 %) and neodymium (15 %) oxides) at a concentration of 66&kg(5 mg/d/kg body weight)
for 76 days Zhang et al.1994). In dairy cattle, dietary supplementation of rare earthgroved
performance in terms of increased milk production. Thetaoltlof rare earth nitrates consisting of
+ 38 % rare earth oxides (22 % £@3, 45 % CeO3, 15 % Nd03) to the feed of 9 lactating dairy
cows could increase both total and individual milk prodoctas well as milk fat percentag8t{en
et al, 199]). Best results were obtained at 800 ppm. Animals from theérobgroup produced
1467 kg milk over the period of sixty-three days, wherea$3l6g and 1783 kg were produced
by animals fed 200 ppm and 800 ppm rare earths, respectivelwidual milk production also
improved by 9.3 % and 21.5 % in animals fed 200 ppm (8.48 kg) & ppm (9.43 kg) rare
earths, compared to the control group (7.76 kg). The abesohilik fat percentage was 3.81 in
the control group, while improvements of 4.9 % and 7.4 % wergcaed when rare earths were
supplemented at 200 ppm (4.10) and 800 ppm (4.20), respbctidowever, this study needs to
be considered carefully due to the low number of experimemianals and the lack of statistical
data.

12.1.1.4 Fish and Shrimps

In China, rare earths are not only applied to livestock hodba but also to aquaculture, in-
cluding fish and shrimps. Feeding different rare earth camgs including rare earth amino acids
(50 % of rare earth methionine and lysine respectivelykg earth vitamin C, rare earth citrate,
rare earth glucose and rare earth gluconic acid to carp®fdags, improved body weight gain by
> 20 % in all treatment groups compared to the control thought kesults were obtained in fish
receiving rare earth amino acids, which could increase galght gain by 28.9 %. For rare earth
vitamin C and citrate compounds, body weight gain was shanmetenhanced by 27.2 % and
24.1 %, respectively, whereas that of rare earth glutanrategauconic acid increased by 23.0 %
and 20.1 % . Furthermore, it was described that besides gnogngrowth, rare earth supplemen-
tation was also able to improve egg hatching dose-depelydemiarps. At low concentrations of
< 100 mg/kg egg embryo development was promoted, howevebijiaty effects occurred when
the concentration exceeded 100 mg/Ehdo et al.1998. Same effects were observed applying
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praseodymiumYang and Chei2002 reported optimum concentrations of praseodymium to be
in the range of 2.4 - 4.8 mg/l in order to promote egg hatchingrass carps by 18.5 - 27.5 %.

An evident dose-effect dependency of growth enhancingsfigas also described in rainbow
trouts and carps. Supplementation of 300 ppm rare earthoaacid compounds (containing 50 %
rare earth lysine and 50 % rare earth methionine) increasgy\weight gain by 11.2 % in rainbow
trout, yet even better improvements were obtained at highecentrations of 400 ppm (29.6 %).
Also, in carps, growth promotion of 6.3 % and 16 %, respebtjweas achieved when the same
rare earth compound was supplemented to their feed at 30@pgd#00 ppmTang et al. 1997h.
However, itis known, as for several Chinese experimenés ttiese studies were performed under
extensive or semi-intensive condition&(tenhahn2004). Nevertheless, besides yield increases,
some authors also described changes in the activity of @lesezymes, such as catalase, super-
oxide dismutase, proteinase, lipase, amylase, in livefoarhncreas of fish due to rare earth
supplementationWf/ang et al, 1999, (Shao et al.1999. This may indicate that rare earths exert
their performance enhancing effects by influencing thevéigtof enzymes.

In line with another study designed to investigate the éffef rare earth supplementation to
fish feed optimum concentration ranges of 36.9 - 42.8 mg/kdgfont snout bream and 54.6 -
58.9 mg/kg for grass carps were determin8di(et al, 1990. At these concentrations, it was
possible to increase yield by 17 - 18 %, survival rates by 8%-% and, furthermore, improve
feed conversion by 5.6 - 15.5 %. Consistent with dose depereftects of rare earths, it was
demonstrated that continuous exposure of carps (CypriaumsacL.) to solutions containing very
low concentrations of lanthanum, gadolinum or yttrium @rbg/l) over 45 days at a pH of 6.0,
neither caused synergistic nor antagonistic effeCtsd al, 1994).

Yet dose-dependent effects were not only observed in fishlbatin shrimps. Hence, the ap-
plication of rare earth citrates to oriental river shrimptacrobrachium nipponense) revealed that
promoting effects on egg hatching strongly depended on ¢isesiappliedYang et al, 2001).
While rare earth citrates could only promote the develognoémrgg embryos when applied at
1.2 - 4.8 mg/l, no significant differences were seen at lowceairations 0.1 - 0.6 mg/l and at con-
centrations of> 9.6 mg/l adverse effects occurred. Egg hatching was thdodig promoted due
to rare earth absorption, with absorption capacities o dggng approximately 7.9g/egg. Sim-
ilar concentrations were determined for lanthanum absorgipacity (4.4 to 8 mol)Yuan et al,
1999, (Xin et al, 1997. Furthermore, within the scope of studying the effectsamitthanum
it was shown that not only the mixture but also sole lanthamorid promote egg hatching in
prawns. Optimum lanthanum concentrations of 0.37 - 1.83 weye recommended to promote
egg hatching in prawns (Penaeus chinensis) by 21.7 - 52 MuAn(et al, 1999, whereas 0.55 -
1.64 mg/l were suggested to improve larval metamorphosighty higher optimum lanthanum
concentrations of 1.2 - 4.8 mg/l were determined to incremgehatching by 22.8 - 27.7 % in
Macrobrachium nipponense, another species of orientat starimps Yang and Chen2000).
Accordingly, Xin et al. (1997 demonstrated that lanthanum could promote egg embrydajeve
ment in oriental prawns after being absorbed from seawet, it was shown that lanthanum
concentrations required differed with the developmentas of prawns (Penaeus chinensis). For
monocell and dicell stage of embryo development, optimunteatrations of 0.3 - 8.8 mg/l en-
hanced egg hatching rates by 33.5 - 49.1 %, whereas at 0.9md/I8egg hatching rates were
improved by 17.1 - 23.5 % during polycell stage. For the ghsadf nauplii, an optimum lan-
thanum concentration of 0.9 - 1.5 mg/l was recommendedellyegnhancing the metamorphosis
from nauplii to protozoea by 9.4 - 11.7 %.
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12.1.2 Safety of Animal Products

In conclusion, performance enhancements of rare eartraicomg feed additives could be
achieved in a great variety of farming animals as well as waaglture. However, not only the
effectiveness but also the safety of rare earth applicétasbeen assessed in China, prior to their
commercial utilization. Rare earth feed additives weréetesn two million animals while their
products were analyzed by the Inner Mongolian State Teahimspection Departments. Results
showed that rare earths were nonpoisonous to either hurmaarsmals Rosewel] 1999. Ac-
cordingly, Ming et al. (1995 did not observe any negative effects of rare earth suppitatien
on either the carcass or the quality of animal feedstuffswBen rare earth supplemented pigs
and the control group there were no differences as to sesi@aghter indexes, including carcass
weight, body length, back fat, thickness, eye muscle aeza imeat rate, meat color, pH value,
water loss rate, water holding rate, meat marbling or cookedt rate. Moreover, improvements
in the quality of animal products were reported after ramthesupplementation{je and Wang
1999, (Liu et al, 2003. Additionally, adverse effects for consumers may neitheerexpected
from possible accumulation of rare earths in animal tissigetheir concentration is generally re-
ported to be low. Thus, no significant differences in lanthrarcontents were observed between
selected organs of lanthanum supplemented pigs and thdke obntrol (Vang and Xu2003.
Again, this was confirmed recently thyu (2009 (Table12.117).

Control LaCk 100 mg/kg
n 30 30

Muscle 0.15+ 0.01 0.29+ 0.01
Liver 0.33+ 0.07 0.38+ 0.03
Kidney  0.13+ 0.03 0.16+ 0.04
Spleen 0.1 0.05 0.15+ 0.05
Pancreas 0.1& 0.03 0.18+ 0.06

Table 12.11: Lanthanum concentrations (mg/kg) in tissues of pigs; n: memof
animals per experimental grou#® values without the same superscripts differ signif-
icantly p< 0.05 (iu, 2009.

As can be seen in TablE2.12 highest concentrations of rare earths were reported ie bdn
pigs, which conforms with the fact that rare earths have taiteaffinity to bone §ling et al,
1995. Additionally, elimination from liver tissue occurred igily. Meat quality of rare earth
supplemented chicken was also reported to be preservee,sinsignificant accumulation of rare
earths was found in either muscle or liver in chickéie(and Wang 1999. Residues of rare
earths in meat and liver of meat breed ducks were reported &wdund 0.1 - 0.2 mg/kg, whereas
in eggs, only trace amounts were detectélaa, 1994).

Low rare earth concentrations were not only detected in@ngischickens, but also in fish fed
a rare earth containing diet, thus ensuring safe consumpiibough slightly higher concentra-
tions could be determined in bone, fin and gill, accumulatibrare earths was shown to deplete
easily Ghi et al, 1990. Carps generally presented a low ability to take up rartheafter being
continuously exposed to low lanthanum concentrations wegperimental conditions, whereas
the order of bioaccumulation was internal organgills > skeleton> muscle Tu et al, 1994).
Accumulation pattern in goldfish, kept in water containinffedent concentrations of rare earth
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elements (0 mg/l, 0.5 mg/l, 1.0 mg/l, 2.0 mg/l, 4.0 mg/l and ®g/l) for 20 days, was liver
gallbladder> kidney > eggs> spleen for yttrium and eggs liver gallbladder> spleen> kidney
for gadolinium {Vang et al, 1999.

Control RE
Heart 0.06 0.06
Liver 0.05 -
Spleen 0.02 0.06
Lung 0.07 0.1

Stomach 0.03 041
Kidney 0.02 0.06
Bone 2.25 3.5
Intestine 0.05 -
Muscle 0.045 -
Blood 0.02 0.03

Table 12.12:Contents of rare earths (mg/kg) in tissue samples of pigs avitl with-
out dietary rare earth supplementatidfirfg et al, 1999.

12.1.3 Summary

In China, rare earths were shown to promote performancerimg of increased body weight
gain and improved feed conversion, in nearly all categaidarming animals, especially in pigs
and poultry. Improvements of up to 20 % are described for botiy weight gain and feed con-
version rates. In dairy cows, increases have also beenwvaaser milk production. Though both
inorganic and organic rare earth feed additives have besthinseveral trials, better results seem
to be obtained using the latter. Thus, several organic ranth @roducts are commercially avail-
able in China. As to feeding experiments performed in Chilhere is no consistency regarding
optimum doses. Furthermore, variations in the digestigtesy between different animals impli-
cate that optimum concentrations of rare earths suppleedentthe diet, differ with the animal
species. Yet concentrations of 100 - 200 mg per kg feed hase lrommended for pigs and
poultry. Following dietary rare earth supplementatioryadittle accumulation of rare earths was
observed in animal tissue, at the same time meat quality wiaffected at all, hence indicating
consumer safety as to the consumption of animal productgeresless considering information
obtained from Chinese studies, it needs to be taken intouatdbat often only abstracts were
available or papers had to be translated, as most Chineseesaare still predominantly written
in the native language. Furthermore, statistical evabnatand details on the experimental design
are lacking in several experiments. Thus, this informatn@y has to be treated carefully.
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12.2 Europe

Growth performance enhancing effects due to rare eartHemgntation as reported in China,
have for a long time been unnoticed in the Western world. Yiét wihe ban of all in-feed an-
tibiotics as of 2006 [EU directive No 183/2003 article 11 ggaph 2], the demand for feed
additives capable of enhancing animal performance hasmgrémtibiotics have been success-
fully used as feed additives in animal diets in several Eeaopcountries for nearly half a century.
They were used for both prophylaxis and sub-therapeutipgags to improve growth and feed
efficiency (Guggenbichler et 312004). However, debates have started on in-feed antibiotics as
promoting the selection of microbial resistances, whicimpmmise the effectiveness of antibi-
otics in human medicine, although it is well known that theetal usage of antibiotics in human
medicine is primarily responsible for the development sis@nces. Yet due to growing concerns
about the transfer of resistent bacteria from animals todnsnin-feed antibiotics were blamed
as well Lynch, 1999. Indeed, multi-drug resistances have already been obdefor example
in salmonella, hence, increasing the frequency and sgwrihfections while limiting treatment
options. In accordance with public demands, the Europealtthauthorities and the World Health
Organization (WHO), therefore, recommended that aniitBathould only be prescribed by vet-
erinarians for targeted pathogens when indicated in iddai infected animals. Consequently, a
new European directive was passed [EU directive No 183/2008e 11, paragraph 2]Qual-
itat und Sicherheit GmbH009, prohibiting the sub-therapeutic usage of all anti-micads for
growth promoting purposes in animal feed as of 2006.

However, performance enhancing feed additives are higidglad, especially in pig and poul-
try production, since a higher incidence of disease has beed after the prohibition of an-
tibiotic feed additives, especially in the rearing and pestaning period of pigsWenk 20043,
which consequently leads to reduced animal performancaidBg, efficient feed additives are
also needed to assure feed supply. Along with increasedatbgugrowth, it has been calculated
that animal production also has to increase by at least 2 % wear. This further substantiates
that natural resources have to be used efficiently whilemizing environmental loads as far as
possible. New feed additives are recommended to be effiagewell as safe for humans, animals
and the environmentk@hn, 2004). Searching for suitable replacements of in-feed antitsot
attention has been drawn to China, where rare earths haveusee as feed additives in animal
production for approximately 25 years, successfully eshraperformance of farming animals.

But under highly optimized feeding and keeping conditi@msmals especially those belonging
to high performance breeds are less susceptible to perfmeenhancing substances. Thus, live-
stock conditions in Europe or the United States differ dyefabm those prevailing in China and
may therefore not be compared at all. It is generally agreaithe efficiency of growth promoting
agents highly correlates with keeping, housing, hygienit feeding conditionsWenk, 20048.
Furthermore, genetic variations may lead to differencesnizyme activities. Likewise, keeping
conditions may affect the composition of microbial popiglas within the gastrointestinal tract.
In fact, it was discovered that numerous Chinese investigaibn performance enhancing effects
of rare earths were performed under extensive to semisitertonditions Tang et al. 19989,
(Tang et al. 19971, (Wan et al, 1999, (Shao et a].1999. Moreover, animals used in Chinese
feeding trials often present lower proficiency levels, canag to those found in European animal
husbandry$chulle; 2001). Based upon this information, it was hypothesized tha earths may
only promote animal performance under suboptimum conustio

Yet the contrary was also demonstrated in several Westediest and a temporary permission
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for the use of rare earths as feed additives in pig produttaaalready been granted in Switzer-
land, in 2003 Rambeck and Weh2004), (Sanopharm2006. At present, rare earth containing
feed additives may be purchased from the Swiss comgamgntmayeras eitherLancef® for
feedstuff companies or Sanoce® for farmers Zehentmayer2006, (Meier, 2003. On this ba-
sis, itis also intended to register rare earths as feediaglslin Europe. Preparations are currently
in progress $uiss2004).

Also Swiss price calculations show that financial effortioie the use of rare earths in agricul-
ture. Currently, approximately five US $plus transportatiave to be paid for one kg rare earths
(Bayerischer Rundfunk003, while according to recommended amounts of rare earthextésn
only 250 mg rare earths need to be supplemented to one kitlognamal feed. Additional costs
for farmers resulting from rare earth application are tfeeeless than one Swiss franc per 100 kg
food (Zehentmeyer2006, which is equal to 0.6% and 0.78 US$@anda 2006. This is in the
same range as other feed additives such as phytobiotichvanécsupposed to cause additional
costs of 0.62 per 100 kg feedReinecke 2006, while potassium diformate amounts up to 1.50
to 2.70€ per 100 kg pig feed. As for probiotics, additional costs graximately 0.5G€ per 100
kg pig feed were reportecsommer and Bung2006).

12.2.1 Feeding Trials

Several feeding studies have been designed in Germany aitwe8and since 1999, investi-
gating to what extent rare earths may enhance body weightesmadconversion under Western
conditions. Pioneer work on researching the effects of earéhs on several farming animals has
thereby been conducted by W. A. Rambeck, U. Wehr and sevecabihl students at the Uni-
versity of Munich. Similar studies on rare earth perform@aeahancing effects have also been
carried out at other German institutions, including theiégjture Research Institute (FAL - Bun-
deforschungsanstalt fur Landwirtschaft) at Brunswickemithie direction of G. Flachowsky and
at the University of Berlin under the direction of O. Simoney®nd that, research has also been
performed in Switzerland, (at the ETH Zurich and UniversityZurich), where antibiotic per-
formance enhancers were already prohibited in 1999. Fgeshperiments conducted on pigs
(Rambeck et a] 19993, (He et al, 2001), (Kessler 2004), poultry Halle et al, 20023, (He et al,
20069 and ratsie et al, 20033 were able to prove that rare earths can also improve bodyhwei
gain and feed conversion of high performance animals tleekept under optimized housing and
feeding conditions. Moreover, results have been shown tef®ducible.

Hence, positive results with improved body weight gain agelf conversion rate of 2 - 5 %
and 7 %, respectively, were noticed in piglets after raréhedrloride applicationRambeck et a).
19993. Even better effects in terms of increased body weight gait2 - 19 % (p< 0.05) and
improved feed conversion of 3 - 11 % ( 0.01) were described in growing pigs and could be
proven statisticallyfle and Rambe¢k000, (Rambeck et a].19990), (He et al, 20017), (Borger,
2003. Fattening pigs that received rare earth citrates, ptedesignificant higher body weight
gain of 851 g, which was improved by 8.8 % compared to the ocbgtoup’s weight gain (782 g).
Additionally, the final weight of 104 kg was shown to be acligwine days ahead of control ani-
mals Kessler 2004). Significantly decreased feed conversion rate of 7 - 9 % \easwhstrated in
piglets (8 to 40 kg) treated with rare earth citratesause et a/2004). Similarly, improvements
in feed conversion of 3.6 - 5.5 % were also reported in pigets30 kg) in another feeding trial
using rare earth citrate along with increased body weigim @i3.7 - 25 % Knebe| 2004). How-
ever, performance enhancing effects were not only dematestrunder controlled experimental
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conditions, but also in field trials. Thus, rare earth clides were shown to improve body weight
gain and feed conversion rate by 10 % and 2 %, respectivebygsithat are kept under field con-
ditions Zehentmayer2002), (Eisele 2003. In the meantime, positive effects of rare earths on pig
performance have not only been published as scientific tggdaut also in newsletters, magazines
and on television in order to inform the publidévromichalis 2001), (Azer, 2003, (Stiss2004),
(Bayerischer Rundfunik2003.

Besides pigs, significant growth promoting effects were alsserved in growing rats. Dietary
supplementation of rare earth chlorides improved theiryb@eight gain and feed conversion by
4 -7 % and 3 - 11 %, respectivelif¢ et al, 20033. In addition, rare earths were also shown to
have ergo-tropic effects in terms of increased end weighs% (p < 0.05) on broilers lalle
et al, 20023, while feed conversion was improved by 1 - 3 %<0.05). A recent study further
reported performance enhancing effects in veal cattle edte earths were supplemented to milk
substitute fleyer et al, 2006).

Yet, there are also studies, in which performance enhareffegts after dietary supplemen-
tation of rare earth elements could not be obser¥eddtz et al. 2004, (Bbhme et al.20023,
(Eiselg 2003, (Schuller 2007), (Gebert et al.2005, (Miller, 200§. Therefore, a detailed de-
scription of currently available studies conducted undesi&fn conditions will be given accord-
ing to the animal species. Also, studies using inorganicpmmumds will be presented prior to that
applying organic rare earth compounds since it is assunagérformance enhancing effects of
rare earth elements may vary with the anion bound.

It might be of interest that, due to legal policy and procedun Germany, a special govern-
mental authorization is required before investigationgmwth promoting effects of rare earths
can be performed in animal experiments, since, at preseiiation of rare earths as feed addi-
tives to animals has to be licensed. Experimental dietsaooing rare earths may, therefore, only
be applied following a special permit.

As to the source of rare earth elements, the researchesperfpstudies, have purchased
their rare earth samples either from China (Baotou areapAAgricultural University) or from
Switzerland (E. Zehentmayer AG Briihl 8 CH-9305 Berg SG),lavpure lanthanum samples
applied in some of the studies were bought from the GermanpaagnMerck.

Regarding rare earth concentrations used in feeding thialsas to be considered that the
amount of individual rare earth elements within differeater earth compounds, such as chlo-
rides or citrates, does not necessarily have the same wéigihtis, 100 mg/kg rare earth citrates
does not equal to 100 mg/kg rare earth chlorides. Furthexntioe composition of rare earth mix-
tures may also vary as to the contents of individual rareheslgments within the feeding trials.
Thus, a consistent basis is required to compare these igagshs with respect to their concen-
trations. In China, such rare earth concentrations arefihier often declared astal rare earth
oxides(TREO). Indeed, the content of total rare earth oxides (TREQGupposed to provide a
standard basis as to the comparison of results obtainecedinfg trials in which different rare
earth compounds are used. A brief description on the coioveds rare earth contents to total
rare earth oxides is therefore given in this format: TRE@néb the concentration of rare earth
oxides in percent, which comprises oxides{0g, CeQ, Pr;10g, NdO3, Smp0O3, ThsO7) orig-
inating from pyrolyzing corresponding hydroxide, oxalatarbonate, acetate salts in the present
of dry air (oxygen). Given the concentration of individuate earth elements, such as La, Ce, Pr,
Nd and Sm determined by analytical methods (ICP - MS or NA8#altrare earth oxides may
be calculated using the following multiplication factoR&¢hter, 2009, (Richter and Schermanz
2009.
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1.1723[% La] = [% LayOs]

1.2285[% Ce] = [% CeQ)]

1.2077[% Pr] = [% PgO11]

1.1669[% Nd] = [% Nd,O3]

1.1601[% Sm] = [% SmO3]

Contents of other rare earth elements can be neglected andt#hrare earth oxides (TREO)
are calculated by the addition of the amount of individuat @arth oxides (% TREO = % L@3
+ % CeQ + % Pr10g + % NdbO3 + % SmpO3 + % ThyO7)

Conversion of individual rare earth salts to rare earth exicequires the multiplication of
rare earth salts by the percentage of the oxide content sepeincluded in different salts. The
product than has to be divided by 100. The concentration iole®within different rare earth salts
are summarized consecutively in Ta2.13

On this basis, contents of TREO have also been calculatembfoparative evaluation of feed-
ing trials performed under Western conditions, and resutresented in Tablk2.19 Addition-
ally, a more detailed discussion as to optimum concentratmd the influence of anion bound to
rare earths on their effect on animals will be provided in@ael3.

12.2.1.1 Pigs

To this day, the majority of investigations on rare earthfgrenance enhancing effects has
been performed on pigs at different periods of growth, idclg rearing, growing and fattening.
This is probably due to the loss of in-feed antibiotics anel fidct that feed additives exerting
growth promoting effects are especially needed for pig potidn. An overview of feeding trials
conducted on pigs until now is given in Taldl2.14 whereas experiments are listed according to
the type of rare earth compound used.

Within the scope of these first studies, the growth promatiffigcts of rare earths, as reported
previously in Chinese literature, could already be confdrfa pigs kept under Western condi-
tions. During this feeding trial, which lasted for five week® pigs (crossbred German Lan-
drace pig x Piétrain pig) with an average body weight of 7.2uMege fed a complete diet (52.7
% barley, 20 % wheat, 18.8 % soybean, ME 13 MJ/kg, digestihlelec protein 184 g/kg, fat
44.94 g/kg) supplemented with inorganic rare earth comgs®ambeck et a].19993, (He and
Rambeck2000. Besides the control group, there were four experimentalgs receiving pure
LaCl3 (99.7 % LaC4 - 6H,0; TREO 44.3 %) and a mixture of rare earth chlorides (REGH,0;

38 % LaCk - 6H,0, 52.1 % Ced - 6H,0, 3.02 % Prd - 6H,0 and 10 % of other rare earth
chlorides; TREO 46.0 %), respectively, at low (75 mg/kg) adhigh (150 mg/kg) concentra-
tions. Positive effects achieved over the whole experiaigmeriod comprised improved body
weight gain and feed conversion of 2 - 5 % and 7 %, respectigely 0.05) Rambeck et a|.
19993, (He and Rambegk000. Only slight differences were noticed in feed intake amtirey
experimental groups. Regarding body weight gain, bestteesi99.4 g were achieved when lan-
thanum chlorides was supplemented at 150 mg/kg, followat&gupplementation of lanthanum
at 75 mg/kg and the mixture of rare earths at 75 mg/kg (291.Bg)comparison, with respect
to feed conversion, those animals receiving 150 mg/kg rarth €hlorides presented the lowest
ratio (1.89), which was still improved by 7 % compared to tbhatool (2.02). Animals treated
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RE salts / compounds % RE - oxide (% TREO)

Chlorides (hydrate)
LaClz - 6H,0 46.1 % LaOs3
CeCk - 6H,0 48.5 % CeQ
PrCk - 6H,0 47.9 % P110¢6
NdCls - 6H,O 46.9 % NdO3
LaCI3 - 7TH,O 43.9 % LaOs
CeCk - 7TH20 46.2 % CeQ
PI‘C|3 - TH,O 45.6 % P110g
NdCl; - 7H,O 44.7 % NdO3
Chlorides (anhydrous)
LaCI3 66.4 % LaOs3
CeCh 69.8 % CeQ@
PrChk 68.8 % Pi10g
NdCl3 67.1 % N@Os3
Nitrates (hydrate)
La(NOg)3 - 6H,0 37.6 % LaOs3
Ce(NGy)3 - 6H,0 39.6 % Ce@
PI‘(NQ:,)g - 6HO 39.1 % P1106
Nd(NOg3)3 - 6H,0 38.4 % NdO3
Nitrates (anhydrous)
La(NOzs)3 50.1 % LaOs3
Ce(NGy)3 52.8 % CeQ@
Pr(NQs)s 52.1 % P§10g
Nd(NO3)3 50.9 % NgO3

Acetates (hydrate)

La(CHsCOO); - 1.5H,0  47.5 % LaOs
Ce(CH;,COOY) - 1.5H,0  50.0 % Ce®

Pr(CHCOO) - 3H,0  45.8 % Pr10g
Nd(CHsCOO), - 3H,O  44.8 % N@Os

Citrates (hydrate)

La(CsHs07) - 3H,0 42.6 % LaOs
Ce(GHs0y7) - 3H0 44.9 % CeQ
PI’(C6H5O7) - 3H,O 45.0 % P@Oll

Nd(CsHs507) - 3H,0 44.1 % NdO3
Ascorbate ()

La(CsH70g)3 24.52 % LaOs
Ce(GH70¢)3 25.86 % Ce@

Table 12.13:Calculation of total rare earth oxides (TRE®i¢hter, 2006).
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Reference RE compound Concentration

Inorganic Compounds

Rambeck et al(19993 LaClz, RECk 75 mg/kg and 150 mg/kg
He et al.(2001), Borger(2003 RECk 300 mg/kg

Eisele(2003 RECkL 200 mg/kg, 300 mg/kg
Recht(2005 LaCl;, REChk 300 mg/kg

Organic Compounds

Kessler(2009 RE - citrate 200 mg/kg
Knebel (2004 RE - citrate 50 mg/kg, 100 mg/kg, 200 mg/kg
Kraatz et al(2009) RE - citrate 200 mg/kg
Recht(2009 RE - citrate 200 mg/kg
Prause et a2009 RE - citrate 150 mg, 300 mg
Miller (2009 RE - citrate 300 mg/kg
Forster et al(2009 RE - citrate 100 mg/kg, 200 mg/kg, 400 mg/kg
Gebert et al(2009 RE - citrate 150 and 300 mg/kg
Both
Bbhme et al(20023 RE - citrate, ascorbate 100 mg/kg
RECk, RENG; 100 mg/kg

Table 12.14: Feeding trials performed under western conditions on @rJS; rare
earths.

with 75 mg/kg and 150 mg/kg lanthanum chloride and 75 mg/keg earth chlorides, respectively,
presented feed conversion rates of 1.93, 1.95 and 1.97hywtoenpared to the control, were also
improved by 5 %, 3 % and 4 % (p 0.05), as illustrated in Figurg2.1

As can be seen from TabR:1, growth promoting effects of rare earths were more pronednc
during the first two weeks of the experiment. With respectiemmined performance parameters,
the supplementation of the mixture of rare earths at 150 g/(BR.0 mg/kg TREO) showed the
best results. Thus, this pilot trial strongly has indicageowth promoting effects of dietary rare
earth supplementation, although not significant.

Significant positive results in terms of improved body weighd feed conversion of 19 %
(p < 0.05) and 10 % (p< 0.01), respectively, were noticed in a proceeding feediiad) {He and
Rambeck2000, (He et al, 2001), (Borger, 2003. In fact, this trial, which comprised the growing
and fattening period, presented similar results as thgeetex in Chinese literaturélg and Xia
19983 and even better ones than those described for former attilperformance enhancers
(Rambeck et a].2004. Again, a similar mixture of rare earth chlorides (38 % LaCbH,0,
52.1 % Ced - 6H20, 3.0 % Prd - 6H,0 and 6.9 % of other rare earth chlorides; TREO 44.3 %)
was added at 300 mg per kg feed (132 mg/kg TREO) to a completede7 piglets (German
Landrace pig x Piétrain pig, average body weight 17.5 kg)e diet provided all nutrients at or
above requirements (MI: 13.7 MJ/kg and CP 173 g; MIl: 13.8 Md 464 g crude proteinHe
and Rambecgk2000), (He et al, 2001), (Borger, 2003. During the whole growing period the body
weight gain of animals treated with rare earths was 755<g (05), and thus significantly higher
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Figure 12.1: Improvements of body weight gain (BWG) and feed conversete r
(FCR) (%) in rare earth (RE) chloride treated pigs versudgrobmanimals; La-low:
lanthanum chloride at 75 mg/kg, La-high: lanthanum chiead 150 mg/kg, RE-low:
rare earth chlorides at 75 mg/kg, RE-high: rare earth aidarat 150 mg/kgRambeck
et al, 19993.

(19 %) than that of the control (635 g). Additionally, at 2/#@kg feed conversion, which was
2.38 kg/kg in the control group, was significantly improvedll® % (p< 0.01) in the treatment
group.

In accordance with the previous trial, growth promotingeef$ of rare earths on piglets were
more evident during the first two weeks of the growing periochpared to the later period. Hence,
highly significantly improved daily body weight gain of 25 %< 0.01) and feed conversion rate
of 21 % (p< 0.01) were observed during the first two weeks (Tah®. Furthermore, increased
daily body weight gain of 18 % (g 0.01) and improved feed conversion rate of 9 %(0.01)
were reported for the last six weeks of growing as illusttateFigurel2.2

At the end of the fattening period, increased body weighh gdil2 % and decreased feed
conversion of 3 % (p> 0.05) were noticed. Over the whole period of twelve weekslyboeight
gain was enhanced by up to 19 % and feed conversion was inpiowvédl %. The results of
the growing and fattening period are presented in TaBl8sandB.4 and Figuresl2.3and12.4
Furthermore, feed intake was increased by 7 % (total int@kiegd and 8 % (total intake 69 kg),
respectively. Thus improvements were in the same rangeoas tieported for rare earth supple-
mentation at 150 mg/kg feed (66.5 mg/kg TREO).

Results from these two experiments proved that rare eaatihgalso improve body weight and
feed conversion of pigs kept, fed and housed under Westewhtaans. Furthermore, it could be
shown, that effects were in a similar range or even better thase achieved by formerly used
in-feed antibiotics.

Further studies were performed within the scope of docttiresis Eisele 2003, (Recht
2005, demonstrating the performance enhancing potentialrefearth elements on pigs.

Hence, one feeding trial was conducted on 48 growing andrfetg pigs (German Landrace
pig x Piétrain pig, 15 - 75 kg), which were allotted into fowperimental groups whose feed
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Figure 12.2: Effects of rare earth (RE) chlorides on body weight gain (BW@/day)
and feed conversion rate (FCR in kg/kg) of pigs; values withaaterisk £) differ
significantly p< 0.05 and values with two asterisks«] differ significantly p< 0.01
(He and Rambeck000.
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Figure 12.3: Effects of rare earth (RE) chlorides on body weight gain (BW@/day)
and feed conversion rate (FCR in kg/kg) of pigs; values withaaterisk £) differ
significantly p< 0.05 and values with two asterisks«] differ significantly p< 0.01
(He et al, 2001, (Borger, 2003.
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was supplemented with O ppm (group 1), 300 ppm rare earthidbl¢38.00 % Lad - 6H,0,
52.01 % Ce(d - 6H,0, 3.02 % Prd - 6H,0 and 6.97 % of other rare earth chlorides; TREO
44.2 %) (group 2), a mixture of 100 ppm LaGind 200 ppm CeGl(99.9 % LaC} - 7H,O and

99 % CeC4 - 7H,0; TREO 45.4 %) (group 3) and the last group 200 ppm kaC@H,O and 100
ppm CeC4 - 7Ho,0 (TREO 44.5 %) (group 4) per kg feelligele 2003. Though being lower than
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Figure 12.4: Effects of rare earth (RE) chlorides on body weight gain (BW@&/d)
and (FCR in kg/kg) of pigs presented as line gralgh €t al, 2001), (Borger, 2003.

those of previous trials, increases in body weight gain 064% could be observed along with
decreases in feed conversion rate of up to 2 % @05), as shown in TabB.5. Over the whole
experimental period, animals of Group 2 presented the bighed intake, which was 1587 g, thus
3.5 % higher than the control (1529 g). Best results reggrdody weight gain were obtained in
animals of Group 3, which presented increased daily bodgtejain by 5 % (747 g), compared
to the control (711 g). At 2.12, Group 3 and 4 had the best feegarsion rates over the whole
experimental period, thus being 1.9 % higher than that ottmerol (2.16).

Considering performance parameters over the whole fatjgmeriod, including the period in
which rare earths were not supplemented, lowest feed irdakedaily body weight gain were
observed in animals belonging to the control group, whemeareased feed intake of 5 % was
noticed in animals supplemented with 300 ppm rare earthricl@®. Animals of group 4 presented
the highest body weight gain, which was 5 % better than theabmvhile only slightly differences
were noticed in feed conversion. However, these resultklamt be verified statistically.

Nevertheless, performance enhancement was also obsemneabther feeding experiment
(Recht 2009, in which 48 crossbred piglets (German Landrace pig x &igfpig, average initial
body weight of 8.3 kg) were divided into four experimentabgps: one control group and three
treatment groups receiving a diet, which was supplementéddifferent mixtures of rare earth
chlorides at 300 mg/kg feed RE A (99.7 % LaCI6H,0; TREO 46.0 %) and RE B (38.0 %
LaClz - 6H,0, 52.01 % CeGl - 6H0, 3.02 % Pr{ - 6H,0; 44.3 %). Consistent witkisele
(2003, increases in feed intake of 3.6 - 4.6 % were observed in @sineceiving RE B for ten
weeks. Furthermore, after the first seven weeks, body weigémimals belonging to group RE
B was increased by 5.9 %. Yet, as can be seen in Bléldn contrast to other studieRa@mbeck
et al, 19993, (He et al, 2007), (Knebe| 20049, hardly any differences were observed among the
experimental groups at the end of the trial.

After performance enhancing effects of rare earth elem@ate demonstrated under experi-
mental conditions, they could also be confirmed in two fieldld¢rconducted on piglets (Swiss
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throughbred pig) in a basic breeding urdefentmayer2002. Increased body weight gain of up
to 10 % and improved feed conversion rate of up to 3 % were tegdtisele 2003. In both tri-
als, rare earth chlorides were supplemented at 200 mg/kfd38 LaC} - 6H,0, 52.01 % CeGl

- 6H.0, 3.02 % Prd - 6H,0 and 6.97 % of other rare earth chlorides; TREO 44.2 %) to idte d
(weaned feed: 13.2 MJ/kg, 165 mg copper and 300 mg phytastersieed: 13.6 MJ/kg, 165 mg
copper).

During the first experiment, which lasted sixteen days, lbe# intake and feed conversion
decreased by 8.0 % and 9.3 %, respectively, in animals sugpieed with rare earths, whereas
body weight gain increased by 2.1 %. Growth promoting effeatre also seen during the second
trial, which started right after weaning (initial body whigf 8.3 kg) and ended after thirty days.
Body weight gain and feed intake were shown to be improvedb§ % and 7.6 %, respectively,
while feed conversion decreased by 2.5 %, as presented e Baband Figurel2.5 Thus, ergo-
tropic effects of rare earths could not only be reproducdtgh performance pigs under controlled
experimental conditiondRambeck et a].19993, (He et al, 20017), but also under practical field
conditions. Additionally, feed conversion was also immdwue to rare earth supplementation.
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Figure 12.5: Effects of rare earth (RE) chlorides on body weight gain (BW@/day)
and feed conversion rate (FCR in kg/kg) of pigssele 2003.

In further studies performed on the effects of dietary ramthesupplementation to pigs, organic
compounds have been used. There are two reasons for repiacnganic rare earths compounds
by organic ones. Firstly, this was done because of bettetlimg) since application of rare earth
citrates turned out to be easieétnebel 2004). Due to their hygroscopic properties, rare earth
chlorides only occur as solids in rocks, a fact that compdisdheir processing since they have to
be dissolved in water prior to dietary supplementation.dntrast, rare earth citrates are already
available as powders and can be mixed easily with animal féetthere is also another reason.
Against the background of better performance enhancimgsfiof organic rare earth compounds,
such as ascorbates or citrates observed in China, it wamasddihat the ligand, that is the anion
bound to rare earths, may affect growth enhancing effeatarefearths.

On this basis, a study using rare earth citrates in growigg (lserman Landrace pig x Piétrain
pig, 8 - 30 kg) was designed to assess the effects of rareseamtperformance, in order to eval-

161



12 THE APPLICATION OF RARE EARTH ELEMENTS TOANIMAL HUSBANDRY

uate if changing the ligand has any impact on these efféctst{e| 2004). Indeed better results
were obtained when organic rare earth compounds were dpplieontrast to first feeding exper-
iments, which reported increased body weight gain of 5 - 15t# ¢he supplementation of rare
earth chloridesRambeck et a).19993, (He et al, 2001, Knebel(2004) was able to demonstrate
increases in daily body weight gain of 8.6 - 22.6 % in reariigigts fed a rare earth citrate sup-
plemented diet. With respect to these results, the low nuwftexperimental animals (28 piglets)
and thus the lack of significance has to be taken into account.

During this trial, a complete feed was formulated, accagdimrecommendations of the Ger-
man Agriculture Society (DLG), to which rare earth citratesre added at 0 mg, 50 mg 100 mg
and 200 mg per kg feed (5.94 % La, 16.29 % Ce, 3.015 % Pr, 0.32 %A REO 31.0 %), respec-
tively. A dose-dependent increase in the performance aoinggiglets could be demonstrated
over the whole experimental period of six weeks. Feed inted®increased by 4.9 % and 17.2 %,
respectively, in piglets receiving rare earth citratesCfi ihg/kg and 200 mg/kg, as shown in Ta-
ble B.8. Results obtained at 200 mg/kg were significant, howevéanals treated with 100 mg/kg
rare earth citrates also presented significant increasastiaé first five and a half weeks. In con-
trast, those animals receiving rare earth citrates at 5@gmgesented similar feed intake and body
weight as the control, whereas, highest body weight wasagaobrded for pigs supplemented at
200 mg/kg rare earth citrates. Compared to the control,garth supplementation at 100 mg/kg
also increased body weight. Body weight gain was improvefl.by 25.3 %, apart from the low
dose group. Best results in daily body weight gain of 8.6 ¥8(§band 22.6 % (641 g), respec-
tively, were reported at 100 mg/kg and 200 mg/kg comparetdaontrol (523 g). In contrast to
that, hardly any differences were noticed at an applicatt® of 50 mg/kg. Results are illustrated
in Figures12.6 12.7and12.8
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Figure 12.6: Effects of rare earth (RE) citrates on feed intake (FI in gjdz pigs
(Knebe| 2004.

Feed conversion, which describes the amount of feed negassarder to gain one kilogram
body weight, was also calculated in order to find out if inee=ain body weight were only due to
increased feed intake. Improved feed conversion could beodstrated in all rare earth supple-
mented groups, whereas, highest improvements of 5.5 % vegieed after supplementation of
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Figure 12.7: Effects of rare earth (RE) citrates on body weight gain (BWi@/day)
and feed conversion rate (FCR in kg/kg) of pigsébe| 2004).

C__1BWG

I FCR
251
+22.6%
g
S 201
IS
o
]
g
@ 15¢
=
[
£
g
g 101 +8.6%
E
+5.8% +5.8%
5l
+2.0%
+o.3%-
RE 50 mg/kg RE 100 mg/kg RE 200 mg/kg

Figure 12.8: Improvements of body weight gain (BWG) (%) and feed conwersi
rate (FCR) (%) in rare earth (RE) citrate treated pigs vecsudgrol animals Knebel|
2009).

both 100 mg/kg and 200 mg/kg rare earth citrates (1.56), emeapto the control (1.65). How-
ever, feed conversion could only be calculated as an averhitfee whole group due to group
housing. Thus, individual differences in feed intake magédy affect the total result, thereby
reducing significance. Results of this study highly indéctitat performance enhancing effects
are dose-dependent, as previously reported by Chinegsgistse Slightest improvements, on the
one hand, were recorded at 50 mg kg feed, whereas, beststesale achieved when rare earth
citrates were applied at 200 mg per kg feed (62.0 mg/kg TREBR.lack of significance caused
by high standard deviations is very likely to be due to the taunber of experimental animals.

163



12 THE APPLICATION OF RARE EARTH ELEMENTS TOANIMAL HUSBANDRY

As reported above, feed additives containing rare earthteg have been granted temporary
permission in Switzerland and can be purchased from the aoyfehentmayeAG, CH - 9305
Berg Zehentmayer2009 asLancef® containing 50 % lanthanide®/fller, 2009. Its composi-
tion is described in Tabl#2.15

RE-Citrate
TREO CeQ/TREO LaO3/TREO PgO11/TREO N&O3/TREO
322% 66,6% 20,1 % 12,3 % 1,0%
Ce/material La/material Pr/material Nd/material Na/mate
17,46 % 552 % 3,28 % 0,28 % 15,6 %

Table 12.15: Rare earth contents according to total rare earth oxideE()Rn RE
citrate used for the production bancef®.

Several farmers, who have already appllifmhcer® to the feed of their pigs for some time,
reported improvements in fecal quality, increases in afpettate of health as well as in body
weight as a result of rare earth supplementatitehentmayer2004). Furthermore, female fatten-
ing pigs seemed to be more relaxed, while growing regularsseady during fattening, whereas
in the past, sows used to present a slight performance sellapund 60 kg. Though, these
observations are merely subjective, they may still inédiGatendency towards improved animal
performance due to rare earth containing feed additives.

Consistent with that, performance enhancing effect wese éémonstrated in another investi-
gation on the effects of rare earth citrates, in whieincef® was applied to fattening pigs.

Though demonstrating performance enhancing effectsle(2003 andRecht(2009, could
not prove their results statistically. HowevEgssler(2004 was able to prove significant perfor-
mance enhancing effects in 24 fattening pigs (German Laedpéy x Piétrain pig), whose diet
was supplemented with organic rare earth compounds ovevhbke fattening period from 25 to
104 kg Kessler 2009). Pigs treated with 200 mg/kg feed rare earth citratesLaa[E:et® 500
(TREO 32.2 %), achieved their final weight of 104 kg within 98yd, whereas animals in the
control group needed 102 days, hence, fattening period hasemned by 8 % (p< 0.05). Fur-
thermore, average body weight gain was improved by 11 %g##i g/d versus 782 g/d in the
control, and feed conversion rate, which was 2.4 in the rartheitrate group, decreased by 4 %,
compared to the control (2.5). All differences observedde proven statistically.

Highly significant values (g< 0.01), in terms of decreased fattening period and incredaityl
body weight gain, were obtained for female pigs, whereagrafsgance of p< 0.05 was reported
for barrows. Results are presented in TaBl® and illustrated in Figurd2.9 A significant
(p < 0.05 for females and g 0.1 for males) decrease in feed consumption was also oluserve
both males and females.

Additionally, it could be demonstrated that rare eartratés increased slaughter yield in males,
whereas a slight reduction occurred in females. Yet the anofivaluable meat pieces was
increased in females, whereas there was no difference iasm&8urprisingly, effects in female
animals were more obvious being roughly twice as high astiobarrows, which may indicate
that rare earths possibly act on hormonal basis, whereabsgeasther hand it may just reflect the
fact that performance enhancement in male pigs has alreduigvad a higher standard compared
to that of female pigs.
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Figure 12.9: Effects of rare earth (RE) citrates on body weight gain (BWi@/day)
and feed conversion rate (FCR in kg/kg) of pigs; values withaaterisk £) differ
significantly p< 0.05 Kessler 2004).

Further investigations on the effects of rare earth cigratere conducted on 40 crossbred
piglets (German Landrace pig x Piétrain pig) over a period 38 days subdivided into rear-
ing, growing and fattening\iller, 2006. These trials were designed by followiKgssler(2004)
who observed more pronounced effects on female pigs. Thosr@ing to weight and sex, piglets
were allotted to four experimental groups with ten animalshegroup receiving experimental di-
ets either with or without rare earth supplementation. Bagebarley, maize, wheat and soy meal,
a complete diet was fed supplying nutrients at or above rements (rearing feed: CP 197,8 g,
during growing: CP 192,1 g, fattening feed: CP 173,8 g).

During fattening, rare earth citrates (TREO 32.2 %), apbéie300 mg/kg feed could increase
body weight in male pigs by 3.4 %, whereas body weight of fenadl not differ from animals
without supplementation, though female pigs presentectased body weights of 4.4 % during
the rearing period. Thus, these results could not confirnrséitedependency described Kgssler
(2009. However, increases in body weight of 10 % were found in piger the first seven weeks
and body weight gain of male pigs was higher than that of tinérobat any time of the experiment.
As shown in TableB.11, increases in body weight gain of 6.1 % <p0.05), 32.4 % (p< 0.05),
7.6 % (p> 0.05) were observed during the last three weeks of reatiedirst half of fattening and
the whole fattening period, respectively. Females preskimicreased body weight gain of 18.7 %
(p > 0.05) at the beginning of the fattening period, whereas fextf of rare earth citrates on body
weight gain were observed over the whole fattening periodririyy rearing, however, increases
in body weight gain of 10.9 % and 3.1 % were noticed in both njale 0.05) and female pigs
(p > 0.05) (viiller, 2006. The calculation of feed conversion required for scienpfirposes was
not possible in this experiment, as accurate feed intakempearal could not be determined due to
technical difficulties. Nevertheless, the addition of reagth citrate (TREO 32.2 %) at 300 mg/kg
to the diet of piglets could also increase feed intake by 9 @mimther study. However, results need
to be considered carefully as heavy diarrhoea caused byliEbamurred during this experiment
(Recht 2009.
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Yet another study was performed, applying a mixture of ramthecitrates (TREO 32.2 %) at
200 mg/kg to a commercial diet of piglets (initial body wetigih 8.75 kg) for seven weeks. Pigs
treated with rare earths presented decreased feed intakéhewhole experimental period, while
body weight and body weight gain were increased, comparéuaetoontrol (p> 0.05). For feed
conversion, best effects were obtained during the secaththanal week with improvements being
in the range of 12.4 to 17.4 %. Over the whole experimentabgdefeed conversion was still
improved by 8.1 %, compared to the controt{®.05) Recht 2005. The results on body weight
gain and feed conversion are summarized in T&bl.

Furthermore, a recent feeding experiment was also focusddvestigating growth perfor-
mance enhancing effects of rare earths on 80 piglets (40léepigs and barrows, respectively),
which were weaned at the age of three weeks. Additionallysimyacorn-based diet (15.4 MJ ME,
20.4 % crude protein), rare earth citrates (30 % lanthan&3p®erium, 5 % praseodymium and
10 % neodymium; TREO 44.2 %) were applied at 0 mg/kg, 100 mdZR@ mg/kg, 400 mg/kg
and 800 mg/kg to piglets over an experimental period of fiveksef-orster et al.200§. Con-
sistent with dose-dependent effects observedibgbel (2004, performance in terms of weight
gain of piglets was only increased at low concentration® (hg rare earth citrates per kg feed,
32.2 mg/kg TREO), whereas inverse effects occurred at logleentrations¥ 100 mg) Eorster
et al, 2009. As can be seen in TabB.13 piglets supplemented with 100 mg/kg rare earths
presented increased daily body weight gain of 6.3 % and arased final body weight of 3.5 %,
compared to the control. Yet at concentrations of more tlfhrig/kg, decreases in daily body
weight gain ranging from 4.3 to 10.2 % were observed.

Accordingly, performance enhancing effects of rare eanthpigs were also described to be
dose-dependent in another feeding trial performed on 4fbWwar(8 - 40 kg, mean age 33 d)
(Prause et al.20050. During this trial, a commercial diet based on maize, yaneheat, oats
and soy (ME: 14 MJ/kg, CP: 176 g/kg feed) was supplementdd 100 mg sodium-citrate (con-
trol), 150 mg rare earth citrates (low dose) and 300 mg (higbedl rare earth citrates. Just as
Kessler(20049), Prause et a(2005h applied rare earth citrates hancer® 500 (TREO 32.2 %).
Feed conversion rate was shown to be decreased signifidan8y% in the low dose (150 mg
rare earths) and by 7 % in the high dose (300 mg rare earthgyr@=12.1Q TableB.14) group
(Prause et al2004). It has been suggested that these significant changes naasgideed to either
improved digestibility of nutrients or enhanced absomp®s the digestibility of both energy and
nitrogen were slightly higher in both treatment groups cared to the control (TablB.1). Best
effects were achieved at a concentration of 150 mg/kg fe@@ (@hg/kg TREO).

Over the whole experimental period, however, in contraseteral other studies on pigsgm-
beck et al, 19993, (He et al, 2001), (Knebel| 2004, (Eisele 2003, no differences between rare
earth supplemented pigs and those in the control group vizsereed regarding daily body weight
gain (Prause et al2004). Until now, there is no reasonable explanation as to whyyheeight
gain was not affected in this trial, while feed conversiors\wagnificantly improved.

Though several studies demonstrated performance enlgaaffacts of rare earths on pigs,
there are also some trials in which only little or no effecerevobserved after rare earths were
added to the feed of pigB8fhme et al.20023, (Eiselg 2003, (Kraatz et al.2004), (Gebert et al.
2009. Thus, growth performance enhancing effects of rare sdrdlre not always been obvious.

According toEisele (2003, only little differences in body weight gain and feed caorsien
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Figure 12.10: Effects of rare earth (RE) citrates on feed conversion rB@R in
kg/kg) of pigs; with an asterisk] differ significantly p< 0.05 Prause et al20059.

could be noticed after rare earth chlorides were supplesdesit 0 mg (group 1), 300 ppm rare
earth chloride (38.00 % Lagl 6H,0, 52.01 % CeGl- 6H,0, 3.02 % Pr{ - 6H,0 and 6.97 %
of other rare earth chlorides; TREO 44.2 %) (group 2), a mecaf 100 ppm LaG and 200 ppm
CeCk (99.9 % LaC4 - 7H20 and 99 % CeGl- 7H,O; TREO 45.4 %) (group 3), and the last
group 200 ppm LaGl- 7H,O and 100 ppm Cegl- 7H,O (TREO 44.5 %) (group 4) per kg
feed to the feed of piglets (German Landrace pig x Piétrag). ppmall changes were observed
over the first five weeks, yet from the seventh week until the @rthe trial, feed intake of pigs
supplemented was increased by up to 8 %. Increased feecibtal.5 %, 3.2 % and 2.5 %
(p > 0.05), respectively, were recorded in group 2, 3 and 4 owewttole experimental period.

Similar results were obtained regarding body weight gaiarify the first four weeks highest
body weight gain was determined in the control, whereasaerfifth to sixth week group 3 and 4
presented increased body weight gain of 1.8 % and 5.2 %, aeahpathe control, while in group
2 body weight gain decreased by 4 %. In week seven and eightp@, 3 and 4 showed increases
in body weight gain of 5.9 %, 6.1 % and 5.2 %, compared to théroband similar increases of
4.3 %, 6.6 % and 5.9 % in week nine and ten. Better improvenuéri§.2 %, 15.3 % and 13.9 %
compared to the control were reported for group 2, 3 and 4 iekvateven to twelve, as can be
seen in Tabld.15. Increases in body weight gain of 4 %, 5 % and 4 % were noticed the
whole experimental period, for group 2, 3 and 4, respectivétt, results were not significant at
any time of the experiment. However, this might be ascriloetthé fact that piglets needed to be
treated with antibiotics first due to diarrhea.

Two further feeding experiments were performed to assesgipact of rare earth citrate on
growth performance of rearing piglets at high proficiencyelgfeed conversion rates of 1.4). In
both trials, a complete diet based on wheat (62 %) and soy (@@&b) was formulated providing
an energy content of 13.2 MJ per kg feed and crude protein 8b2For six weeks, rare earth
citrates, were supplemented at 200 mg per kg feed (TREO 3pt@ the diet of 22-day-old rearing
piglets Kraatz et al,2004).
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A tendency towards improved growth with respect to all penfance parameters was noticed
in rare earth treated piglets over the first four weeks of tiseffial. Yet, these effects could not be
verified statistically over the whole experimental peri@@&sults are shown in TabR 16. At the
end of the experiment, a significant increase in feed corvemsas observed in animals, whose
diet was supplemented with rare earth citrates. Howevefppeance enhancement, as shown
during the first four weeks in experiment 1, could not be rdpoed in the second trial, which
included an additional control group receiving sodiumatérat 200 mg per kg feed to assess
whether this organic acid may have any effects. No signifidsferences between rare earth
citrate and sodium citrate supplemented animals could bergbd at any time of the experiment,
while performance levels were nearly as high as during teetfial (TableB.17).

Hence, efficient effects of rare earths on performance défsgas described in former stud-
ies Rambeck et a].19993, (He et al, 2001, (Borger, 2003, (Knebe| 2004, (Kessley 2004,
(Eisele 2003, could only partly be shown during the first experiment agetdd byKraatz et al.
(2004, while a reproduction in line with a second experiment wat possible. This may, on
the one hand, be ascribed to very high proficiency leveladirgrevailing in this experiment,
whereas, unusually high concentrations of crude proteln%42 presented in the diet may also
account for it. It is generally agreed that protein to enei@fjos in diets play a major role in
animal nutrition as to optimum growth. Yet, as protein caogts the most expensive source of
energy in feed and commercial feed production, its contergtandard feed are, therefore, often
kept as low as possible to maintain optimum growth and feewesion Pillay, 1990. Thus,
protein contents of 21 % are not generally found in comm#ycavailable feed. Therefore, it
may be assumed that they would hamper growth promotingtefté@any performance enhancing
agent. According tekamphues et al(1999, crude protein concentrations of 112 - 184 g/kg feed
are recommended for four to seven week-old piglets, whileje& protein concentrations of diets
used in former trials were usually in the range of 17 - 1%6¢le 2003, (Knebel| 2004, (Prause
et al, 20058, (Miller, 2006.

However, no significant growth promoting effects were albsarved byGebert et al(2009
after rare earth citrateisz(mcer® TREO 32.2 %) were applied at 150 mg/kg and 300 mg/kg feed
to weaned piglets (initial body weight 8 kg to 22 kg) kept unebeperimental conditions for five
weeks. While no positive effects could be achieved on feéakenand body weight gain, feed
conversion was positively influenced by rare earths(se et al20059.

Additionally, no effects on animal performance were reporin another feeding experiment
performed on 15 fattening barrows (German Landrace pig, 9@ kg) Bohme et al.(20023.
Consistent with other studies, different rare earth cotrages, which were mainly composed of
lanthanum and cerium, were imported from China and supplédeat low dosage to the feed
of pigs, while results were compared to a negative contratofplete diet based on cereals and
soy meal was formulated in compliance with DLG recommeimaati Deutsche Landwirtschafts
Gesellschaft - German Agriculture Society, ME 14.5 % and @P4d) (Halle et al, 20033 to
which rare earths, as different rare earth compounds ingjuxitrates, citrates and ascorbates,
were applied at 100 mg/kg. However, the concentration of m@Orare earths was calculated
on the basis of lanthanum and cerium contents with the sunothf @lements being 100 mg/kg
feed. Based on the information provided in Tab®16 contents of TREO ranging from 30.7 to
46.3 % were calculated. Additionally, pure lanthanum ddie(LaCk - 7H,O), manufactured by
the German company Merck, was also applied to one experahgrup.
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RE ascorbate RE citrate RE nitrate La chloride control

Concentrations in rare earth concentrates (%)

La 8.5 9.7 12.3 39.7 -

Ce 16.8 15.7 21.7 - -
Laand Ce 25.3 25.4 34.0 39.7 -
Concentrations in experimental feed (mg/kg)

La 34.8 30.7 38.8 60.9 0.8
Ce 63.1 58.7 61.8 1.9 1.9
Laand Ce 97.9 89.4 100.6 62.8 2.7

Table 12.16: Concentrations of lanthanum and cerium in Chinese rardn ezn-
centrates, manufactured lanthanum chloride samples aexperimental feed (%) or
(mg/kg) Bohme et al.20023.

Over the whole experimental period, no improvement of eitiuely weight gain or feed con-
version rate was observed (TalBel8). This, however, might be ascribed to the low dosage of
only 100 mg/kg feed applied in this triaBfhme et al.20023. According to Chinese studies,
only accurate amounts of rare earths presented in the adistatan improve body weight gain
and feed conversiorR@mbeck and Weh2005.

Additionally to this trial, balanced tests were perform¥dt none of the rare earth compounds
used had any significant effects on the digestibility of lumis Bohme et al.2002H).

Nevertheless, consistent with Chinese reports, signiffpariormance enhancing effects of low
dose rare earth supplementation, both inorganic and argampounds, to the diet could also be
demonstrated for pigs under Western conditions. For rarh ealorides, best results in terms
of increased body weight of 19 % and decreased feed conveiaie of 11 % were obtained at a
concentration of 300 mg/kg feetl¢ et al, 2001), whereas for rare earth citrates, increases of up to
22.5 % could be achieved at 200 mg/kg feEd€bel 2004). Thus, organic rare earth compounds
presented slightly better improvements. Presently, rartheitrate concentrations of 200 mg/kg
feed are recommended foancer® (200 mg/kg feed RE citrates are included in 400 mg/kg feed
Lancet®) (Meier, 2003.

12.2.1.2 Poultry

Based on encouraging results achieved in pigs, studiesailetsr(Halle et al, 20031, (Schul-
ler, 2001), (He et al, 200639 and Japanese quailSchuller et al.2002, (Halle et al, 20020 were
performed to verify if these ergo-tropic effects may alseuwdn poultry. Chinese studies had
already described positive effects on broilers, laying lareding hensXia and He 1997, (Xie
and Wang19998.

So far, fewer studies have been carried out on poultry thapigsm However, similar effects,
in terms of significant performance enhancement due to rgiestapplementation of rare earth
compounds, could be observed in broileralle et al, 20031, (He et al, 20063. Increases of
finial body weights of 7 % were reported in chickens after aigaare earth compounds were
supplementedqeldmann2003, (Vetcontact2003, (Flachowskj 2003, (Schnug2003.
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Positive effects, however, could not be achieved in anathety in which inorganic rare earth
compounds were added to the feed of broilers and Japaneite(@aaulle; 20017), thus indicating
the importance of the chemical compound applied. Yet, a regnt study demonstrated that both
organic and inorganic rare earth compounds were able toowemgrowth performance in broilers
after oral application at low dosagel€ et al, 20069. Significant improvements of more than
5 % for both feed intake and body weight gain were noticed dwemwhole experimental period.
Thus, in accordance with experiments performed on pigfppeance of chickens could also
be enhanced in chickens due to dietary rare earth supplatient This section will attempt to
give a more detailed description of individual trials peni@d on the effects of dietary rare earth
supplementation on poultry.

The effects of rare earths on poultry on possible performamhancement were first investi-
gated bySchuller(200J) in growing broilers and Japanese quails during both rgaaimd laying
period. In the course of this investigation, which lastedsia weeks, 300 broilers were allotted
to one control and four experimental groups, whose diet (B2 MJ, CP 195.1 g/kg) was sup-
plemented with rare earths in terms of lanthanum chlori®e7(% LaC} - 6H,O; TREO 46.0 %)
or rare earth chlorides (38.0 % LaCI6H,0, 52.01 % CeGl- 6H,0, 3.02 % Pr{ - 6H,0 and
6.97 % other rare earth chlorides; TREO 44.3 %) at 150 mg/kg3&0 mg/kg, respectively.

A similar design was used in Japanese quails, to which a &ath supplemented diet was
applied over a period of eight weeks including growing andng (Schullef 200]). Rare earths
were added as either lanthanum chlorides (99.7 % 4.a€H,0O; TREO 46.0 %) or as mixed rare
earth chlorides (38.0 % Lagl 6H,0, 52.01 % CeGl - 6H,0, 3.02 % Prd - 6H,O and 6.97 %
other rare earth chlorides; TREO 44.3 %) at 75 mg/kg, 150 ghafid 300 mg/kg, respectively to
the feed (feed during growing period: ME 11.33 MJ, CP 281Kgpgfeed during laying period:
ME 11.44 MJ, CP 244.9 g/kg), whereas results obtained weargpaced to a negative control.

The state of health of chickens and quails was not impairadhatime of the experiment and
only mild accumulation was determined by NAA in liver and boiiHowever, neither lanthanum
chloride nor the mixture of rare earth chlorides was ablentte@ce performance in these animal
species, as shown in Taliel9 (Schulley 2001), (Schuller et al.2002). Hence, no significant ef-
fects were observed on either growth or productivity. Hogvea slight reduction in performance
was demonstrated in quails receiving high-supplementets @00 mg/kg during the first half of
the experiment. Thus, in contrast to positive effects of earths on performance of poultry re-
ported in China, during this experiment no effects couldémadnstrated on broilers or quails. The
absence of positive effects may be attributed to differenmgeconcentrations, as it was reported
that only distinct amounts of rare earths supplementedadigt may cause any effects. Further-
more, variations in animal species, fattening period opkegand feeding conditions may also
play a role. Further investigations using different breatldifferent growth stages and intensity
were therefore suggested.

In accordance witlschuller et al(2002), no positive effects of rare earths on fattening perfor-
mance of turkeys could be either revealed in another feadimg Rambeck20063. Yet, studies
using organic compounds at very low concentrations instéatbrganic ones, aSchuller(2001)
did, were able to prove significant performance enhancifegesfin chickensHalle et al, 20030,
(He et al, 20063.

In the course of two feeding trials lasting 35 days, it was destrated that the supplementation
of different rare earth compounds could improve both bodighteand feed conversion by 7 %
and 3 %, respectively, whereas, improvements in feed cemreof animals receiving rare earth
ascorbate were significant, as illustrated in Figurgd 1land12.12(Halle et al, 20023.

During the first trial performed on 308 one-day-old male lergi, an experimental feed, con-
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Figure 12.11: Improvements of body weight (BW) (%) in rare earth (RE) teeit
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Figure 12.12: Effects of rare earth (RE) ascorbate on feed conversion(FE® in

kg/kg) of broiler Halle et al, 20023.

taining three different rare earth compounds: rare eartbrhate, rare earth citrate, rare earth
nitrate as well as purified lanthanum chloride (44.5 % lantima), was applied to the feed. Rare
earths were added at a concentration of 100 mg per kg feede(T2ll7), based upon the sum
of lanthanum and cerium, with different rare earth compauneing imported from China and
pure lanthanum chloride (Lagt 7H,O) manufactured by the German company Merck. Thus,
following the conversion of rare earth concentrations taltmare earth oxides, contents of TREO

were in the range of 30.7 to 52.2 %.

The basal diet applied was based on soy bean and meal, wioeddipg all nutrients at or
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above requirements (ME 12.8 MJ/kg, CP 202 - 213 g/kg). In&4aBl18the concentration of
individual rare earth elements in the experimental dietsreeand after rare earth supplementation
are presented.

RE ascorbate RE citrate RE nitrate La chloride
La 8.5 9.7 12.2 445
Ce 16.8 15.7 21.7 -
La and Ce 25.3 25.4 33.9 44.5

Table 12.17:Analysis of Chinese rare earth samples and of lanthanurmidblacon-
centrations in %, first experimertiélle et al, 20023.

Control RE ascorbate REcitrate RE nitrate Lanthanum aifdori

First experiment

La 0.3 45 46 28 94
Ce 0.3 80 85 41 2.6
Pr 0.05 8.16 10.3 4.7 0.28
Nd 0.2 24 2.3 7.3 0.5
Second experiment

La 0.41 33 35 98
Ce 0.64 63 71 2.7
Pr 0.09 6.50 8.50 0.33
Nd 0.32 20 2.3 0.33
Sm  0.060 0.056 0.041 0.035

Table 12.18:Contents of rare earths (RE in mg/kg) in feed samples withvatitbut
supplementationHleckenstein et gl2004).

Performance levels were generally high with body weights @kg in all treatment groups at
the end of the trial and feed consumption of less than 1.5 &d feer kg increased body weight
(Halle et al, 2002h, (Flachowskj 2003. Body weight increases of 7 %, 5.6 %, 2 % and 5 %,
respectively, were achieved in animals whose feed was soppited by rare earth ascorbate, cit-
rate, nitrate and lanthanum chloride. Thus, best perfocm@mhancing effects were achieved in
chickens treated with either rare earth ascorbates otestrdinal body weights in these exper-
imental groups were significantly increased by 5 - 7 %, whekedf conversion was improved by
1-3% (p< 0.05) (TableB.21). Additionally, feed intake was increased in both treathggoups
(p < 0.05) Halle et al, 20029. A tendency towards increased feed intake, body weiglmt gadl
feed conversion was also noticed in lanthanum chlorideegcdeehickens, whose body weight in-
creased significantly by 5 %. Least improvements were pteden those animals supplemented
with rare earth nitrates. Hence, dietary supplementatioare earth elements could improve both
body weight and feed conversion significantly in broilerd@nWestern feeding and housing con-
ditions (Fleckenstein et gl2004). Furthermore, no influence was observed on the composifion
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the carcass and, compared to the amount of rare earthsagpioeigh feed, only little transfer to
animal organs occurred. Rare earth contents in animaktisgue below 10Qug/kg, hence three
to four magnitudes lower than the amount of rare earths egppghrough the dietHlachowskj
2003. Based upon these results, it was concluded that both geedfychemical compound and
the concentration of rare earths supplemented seem to lggreatampact on their efficiency, since
no effects on final weight were noticed after the supplentemaf 50 mg rare earth nitrates per
kg feed Halle et al, 20023.

Also, during the second trial different rare earth compauwere incorporated at a level of
100 mg lanthanum plus cerium per kg feed into the basal diehefday-old chicks and tested
against a negative contrdélle et al, 2004). However, this time, rare earth nitrates were substi-
tuted by another negative control, as this compound didmm#/sny significant effects during the
first experiment. Performance level was slightly lower wittal weights being decreased by 5 -
10 % compared to the first trial. Furthermore, average fettkéwas also lower, which explains
lower daily body weight gain and final body weighkéle et al, 20039. Consistent with the first
trial, body weight was improved significantly by 3 % in chidksesupplemented with rare earth
ascorbate. Yet, no significant results were achieved inearth citrate and lanthanum chloride
treated animals (p- 0.05). As shown in Tabl8.20, a tendency towards improved feed conver-
sion was observed in all supplemented groueslie et al, 20039. As to these results, it might be
concluded that particularly rare earth ascorbates aretalm@uence growth of broilers positively
with effects being most pronounced on feed conversitail¢ et al, 20039, (Halle et al, 20033.

In conclusion, well marked growth enhancing effects of emrghs on broilers could be demon-
strated in the first trial with body weights and feed convarsef broiler being improved by 5 -
7 % and 1 - 3 %, respectively,  0.05) at the end of fattening. Significant improvements etife
conversion were also observed during the second experiniénis, growth promotion in broil-
ers following rare earth supplementation were shown in Istildies. Yet effects of rare earths,
particularly ascorbate and citrate bounded compoundspesgéo be most pronounced on feed
conversion.

Accordingly,He et al.(2006g also demonstrated performance enhancing effects of satlese
on broilers. Both feed intake and body weight gain were $icamtly improved by more than
5 % over the whole experimental period. During this expentna complete diet based on corn,
wheat, soy beans and meal (ME 12.7 MJ/kg, CP 20.8 %) was supplted with low dosed
rare earth compounds originally purchased from China anitiz&and, while the experimental
period lasted for five weeks. As presented in Tah22, both rare earth chlorides (RECI6H,0)
(14.9% La, 20.6 % Ce, 1.2 % Pr; TREO 44.3 %) at 40 mg/kg (17.7&g1gREO) and rare earth
citrates,Lancer®, (5.5% La, 17.5 % Ce, 3.28 % Pr; TREO 31.9 %) at 70 mg/kg (22./&kgg
TREO) were able to enhance performance of broilers. Bodghteachieved at the end of the
trial was more than two kilogram in all experimental groupéth increasing order of control
< rare earth chloride groug rare earth citrate group. Significantly higher body weighiese
recorded in animals treated with rare earths, comparedetaedhtrol. During the last two weeks
of the trial feed intake and body weight gain were improveghsicantly by 4.2 % and 4.9 %
(p < 0.05) in broilers supplemented with rare earth chloridelsengas over the whole period,
improved feed intake and body weight gain of 3.1 % and 3.6 %gpeetively, were noticed (p
0.05). In accordance witHalle et al.(2004), better results were achieved due to the application
of organic rare earth compounds. Significantly improvedi fegake and body weight gain of
5.4 % and 5.0 %, respectively, were noticed over the wholerxyental period after rare earth
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citrates were applied. An illustration is given in Figur2.13 whereas even better improvements
of 6.9 % in feed intake and 6.6 % in body weight gain were olegtduring the last two weeks of
the experiment. Yet, only small differences were noticetthwwespect to feed conversion rate.
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Figure 12.13:Improvements of BWG (%) in rare earth (RE) treated broilerspared
to control animals; values with an asteris§ differ significantly p< 0.05 He et al,
20063.

Thus it was also possible to demonstrate performance emupeffects of rare earth applica-
tion on broilers during this study. As feed conversion ratese not affected, it might be suggested
that performance enhancing effects in broilers achievéuigirial may be mainly due to increased
feed intake. YeHalle et al.(2004) reported performance enhancing effects of organic ramth ea
compounds on broilers to be most obvious on feed conversaies.r

Another study has recently been performed on Japanese quhibse feed was supplemented
with different concentrations (0O ppm, 50 ppm, 100 ppm, 20& p00 ppm) of rare earth citrates
(Zohravi 2006. However, results have not been completely evaluatedngttan therefore not
be presented in this study.

In conclusion, though no effects were observed in pioneslias performed on broilerS¢hul-
ler et al, 2002, other studies have been able to demonstrate performahe@eing effects of rare
earth elements on poultry kept under Western conditionaa#t noticed that both concentration
and chemical form of rare earth compounds seem to play a m@g@regarding efficiency.

12.2.1.3 Ruminants

Since, in China, performance enhancing effects have bgentesl for nearly all categories
of farming animals $hen et al.1991), including beef cattle and dairy cows, feeding trial have
also been performed on ruminants under Western conditiariplarly veal cattle. Yet, results
obtained so far are controversiaMeyer et al.(2006, on the one hand, reported increases in
body weight gain and total feed intake of 14.6 % and 7.8 % (p.05), respectively, after the

174



12.2 Europe

addition of rare earth citrates at 200 mg/kg to milk substitof veal cattle (initial body weight
of 44 kg, one-week-old). On the other hand, no effects weperted after rare earth application
in another feeding trial performed on veal cattle (initialdy weight of 83 kg, average age of
44 days) WMiller, 2009. However, due to different age classes addressed in theséritls,
results are not completely comparable to each other. Witl@iscope of investigating the mode of
action, furthermore no effects of rare earths were noticediminal fermentation under RUSITEC
conditions Wehr et al, 20050.

In this section an overview of these studies will not onlyadiuce the various studies but also
permit a brief analysis of these results. In the course ofi@ tii@l, a mixture of rare earth citrates
was supplemented at 400 pprancer® per kg dry matter, that is 200 mg/kg rare earth citrates
(64.4 mg/kg TREO), to the milk substitute of 44-day-old veattle (312 male calves, red pied
cattle or spotted mountain cattle), which was applied bpgpander-regulated feeding system
(Miller, 2009. In addition to that, a basal diet compromising rearingdfemaize silage, con-
centrates, soy meal and hay was fed. The rare earth conbemtagplied was chosen following
studies performed on pigs, as there were no recommendatraiiable in either Chinese or West-
ern literature. In accordance with several other animalifegtrials Schuller 2007), (Knebel
2009), (Eisele 2003, (He et al, 20033, which reported low oral toxicity, the state of health of
calves was not impaired over the whole experimental peisdd eare earth application. However,
in contrast to reports about performance enhancing effagiégs, poultry and rats, no effects
could be observed in calves due to dietary rare earth sugpietion Miller, 2006).

The lacking of ergo-tropic effects in this trial may be ditried to several factors including
conditions under which the trial was performed, the cormegioin of rare earths applied and the
fact that cattle, in contrast to pigs and rats, are not mostogaCalves were kept under highly op-
timized feeding and housing conditions with the farm beirgdl wrganized. It is generally agreed
that the effectiveness of several performance enhancibgtaoces highly depends on feeding,
keeping and housing conditions. Furthermore, performamte&ncing effects due to rare earth
supplementation, both in China and Europe, were reportée tose-dependent. Thus, it might
be possible that other concentrations, especially lowespare required for ruminants. Yet the
absence of performance enhancing effects may also beudttibo the fact that ruminants are not
monogastric, thus bearing several differences regardiegligestive system. Accordingly, rare
earths have not been able to affect the microbial compeostdfdhe rumen. Effects on ruminal
fermentation was performed following the assumption thed earths may exert their performance
enhancing effects by influencing the micro flora of the gastestinal tract since only very small
amounts are absorbe#\ans 1990. Yet, in ruminants, concentrations of 150 ppm, 750 ppm,
3750 ppm rare earth citrates (TREO 32.2 %) did not influenoc@mal fermentation in a in-vitro
study using an artificial rumen (RUSITEC - rumen stimulatiechnique) {Vehr et al, 20050,
(Knebe| 2004). This may indicate that rare earths are not able to affectobial organisms in the
gastrointestinal tract of animals at all. But it may refldw tnability of rare earths to enhance the
performance of ruminants under Western conditions. Algaignificant effects could be demon-
strated for pigs and poultry, it might be possible that ranehes may not improve performance in
ruminants kept under highly standardized conditions, agvatfor veal calves.

Yet, in contrast to that, a tendency towards improved graidvté to rare earth supplementa-
tion was observed in another trial performed on younger atsinin addition to hay and pelleted
concentrates, 24 one-week-old preruminant female Haolstdves were fed 600 g milk substitute
(23 % crude protein, 15 % crude fat) at a concentration of 1D@ater per animal and day sup-
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plemented either with or without 200 mg/kg rare earth aéiseor six weeksNleyer et al, 2006.
Between the two treatment groups, no difference was obd@wéo the intake of either milk sub-
stitute (consumed at 11 % of body weight, 24.1 kg in the coneosus 24.4 kg) or concentrates
(7.5 kg in the control versus 7.7 kg). Though not significdagher average daily body weight
gain of 52 g/d (14.6 %) and decreased total feed intake of 8948 %) were observed in those
animals whose milk substitute was supplemented with ramé eérates (Tabld3.23). Addition-
ally, the average amount of hay consumed decreased signijite 45 % (82 g/d) along with rare
earth supplementation. A study aiming at reproducing theselts is presently in preparation.

Furthermore, effects of rare earths on the performanceinf daws kept in loose housing on a
research farm have currently been investigated in the emi@doctoral thesis. According to race,
age and stage of lactation, animals were randomized artteallim different experimental groups.
Rare earths were applied at a concentration of 150 mg/kgetrates, whereas performance
parameters, in terms of milk production, composition ofknahd feed conversion rates, were
determined over the whole experimental periBalin 2009. This investigation is, however, not
yet finished and results may therefore not be presentedsrstihdy.

12.2.1.4 Fish

In Chinese literature, performance enhancing effects hkeebeen reported for a great variety
of aquatic animals including several species of fish andrgbsi(Tang et al. 19984, (Tang et al.
19978, (Yang and Che2000), (Shao et a].1998, (Yang and Che2002. Accordingly, inves-
tigations applying rare earths to the feed of farmed fish &eipulture have also been performed
in order to assess their efficiency on growth promotion uhégn performance conditiongdut-
enhahn2004), (Renard 2005. Up to now, it is not possible to reproduce performance eoing
effects of either inorganic or organic rare earth compoumdish under Western conditions.
However, the trials will be introduced briefly.

The effects of rare earths on growth of juvenile Nile tila@@aeochromis niloticus) (22-week-
old, initial mean weight of 15 g) were investigated over aigetiof eight weeks Tautenhahn
2004). A mixture of rare earth chlorides (46.18 % of total raretleaxides (TREQO) containing
24.7 % La03, 52.3 % CeQ, 5.7 % PgO;11, 17.2 % Nd@O3, 0.1 % SmO3) was supplemented
at 0 mg, 50 mg, 100 mg, 200 mg, 300 mg and 400 mg per kg feed t@awitpremix, which
afterwards was mixed to a commercial crumb trout diet (dairtg 35 % protein and 12 % fat),
while water quality was monitored regularly. No significalitferences were noticed between
treatment groups and control, indicating that rare eartag not affect fish growth under West-
ern conditions. However, increases in body weight of 18.7rb decreases in feed conversion
13.3 % were described over the first five weeks after rare aréne applied at a concentration
of 50 mg/kg (p> 0.05). Yet this result has to be considered carefully, as anly attributed to
very high growth rates observed in one single tank. This teakto be restocked completely after
the first week of the experiment due to deaths following esiwesstress and bullying of male
fish. Furthermore, it is assumed that missing acclimabmastocked fish, which presented lower
average sizes, were underfed. Thus, compensatory growatialply accounts for increased body
weights observed in this tank. Along with the fact that naogigant differences were observed in
any other treatment group, it can, therefore, be concludgitare earths did not affect fish growth
during this experiment. Nevertheless, feeding rare edlithgist as little impair fish health in any
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way, which corresponds to results obtained in several ddesling studiesKnebe| 2004, (He
et al, 20033, (Schuller et al.2002, (Zhu et al, 1999, (Lu et al, 2000, (Tang et al. 19989,
(Tang et al.1997h and no significant effects were noticed on the body comjoosit

Consistent withTautenhahr(2004), performance enhancing effects of rare earths were nei-
ther observed in feeding trials performed on carps (Cygroarpio L.) and trouts (Oncorhynchus
mykiss) chosen as representatives for fresh waterfsh&rd 2009. These trials were conducted
in cooperation with the Institute of Fishing of the BavarRegional Office of Agriculture. Differ-
ent concentrations (0O ppm, 100 ppm, 200 ppm, 400 ppm) of iaté eitrate,Lancet® (TREO
32.2 %), were added to a commercial diet, which was fed to 8@thow trouts (average initial
body weight of 145 g) growing from 150 g to 350 g for 12 weekse et chosen was subop-
timum regarding its fat content (CF 12 %), as effects of penénce enhancing substances are
known to be more pronounced under suboptimum conditionsveder, though feeding was not
optimized, performance enhancing effects, as to body wejgim (average 1.11 %/d) and feed
conversion (average 1.24), were not achievediter, 2009, (Renard 2005, (Wedekind et al.
2004). Furthermore, no significant differences were observdimfilet weight, pH value, meat
color or fish texture between rare earth supplemented fishhencbntrol.

During the second trial, a commercial pelleted diet for sai@P 20 %, CF 6 %) was supple-
mented with 400 ppm rare earth citrates and fed to 3050 carpisl(body weight of 30 g) over
two months (June to September). Yet, consistent with pussesults, no significant influence of
dietary rare earth supplementation was observed on eitiedrifody weight or feed conversion.
However, it needs to be considered that values of body wejgint and feed conversion varied
largely, hence, making a definite statement diffickeard 2009, (Reiter, 2005. Nevertheless,
on this basis, performance enhancing effects of dietarglsapented rare earths were achieved in
neither rainbow trouts nor in carps.

Improvements in body weight gain of 11.2 - 29.6 % and feed emion rate of 24 %, as re-
ported in trouts by Chinese scientidtang et al. 19971, could not be reproduced in fish kept
under Western conditions. The absence of performance emgaaffects may be attributed to
several factors. First of all, feeding trials in China wefen conducted under extensive or semi-
intensive conditions. Accordingly, initial average bodgight of trouts (53 g)Tang et al.19971
was almost 100 g lower than that of trouts used in Westernrigegdal (Renarg 2005. Further-
more, feed conversion rates (2.0 - 2.4) in Chinese trial@weice as high compared to Western
trials (1.2), that is twice as much feed is necessary to gehgamilar weight gain, indicating that
feed used in Chinese aquaculture is by far not up to the mankoafern high-performance feed
used in Western studies. However, feed quality and espegqiadtein is known to play a major
role in fish nutrition, yet, contents are often kept low ast@iro constitutes the most expensive
source of energy in feedP{llay, 1990. Feed used in Western trials contained quite high protein
contents of 40 %Kenard 2009 suggesting that the absence of positive effects mightlzdsat-
tributed to this. Moreover, as the chemical type of rarehsaatso seems to be important regarding
growth enhancing effects, this may additionally explamldck of performance enhancing effects.
While rare earth chlorides and citrates were used in prewtudies Tautenhahyp2004), (Renard
2009, a mixture containing 50 % rare earth methionine and 50 % earth lysine was used by
Chinese scientistsTéng et al. 19989, (Tang et al. 19971. Differences in growth promoting
effects due to variations in rare earth compounds haveddirbaen described in other Western
studies Halle et al, 20023, (He et al, 20063. As a result of both unconsumed feed and faecal
excretion, rare earths may also accumulate in intensivectgating systems. Thus, especially
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highly soluble compounds, such as chloride, may spreadgfma@ut the whole circulating system,
hence, affecting results enormously. However, it might d&e possible that proficiency levels
are already highly advanced in European pisciculture, Haudly allowing further performance
enhancements due to rare earth application.

12.2.1.5 Rats

Yet, in contrast to fish, significant growth promoting efiegtere achieved in growing rats
whose feed was supplemented with rare earths. Feedirgidnahts were conducted following the
demonstration of ergo-tropic effects of rare earths in peggt under Western conditionBémbeck
et al, 19993, (He et al, 20017).

Itis generally agreed that reproducing these effects swauld help to establish small rodents
as a suitable model in order to further investigate perforteaenhancing effects of rare earth in
animals, including optimum concentrations, effects ofedé@nt chemical compounds as well as
the mode of action.

Both lanthanum and a mixture of rare earths were able to pi@bmdy gain weight and feed
conversion in growing rats, as shown in a feeding trial pented on four-week-old Wistar rats
(average initial body weight of 93 g). Within the scope ofthial, 50 rats were allotted to five
experimental groups: one control, two receiving a mixtureapoe earth chlorides (38 % Lagl
- 6H20, 52 % Ced - 6H,0, 3.0 PrC - 6H20, 7 % other rare earth chlorides; TREO 44.6 %)
at 75 mg/kg (REE low) and 150 mg/kg (REE high), respectivaty] another two receiving pure
lanthanum chloride (99 % Lag| TREO 44.2 %) at either 75 mg/kg (La low) or 150 mg/kg (La
low) (He et al, 20039. Rare earths were supplemented to a complete diet whichdae all
nutrients at or above requirements (18.1 % crude protegh % crude fat, 4.9 % crude fibre).
Increases in body weight gain of up to 9 %Xp0.05), compared to the control, were achieved in
rats receiving a rare earth containing diet for 18 days. faldally, feed conversion was improved
by 6 - 8 % (p< 0.01) using lanthanum chloride at both concentrations (Wbl®H0 mg/kg feed),
whereas, decreases of 3 - 11 % were observed in rats whosesdisupplemented with rare earth
chlorides at 75 and 150 mg/kg. Furthermore, a significamesmse in feed intake was noticed after
rare earth supplementation at 75 mg/kg. In contrast, asinegkiving either lanthanum chloride
at 75 mg/kg and 150 mg/kg or the mixture of rare earths at 15&gngresented decreased feed
intake of 3 %, 3 % and 6 %, respectively, compared to the cbn#o illustration of the results
obtained during this trial is provided in Figui2.14

A comparison of these results revealed (TaBl24) that rare earth chlorides were somehow
more effective as to growth promotion than sole lanthanuptiegtion. It was therefore suggested
that the impact of rare earths on animal growth differs witbividual elements. Though rare
earths are reported to be a chemical homogenous group glegneat variety of biochemical
characteristics, there are still differences among thwiddal elements. Lanthanum, for example,
unlike cerium, is a cation missing unpaired f-electronsgkelas, cerium may assume two oxidation
states, C&" and Cé" (Chapterd).

In addition, blood samples were taken in line with this sfugtyas to gain information on the
mode of action. Though all biochemical blood parametersewdthin the physiological range,
serum glucose was significantly decreased. Additionata@and creatine were increased in ani-
mals supplemented with rare earth chlorides, which migtitate a possible impact of rare earths
on protein metabolismHe et al, 20033. Yet, total cholesterol, total protein and albumin were
unaffected. Furthermore, significant increases in livelyares were reported in all supplemented
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Figure 12.14: Improvements of body weight gain (BWG) and feed conversaie r
(FCR) (%) in rare earth (RE) chloride treated rats versudrobanimals; La-low:
lanthanum chloride at 75 mg/kg, La-high: lanthanum chiead 150 mg/kg, RE-low:
rare earth chlorides at 75 mg/kg, RE-high: rare earth atdariat 150 mg/kg; FCR
values of both high supplemented groups were highly sigmificp< 0.01 He et al,
20033.

animals. Enhanced ALP activity due to rare earth suppleatientwas significant in rats supple-
mented with rare earth chlorides at 75 mg/kg, whereas thasaving rare earths at 150 mg/kg
presented an increased ALP activity of 20 %j®©.05). This information may help to understand
effects of rare earths on animals as shown in SediB With respect to the reproducibility of
performance enhancing effects of dietary supplementedaths in growing rats, they have been
proven suitable for the study of the effects of orally appliare earths on animals and hence were
chosen for further research projects.

Following reports of better growth enhancement due to th®ieion of organic rare earth
compounds instead of inorganic oné&nébe| 2004, (Kessler 2004), (Halle et al, 2004, it was
suggested that both bioavailablility and performance eoimg effects of rare earths might be
affected by the chemical form used, that is the anion bourttusTfeeding trials on rats were
recently performed in order to investigate as to how themanio which rare earths are bound,
may affect the efficiency of rare earths regarding perforeaanhancemenkKéplirz, 2009, (van
Gemmeren2009. In line with these trials, various rare earth compoundsluding rare earth
citrates, carbonates and chlorides, were supplementedferedt concentrations to the diet of
four-week-old rats\(Vehr et al, 20053. Though studies are not completely evaluated yet, it has
been shown that orally supplemented rare earths were abiepi@ve both body weight gain
and feed conversion. However, effects differed with bofbetgand concentrations. This strongly
supports previous assumption that both type and concemrednstitute two important factors
influencing the magnitude of performance enhancing efieasimals.

In contrast to previously conducted studies, no effects aotylweight and feed intake were

reported in recently performed feeding experiments on-feeek-old mice, whose diet was sup-
plemented with cerium at 20 mg/kg and 200 mg/Kg\agoe et aJ.2005.
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Further experiments using rats as small animal models iardalinvestigate optimum con-
centrations, effects of the chemical type as well as the nobdetion of rare earths are currently
conducted at the University of MunicKéplirz, 2009, (van Gemmerer2009. However, studies
are either not completed or not fully evaluated at this tihexce, results may not be presented in
this study. As information on the mechanism underlying @eniance enhancing effects are still
patchy, it is expected that further studies will provide iiddal details. Current proposals as to
how rare earths may exert their effects are discussed im8e@.3

To sum up all animal feeding experiments conducted undetaffesonditions, it could be
demonstrated that rare earths were capable of enhancinglbperformance, though not in all
animals species. A summary of Western feeding trial peréafon farming animals and rats is
presented in Tablé2.2Q0 However, coinciding with Chinese reports, organic compususeem
to provide better results than inorganic ones. Possibl&asafions for this are given along with
information on absorption and bioavailability of rare &arin animals in the next section. In addi-
tion, the composition of individual rare earth elementdwnthe supplementation may also affect
performance enhancement of rare earthsRasibeck et al(19999 andHe et al.(20033 pre-
sented better results when a mixture of rare earth chlo(idesCe, Pr, Nd) was applied instead
of pure lanthanum chloride. Furthermore, a comparison éetwesults obtained and concen-
trations applied, as shown in Tabl&g.19and 12.2Q reveals that optimum concentrations vary
with the animal species. Thus, for pigs best results wereeaetl at concentrations of approxi-
mately 65 mg/kg feed referred to TREO, whereas lower amauatsbe recommended for poultry
(20 mg/kg to 30 mg/kg feed TREO). Yet, a more thorough consparon concentrations with re-
spect to the anion is given in Chapfs.
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Reference Animal species RE species RE doses (mg/kg) TREBEN
Pigs
Rambeck et al(19993 piglets La - Chloride (TREO 46.0 %) 75 345
150 69.0
RE - Chloride (TREO 44.2 %) 75 33.2
150 66.3
He et al.(2001), Borger(2003 pigs RE - Chloride (TREO 44.2 %) 300 132.6
Bohme et al(20023 pigs RE - Chloride (TREO 46.3 %) 100 46.3
RE - Nitrate (TREO 41.1 %) 100 41.1
RE - Ascorbate(TREO 30.6 %) 100 30.6
RE - Citrate (TREO 30.7 %) 100 30.7
Eisele(2003 piglets RE - Chloride (TREO 44.2 %) 300 132.6
La and Ce Chloride (TREO 45.4 %) 100 + 200 136.1
La and Ce Chloride (TREO 44.5 %) 200 + 100 133.4
pigs RE - Chloride (TREO 44.2 %) 200 88.4
Kessler(2009 pigs RE - Citrate (TREO 32.2 %) 200 64.4
Knebel(2004) piglets RE - Citrate (TREO 31.0 %) 50 15.5
100 31.0
200 62.0
Prause et a(2004 piglets RE - Citrate (TREO 32.2 %) 150 48.3
300 96.6
Kraatz et al(2009 pigs RE - Citrate (TREO 32.2 %) 200 64.4
Recht(2005 pigs La - Chloride (TREO 46.0 %) 300 138.0
RE - Chloride (TREO 44.2 %) 300 132.6
RE - Citrate (TREO 32.2 %) 200 64.4
Miller (2006 pigs RE - Citrate (TREO 32.2 %) 300 96.6
Forster et al(2009 piglets RE - Citrate (TREO 44.2 %) 100 32.2
200 64.4
400 128.8
800 257.6

continued on next page
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Reference Animal species RE species RE doses (mg/kg) TREBEN
Poultry
Schuller(200]) broiler RE - Chloride (TREO 46.0 %) 150 69.0
300 138.0
RE - Chloride (TREO 44.2 %) 150 66.3
300 132.6
Japanese quails RE - Chloride (TREO 46.0 %) 75 34.5
150 69.0
300 138.0
RE - Chloride (TREO 44.2 %) 75 33.2
150 66.3
300 132.6
Halle et al.(20023 broiler RE - Chloride (TREO 52.2 %) 100 52.2
RE - Nitrate (TREO 41.1 %) 100 41.1
RE - Ascorbate (TREO 30.6 %) 100 30.6
RE - Citrate (TREO 30.7 %) 100 30.7
He et al.(20063 broiler RE - Chloride (TREO 44.2 %) 40 17.7
RE - Citrate (TREO 31.9 %) 70 22.4
Fish
Tautenhahr{2004) fish Nile tilapia RE - Chloride (TREO 46.2 %) 50 23.1
100 46.2
200 92.4
300 138.6
400 184.8
Renard(2009 rainbow trout RE - Citrate (TREO 32.2 %) 100 32.2
200 64.4
400 128.8
carps RE - Citrate (TREO 32.2 %) 400 128.8

continued on next page
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Reference Animal species RE species RE doses (mg/kg) TREBEN
Ruminants
Miller (2009 calves RE - Citrate (TREO 32.2 %) 200 64.4
Meyer et al.(2009 Holstein calves RE - Citrate (TREO 32.2 %) 200 64.4
Rats
He et al.(20033 rats RE - Chloride (TREO 44.6 %) 75 34.2

150 68.5

La - Chloride (TREO 44.1 %) 75 33.1
150 66.2

Table 12.19:Western feeding trials as to rare earth concentrationsdig total rare earth oxides.
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Reference Animal Species  RE species RE doses (mg/kg) étact
Pigs
Rambeck et al(19993 piglets RE - Chloride 75 +2 BWG -4 FCR
150 +5BWG -7FCR
La - Chloride 75 +2 BWG -5FCR
150 +0BWG -3FCR
He et al.(2001), Borger(2003  piglets RE - Chloride 300 + 19 BWG -11 FCR
pigs RE - Chloride 300 +12 BWG -3FCR
Bohme et al(20023 pigs RE - Chloride 100 - 3.6 BWG -
RE - Nitrate - 3.6 BWG -
RE - Ascorbate 100 - 3.4 BWG -
RE - Citrate -1.1BWG -
Eisele(2003 piglets RE - Chloride 300 +4-5BWG -
pigs RE - Chloride 200 +3-10BWG -2-9FCR
Kessler(2009 pigs RE - Citrate 200 + 8.8 BWG -3.6 FCR
Knebel(2004) piglets RE - Citrate 50 + 0.4 BWG -1.8FCR
100 + 8.6 BWG -55FCR
200 +22.6 BWG -55FCR
Prause et al2004) piglets RE - Citrate 150 +0BWG -9 FCR
300 +0BWG -0FCR
Kraatz et al(2009) piglets RE - Citrate 200 -3BWG -1FCR
+1BWG +3 FCR
Recht(2005 piglets RE - Chloride 300 + 4.6 BWG -2.6 FCR
La - Chloride 300 +-9.3BWG -4.4FCR
RE - Citrate 200 + 3.5 BWG -7.0FCR
Gebert et al(2009 piglets RE - Citrate 150 -4 BWG -1FCR
RE - Citrate 300 -4 BWG -4 FCR
Miller (2009 pigs RE - Citrate 300 +11 BWG -
Forster et al(2009 piglets RE - Citrate 100 + 6.3 BWG -
200 - 800 -4.3-10.2BWG -

continued on next page
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Reference Animal Species RE species RE doses (mg/kg)
Poultry
Schuller(2001) broiler RE - Chloride 150, 300 no effect on BWG or FCR
Japanese qualils RE - Chloride 75, 150, 300 no effect on BWG C& F
Halle et al.(20023 broiler RE - Chloride 100 +5BW -
RE - Nitrate 100 +2 BW -
RE - Ascorbate 100 +7BW -
RE - Citrate 100 + 6.5 BW -
He et al.(20063 broiler RE - Chloride 40 +4.2 BWG -
-49FI -
RE - Citrate 70 +5.4 BWG -
-5.0Fl -
Fish
Tautenhahr{2004 fish Nile tilapia RE - Chloride 50 +18.7 BWG -13.3FCR
100 - 400 no effects -
Renard(2005 rainbow trout RE - Citrate 100, 200, 400 no effects on BWG ORF
Renard(2005 carps RE - Citrate 400 no effects on BWG or FCR
Ruminants
Miller (2009 calves RE - Citrate 300 no effects on BWG or FCR
Meyer et al.(2009 Holstein calves RE - Citrate 200 +14.6 BWG - 7.8 FCR
Rats
He et al.(20033 rats RE - Chloride 75 + 9 BWG -3FCR
150 +7BWG -11 FCR
La - Chloride 75 +4 BWG -6 FCR
150 +5BWG -8 FCR

Table 12.20:Western feeding trials; FCR: feed conversion rate, BWGyheedight gain.
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12 THE APPLICATION OF RARE EARTH ELEMENTS TOANIMAL HUSBANDRY

12.2.2 Safety to Animals and of Animal Products
12.2.2.1 Oral Toxicity

Dietary application of rare earths did not impair or harmstege of health of any animal tested
within the scope of European feeding trial®afmbeck et al.19993, (He et al, 2001), (Schuller
et al, 2002, (Eisele 2003, (Knebe| 2004, (Fleckenstein et 312004, (Miller, 2009, (Meyer
et al, 2009. This coincides with reports from Chinese literature adl a®& with general litera-
ture on oral toxicity of rare earth elemeni3urbin et al, 1956, (Ji et al, 19850, (Evans 1990,
(FairweatherTait and Dainty20032, (Fiddler et al, 20033. It is known that the toxicity of rare
earths highly depends on the way of administration andhé&urhore, varies with the chemical
compound applied. While high toxicity has been reportedrafitra-venous injections, oral tox-
icity is considered to be very lowD{rbin et al, 1956, (Haley, 1965, (Hutcheson et al1979),

(Ji et al, 19850. According to the Hodge-Sterner classification systemg earths are generally
regarded as substances of low toxicitia(ey, 1979.

Along with the wide-spread use of rare earths in severalnieahareas (Chaptéd) over the
last 50 years, various studies were performed investigathmether rare earths may impair human
or animal health so as to assure their safe application. fiYeher studies on rare earth toxicity
were conducted with the introduction of rare earths for r@dburposes (ChaptédQ). Detailed
information on rare earth toxicity is provided in Chapéer

Regarding oral application, toxicological studies reedahat rare earths pose a similar health
risk as sodium chloride, that is usual table s@le{d, 1990, hence, already indicating the safe use
of rare earths as feed additives in animals. Low oral toxioiuld also be confirmed in numerous
experiments conducted on various animal species, inaudits Durbin et al, 1956, (Ji et al,
1985h, (Cochran et a).1950, mice Haley, 1969, (Hutcheson et al.1975, Shimomura et al.
(1980, (Ji et al, 19850, guinea pigs di et al, 19850, apes Hutcheson et gl.1975 and other
mammals Yenugopal and Luckeyl975. According toCochran et al(1950 andBruce et al.
(1963, no toxic effects were observed in rats after oral admiaigin of either rare earth oxides
at 1000 - 10000 mg/kg body weight or rare earth sulphatesGi 6®/kg body weight, while oral
LDsg of 0.9 - 1.75 g/kg body weight was described for rare earttat@s in ratsqe Boer et al.
1996 and no observed adverse effect levels (NO(A)EL) of 300 mdpdy weight per day were
determined for rats.

Similar LDsg of 4200 mg/kg and 4500 mg/kg were reported for lanthanumraddan rats
(Cochran et a).1950 and praseodymium chloride in micedley, 1965. Likewise, several other
studies also reported Ldg of rare earth compounds to be beyond 1 g/kg body weigngopal
and Luckey 1975, (Ji et al, 198501). Yet, it has to be considered that oral toxicity varies with
the chemical form, in which rare earths are appliedans 1990. Thus, even 10 g/kg L®3 or
5 g/kg lanthanum sulfate per body weight did not cause ang &ffects, while lanthanum ammo-
nium nitrate was a little more toxic, yet still presentingaal LDsg of 3400 mg/kg. Nevertheless,
it can be concluded that oral application of simple rarehreadmpounds (oxides, chlorides, ni-
trates, sulphates, acetates etc.) is of low toxicity withs.Eanging from 830 mg/kg to 10 g/kg
body weight Richter, 2003. A summary of LB values determined in various studies is given in
Table6.1 In contrast to high LIy values after oral application, Ldg values of 10 - 100 mg/kg
body weight were reported for intravenous application of isarth elements. However, low tox-
icity of orally applied rare earths was not only reported amparatively older literature going
back to the 1950s, but also confirmed in various recentlyoperéd feeding trials. According to
Feng et al(2002, no death and only minor deviations in blood parametersiwed in rats after
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LapNO3 was orally applied at 0.1 mg/kg, 0.2 mg/kg, 10 mg/kg, 20 mddkghree to six months.
To that effect, a safety dose of 0.1 - 0.2 mg/kg body weight sueggested for lanthanum nitrate.
Furthermore, comprehensive toxicological long-term &sidperformed within the scope of reg-
istering lanthanum carbonate as new phosphate binding ageaman medicine, reported that
oral intake of up to 3 g lanthanum carbonate per person peweayvell tolerated over a period of
four years, not presenting any adverse or toxic effetity nd Finp2003, (Harrison and Scaot
2004, (Locatelli et al, 2003, (Ritz, 2004. Thus, in conclusion, compared to kfvalues of
more than 1 g/kg body weight, application of rare earths aed sdditives to animals, regarding
concentrations of 200 mg/kg feed, is considered to be safe.

12.2.2.2 Absorption of Rare Earth Elements by the Gastrointestinal Tract

Low oral toxicity of rare earths is probably attributed taopgastrointestinal absorption, asitis
known that only tiny amounts of rare earths are absorbed fhengastrointestinal tract of adults
(Hamilton 1949, (Cochran et a).1950, (Durbin et al, 1956, (Haley, 1965, (Haley, 1979,
(Eisele et al. 1980, (Ji et al, 19850, (Evans 1990, (Fiddler et al, 20033, (D’Haese et al.
2003, (Rambeck et a).2004), (Hutchison and Albagj2009, hence, only a very small amount
is physiological available. Historical papeiBaghr and Wessled909 already described low
absorption rates of rare earths after oral application.s3ent with that, retention values below
0.05 to 0.4 % of orally administered doses were determinedtsiHamilton, 1949, while poor
gastrointestinal absorption was also described in mia aitra-gastrical application of cerium
chloride Stineman et a).1978. According toNorris et al.(1956, 90 % of orally single-dosed
91YCl; was found in the feces within the first three days of a rat fegdixperiment, whereas
complete elimination occurred after one week. Daily aggian of°1YCl5 for six months revealed
retention values of 0.4 % of the total administered doses theing in the same range as those
reported byHamilton(1949. Similarly, Cochran et al(1950 described a total retention of 0.3 %
for orally applied doses of lanthanum chloride in rats. gn#icant absorption was also observed
after rare earths were supplemented with feed to rats, &hgless than 0.1 % of the administered
dose was shown to be absorbed by the gastrointestinal Dacbif et al, 1956. Durbin et al.
(1956 suggested that the insolubility of lanthanum at physimalgpH might be an important
factor contributing to difficult absorption. Thus, for ratsgeneral, gastrointestinal absorption of
rare earths is supposed to be less than 0.08.8&(a, 1977).

Similar results could be obtained in doddugchison and AlbaapR009, chickens {raz et al,
1964), (Fleckenstein et §12004) and quailsRobinson et a).1978. Hutchison and Albagj2005
reported that only 0.00005 % of orally applied lanthanunboagate was absorbed in the canine
gastrointestinal tract, whereas, approximately 94.5 %Jlafhd %, respectively, were detected in
feces and urine, while in rats, 99.36 % of the administerexedavas recovered in feces. An ab-
sorption factor ranging from 1@ to 10~4 was determined in line with a feeding trial performed on
chickens Fleckenstein et gl2004), as in relation to the total sum of 300 mg rare earths digleste
only small rare earth contents were detectable in animsliéis. However, minimum systemic
absorption was not only observed in animals but also in hemanidler et al. (20033 demon-
strated very low plasma levels of less than 1 ng/ml after autative dose of 15 g lanthanum
carbonate was orally applied. Accordingly, negligible@psion from the gastrointestinal tract,
in terms of less than 0.001 %, was described for lanthanubooate given with foodSteward
and Frazer2002. Similar results were reported in subsequent studieg €t al, 2003, (Locatelli
et al, 2003, (De Broe and D’Haese for the Lanthanum Study Grd&{94), (Harrison and Scat
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2009), (Behets et a).20040. In addition to poor absorptioennick et al(2004 suggested that
extensive binding of absorbed lanthanum to plasma protethdr limits its potential for adverse
effects as well as its distribution to tissues.

12.2.2.3 Bioavailability of Rare Earth Elements

Absorption of ionic rare earths has been reported to occtimérsmall intestine, particularly
in the ileum Kostial et al, 1989, (Sullivan et al, 1984). The existence of special absorption
mechanisms in stomach and intestines was demonstratedetatanlallkvist et al, 2007), but
not particularly for rare earth metals. However, it has begggested that cerium and lanthanum
may be swallowed or phagocytosed by cells in form of particlemacromolecule bound species,
thereby crossing the cell membrariéz@sz et al.1978, (Cheng et al.1999. Following poor
absorption, only tiny fractions of rare earths are congiddo be physiological available. Yet,
variations as to both absorption and bioavailablity mayuoedth the chemical form of rare earths
applied as well as with the age of the animal.

Since better performance enhancing effects were achieyedrb earth citrates compared to
rare earth chlorides, it has been proposed that organic @ongs may be better assimilated than
inorganic ones.Ji et al. (19850 suggested that water-soluble rare earth compounds, conne
hand, were almost completely hydrated within the digedtiaet, hence, forming hydroxide col-
loids, which were hardly absorbed, whereas, complexedeaté compounds, on the other hand,
may have presented slightly higher absorption rates. Asit@nt knowledge, there are no stud-
ies available on the impact of the chemical compound on rarth dioavailability in animals,
whereas conflicting results were reported as to better hitzdoility of other organic metal com-
pounds, such as e.g. zinc. Hence, zinc, originating fronamgysources, was described to be
less Gchell and Korneggyl 996, equal Hill et al., 1986 or more availableNlatsui et al, 1996
compared to zinc sulfate in pigs. Thougimmerman et al(1995 reported different bioavail-
ability values for chelates and complexes of various elémero advantages were observed for
organic zinc sources. Accordingly, no significant diffezes were observed between organic and
inorganic zinc compounds in chicks and lamiBs¢ et al. 2000g. For cupric compounds, it is
known that cupric sulfates provide a higher bioavailaptilitan cupric oxides and carbonates.

However, bioavailability is not an inherent charactecisif a specific source of any mineral
element. It describes the absorbed fraction of ingestedemt from a particular source that
reaches system circulation, thus being available to anmadhbolism Ammerman et a).1995.
Bioavailability is therefore reflected by experimentaltermined values, which strongly depend
on both the condition of a specific test situation and the ahtested Guo et al, 2001).

Nevertheless, reports of greater bioavailability of oigasompounds compared to inorganic
ones, such as in case of ziBpears 1989, (Wedekind et al.1992), lead to increased use of
organic forms in feed industry. This may also explain enledrapplication of organic rare earth
compounds in China. Yet, not only the anion itself but alse skrength of bonding seems to
influence rare earth bioavailability. As to rare earth chetrgi(Chapte#), it has been reported that,
despite their high affinity for ionic binding, rare earth qoexes, especially chelates, constitute
stronger compounds. Complete dissociation is therefopeard to occur for ionic compounds
under acidic conditions as, e.g., found in the stomach ahats, thus, leaving ions, which may
either form other compounds or be absorbed by the gastsbimétract. But solubilities of salts
of light rare earths may differ from those of heavy rare eatholler, 1963. Dissociation of rare
earth complexes, on the contrary, is less likely to occunche hampering both gastrointestinal
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absorption and interaction with other biological molesuléAccordingly, a quick passage has
been reported for highly stable chelator-rare earth coxeglafter oral application, therefore,
being excreted unchanged in the fedésgns 1990, (Hirano and Suzuki1l996. Similar results
were obtained b¥yostial et al.(1989, who found that chelating agents may reduce the retention
of 141Ce from the gastrointestinal tract of rats, indicating tia@é earth chelates are absorbed to a
lower extent.

Organic chelates may be classified as strong, moderate aidohelates with most proteinates
used in commercial diets being weak chelates. Moderateygichelating ligands, such as amino
acids, have been suggested to improve the bioavailabfiitsaosition metals. However, present
techniques may neither determine the degree of chelatidrcamplexation of mineral elements
to organic ligands in commercial samples, nor trace thergbiso and metabolic fate of minerals
in organic products. Yet, the degree to which organic ligamnain bound to the metal as well
as the behavior under physiological pH conditions are ctamed most important as to determine
the physiological function of chelated and complexed nsetakperiments revealed that chelation
effectiveness decreases at lower pH values. Most metatelsahvolving amino acids or proteins
dissociated at a pH of either less than 3 or greater than % ehdrecoming similar in behavior
to inorganic materials. On this basis, it is unlikely thagamic metal products remain chelated
under pH conditions prevailing in the gastrointestinattr@gdolwerda et al. 1995, (Cao et al,
20003, (Guo et al, 2007). PH values of 0.5 to 2.5 and 3.0 to 7.2, respectively, arerdehed in
gastric juice and intestiné.¢ach and Pattqri997), while the stomach of pigs presents a pH of
4.5+ 0.3 Dintzis et al, 1995. In rumen pH values range from 7.0 (on forage) to 4.6 (on high
grain diet) Hoover and Milley 1991), whereas diets leaving the abomasum of cattle have a pH of
2 - 3 (Church 1969.

Moreover, continuous addition of drinking water, saliva ather digestive juices promotes the
dilution of metal compounds within the intestines, thugr@&asing solubilization. It is therefore
assumed that only a small amount of free ions is availableargastrointestinal tract, as there are
so many ligands on-hand for (re)chelation, while in ordebécabsorbed, organic metal sources
also have to become soluble prior to reaching absorpties §ttuo et al, 2001). Additionally,
it must be considered that products may, on the one hand, ibee pluble, while, on the other
hand, still remain complexed or chelated, which, theoalticimproves absorption by animals
and, thus, provides greater bioavailability. Finally, noding statement may be made at present
as to whether organic rare earth compounds are more ailzdoh inorganic ones.

However, several studies reported higher absorption fatesare earths from the gastroin-
testinal tract of neonates rats compared to addtsliyan et al, 1984). Absorbed amounts of
147hromethium determined in newborns were between 4 and 16@&thigher than in adults. Af-
ter oral application of**Ce, 91 % of the administered dose were shown to be absorbmadiie
digestive system of newborn pigsl(az and Eiselgl977), (Haley, 1979. In contrast to that, no
absorption of rare earths was observed from the gastraimaégract of suckling ratsNarciniak
etal, 1996. Yet, Eisele et al(1980, who investigated the uptake 8¥*Ce from the gastrointesti-
nal tract of neonatal mice, rats and pigs, also found thatigh poorly absorbed by adults, cerium
was absorbed to a considerable extent by neonates of alspexies. The group of mice and rats
dosed within the first six hours after birth presented itljtigreater absorption and retention than
those supplied between six and twenty-four hours. Yeterbfices disappeared with time, being
minimal after three weeks. These findings are in accordaritteg&neral observations of higher
intestinal absorption of metals in suckling&ottial et al, 1978, (Eklund et al, 2004).

A possible explanation might be that, due to higher nongigeghagocytic activity, epithe-
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lial intestinal mucosa cells of neonates incorporate raréhs to a greater exterieyans 1990.
Radiochemical measurements performed on neonatal peyhetsats revealed highest retention
levels of promethium in the ileunS(llivan et al, 1984). Kostial et al.(1978 also described the
lower part of the small intestine, that is the ileum, as tie af metal accumulation. However, the
magnitude of absorption by newborns may vary within the ahispecies. For actinides, values
obtained in piglets were 1000 times higher, whereas nebdadg, guinea pigs and rats absorbed
only 100 times more than adultSifllivan and Gorhaml983. Furthermore, the gastrointestinal
tract of infants was not nearly as permeable to macromats@s that of pigs. In contrast to that,
mice were shown to absorb and retain the most of orally aghgkeium compared to rats and pigs,
which absorbed the leadficele et al.1980).

Besides age or chemical form, there are also other factoc, &s gastrointestinal contents,
diets, nutritional status or genotype, which may influenastigintestinal absorption of metals
(Diamond et al. 1997. Accordingly, Sullivan et al.(1986 described increased absorption of
147sromethium from the intestinal tract of fasting rats. Fertincreases were achieved by the
addition of mild oxidizing agents, indicating that highetidation states may be more readily
absorbed. Though’Pm is unlikely to convert to different oxidation states undenditions pre-
vailing, other lanthanides such as cerium may be more stislepMarked increases in transit
time of 1*1Ce and its uptake by the gastrointestinal tract were regant@dult male rats due to
milk feeding, compared to fasting or grain feedifgnfan and Lengemanto73.

12.2.2.4 Concentrations of Rare Earth Elements in Animal Tissues

Though absorption and uptake of rare earths may be influemgeseveral factors, rare earth
contents detected in animal tissues after rare earth sugplation were generally low, even if
supplemented at early age. According to this, low tissueeotmations were determined in chick-
ens after feeding a rare earth containing diet over the fstWieeks of their lives. Slightly higher
concentrations were observed in kidney, liver and fat &ssampared to those in breast and thigh
muscle as well as heart. However, as to lanthanum concemsabf 45 to 98 mg/kg feed pre-
sented in the diet (Tabl€.2) and a total sum of 300 mg digested, accumulation is coreider
negligible since tissue concentrations were three madeslower (30 - 5Qug/kg dry matter)
(TablesC.1, C.2, C.3). An absorption factor of only I to 10~ could be calculated based on
this information.

Even lower concentrations in the range of 1.0 - 58gfkg dry weight were determined in
another feeding trial performed on chickens, whose feedsuaplemented with 150 - 300 mg
rare earths per kg feed for six weel&huller 2001) (TableC.5). However, in untreated animals,
tissue concentrations of lanthanum and cerium were foubd to a similar range (1.1 - 52g9/kg
dry weight). Thus, even long-term application of orally stituted rare earths did not show any
tendency to accumulate rare earths in muscle, liver, kidmdyones of chickens. Consistent with
that, little accumulation of rare earth elements was alsented in feeding trials performed on
pigs Rambeck et al.2004), (He et al, 2007), (Borger, 2003 (Béhme et al.20023 (TableC.7),
(Eisele 2003.

Most experiments focused on the determination of lanthaandhcerium, since these light
rare earths constitute the main part of rare earths prese@mtexperimental diets as shown in
TablesC.6, C.9 andC.10 Kraatz et al.(2004) revealed that lanthanum and cerium accounted
for 91 %. Values measured for rare earth contents in animsaliéis were shown to be of the
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order of the limit of detection, hence are very low. Lanth@nconcentrations of 2.ug/kg to
12 ug/kg, for example, were determined in liver tissue of supeted pigs. For muscle tissue,
which is of special interest regarding food safety, rareheaontents ranged between 4.§/kg
and 8.3ug/kg, thereby being close to or even below those determimeékde muscle of control
animals (7.7ug/kg) (Rambeck et al.19993, (He and Rambec¢k000 (TableC.4). Lanthanum
contents of 19.0, 53.4 and 22.8)/kg dry matter, respectively, were determined in musaley |
and kidney of pigs in line with another feeding triél€ et al, 2001), (Borger, 2003 (TableC.6).
Though lanthanum concentrations were shown to be incréagedfactor of 6.3, 19.1, and 7.4,
respectively, in muscle, liver and kidney of rare earth $aimented animals, compared to the
control, they were still low ranging from 2.8 to 8g/kg. Surprisingly, higher cerium contents
were detected in the liver of control animals compared ts¢heceiving rare earth elements. The
same was reported for lanthanum, with higher concentrafionnd in muscle tissue of untreated
animals Eisele 2003 (TableC.8), which strongly indicates that, compared to normal feeddly
any additional accumulation takes place following rareresupplementation.

In general, rare earth concentrations detected in musdiéaar were below those reported in
vegetables and fruitK¢afka, 1999 as well as those determined in the feed of control animals,
suggesting that rare earths are harmless for both animdlsarsumers of animal products. Ad-
ditionally, no correlation was observed between lanthacontents in feed and those in muscle
tissue He and Rambecgk2000, (Eisele 2003. Hence, the amount of rare earths taken up by
consuming lettuce and vegetable products, e.g. roastgastat dumplings, is higher compared to
that following the consumption of meat products obtainednfrare earth supplemented animals,
e.g. knuckle of pork. Furthermore, lanthanum concentnatio kidney of animals fed a rare earth
containing diet were as low as those in liver and muscle,ediihilar concentrations were deter-
mined for cerium e and Rambec¢k000, (He et al, 2001). Slightly higher values obtained in
liver tissue are in accordance with earlier reports deswiliver, spleen and bone of rats as main
accumulation sites, while reporting low concentrationkigney, pancreas and heart. Moreover,
rare earths were not detected in muscle and blotaey, 1969, (Ji et al, 19850, (Nakamura
et al, 19911, (Nakamura et a].19919. The same, that is low rare earth contents in blood, mus-
cle, liver and heart, was also reported in Chinese feedipgraxents Xie et al, 1991), (Xie et al,
1995.

Low tissue accumulation may, on the one hand, be ascribeatiogastrointestinal absorption,
whereas, the fact that rare earths occur ubiquitous, tragsialsoil and plantsKrafka, 1999,
probably also accounts for it. Accordingly, lanthanum aerdwm concentrations of 0.2 mg/kg
and 0.3 mg/kg, respectively, were found in standard pig {etdet al, 2001 and similar values
were also reported bgisele(2003. As a result, rare earths are also taken up through comaterci
diets (Meier, 2003. According toEvans(1990, concentrations of rare earths pf/kg - mg/kg
body weight were determined in tissues of humans and aniree¢sving a normal diet, whereas
a similar range was reported for rare earths in vegetabldesd{Tablel2.2]).

A possible daily intake of 2.10 - 2.50 mg/person/d has be&ulzed for humans based upon
a common food baskeB( et al, 1993, which provides a proxy estimate of individual feed in-
take of a population according to affordability and acdafisy, established to assess food security
(Lareo et al. 1990, (Nathoo and Shovelle2003. Including a safety factor of 100, acceptable
daily intake (ADI) for rare earth oxides of 0.1 - 1.0 mg/kg lyoaeight (0.2 - 2.0 mg/kg body
weight for rare earth nitrates), has been reported for hgraert al, 19850. Similar values have
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RE contents reference
grain 0.41 Su et al (1993
wheat 1.0-2.0 Jietal.(1985H
rice 0.5-1.0 Jietal.(1985h
vegetables 0.23 Su et al(1993
vegetables <0.50 Jietal.(1985H
fruits 0.19 Su et al (1993
fruits <0.50 Jietal.(1985H
beans 0.83 Su et al(1993
potato 0.66 Su et al(1993
tea 1.76 Suetal (1993
meat 0.07 Suetal(1993
eggs 0.07 Su et al (1993

aguatic animals 0.52 Suetal(1993

Table 12.21:Rare earth (RE) contents in vegetables, fruits, animalytsd(mg/kg)
and drinking water {g/l) (Su et al, 1993.

also been described in a recent paper (12 - 120 mg/d per pers@mne earth nitratesong et al.
2009, whereas, slightly higher concentrations of 2.5 mg/kgétemeported as maximum allow-
able intake for rare earth chloridegi@n et al, 1992. Nevertheless, this limitation range greatly
exceeds both concentrations determined in animal tisspecally in muscle (1.8 - 3fg/kg)
(Ji, 1990, (He and Rambegk000, (He et al, 2007) as well as possible daily intak&( et al,
1993. Thus, it is obvious that there is no risk for humans as te emrth accumulation through
the uptake of animal products.

Moreover, it was shown that neither carcass nor meat quabtg affected by long-term ap-
plication of rare earths with feed/ller, 2009, (Rambeck et a]2004), (Borger, 2003. Various
parameters, including pH values, meat brightness, etetttonductivity or meat fat ratio, were
determined at the end of several feeding trials in order sessmeat quality. No significant dif-
ferences could be revealed between animals, whose dietupatesnented with rare earths, and
the control group, for either pHand ph4, which are considered to provide a high significance
on meat quality in terms of identifying PSE (pale, soft anddative) and DFD (dark, firm and
dry) meat. Furthermore, none of the other parameters waemded either\{iller, 2009, (Ram-
beck et al. 2004, (Borger, 2003, (Eisele 2003. This indicates that rare earth supplementation
does not impair meat quality. Additionally, no effects wacgiced on carcass yield. According to
EUROP, a classification system of slaughtered animalsiggawircasses as to their lean meat con-
tents, all carcasses of animals fed a rare earth contaimggvere either graded as E (lean meat
> 55 %) or U (lean meat between 50 and 55 %), thus being amongetectassesRambeck
et al, 2004, (Miller, 2009.

Consistent with that, no significant effects on body comgpmsiand fish filet quality were
observed after rare earths were supplemented to fish fesgeral monthslfautenhahn2004),
(Renargd2005. Meanwhile, carcass quality of chickens was not shown @fteeted eithertfalle
et al, 2004). Except for liver weight, which was slightly higher in cooitanimals, no significant
difference was observed between rare earth supplemeni®dlarand the control regarding the
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weight of either muscle or organsidlle et al, 20023.

In conclusion, with respect to both oral toxicity and absiomp application of rare earths as
feed additives to animals is considered to be safe. Furthermmare earths presented little ten-
dency to accumulate in animal tissues, while additionallycass quality was not effected. Ed-
ibles from animals treated with rare earths are therefoie sead no risk is to be expected for
consumers.

12.2.3 Summary

The application of rare earth elements, mainly light onedead additives to farming animals
has been practised in China for decades. However, it wasnibL@99 that growth promoting ef-
fects achieved thereby were recognized beyond China. Ni\fitleiscope of increasing populations,
animal production also needs to be enhanced by at least 2 Yepeto meet the needs, whereas,
to keep environmental loads as low as possible, naturaliress have to be used efficiently. Yet,
with the ban of all in-feed antibiotics throughout Europep&2006, due to public concerns about
both development and dissemination of multiresistantdsagtpowerful growth promoting agents
vanished from the feed market. Thus, there is a strong derioanew, efficient, safe and inex-
pensive feed additives that may satisfy the needs provokélddse changes. Rare earth elements
may therefore be a promising approach. However, housirglirig and keeping conditions in
China are of lower standard compared to European counfriesrefore, it was assumed, at first,
that growth promotion by rare earths is not reproducibleanrdghly optimized standards using
high performance animals as it is the case in Europe or thee&§tates. To the contrary of this
expectation, pioneer studies on pigs were able to demdasirereases in body weight gain of
5 - 19 % and improvements in feed conversion rate of 7 - 10 % duketary supplementation
of inorganic rare earth compounds imported from China. Moee these improvements were
even better than those reported for former in-feed antdsotResults obtained could not only
be verified statistically but also reproduced in severaéothals. Following Chinese reports on
better performance enhancing effects achieved by usirgnargare earth compounds instead of
inorganic ones, the effectiveness of rare earth citratesavaluated in proceeding experiments.
Indeed, higher increases in body weight gain of up to 22.5 &tdcbe obtained in pigs, whereas
in poultry differences were even more obvious with bestltedaeing observed after rare earth
ascorbates and citrates were applied. Soon afterwardsymotary permission for the application
of rare earth citrates, as feed additives for pig productreas granted in Switzerland, where, at
present, rare earths can be purchased as ditirrer® or Sanoce® from the Swiss company
Zehentmayer Thereby, concentrations recommended range between 18@ magd 200 mg/kg
feed. However, concentrations may vary with the salt, tacWinare earths are attached, as well as
with the contents of individual rare earth elements presgmnt the mixture. Concentrations ap-
plied in several studies may therefore only be compared loyleding the total rare earth oxides.
Furthermore, itis also assumed that optimum concentmtizay vary within different animal spe-
cies. Research performed so far beyond China could not @mhodstrate significant ergo-tropic
effects in pigs and poultry but also in rats, whereas, nactefferere achieved in fresh water fish
and controversial results were obtained so far in cattlé, tfie mechanism behind these effects
is still not well understood, even though several propolsale been made. Since rats responded
to oral application of rare earths to a same extent as pigedey performance enhancement,
they have been used as small animal models in further expetamin order to provide additional
information on optimum concentrations and compounds akaseain the mode of action.
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In the course of safety assessments, low concentratiors@earths were determined in sev-
eral animal tissues. Especially in muscle, which is imparfar estimating food security, hardly
any accumulation of rare earths was observed. Moreoverpmelation between rare earth con-
tents in feed and animal tissue was found. Lanthanum coratents in muscle ranged between
4.6 ug/kg and 8.3ug/kg, whereas similar contents were also found in animaksiveng a standard
diet without supplementation. This is probably ascribeth®fact that rare earths occur ubiqui-
tous, thus, both animals and humans take up rare earthsgthimammercial feed. Regarding
acceptable daily intake of rare earth oxides in the rangelbfriy/kg to 1.0 mg/kg body weight,
the use of rare earth containing feed additives in animdlsat pose any risk for consumers as
to rare earth accumulation in animal products. Accordingbyeffects were observed on carcass
quality of supplemented animals.

12.3 Possible Mode of Action of Rare Earths

Though rare earths have been shown to enhance animal parfoenunder both Chinese and
Western conditions, the underlying mechanism has not beeified yet. Nevertheless, following
biochemical and physiological properties of rare eartha(iier5) as well as information obtained
in line with feeding experiments, several proposals haealmeadeOu et al. (2000, for example,
suggested four possible mechanisms, including enhan@yunenactivity, improved protein meta-
bolism, suppression of bacterial growth and promoted searef digestive fluids in the stomach,
So as to explain growth promoting effects of rare earths imats, while, anti-inflammatory and
immunostimulating actions have also been proposéathowskj 2003, (Feldmann2003. Fur-
thermore, effects on hormone activity as well as on cellifa@tion have been considered as
possible explanation for performance enhancing effectarefearthsHe et al, 20033, (He et al,
2006H. However, it may also be possible that rare earths cotstssential elements as they are
found ubiquitous, though, at present, evidence is lackiteg{beck and Weh2005.

As to the site of action, currently discussed mechanismsinbg roughly divided into two
categories. On the one hand, rare earths could exert tiéarpmnce enhancing effects by local
actions within the gastrointestinal tract. An assumptioat is mainly supported by the fact that
orally applied rare earths are only poorly absorbed. Yé#telamounts absorbed, on the other
hand, may still be physiological available, thus, able teafthe intermediate metabolism in
various manners. According to this subdivision, preseaiilable information on the effects of
rare earths in animals will be presented and discussedsrsé#ution, in order to possibly explain
as to how rare earths can enhance animal performance. Hovieiggmation on the mode of
action is not only of scientific interest. Regarding theadile registration as feed additives, rare
earths have to be classified according to their mode of aesdarther discussed in Chapts.

12.3.1 Local Effect on the Gastrointestinal Tract

A number of reports showed that orally applied rare eartesoaty absorbed to a very small
degree from the gastrointestinal tract (Sectl@2.2.3. Absorbed amounts in rats were reported
to be less than 0.01 ¥D(rbin et al, 1956, (Evans 1990 and absorption factors of 18 to
10~* were determined in chickenBleéckenstein et §12004). Accordingly,Hutchison and Albaaj
(2005 stated that 99.36 % of the administered rare earth dosesee@gered in feces of rats. This
indicates that after oral application, the majority of ragths accumulates within the chymus
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prior to excretion. On the background of poor gastrointedtabsorption, local effects stand to
reason. Up to now, local effects discussed include bothzattierial and anti-inflammatory effects
as well as improvements in nutrient uptake and digestybilit

12.3.1.1 Antimicrobial Effects

Following reports on antimicrobial properties of rare bartit has been suggested that rare
earths, similar to former in-feed antibiotics, may promaémal growth by influencing the devel-
opment of bacterial species within the gastrointestimaittselectively, hence, inhibiting undesired
bacteria Feldmann2003, (Flachowskj 2003, (Rambeck and Weh2005. Rare earth elements
could thereby maintain the micro-flora of the intestinattyavhich is also involved in digestion
processes, and possibly also prevent any disease ons€ikinkese fish farming, it was recorded
that fish fed with rare earth supplemented feed demonsteatednced growth, while presenting
increased resistance to pathogeniésr(g, 1990, (Flachowskj 2003.

Earlier work already indicated that rare earths possesaicantibacterial propertie8(rkes
and McCloskey1947, (Wurm, 1951, (Muroma 1958, (Evans 1990, yet, effects seem to be
dose-dependent. To inhibit bacterial growth, concertnstiof 10 - 10-2 mol/l were necessary,
while at lower concentrations of approximately ®Gnol/l, rare earths were able to support bacte-
rial growth Muromag 1958. However, antibacterial effects have also been demdsstia more
recent experiments. Cerium, for example, was able to ihthibigrowth of several bacteria includ-
ing E. coli, Bacillus pyocyaneus, Staphyloccous aureuscbaostoc and Streptococcus faecalis,
when applied at concentrations ranging frontd@nol/l to 1072 mol/l (Zhang et al.2000b. In
accordance witzhang et al(20000, Ruming et al(2002) also observed that cerium ions could
influence the growth of bacteria dose-dependently. Hena®rmatentrations below 350g/ml,
cerium stimulated the growth of E. coli, whereas at highercemtrations, at or above 4Q@/ml,
growth was inhibited. Besides bacteria, rare earths wee stiown to inhibit the formation and
germination of fungal spore3dlburt and JohnsqQii967). Yet, multiple experiments demonstrated
that bacteria, especially gram - negative ori&sn(g et al.2004), were more susceptible than yeast
or fungi, while heavy rare earths tended to be more toxic tiggah ones iuromag 1958.

Different explanations for their antimicrobial actionsvhaalready been given. On the one
hand, rare earths may cause bacterial flocculation by chgiige structure and altering the surface
charge of bacterial membranéxpek and Talbyil968, (Bentz et al.1988. In the same manner,
rare earths can promote cell aggregation and membranaf(Sassone and Garadi974). Peng
et al.(2004 showed that L™ could change the structure of outer cell membrane of grarativey
bacteria, such as E. coli, substantially, hence causirgpitsage. Gram negative bacteria usually
have a peptidoglycan layer beneath the lipopolysaccharakeng them less sensitive to lysozyme.
Based upon substantial changes in the presence of lanthaellmbecame more susceptible to
lysozymes. This explains why rare earths particularlybitiihe growth of gram negative bacteria
as previously reported byrossbacl{1897, Muroma(1958. On the other hand, direct effects of
rare earth on the bacteria metabolism in terms of inhibitegpiration processeBiooks 1927)
or the phosphate - independent metabolisiu(m, 1951 may be another possible explanation.
In addition, Wenhua et al(2003 demonstrated that at lower concentrations (0.5 u8kg),
La3* could inhibit the absorbtion of external DNA by E. coli, teby effectively decreasing its
transformation. Finally, it is not known whether morphdtmj or metabolic changes account for
their effects.Ou et al.(2000 suggested that, due to their acid character, rare earthivaddnight
lower the pH value in the digestive tract of piglets, thershppressing the growth of pathogenic
bacteria.
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Though anti-bacterial effects pose a reasonable exptan&tchuller et al(2002, Bohme et al.
(20023, Kraatz et al.(2004 and Knebel (2004 have not been able to demonstrate significant
antibacterial actions of rare earths in in-vivo studies ahftpra of poultry, piglets or in in-vitro
studies on rumen microorganism.

Analysis of the intestinal micro-flora of chickens fed a raegth containing diet revealed nei-
ther significant qualitative nor quantitative changes ia tomposition of individual microbial
populations of the gastrointestinal tra&cfuller 2007), (Schuller et al.2002. Only little dif-
ferences were observed as to the anaerobic total micromaitof ileum and caecum, whereas
animals supplemented with rare earths presented a tent@magds lowest counts in the jejunum.
Even though hardly any effects were noticed on the gasesiimal micro-flora, results may be
considered carefully as at the same time rare earths didhaotge any zootechnical parameters.
Similarly, in the absence of performance enhancing effeatse earths did not affect the composi-
tion of faecal bacterial populations in pigs, which was stigated in biomolecular studies using
PCR-DGGE methods (Polymerase Chain Reaction AmplificafRfdR) - Denaturing Gradient
Gel Electrophoresis (DGGE)K(aatz et al.2004).

Further experiments were conducted using RUSITEC (Rumml&tion Technique), an arti-
ficial rumen system proven effective for evaluations of therobial rumen metabolism, to inves-
tigate the impact of rare earth citrate on ruminal fermeomatYet, ruminal fermentation could not
be affected by rare earth citrates applied at 150 mg/kg, 7&Bagn3750 mg/kg. Over the whole
experimental period of ten days, no effects were observethgof the parameters characterizing
rumen-microflora, including pH values, Nkbroduction, redox potential, fatty acid pattern or the
amount of produced gas, whereas tetracycline, which wasdad as positive control, was shown
to inhibit fermentation Knebe| 2004, (Wehr et al, 20050. Thus, as ruminal fermentation was
unaffected by rare earths, it was concluded that, under REKSIconditions, ruminal microorgan-
isms were probably not influenced. This further indicates éngo-tropic effects demonstrated in
animals may not be ascribed to influences on the gastramaésticro-flora. However, microbial
conditions in monogastric animals, such as pigs, defind#fgr from RUSITEC conditions, thus
guestioning the adoption of these results to all animalisgedndeed, a tendency in decreased
contents of anaerobic bacteria (110° in control, 60- 10° at 50 mg, 17 10° at 100 mg, 92 10°
at 200 mg) could be observed in the small intestines of pigplemented with rare earth citrates,
while other microorganisms, including aerobic colony farghbacteria, enterobacteria and lac-
tobacillus, seemed to be unaffectéthébel 2004, (Wehr et al, 20050. These coincide with
Schuller et al(2002. Though only a few duodenal digesta samples, with four betch experi-
mental group, were analyzed for its microbial compositiarimg this experiment, results indicate
that rare earths may yet be able to affect the populationciba in small intestines. Therefore,
further studies are recommended.

In addition, analysis of mainly directly taken small iniaat samples should also be performed
in order to assess a possible impact of rare earths on matndpulations located closely to ab-
sorption sites, even though first biomolecular investmeidid not reveal any differences to fae-
cal microflora in pigs. Moreover, since antibacterial effeseem to be highly dose-dependent, it
might also be of interest to determine the concentrationsua earths in digesta samples after
rare earth supplementation. Attention should also be jeide chemical compound as variations
of antimicrobial behavior have been reported for differeare earth compound&liang et al.
20008. Minimum growth-inhibiting concentrations of-110~2 mol/l for E. coli and B. pyocya-
neus, 2 103 mol/l for St. aureus and 1102 mol/l for Leuconostoc and Streptococcus faecalis,
respectively, and minimum bactericidal concentrationg of.0~3 and 1- 10-2 mol/l for B. py-
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ocyaneus, E. coli and Leuconostoc were reported for a celnumic acid complex. Surprisingly,
bacterial growth of all species was shown to be promoted vehegrium-citrate complex was ap-
plied instead. This indicates that effects of rare earthsamterial growth vary with the chemical
compound used.

Nevertheless, other authors suggested that the combinaitiantibacterial effects with anti-
inflammatory properties, as observed for rare earths, meguat for their performance enhanc-
ing effects of rare earths on animafe(dmann2003, (Flachowskj 2003. Basile et al(1989)
described that lanthanide salts could obviously inhikstdmine and serotonin induced changes
in vascular permeability after intraperitoneal applioatiyet no significant effects were observed
when orally applied.

Furthermore, besides influencing bacterial growth, it wiae eeported that rare earths may
exert anti-viral effectsgjorkman and Horsfa)l1948, (Sedmak et a].1986, (Liu et al, 1998.
These effects have been attributed to either enhancedearderactivities Sedmak et a).1986 or
direct anti-viral propertiesLu et al, 1998. This might also contribute to enhanced growth due
to decreased cases of illness, yet, further research oistleguired.

12.3.1.2 Improvements in Digestibility and Utilization of Nutrients

The mechanism underlying performance enhancing effecisaism be related to improve-
ments in nutrient digestibility and availabilityAger, 2003, (Bayerischer Rundfunk2003. A
Chinese report demonstrated that rare earths were caplabipmving the digestibility of both
total energy and protein in pigs, thereby enhancing fedzatiion (Ming et al, 1999. Accord-
ingly, Hu et al.(1999 observed significant better apparent digestibilitiesradrgy, crude protein
as well as total essential and non-essential amino acidgswhose diet was supplemented with
rare earth elements. Several other Chinese scientistatiguted performance enhancing effects
of rare earths to improved digestibility and utilizationmaftrients (i et al., 19923, (Cheng et al.
1994, (Zhu et al, 1994, (Lu and Yang 1996, (Xu et al, 1998. At the same time, a trend to-
wards increased utilization of dietary nutrients (totadmgy, crude protein, crude fat) in animals
treated with a rare earth supplemented diet(P.05) was demonstrated in another digestive and
metabolic trial Kie and Wang1998.

Better utilization of nutrients was also suggested aftediieg trials were performed on pigs
and quails under Western conditions, in which higher bodigitegain was observed along with
reduced feed consumptioRlachowskj 2003. Yet, no differences in zinc absorption due to rare
earth supplementation were noticed between rare earthesuppted pigs and the control group
indicating that rare earths may not influence the absorgti@ther trace elements eithétrfebel
2004).

However, investigations on the effects of rare earths omggrecarbohydrate- and nitrogen-
balance as well as the digestibility of nutrients in piglesgng respiration chamberBrause et a|.
2004 revealed that, along with higher nitrogen uptake (14 % (pG58)), animals receiving rare
earth citrates at 150 mg/kg feed put on more protein (17 % (pl64)), compared to control
animals (TableD.1 and Figurel2.15, whereas, supplementation of rare earths at higher cencen
trations (300 mg/kg feed) did not show any effed®sause et al20053, (Prause et al20059.
Enhanced fat accretion was also observed. Together witkased protein accretion, this might
be ascribed to enhanced feed intake, while increased eitrogake and utilization may account
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for the fact that pigs supplemented with rare earths put orermptein Kyriazakis and Emmans
1992, (Bikker et al, 1995, (Tome and Bos2000. Though not significan®rause et al20053
also noticed increases in energy balance, carbonateicetemd digestibility of nutrients (1 - 2 %)
in animals supplemented with low dose rare earths, whilenagaeffect occurred at 300 mg/kg
feed. All in all, a clear tendency towards improved nutrieigiestibility, especially to the protein
balance, could be revealed in this experiment. Decreadegihconversion demonstrated at low
dose (150 mg/kg) application of rare earths, may thereferattsibuted to improved digestibility
of nutrients.
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Figure 12.15: Effects of rare earth (RE) citrate on protein accretion aicbgen
balance of pigsHrause et a/20059.

On this basis, it was suggested that rare earths may influbeceermeability of intestines,
thereby, enhancing the absorption of different nutriefsaise et al.2004. But rare earths
may also form complexes with proteins which in turn may emeatheir uptake or metabolism
of protein. In additionOu et al.(2000 proposed that rare earths can promote the secretion of
digestive fluids in animal stomachs. Indeed, lanthanum Wwew/s to increase gastric acid secre-
tion dose-dependently in in-vitro studies performed ofaiwal mice stomachs{( et al, 2004).
The mechanism underlying was thought to involve either glease of gastrin, histamine or the
activation of their receptors. Furthermore, Chinese s$igEnsuggested that rare earths may not
enhance the utilization of protein or other nutrients, saglsarbohydrates, by local effects but by
influencing the activity of certain hormoneXié et al, 1991), (Yang et al, 19923, (Xie et al,
1995, whereasPrause et a2004) proposed that enhancing the activities of certain enzyimes
volved in the digestive tract or in nutrient metabolism mpaccount for improved digestibility.
However, this will be further considered in line with effecn the intermediate metabolism.

Blood samples taken from rats, whose diet was supplementadrave earths for 16 days,
revealed increases in both creatine and urea concensatubinch may also indicate an impact on
protein metabolism through the intermediate metaboligmét al, 20033 (TableD.7). Though,
at the same time neither total protein nor aloumin were &dféand no influence on any of these
parameters was observed in other feeding trials performguigs He et al, 2001), (Borger, 2003
(TableD.4).
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Protein to energy ratios in animal diets, especially in feste, generally considered to play a
major role in animal nutrition in order to achieve optimunogth (Tautenhahnp2004). Since
protein constitutes the most expensive source of energgad, fcommercial feed production of-
ten keeps protein levels down to minimum levels required &ntain optimum growth and feed
conversion Rillay, 1990. Thus, if rare earths are able to improve the protein baascshown
by Prause et a[20053, not only performance might be improved but also proteinteots in di-
ets, hence, making feed cheaper. In intensive aquacultactiged in Europe, protein utilization
and digestibility are already highly optimized using higlhafity feed and fast growing strains.
This might therefore be a possible explanation for the atesen performance enhancing effects
noticed in fish feeding experiments.

In contrast to improvements in digestibility reported Bsause et al(20053, Bohme et al.
(20023 did not observe any significant impact of different rarett@ompounds (rare earth ni-
trates, rare earth citrates, rare earth ascorbates athramh chloride applied at 100 mg/kg feed
as the sum of lanthanum and cerium) on the digestibility oflernutrients in nutritional balance
tests performed on 40 pigs. At most, a tendency of betterecfilde utilization was observed
in rare earth ascorbate supplemented animals, yet thistlldsetow 1 %. However, rare earths
did not present any performance enhancing effects in tiails ttonsequently, with respect to the
mode of action, results may have to be interpreted carefully

Nevertheless, effects of rare earths might also be prodagediuencing the intestinal motility,
as actions on smooth muscle of both stomach and intestire leen described. Even though
mainly inhibitory effects were observed, tone can be tempomcreased, tooHvans 1990,
(Weiss and Goodmani969, (Weiss 1974, (Goodman and Weisd971), (Triggle and Triggle
1976. This in turn may contribute to enhance digestibility areased nutrient intake by changing
the passage rate through the digestive system. Additigrktrointestinal motility may also be
controlled by the vegetative nervous system. Though tamg rare earths to nervous tissues is
supposed to be sloviefans 1990, transmission of nervous impulses was shown to be affdnted
rare earths as well. According t@an Breemen and de Wegr970, lanthanum could decrease the
efflux rate of calcium in giant axons, which was previousigated with calcium by 87 %. In the
same way, lanthanum inhibited calcium uptake in rabbit gagrvesKalix, 1971). On this basis,
gastrointestinal motility, nutrient absorption and séoreof digestive juices might be influenced
by rare earths via the nervous system.

Further authors suggested that performance enhancingseffeght be ascribed to the mod-
ification of phosphorous compounds by rare earths, thewdloyving better utilization of these
compoundsKleckenstein et gl2004). Accordingly, phosphate binding properties of rare earth
have been reported in several studieggns 1990, (Diatloff et al,, 19953, (Hutchison and Albagj
2005. Furthermore, rare earths were shown to influence the pladspnetabolism in bacteria by
the formation of insoluble phosphate rare earth compourdsif, 1951). Yet, no differences
due to rare earth application could be observed in serumpblads concentrations of either pigs
(Borger, 2003 (TableD.4) or rats He et al, 20033.

Due to anti-oxidative effects, rare earths may also be ahgpedtect fatty acids, such as omega-

3 fatty acids, present in the diet from oxidization. Rareleacould thereby preserve nutrients
within the feed or, moreover, enhance their uptake. Anitlative properties have been widely
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reported for rare earth elements. Dose and species defenaienearths were shown to either
inhibit or promote ROS-mediated (reactive oxygen spegesjesses, whereas inhibition was de-
scribed for light rare earths with increasing concentratiolThese effects have been attributed to
hydroperoxides binding, thus inhibiting lipid peroxidatiand the oxidation of membrane pro-
teins, or to magnetic interaction with free radicaéi(mada et a].1996, (Wang et al.20031.

12.3.2 Effects on the Intermediate Metabolism

Various studies demonstrated that only a very small amotiotally applied rare earths is
absorbed within the gastrointestinal trabugbin et al, 1956, (Eisele et al.1980, (He and Ram-
beck 2000, (Fiddler et al, 20033. Yet, a feeding experiment performed on rats revealed that
besides ergo-tropic effects in terms of increased body htejgin and improved feed conversion
rate, rare earths were also able to cause some deviationsanemical blood parametersi¢
et al, 20033. It was therefore suggested that despite the fact thatatityy amount is bioavail-
able, rare earths may still be capable of affecting phygickd processes within the animal body.
This theory has been supported by several authdiss €t al, 1995, (He and Rambegk2000),
(He et al, 2001), who reported changes in hormone and enzyme activitiesedlsaw in other
blood parameters after rare earth supplementation. Thtesearths may affect the intermediate
metabolism in many different ways including hormone leyvelszyme activities, protein or lipid
metabolism. In earlier studies, it was claimed that ceriuightnbe an effective stimulant of the
metabolism increasing appetite and body weight in humates kfw dose i.v. injectionfaese
1956. Furthermore, amounts absorbed may also influence otHatacdunctions, such as cell
proliferation or additionally support the immune system.

12.3.2.1 Interaction with Calcium

A wide range of physiological and biochemical processe®th human and animal bodies has
already been shown to be affected by rare earth elementp{€y whereas most of these pro-
cesses are known to be €a depending. To that effect, several pharmacological oth@mical
properties of rare earths, such as inhibiting coagulatiakpec et al.2005, muscle contrac-
tion (Triggle and Triggle 1976 and transmission of nervous impulsé&ccari et al. 1999 or
influencing hormonal responsesniyeart et al.2002 or the release of histamine from mastcells
(Beaven et a).1984), are ascribed to their high resemblance to calcium ionisIéE1).

Rare earths not only present a marked similarity in both ammtbonding but also in coordi-
nation geometry and donor atom preference, which allowstteereplace C& specifically in
various physiological processes. This substitution, éhengh occurring isomorphously, does
not necessarily lead to an inhibition of physiological @eses such as enzyme activitiesgns
1990, (Jakupec et al.2005. However, several calcium channels and in addition thetfans
triggered were reported to be inhibited by rare earths, Wwisi@scribed to the fact that, compared
to C&t, rare earth elements possess a higher charge to volumeidtig them a greater affinity
for C&* binding sites Evans 1990, (Horrocks and Sudnickl979, (McCusker and Clemmons
1997). Interactions of rare earth elements with cellular andcellblar processes in animal sys-
tems as to their calcium substitution, have been reviewd®byBrown et al.(1990. Processes
involved, among others, include cell communication thiojugnctional membranes, actinomyosin
contraction, activation of phosphorylase kinase in mysubemone-cell interactions, determina-
tion of cellular permeability and stabilization of cellulmembranesNlikkelson 1976. Further-
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more, calcium can influence the transport of several moeovabns. It was also assumed that
both calcium and calcium-like substances, that is rardnedeiments, act like gates, occluders or
competitors for sodium and potassium channels.

12.3.2.2 Influence on Certain Cellular Functions

Hence, based upon their high resemblance to calcium ioresgeaths can affect a multitude
of cellular functions'\(Veiss 1974, (Nayler, 1975, (Hanoika et al.1994), (Jakupec et al2009,
which may possibly account for their performance enhanefferts observed in animals.

However, related to this is the question whether or not rarthe can pass through the plasma
membrane of animals. Results published so far are conflictifhere are several authors sug-
gesting that rare earths, especially lanthanum, may infli¢me cellular metabolism by passing
through the membran&fown et al, 1990. In contrast to that, direct and indirect evidence has
been given that rare earth ions can hardly penetrate thelarethembranel@anger and Frank
1972, (Szasz et a).1979, (Flatt et al, 1980. Yet, Powis et al(1994) found out that rare earths
could be transported by sodium - calcium channels, heriggeting hormone releases.

Though cellular entry is still debated, rare earths weravshio affect cell proliferation. Cell
injury and proliferation are closely related and effectgare earths, therefore, depend on the
concentration applied. Thus, low dose cerium was demdesiita promote growth of cardiac
fibroblasts in ratsKreeta and Najr1999. In the same manner, &t enhanced cell proliferation
of hepatocytesRai et al, 1997, (Ishiyama et al.1995, while low dose C&" was also shown
to enhance cell growth and change the cell cycle of primaiud hepatocytesShen et al.
1999. In contrast to that, rare earths were also reported to kangl growth by the inhibition of
spindle fibre orientations during cell divisioBrown et al, 1990. Yet, cell culture experiments
on preadipocytes (3T3-L1 cells) revealed that rare eadhsstimulate the proliferation of these
cells He et al, 20030, (He et al, 20061). Additionally, they were also able to decrease the
concentration and composition of monounsaturated faitysan differentiating adipocytes. This
indicates that rare earths may have an impact on adipogeasdi lipogenesis rate in adipose
tissue.

It is generally assumed that rare earths affect cell metsinddy either inhibiting or replacing
calcium Fernando and Barritl995. However, the mechanisms underlying cell proliferatién o
rare earths are not yet understood. It has been suggestdatid¢ba effects may also be related to
increased DNA, RNA and protein synthesi@gng et al. 20030, sinceSmith and Smit{1984)
demonstrated that lanthanum chloride could promote DNAh®gis and stimulate embryoge-
nesis in cultured fibroblasts (Swiss 3T3 and 3T6 cells). Iditazh, cellular functions may be
influenced by rare earths acting as enzymes themsebasgnn 1924), (Eichhorn and Butzow
1969, (Yajima et al, 1994, (Franklin, 2001]) since rare earths were shown to induce the hydrolysis
of phosphatidyl-inositol, a trigger substance in sigrahsduction pathway$\(ang et al.20030.
Furthermore Eichhorn and Butzow1965 described that rare earths possess the ability to de-
polymerize RNA molecules and nucleotides, whereas, unagsiplogical conditions, rare earths
were capable of forming adenosine 3',5'- cyclic monopha@dplrom adenosine triphosphatég
jima et al, 1994). On this basis, rare earths are likely to possess a certaisphatase activity as
well as a catalytic potential. Accordingligranklin(2001) reported that rare earth ions are capa-
ble catalysts for hydrolytic splitting of phosphate estendts including those of DNA. Though
the biological relevance of these actions is still uncleare earths may have a high impact on
the total metabolism influencing physiologically importahosphate compoundBdmann et aJ.
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1954, such as RNA. Especially cerium was expected to affect éineahydrate metabolism, as it
was shown that cerium may break down meta-, pyro- and pobgjpiiates into ortho-phosphates
(Haese1956.

12.3.2.3 Influence on Hormones and Enzymes

Notwithstanding cellular functions, metabolism may alsgorbodulated by affecting the ac-
tivity of certain hormones and enzymes. There is a great eumbG protein coupled hormone
receptors known to be calcium dependent, hence, suseefibhre earth interactions. Inhibition
of hormone binding to ACTH receptors has already been detradad for rare earth€EQyeart
et al, 2002. The marked reduction in receptor affinity for ACTH was cadi®y competitively
antagonizing calcium from its specific site, thus prevemt®CTH binding, while at the same
time accelerating its dissociation from the receptor. Remebinding of several other hormones
may therefore also be inhibited. Earlier studies alreadycated that rare earths may affect the
activity of hormones or enzymes based upon their high rekemé to calcium ionsHanoika
et al, 1994, (Nayler, 1979, (Takada et a).1999. Accordingly, lanthanum chloride was shown
to increase both the basal and TSH induced release wf & chicken in vitro system_@ém et al,
1986, whereas,Segal and Ingba(1984) demonstrated that at 2Bmol lanthanum produced a
rapid four to six-fold increase in calcium accumulation & thymocytes. It was suggested that
this might be the result of potentiating the response ofdlvedis to & (Sega) 1986. Hence, in-
teractions with hormone levels display a possible explandbr growth performance enhancing
effects of rare earths, as several hormones, especialytigttormone but also thyroid hormones,
are known to be involved in the regulation of body growth aretabolism including protein, fat
and carbohydrate metabolisBgyrhuber and Kujl1989. This is consistent with several Chinese
reports Kie et al, 1991, (Yang et al, 19923, (Xie et al, 1995 proposing changes in hormone
activities as mechanism underlying performance enhanceaieare earths.

At present, effects are not fully investigated and botheases and decreases in hormone ac-
tivities, especially thyroid hormones and growth hormoxe ét al, 1999, (Wang and Xu2003),

(He et al, 2001), (He et al, 20033, (Borger, 2003, (Forster et al.2006, were reported in several
feeding trials. However, it has to be considered that resully only be compared to a limited
extent, as concentrations of thyroid hormones may be infle@iby a variety of factors, such as
the relation between feeding and time at which blood samgresaken. According tele et al.
(20012, significantly lower & values (p< 0.01) were observed in pigs previously treated with rare
earths. Values of 1.65 and 1.08 nmol/l, respectively, weterthined at the end of growing and
fattening, whereasslconcentrations in the control group were 2.33 and 1.82 rymefpectively
(TableD.2 and Figurel2.16. Though not significant, decreased serugrcdncentrations of 6.4
%, 5.9 % and 9 %, respectively, were noticed in pigs suppléadewith 300 mg/kg, 100 mg/kg
and 200 mg/kg rare earths, as shown in TdbIlg and Figurel2.17(Eisele 2003. Decreases in
T4 concentrations of up to 34 % (f 0.01) occurred in animals whose diet was supplemented
with rare earths at 100 mg/kg, followed by 24 %<®.05) at 300 mg/kg rare earths. Even though
this is not in line with previous studies, which reportedi@g T, concentrations in supplemented
animals He et al, 2001), (Schuller et al.2002), decreased g concentrations were also reported
after rare earth application to broilers in Chinese literatXie et al, 1995.

Blood samples taken after the first and the last week of arigetiial performed recently on
piglets revealed increases in both 8nd T; concentrations due to rare earth supplementation, as
can be seen in Tabl®.5 (Forster et al.2006. Elevated triiodothyronine @) concentrations were
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of pigs Eisele 2003.

also found in chickens in a Chinese feeding trial. In additimcreased growth hormone con-
centrations were observedié et al, 19995. The same was reported in another feeding trial on
chickens Kie and Wang199§. Significantly increased growth hormone (GH) levels oi88%
were obtained in pigs whose feed was supplemented with eatiess(p< 0.05) (Xu et al, 1999.
Along with that, concentrations of both thyroid hormones, (T4) were also increased signifi-
cantly by 36.7 % and 28.9 % (g 0.05), respectively. On this basis, it was assumed that sup-
plementation of rare earths to pigs stimulates both syrgheesd secretion of growth hormone
and thyroid hormones, thereby, enhancing the assimilatiorutrients and consequently animal
growth. This was supported Byang and Xu(2003, who also observed significantly elevated
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serum levels of growth hormone after rare earth applicatidrile, at the same time, performance
was promoted. The same was reported in a study recentlyrpetbon pigsl(iu and Hasenstein
2009 (TableD.6).

Considering the results of previously described studiesuld be demonstrated that rare earths
are capable of changing the activity of thyroid hormones el as growth hormone. However,
the impact of rare earths is not completely investigated, &&it is known that thyroid hormones
are involved in body growth, nitrogen and lipid metabolistterations in their balance affects en-
ergy turnover and body weighiRpsenbaum et a2000, (He et al, 2001), (Wiesner and Ribbegk
1991). Thyroxin, for example, may accelerate oxidative proeesa all body cells, thereby en-
hancing the basal metabolisiBgyrhuber and Ku)l1989. Physiological T, concentrations of
45.6 + 2.4 nmol/l, with blood taken 16 hours after feeding, are dbsd in literature for pigs
with a body weight of 60 kgRRogdakis et a).1979, whereas a similar range of 40 - 55 nmol/l
for T4 was also reported more recentréft and Durg 1997). Concentrations of Jare generally
higher than that of 3, as T, accounts for most of the thyroid hormone secreted by theottiyr
gland. However, after being secreted into the circulatraonre than 99 % of T are bound to
plasma proteins, whereas the minor part is unbound, thokndically active and capable of enter-
ing cells throughout the bodyglson 2003. Within the cell, T, may be deiodinated to formsT
depending on the metabolic demands of the tissue at that birtracellular &, which has a much
higher affinity for receptor binding, presents a greateldgial activity and is believed to be the
primary hormone that induces physiological effects. Prapacentrations of 3are necessary to
preserve an optimum basal metabolic rate economicallyi&iti¢or animal growth and fattening
(Rosenbaum et al2000, (He et al, 20017).

Based on previously gained information, promoting thevagtof thyroid hormones as well as
that of growth hormone supports the theory that rare earttaffact the intermediate metabolism.
Improvements in digestibility, utilization and metabaoliof nutrients may thereby be achieved,
possibly accounting for performance enhancing effects.

Yet other hormones such as insulin and sex hormones may alsdlbenced by rare earths.
Hence, by competitively substituting calcium from its srare earths were able to increase insulin
binding to its receptorsWilliams and Turtlg 1984, (Enyeart et a].2002. Though interactions
between rare earths and calcium specific or non-specifis siteproteins, including ion chan-
nels, enzymes and receptors, are generally inhibitorylimseceptors seem to pose an exception.
Thus, rare earths may also affect the intermediate metabddy influencing the carbohydrate
metabolism via insulin. This might be supported by signifibadecreased serum glucose levels,
observed in rats whose diet was supplemented with raress@tthet al, 2003g. Earlier work al-
ready described decreased glucose concentrations due teardh applicationqrvela and Karkj
1971). ConverselyXu et al.(1999 found increased glucose concentrations, whereas glleose
els remained unchanged in other feeding trials performepigs (Ming et al, 1999, (He et al,
2001, (Borger, 2003.

With respect to sex hormones, it has been reported beforé thivl LaCk could significantly
suppress the stimulation of progesterone by luteotropiadlated ovarian cells, as calcium ions
may modulate the biosynthesis of steroid hormoinesihuis and Klasgl982. Thus, the impact
of rare earths on sex hormones may explain Wagsler(2004) found significant performance
enhancing effects to be more pronounced in female fattepiigg) compared to barrows. How-
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ever, in addition to suppressing the stimulatory actiontutédotropin, other hormones such as
prostaglandin Eand L-adrenaline, which are believed to act via cyclic AMByravalso impeded
under calcium deficient conditions€ldhuis and Klasgl982. According towang et al(20030),
rare earths can also influence cAMP, thus the cell signalstes and thereby further hormone
responses. In the same manner, lanthanum could inhibit @¥HAstimulated cAMP formation,
thereby hampering steroidogenesis in isolated adrentcoells Haksar et al.1976. By sub-
stituting calcium at superficial binding sites on the cellnmbeane, lanthanum was suggested to
affect the regulation of adenylate cyclase by ACTH. Infllesnef rare earths on adenylate cyclase
were also reported byathanson et a(1976.

Changes in enzyme activities have not only been reporteddenydate cyclaseNathanson
et al, 1976 or Na" - K™ ATPase David and Karlish 1991) in biochemical studies but also in
blood samples taken during feeding experiments. Espgdradr enzymes were affected, which
may indicate that rare earths have an impact on liver. WHilgg et al. (1999 noticed increased
alanine transaminase (ALT) concentrations and decreageatate transaminase (AST) and alka-
line phosphatase (AP) levels in pigs, rare earths increBs#dALT (p < 0.05) and AP during a
rat feeding trial He et al, 20039 (TableD.7). Recurrently, increased liver enzyme activities were
also observed in pig8prger, 2003 and mice Kawagoe et a).2005 after oral application of rare
earths. Similar results have already been presented ieregdrature Galas et a).1976), though
Evans(1990 only reported increased ALT and AST after injection. Néheless, there are also
feeding trials in which no significant influence on AST, ALTAIP occurred after dietary rare earth
supplementationHe et al, 2001). Additionally, enzymes involved in the digestive systerrgy
also shown to be affected by rare earth application. It issnthat the conversion of trypsino-
gen into its active form trypsin is catalyzed by calcium, vdas at the same time, calcium also
prevented the autodigestion of trypsBuck et al, 1962. Thus, by replacing calcium rare earths
were able to accelerate the autocatalytic activation gfsipogen. Though rare earth concentra-
tions needed were 100 times lower, their outcome was maoegetetil than that of calciuni(ans
1990, (Darnall and Birnbaum1970, whereas the inverse was observed at high concentrations
(Gomez et al.1974).

In a similar way, rare earths can also affect several otheyraas, which are important as to di-
gestion and utilization of nutrients, such@s amylase, enolase and phospholipgsadlka et al.
1971, (Brewer et al. 1981), (Evans 1990. FurthermoreHershberg et al(1976 demonstrated
that gadolinium could replace calcium competitively froorgine pancreatic phospholipase A2.
Similarly, cerium was shown to enhance the activityoof amylase in porcine pancreas when
applied at low concentrations of 0.5 - 1@nol/l (Gomez et a].1974), whereas, decreases in its
activity occurred at high concentrations (0 umol/l) (Wang et al.20008, (Wang et al. 2002).
Nevertheless, changes in enzymatic activity have not oagnlobserved in biochemical stud-
ies. Improvements in amylase activity of 10 % was also dbeedrin carp fries; additionally, rare
earths were able to enhance the activities of lipase, pragei and catalase in liver and pancreas
of fish (Shao et al.1999, (Wang et al.1999. Similar results were obtained in chicken@d and
Wang 1998. To that effect, it may be assumed that rare earths can we@oimal performance
by influencing the activity of enzymes involved in either thigestive system, such as proteinase
anda - amylase, or the nutrient metabolism as previously mertion

Superoxide dismutase (SOD) constitutes another enzynvenstwobe affected by rare earths
(Wang et al.1999, (Xie and Wang1998. It catalyzes the dismutation of superoxide into oxygen
and hydrogen peroxide and therefore plays an importaniofdiee antioxidant defense in nearly
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all cells exposed to oxygen. As to anti-oxidative propsttieffects of rare earths on reactive
oxygen species (ROS) have already been described in CHap¥at, anti-oxidative defense is
also an important tool of the immune system.

12.3.2.4 Immune System Stimulating Abilities

Apart from influencing the immune system indirectly by preasey anti-oxidative properties,
other immunomodulating abilities have also been ascribedite earthsNi, 1999, (Li et al.,
19980, (He et al, 20031. Accordingly, it was reported that rare earths can stiteuae immune
system i, 1995 and the histamine secretion of mast cebsreman and Mongafl973 dose-
dependently (Chapté). Lazar et al(1985 described increased survival rates from anaphylactic
death in mice due to the application of GdGhhereas, the transformation of splenic lymphocytes
was stimulated in mice after lanthanum nitrate was orallyliag at low concentrationsNang
et al, 2003D. Significant increases in the phagocytic function of patyphonuclear mice leuco-
cytes were observed two days after rare earth citrates vppleed intra peritoneal at 0.1 mg per
kg body weight Chen et al.19959. Based on these results, it was suggested that oral infake o
less or slightly more may strengthen the immune system tiPesiffects on the immune system
due to rare earth application have already been consider@dssible mode of action explain-
ing performance enhancing effects in anim&slmann2003, and recent investigations on cell
lines demonstrated dose-dependent effects of lanthandneeatum on the production of blood
cells within the bone marrowHachowskj 2003, as to synthesis and reduction of white blood
cells. Thus, rare earths may thereby affect the immune syskéowever, as might be expected
due to immune system activation, no difference in thymugptaen weight was observed between
rats receiving a rare earth-containing diet and contrahais (TableD.7) (He et al, 20033.

12.3.2.5 Essential Element

Despite their indisputable effects on calcium depending@sses as well as on several cellular
functions, rare earths have no known biological functiothiis respect. However, even though
there are no evidences at present, it might also be poss$iatadre earths are essential trace
elements for humans and animals. This has been hypothesizeate earths occur ubiquitous
in soils and plantsWyttenbach et a).19980), (Krafka, 1999, commercial feed and in tissues of
humans and animal&yans 1990, (Eisele 2003, (Borger, 2003, (Kraatz et al. 2004).
12.3.2.6 Summary

Numerous experiments demonstrated that rare earths ambleagf enhancing animal perfor-
mance. Nevertheless, information on the mode of actioriligatchy, though several proposals
have been made as listed beneath.

e antibacterial properties

e anti-oxidative properties

¢ improved digestibility and utilization of nutrients
¢ influences on hormone and enzyme activities

e enhanced cell proliferation
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¢ stimulation of the immune system

e possible essential elements

According to the site of action, effects may be divided irdgodl effects within the gastroin-
testinal tract or effects on the intermediate metabolisnithWthe scope of local effects, anti-
bacterial properties of rare earth elements have beenlgltmsrised. It was assumed that rare
earths may promote the microbial balance within the gastestinal tract by suppressing growth
of undesired bacteria. Even though rare earths were mulgported to affect bacterial growth
dose-dependently in culture experiments, analyzing therahial composition of the gastroin-
testinal tract of either chickens or pigs did not reveal agpificant differences due to rare earth
application. Consistently, no effects of rare earths weteewved on rumen fermentation, thus on
rumen microorganism, using RUSITEC, an artificial rumen.

Furthermore, it was suggested that rare earths might dxartgerformance enhancing effects
by improving digestibility and utilization of nutrients. avious Chinese feeding trials described
improved digestibility due to dietary rare earth suppletagan. Yet, no effects were obtained in
nutritional balance tests performed on pigs. In contrandency towards improved digestibility,
especially with respect to protein balance, was reportedather study, which applied respiration
chambers, along with decreased feed conversion rate.alsetegpermeability of intestinal mem-
branes, enhanced secretion of digestive fluids and gastiimal motility following rare earth
application have further been considered to explain erdthd@yestibility. Additionally, it was
suggested that the ability of rare earths to bind to phosghocompounds may improve the uptake
or utilization of these complexes. Anti-oxidative propestascribed to rare earths may also con-
tribute to performance enhancing effects by either présgmutrients in the diet or promoting
their uptake.

However, as to their great resemblance with calcium iongppaance enhancing effects may
also be the consequence of rare earth impact on severdbcéllnctions as well as hormone and
enzyme activities. Accordingly, enhanced cell prolifevatdue to rare earth application could
be demonstrated for several cells including fibroblastpateytes and adipocytes. In addition,
rare earths were shown to increase the concentration gfdaitls differentiating in adipocytes,
indicating an impact on the lipid metabolism. Based uporéigreatinine and urea levels de-
termined in blood taken from rats after rare earth suppleatem, it was also proposed that rare
earths may affect the protein metabolism. However at theestamme, neither albumin nor total
protein concentrations were affected.

Interactions with either calcium or hormone receptors antéor influences on both hormone
and enzyme activities. Furthermore, rare earths have bemwmnsto affect the signal transmitting
system, which is also involved in several hormone respordass, it was shown that serum con-
centrations of growth hormone, thyroid hormones as wedt aamylase could be changed by rare
earths. As these hormones are highly involved in growthlegong processes, rare earths may
exert their performance enhancing effects by influencimgy thctivities. Increasingr - amylase
levels may lead to better digestibility of carbohydratesadldition, growth promoting effects of
rare earths may also be attributed to immuno-modulatingies. It is also possible that a com-
bination of all effects describe above accounts for growtteacing effects or that rare earths are
not yet discovered essential elements. Finally, the masimannderlying performance enhancing
effects of rare earths on animals has not yet been verifieduaticer research is required.
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efficient and safe feed additives. This concluding disarsiill, therefore, attempt to sum
up the results obtained in Western feeding trials, to puntireperspective and point out the
needs for further research.

In China, rare earth elements have already been used fodeeaaagriculture as both fertil-
izers and feed additives, mainly containing lanthanumipogr praseodymium and neodymium.
Though growth promotion has been reported for nearly afig@ies of farming animals in China,
effects have been most pronounced in pigs and pouttigng, 1995. According toHe and Xia
(19989, body weight gain increased by 5 - 23 % in piglets (7 kg) saepm@nted with rare earth
elements, while similar results in terms of increased bodigim gain by 11 - 20 % and improved
feed conversion rate of 5 - 9 % were demonstrated in pigleliménwith other experimentd_{
et al, 19923, (Zhu et al, 1994). Additionally, improvements were also noticed in growjngs
(Wanetal, 1997, (Hu et al, 1999. Wang and Xy2003 observed increased body weight gain of
13 % and decreased feed conversion rate of 7 % in pigs, whtiéntly performed studies showed
similar results [(iu, 2009. Increases in body weight gain of 8 - 23 % along with decreédsed
conversion of 8 - 16 % have also been reported in chicknar{g and Shad 995, (Yang et al,
2005. However, it is generally agreed that in order to adopt earghs as feed additives in Europe,
studies have to be conducted under high standardized comslds to reflect those prevailing in
Europe.

Nevertheless, feeding experiments performed under Westerditions to this day were able
to show that dietary supplementation of rare earths hadipesffects on both animal growth
and feed conversion of pigs and poultry kept and fed undertéifegonditions. Improvements
in body weight gain and feed conversion rate of 5 - 19 % and 7%Mere noticed in pigsHe
and Rambeck2000), (Kessler 2004). Accordingly, increased body weight gain of 12 - 19 % and
improved feed conversion of 3 - 11 % were also described ierdtfals He et al, 2001), (Borger,

I T was the aim of this study to assess how rare earths may beeadioptnimal production as
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2003. Yet, performance enhancing effects were not only ackiewveler experimental conditions
but also under field condition&(sele 2003. In chickens, increased final body weight by up to
7 % was observedalle et al, 20023, while recently performed studies showed increased body
weight gain of more than 5 % et al, 20064. In accordance with Chinese reports, best results
were also achieved in pigs, followed by poultry in Westerdiag trials.

However, positive results could not always or only partlydsmonstrated in other feeding
trials (Schuller et al.2002), (Kraatz et al. 2004). This may, on the one hand, be ascribed to the
fact that according to Chinese literature rare earths mayexert performance enhancing effects
when applied at a certain amount. On the other hand, it maglated to the chemical compound
applied. Furthermore, in case Hfaatz et al.(2004), it has been assumed that unusually high
protein contents presented in the diet, may have hampeeesfférts of rare earths.

As to aquaculture, no effects of rare earths could be obdaimearps, rainbow trouts or nil
tilapia (Renard 2005, (Tautenhahnp2004). In contrast, Chinese literature reported increased
yield of 16 - 23 % in different fish specieSdng et al. 19989. As the effects of performance
enhancing substances strongly depend on keeping and gesahiditions (Venk, 20040, it might
be assumed that European aquaculture proficiency levelal@ady highly standardized using
high quality feed and fast growing strains, therefore haatlbwing any further growth promotion.
Furthermore controversial results as to performance enhgreffects of rare earths have so far
been described for ruminant®iiler, 2009, (Meyer et al, 200§. Yet, two studies performed
may not allow any definite statement and further studiesearédad. Notwithstanding, ergo-tropic
effects of rare earths demonstrated in rats coincide wibdlobserved in pigs. As a consequence,
rats are used as a small animal model in future experimerits @®vide additional information
on the effects of rare earths and the underlying mechanism.

Based on results obtained to this day from Western feedipgre@nents, it might be concluded
that the outcome of dietary rare earth application vari¢ls thie animal species. Yet, concentration
and type of rare earths applied as well as the compositiondiidual rare earth elements have
also been shown to be important factors influencing perface@nhancing effects of rare earths
on animals, as already assumedHy et al.(20033.

Hence, dose-dependent effects could be observed. Acgptdiinebel (2004, only little
performance enhancing effects were achieved when rare e&dtes were applied at 50 mg/kg
feed, whereas with increasing concentrations from 100 qigkd to 200 mg/kg feed, effects
became more obvious, including improvements of body weggtmh of 8.6 to 22.5 % and feed
conversion of 5.5 %. SimilarlyPrause et al(20059 reported significantly improved feed con-
version of 9 % after rare earth citrates were applied at 15kgniged, whereas no effects were
noticed at 300 mg/kg feed. In another study it was demormstrditat concentrations exceeding
200 mg/kg feed could even cause adverse effects, thougbrpenice enhancement was achieved
at 100 mg/kg feedHorster et al.2006. These results coincide with the general observation of
hormesis effects in rare earths. Thus, along with incregasamcentrations effects may vanish or
even turn to the opposite, though being obvious at low camagons {Tripp, 2005, (Wang et al.
2003H. Dose-dependent effects as described in European feathigyalso correspond to Chi-
nese literature which reported the necessity of accuratesrurations in order to promote animal
growth He and Rambegk000. Furthermore, dose-dependency has also been describie: fo
majority of biochemical and pharmacological propertiesasé earths including antibacterial ef-
fects ghang et al.20001, immunomodulating propertie8\(ang et al, 20030 and effects on cell
proliferation Greisberg et aJ2001).
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However, not only the concentration but also the chemicalmmund, especially the anion
bound to rare earths, seems to affect their performancenemaeffects. In China, different
effects were described depending on the rare earth souptedyHe and Rambegk2000 and
several Chinese scientists concluded that the effectswdhythe rare earth species usedig
et al, 199)), (Lu et al, 2000. Currently, organic rare earth compounds are mainly usdded
additives in ChinaXiong, 1995. In line with Chinese reportsdhen 1997), slightly better growth
promoting effects were observed in both piggébel 2004 and poultry Halle et al, 20023
due to the application of organic instead of inorganic ramhecompounds. At a concentration
of 62 mg/kg TREO, body weight gain was increased by up to 22 @wtén organic rare earth
compounds (citrates) were applied to the feed of pigletereds similar concentrations of rare
earth chlorides (66.5 mg/kg) improved body weight gain by?d@He et al, 2001). In broilers,
first experiments performed applying rare earth chloriadrgdnot observe any improvements as
to fattening performancesghuller 2001), whereas, increased rearing performance of 3 - 7 % was
achieved using rare earth ascorbate in a similar subsetyigHalle et al, 20023. Accordingly,
better effects of organic rare earth compounds comparetbtganic ones were also obtained in
broilers in a recently performed feeding experimei et al, 20063.

Differences in performance enhancing effects of rare sathto the anion may be attributed
to variations in both absorption and bioavailability of ofieal compounds. It has been suggested
that water soluble rare earth compounds, such as chlomag be almost completely hydrated
within the digestive tract, therefore absorbed to a lesstené (Ji et al, 19850, whereas organic
compounds may present higher absorption rates. Variatonigavailability as to their chemical
form have already been described in literature for seveénareelements including zinc and copper
(Ammerman et a).1995, (Matsui et al, 1996). Yet, there is no consistency as to whether organic
compounds are more available. Nevertheless, it is assumag¢dhoth the strength of bonding as
well as physiological pH conditions highly affect bioawdllity (Cao et al, 20003.

lonic compounds are expected to dissociate completelyrauigic conditionsifidller, 1963,
whereas for rare earth complexes dissociation is lesg/likebccur, therefore complicating both
gastrointestinal absorption and interaction with biotadiigands. Stability constants have been
shown to vary among different organic acid rare earth corggeusually increasing with the
number of carboxyl groupsfans 1990. Nevertheless, dissociation may not only depend on the
stability. Though providing higher stability compared tantpeting biological ligands, citrate, a
tricarboxylic acid, generally presents a lower affinity fare earth ions, thus gives them up more
easily. Furthermore, under acidic conditions, such asetiposvailing in the stomach of animals
ranging from 0.5 to 2.5l(each and Pattqri997), it is considered unlikely that organic rare earth
compounds remain chelateGjo et al, 2001). Most metal chelates involving amino acids or
proteins are reported to dissociated at a pH of either lems 8hor greater than 9Cgo et al.
20003. Therefore, they would present a similar behavior as iaoigcompounds after reaching
animal stomachs. Hence, a definite statement on whethemiongae earth compounds are more
available is not to be made.

However, association and chemical properties of differarg earth complexes have also been
reported to be important factors as to antimicrobial agi@mang et al.20001. It could be ob-
served that while cerium-humic acid complexes stronglybid the growth of several bacteria,
cerium-citrate complexes, on the contrary, did not inHdboit promote bacterial growth. This indi-
cates that the type of chemical compound has a great impambtbrmagnitude and direction of
pharmacological effects, hence may be also on performantaneing effects.
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13 DiscussIiON PERSPECTIVES ANDCONCLUSION

Another factor possibly affecting the efficacy of rare eadl to growth promotion may be the
percentage of individual rare earth elements presentdunitie compound applied. Performance
enhancing effects have been shown to be more obvious whextarenof rare earth elements was
applied instead of pure lanthanum chloride (99.7 %). At eceotration of 150 mg/kg feed, rare
earth chlorides (La, Ce, Pr, Nd) improved both body weiglm gad feed conversion rate in pigs
by 5 % and 7 %, respectively, whereas, improvements of 2 % &bdrere achieved when pure
lanthanum chloride was applied at the same concentrat@ampeck et a).19993. In a similar
mannerHe et al.(20033 observed increases in body weight gain of 7 % along withefeses in
feed conversion of 11 % after a mixture of rare earth chlarias supplemented to the feed of
rats. Though sole lanthanum chloride application could althance performance, body weight
gain and feed conversion were improved to a lesser extenis,Tds to performance enhancing
effects, there must be differences between individual eargh elements. This may result from
variations in chemical and biochemical structures whictuimm might affect their efficacy. Even
though rare earths are considered as a chemical homologows, glifferences have been reported
as to electronic configuration or the oxidation state. Intst to C&", La®" does not possess
any unpaired f-electronevans 1990. Furthermore, while lanthanides generally favor trivéle
oxidation states, cerium may also occur a&Cgotton et al, 1999. In plants, it has already been
reported that C¥ is less available than @e (Wei et al, 2007). It might therefore be assumed
that the same applies to animals.

In addition, as for growth promoting substances in generalironmental conditions and nutri-
tional levels also seem to interfere with performance eoimgreffects of rare earth feed additives.

Nevertheless, disregarding the chemical compound, in Ipggs$ effects have been obtained
when rare earths were applied at 200 to 300 mg/kg feeddt al, 2007), (Knebe| 2004). This
slightly higher than concentrations recommended in Cleresmal husbandry (100 - 200 mg per
kg feed) Bohme et al.20023. Factoring the chemical compound into the calculatiomcen-
trations may have to be converted to a uniform dimension. d&rheunt of total rare earth oxides
(TREO) is considered as reliable basis in order to compaeegarth concentrations used in dif-
ferent experimentsRichter, 2009. Thus, the sum of individual rare earth oxides determimed i
a sample allows a comparison of rare earths applied as tentmation and compound, yet not
as to the composition in percent of individual rare eartimelets, since the content of total rare
earth oxides of 44.3 % may be composed of 44.3 % lanthanune axidf 10 % cerium oxide and
34.3 % lanthanum oxide and so on.

Nevertheless, comparing Western feeding trials on thigsppssitive effects in pigs and rats
were observed at concentrations of 65 to 132 mg/kg feedratalearth oxides (TREOK(ebe|
2004, (He et al, 2001, (Kessler 2009, (He et al, 20033, whereas lower concentrations of
20 mg/kg to 30 mg/kg feed total rare earth oxides (TREO) wexeded in poultryKalle et al,
20023, (He et al, 2006g. This indicates that the amount required varies with thenahspecies.
Though less pronounced, performance enhancing effectd stlibe achieved in pigs, when rare
earths were applied at lower concentrations (33 mg/kg to §&giteed TREO) Rambeck et a).
19993, (Faorster et al.2006. In contrast,Bohme et al(20023 did no observe any effects at
concentrations ranging from 31 mg/kg to 46 mg/kg feed tcdat rearth oxides. Poorer results
were obtained in other feeding experiments at concentratxceeding 132 mg/kg feed TREO
(Eisele 2003, while Forster et al(2006 did not observe any ergotropic effects at 64 mg/kg feed
TREO. Just as littlePrause et al(20059 noticed any effects when rare earths were applied at
96 mg/kg feed TREO. In contrast, slightly increased bodyghtgain of 3.6 % was achieved
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at the same concentration Bjiller (2006. Inconsistencies as to strict dose-effect relationships
may yet be ascribed to interferences among the percentagemiations of individual rare earth
elements or to differences in experimental course and degigpecting effective concentrations
to be below 30 mg/kg feed TREO in poultry, might explain, wBghuller(2001) did not observe
any effects in broiler applying concentrations of more tG&img/kg feed TREO.

Even though performance enhancing effects of rare earthsiomals kept, housed and fed un-
der Western conditions could be demonstrated in both exjertal and field trials, results should
be further confirmed in experiments using a higher numbeniohals. Moreover, within the scope
of feeding trials performed, several questions have beearated as to optimized rare earth appli-
cation to animals (dosage and mixture) and their mode obactience implicating the need for
further research as summarized beneath.

e Feeding trials on a higher number of animals

e Relationship between application dose and effect

e Determination of optimum concentrations

e Impact of individual rare earth elements on growth prongegffects of rare earths
e Impact of the chemical compound on the effects of rare eanhenimals

e Effects of rare earths on the microbial composition witlia gastrointestinal tract of dif-
ferent animal species

e Effects of rare earths on the micro-flora according to ddifeisections of the gastrointestinal
tract

e Extent to which rare earths may affect animal metabolisvelithyroid etc.)
e Effects of rare earths on cell proliferation
¢ Identification of possible explanations for the mode ofa@rcti

e Environmental behavior of rare earths

Though research performed so far showed that concentrayipe of chemical compound as
well as the percentage of rare earth elements within the oamgseem to interfere with perfor-
mance enhancing effects of rare earths on animals, morgedigtaformation on this is necessary.
A dose-dependency of performance enhancing effects ofeatés has been described both in
Chinese and Western feeding trials. However, a proper dffset relationship has not yet been
established. Future studies should therefore be designetidther a proper dose-response rela-
tion may be determined at all. If so, optimum concentrati@nsoncentration ranges may also be
defined.

Furthermore, Chinese scientists reported better perfaceanhancing effects of organic rare
earth compounds compared to inorganic ones and as a remdtsarth products commercially
available in China at present mainly contain organic saircEhough better effects were also
obtained in Western feeding studies, further experimemsilsl aim at investigating which anion
(chloride, nitrate, citrate, acetate, amino acids etc.y pravide the best results. Along with the
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13 DiscussIiON PERSPECTIVES ANDCONCLUSION

type of chemical compound, it may also be of interest to astfesimpact of different oxidation
states of rare earth metals on their performance enhanffewse

Improvements also seem to depend on the composition ofithdil/rare earth compounds
within the rare earth product applied. Some studies regdmttter effects when a mixture contain-
ing lanthanum, cerium, neodymium and praseodymium wasexpttian sole lanthanum chloride.
Nevertheless, further research may reveal if the samenpeaftce enhancing effects can also be
achieved using single rare earth elements, such as lamthanaerium, which were dominating
in rare earth mixtures. Based upon comprehensive authiomzarocedures, registration of rare
earths as feed additives may be facilitated if only one defsingle rare earth compound, such as
lanthanum carbonate or lanthanum citrate, instead of aegath mixture has to be accepted.

As to the mode of action, it is still unclear how rare eartheresheir performance enhancing
effects. Several approaches have already been made imglawdii-bacterial, immuno-modulating,
anti-inflammatory and anti-oxidative effects, enhancerdyare or hormone activities as well as
effects on digestibility and utilization of nutrients odlcdar functions.

There are a few studies reporting no effects of rare earthith@igastrointestinal flora of an-
imals. However, based on the comparatively low number oéstigations, studies should be
repeated in order to verify whether or not rare earths mayentte the microbial composition
within the gastrointestinal tract. Additionally, it hastie considered that changes may only occur
in different sections of the gastrointestinal tract, wiasteanalysis of mainly directly taken small
intestinal samples may help to assess a possible impacteoteaths on microbial populations
located closely to absorption sites. As research descabiisacterial effects to be highly dose-
dependent it might also be of interest to determine exaatexanations of rare earths within the
gastrointestinal tract, thus the chymus.

Additional nutritional trials particularly focusing ongtein and nitrogen balance are also rec-
ommended, as improvements in digestibility were reporte@tause et al(20059. Moreover,
within the scope of studying the mode of action, investmyatishould also be focused on the ex-
tent to which and the mechanism how rare earths may affeotametabolism (liver, thyroid
etc.).

As performance enhancing effects achieved in rats were amabfe to those in pigs, rats may
serve as a reliable small animal model for further resedrcladdition, chickens and quails may
also provide animal models suitable for studying the effectrare earths.

Presently, research on rare earth elements is in full swmtaalditional investigations are
already planned at the University of Munich and at othertuigts to narrow down the mode of
action, as well as to determine optimum concentrations beeffect of chemical compounds in
rat feeding experiments. Currently performed and futuvestigations are listed as follows.

e Effects of different rare earth compounds on animal growith @animal metabolism (blood
analysis) (rat feeding experiment)

o Effects of rare earths on performance of dairy cows
e Effects of different cerium compounds on animal perforneafrat feeding experiment)
e Studies performed on pigs and veal cattle are scheduledrepeated [FAL Brunswick]

e aproject promoted by the DFG (Deutsche ForschungsgelsaftsciGerman Research Foun-
dation) is prearranged to investigate the mode of actiomf@mtion of University of Mu-
nich and FAL Brunswick)
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¢ Additional feeding trials applying rare earth citrates thigher number of pigs are also
intended

Though it is assumed that long-term application of rarehsasill not seriously affect the envi-
ronment, further studies should be conducted. Future giogge already under way as described
in Chapter?.

As to the registration of rare earth elements as feed additiuthin the European Community,
some general information may also be of interest. In ordemssure food safety, a new law
has been enacted in Germany on the 1. September 2005, cagnbiotih animal feed and food
legislation in one lot Bundesgesef2005. Hence, animal feed has been recognized as the first
element within the food production chain and consequemgnbncludedBundesministerium fur
Verbraucherschui2009. At EC level, a new EC regulation governing the use of feeditaes
in animal nutrition has already been passed in 2003 [EC atignl No 1831/2003]. Accordingly,
in order to be registered, feed additives must not have aimyrdental effects on either the state of
health of humans and animals or the environment.

A detailed report on the safety of rare earth applicatiomioals and humans as well as on the
environmental impact is given in Chap&rChapter7 and Chapted2. It can be concluded that
with respect to low rare earth concentrations of 200 mg/kd feo severe effects are to be expected
on the environment. Amounts of rare earths applied to sdibviong fertilization with liquid
manure are definitely much smaller than those already préSgler, 2004). Quite the contrary,
rare earth application may reduce environmental loadsesiis a consequence of better nutrient
utilization less feces is produced. In addition, oral tdyiof rare earths comparable to table salt
and oral LBGg values beyond 1 g per kg body weightéld, 1990, (Richter, 2003 indicate the
safe use of rare earth feed additives in animals. This cdstdee confirmed in numerous feeding
experimentsKe et al, 2001), (Knebel| 2004, (Fleckenstein et gl2004), (Miller, 2006 during
which harmful effects on animal health were not observed at a

Furthermore, in consequence of poor gastrointestinalrpbea, very low accumulation has
been detected in animal tissuése(et al, 2001, (Bohme et al.20023, (Eisele 2003, whereas
rare earth concentrations were in a similar range as in abatrimals. This can be attributed
to the fact that rare earths occur ubiquitous, consequémtly are also found in commercial di-
ets Krafka, 1999. As a result, tissue contents of rare earths betwegikg and mg/kg body
weight could be determined in both animals and humans necea normal diet Evans 1990).

A comparison between the possible daily intake of 2.10 - 2gfperson/d$u et al, 1993 and
the acceptable daily intake (ADI) of 12 - 120 mg rare eartlhatgs per person and da$dqng

et al, 2005, implicates that no risk for consumers is to be expectedtdube use of rare earth
feed additives in animal production. On this basis, raréhealready meet main conditions as to
environmental, animal and human safety.

Within the EC regulation No 1831/2003, generic terms, sicgrawth promoter, performance
enhancer or ergo-tropic substances, have been complztdlyded. Being authorized implies that
feed additives have to influence one of the following aspeacsitively: feed consistence, compo-
sition of animal foodstuffs, color of ornamental fish andikirecological consequences of animal
production or animal production including performance amdli-being of animals. Thus, accord-
ing to their effect, feed additives are now categorized five groups comprising technological
(preservative, antioxidants, stabilizers etc.), sengdyestuffs and favors), nutritional (vitamins,
trace elements, amino acids, urea and its derivatives) @ot@zhnical (promoters of digestibility,
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13 DiscussIiON PERSPECTIVES ANDCONCLUSION

stabilizers of the gastrointestinal micro-flora, subsésnfavorable to the environment and mis-
cellaneous zootechnical substances) additives or costats and histomonostagusch 20095.
Consequently, in order to be registered as feed additiaes garths have to be arranged into one
of these groups. However, the mechanism underlying pedono@ enhancing effects of rare earths
is still not completely understood, though several profssave been made (Secti@g.3.

Nevertheless, within the scope of presenting charadtsist trace elements, rare earths would
have to be classified as nutritional additives. The fact the¢ earths occur ubiquitous in soll,
plants Krafka, 1999, but also in human and animal tissués/éns 1990, (Eisele 2003, has
lead to the assumption that rare earths might be esseisit@l @lements for animals and humans.
However, to this day, evidence has not been supplied. Nlagteihding, due to their similarity to
calcium ions, rare earth have been shown to affect seveskldical processes within the body,
thereby influencing the intermediate metabolism in varimasiners. Hence, rare earths were able
to affect several enzymatic activities, including thosewrzymes involved in the gastrointestinal
tract Brewer et al.1981), (Wang et al. 2002. Additionally, hormones considered important as
to body metabolism, such as thyroid hormonés gt al, 20033, (He et al, 2001), (Forster et al.
2006, growth hormone\{vang and Xy 2003, (Liu and Hasenstejr2005 and insulin Enyeart
et al, 20029 have been shown to be affected by oral rare earth applicatiet, despite their
indisputable effects on numerous calcium depending psesgshere is no biological function of
rare earths in this respect.

However, if rare earths enhance nutrient digestibilitytabsgize the gastrointestinal flora, they
would be registered as zootechnical additive. It has beggesied that improved digestibility of
nutrients may account for performance enhancing effectarefearths and, consistently, several
Chinese scientists were able to demonstrate enhancedibliigsand utilization of nutrients after
feeding rare earths to animalSt{eng et al.1994), (Lu and Yang 1996, (Xu et al, 1999. This
was further supported by the findings of increased body wejgm along with decreased feed
conversion rate, as reported in European studies. Yetitseshtained in nutritional experiments
were controversial. On the one haittause et a(2004) was able to demonstrate improved nutri-
ent digestibility within the scope of investigating the eme, carbohydrate- and nitrogen- balance
and the digestibility of nutrients in piglets using respiva chambers.Bohme et al. (20023,
on the other hand, did not observe any effects in nutritidvedhnce tests performed on pigs.
Fleckenstein et a(2004) suggested that rare earths may enhance the utilizatiohaxghorous
compounds based upon phosphate binding abilities. Nesleg$), up to now, no definite statement
can be made as to whether or not rare earths are capable afoamipaigestibility or utilization
of nutrients.

Stabilization of intestinal micro-flora has also been assdito possibly explain growth promo-
tion due to rare earth application, as dose-dependentiefbecbacteria were multiply described
in literature Muroma 1958, (Zhang et al.20000, (Ruming et al. 2002. Though there was a
tendency towards decreased anaerobic bacteria popdatnvestigations performed in line with
feeding trials have not yet been able to demonstrate signifieffects of rare earths on the mi-
crobial composition within the gastrointestinal tract af$) poultry or within the rumen of cattle
(Schulleg 2001, (Knebe| 2004). Furthermore, significant changes have neither been wixdar
the composition of faecal bacterial populations in biocloahstudies Kraatz et al. 2004). With
respect to anti-oxidative properties, rare earths cowld bé registered as technical additives.

Following the EC regulation No 1831/2003, a new EuropeardFeafety Authority (EFSA)
has been released as of 2004, which implicates that onlyddéitives passing a comprehensive
procedure may be allowed on the European market. Consdyguleigh costs are involved in
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the registration of feed additives as pointed out recengly’bpe(2004). Hence, in order to be
registered as feed additive, rare earths need to overcoreeasbureaucratic wattles. Neverthe-
less, a temporary permission for the use of rare earths dsafdditives in pigs has been granted
in Switzerland, in 2003Rambeck and Weh2004). Currently, rare earth containing feed addi-
tives may be purchased hancef® from the Swiss compangehentmayefZehentmayer2009,
whereas recommended concentrations range from 150 mg&@0tong/kg feed. Following the
temporary authorization of rare earth containing feedtaddi in Switzerland, the focus is now on
getting this permission of rare earth application to fagramimals extended to all the countries in
the European Union.

In conclusion, it could be demonstrated that rare earthseo@iance performance of pigs and
poultry housed and fed under Western conditions. Thesdtsesaincide with Chinese literature,
which reports the successful use of rare earths as feedwadofitanimal husbandry in China.
Along with performance enhancing effects, rare earths @lesented very low oral toxicity, even
in long-term feeding trials. Additionally, hardly any acoulation was noticed in animal tissues.
On this basis, rare earth application as feed additivesnsidered to be safe for both animals
and humans. Supplementary costs following rare earth @ipmin amount up to only five to ten
US$/kg for rare earths plus transportation costs, whilew@ting to current recommendations only
approximately 250 mg rare earths would have to be supplesdeatone kg feed. Therefore, rare
earths might be of interest as effective, safe and inexperised additive in animal production,
especially in pig and poultry production. Furthermore, ba background of recent public de-
bates on food safety and development of resistance baéwioeing the application of in-feed
antibiotics, originating from natural resources, rardleamight also meet public opinion.
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A MEDICINE

Control RE50mg/kg RE 100 mg/kg RE 200 mg/kg
n 7 7 7 7
Calcium 341.4A4 6.61 330.31+6.07 330.25+6.58 347.35t 6.26
Phosphorous 178.48 3.06 180.92+ 1.24 177.04-6.56 179.47 1.69
Ca/P 1.91+ 0.04 1.83 +0.03 1.87 + 0.06 1.94+ 0.05

Table A.1: Effects of rare earth (RE) citrates on calcium phosphoratis of piglets;
values with an asterisk«) differ significantly p< 0.05; n: number of animals per
group Knebe| 2004).
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Control Control La carbonate La carbonate La mixture La orixt
(SHAM) (OVX) + Vit D + Vit D
PD (AUC) 130.9 +32.1 192.44-14.7

162.9+52.3 140.5+26.5 150.3+31.3 131.7+22.1
OC (AUC) 643+ 131.6 770.0t 235.1 888.6t 196.1 1014.7A4 274.9 989.5+ 269.4 858.7 168.6

Ca(mg/gash) 4307H428.8 361.2£41.1 4252+258 429.8+17.6 432.8+15.6 430.9+204

Table A.2: Effects of dietary supplementation of a mixture of lanthan{La) salts or lanthanum carbonate with and without
Vitamin D on bone turnover (pyridinoline (PD in AUC) and astalcin (OC in AUC) as well as on bone (tibia) mineral content
(calcium Ca in mg/g ash) in ovariectomized rats; mean vatustandard deviation; values with an asteriskdiffer significantly

p < 0.05 from the OVX control; calculated as an area under theec(kUC) for all determined value$\(ehr et al, 2006).
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B RESULTS OFFEEDING TRIALS

Control 75 mg La 150 mg La 75 mg RE 150 mg RE
n 24 12 12 12 12

initial BW (kg)  7.33+ 154 7.32:£1.18 7.33:1.22 7.33:1.29 7.33:1.16
end BW (kg) ~ 17.27:3.83 17.53:2.53 17.27:2.90 17.54:3.18 17.80t 3.08

Results during the first two weeks

Fl (g/pigiday) 285t 31 284+ 28 292+ 24 287+ 33 292+ 26
BWG (g/day) 165+ 72 178+ 52 175+ 46 190+ 43 193+ 45
FCR (kg/kg) 1.84: 050 1.63:0.29 1.68:0.16 1.55:0.24 1.54+0.17

Improvements compared to the control

FI (%) 0 +2 +1 +2
BWG (%) +8 +6 +15 +17
FCR (%) +11 +9 +16 +16

Results during the last three weeks

FI (g/pigiday) 758t 112 742+ 83 729+ 75 743+ 83 736+ 82
BWG (g/day) 360+ 88 368+ 62 356+ 79 360+ 93 370+ 78
FCR (kg/kg) 2.14-0.25 2.03:0.14 2.07£020 2.10+021 2.01+0.17

Improvements compared to the control

FI (%) -2 -4 -2 -3
BWG (%) +2 -1 0 +3
FCR (%) +5 +3 +2 +6

Results over the whole experimental period

Fl (g/pig/day) 569t 77 559+ 61 554+ 53 561+ 61 559+ 58
BWG (g/day) 285+ 70.3 292+ 52.0 284£55.7 292+ 66.3 299+ 60.0
FCR (kglkg)  2.02£0.21  1.93:0.11 1.97+0.14 1.95:0.16 1.89+ 0.16

Improvements compared to the control

FI (%) -2 -3 -1 -2
BWG (%) +2 0 +2 +5
FCR (%) +5 +3 +4 +7

Table B.1: Effects of dietary supplementation of rare earth (RE) ¢tlks and lan-
thanum (La) chloride at different concentrations on fe¢dka (g/g) daily body weight
gain (BWG in g per day) and feed conversion rate (FCR in kgdkgjglets; mean val-
ues+ standard deviation; there was no significant differencerayitbe experimental
groups; n = number of animals in each experimental gré&gn(beck et al.19993.
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Control RE 300 mg p-value

n 7 7
intial BW (kg) 17.7+41.9 17.4+2.6
end BW (kg) 53.2- 6.2 59.6+5.2
During the first two week of the experiment

BWG (g/day) 305+ 40 381+ 33 < 0.01
Fl (g/day) 794+ 34 769+ 72 > 0.05
FCR (kg/kg) 2.64+0.35 2.09+-0.21 <0.01
improvements BWG (%) +25
improvements Fl (%) -3
improvements FCR (%) +21

During the last three weeks of the experiment
BWG (g/day) 745+ 117 879+ 91 < 0.05
FI (g/day) 1738+ 185 1878+ 169 > 0.05
FCR (kg/kg) 2.35+ 0.13 2.14+ 0.08 < 0.01
improvements BWG (%) +18
improvements Fl (%) +8
improvements FCR (%) +9

Over the whole experimental period

BWG (g/day) 635+ 91 755+ 68 < 0.05
FI (g/day) 1502+ 142 1606+ 130 > 0.05
FCR (kg/kg) 2.38£ 0.12 2.13+0.08 <0.01
improvements BWG (%) +19
improvements Fl (%) +7

improvements FCR (%) +10

Table B.2: Effects of rare earth (RE) chlorides on body weight (BW in,ldgily body
weight gain (BWG in g), daily feed intake (FI in g) and feed eersion rate (FCR in
kg/kg) in pigs; mean values standard deviation; p-value: significance; n: number of
animals per experimental groug¢ and Rambegk000).
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B RESULTS OFFEEDING TRIALS

Control RE 300 mg p-value

n 7 7

Growing period
initial BW (kg) 17.7+19 17.4+2.6 NA
end BW (kg) 53.2-6.2 59.6£5.2 >0.05
BWG (g/day) 635+ 92 755+ 68 < 0.05
FI (g/day) 1502t 142 1606+ 130 > 0.05
FCR (kag/kg) 2.38:0.12 2.13+0.08 <0.01
improvements BWG (%) 19
improvements FI (%) 7
improvements FCR (%) 11

Fattening period
initial BW (kg) 53.2+ 6.2 59.6+5.2 NA
end BW (kg) 76.8£9.6 86.0+7.0 >0.05
BWG (g/day) 842+ 139 941+ 143 > 0.05
FI (g/day) 2222+ 277 2462+ 227 > 0.05
FCR (kg/kg) 2714019 2.63£0.17 >0.05
improvements BWG (%) 12
improvements FI (%) 11
improvements FCR (%) 3

Table B.3: Effects of rare earth (RE) chlorides on body weight (BW in,kdaily
body weight gain (BWG in g), daily feed intake (FI in g) and deeonversion rate
(FCR in kg/kg) in pigs; mean valuels standard deviation; p-value: significance; NA:
not available; n: number of animals per experimental gréipét al, 2001).
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Control

RE 300 mg/kg

n 8 8
Body weight (kg)
initial BW 17.7+ 1.7 17.4+ 2.4
BW after 8 weeks 53.2& 5.7 59.64+ 4.8
final BW 12 weeks 76.@- 8.6 86.0+ 6.4
Improvement (%) 13
Daily feed intake (g/d)
1.-2. week 794 32 791+ 33
3.-4. week 1409 137 1497+ 120
5. -6. week 1766t 175 1896+ 180
7. - 8. week 2042 261 22404+ 219
9. -10. week 1914 267 22234+ 190
11.-12. week 2565- 288 2696+ 274
Feed conversion (kg/kg)
1.-2. week 2.64-0.32 2.09+-0.19
3. -4. week 2.14-0.13 2.12+-0.14
5. -6. week 2.30:0.17 2.114+0.16
7. - 8. week 259 0.20 2.19+-0.05
9. -10. week 274020 25241.05
11.-12. week 2.680.27 2.48+0.24

Table B.4: Effects of rare earth elements (REE) on body weight gain (BWG
g/animal/d) and feed conversion (kg/kg) of piglets; mednea standard deviation;
n: number of animals per groupgrger, 2003.
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B RESULTS OFFEEDING TRIALS

Control RE LaCell LaCelll
300 mg/kg 100 mg/kg Lagl 200 mg/kg LaC4

RE chlorides 200 mg/kg Ce€l 100 mg/kg CeQ

n 12 12 12 12
Body weight (kg)
initial BW 154+1.8 15.3+ 1.5 154+ 1.8 15.6+ 2.0
BW day 42 39.3- 3.0 38.6+ 2.9 39.2+ 3.1 39.44+ 3.9
BW day 83 73.6+ 8.5 75.9+ 7.6 76.7£ 7.4 76.1+£ 7.5
Daily feed intake (g/d)
1.-2. week 596+ 0 585+ 33 596+ 0 595+ 6
3. - 4. week 112911 1124+ 21 1118+ 39 1111+ 66
5. - 6. week 1553 144 1559+ 114 1564+ 115 1573+ 137
7. - 8. week 1736k 275 1796+ 263 1815+ 246 1790+ 264
9. - 10. week 1939 363 2042+ 405 2032+ 296 1983+ 360
11.-12. week 2203 401 2379+ 393 2332+ 319 2342+ 330
1.-12. week 1529 184 1583+ 181 1579+ 148 1568+ 170
Daily body weight gain (g/d)
1.-2. week 324.4-53.9 306.9+17.5 311.5+58.5 304.1+ 42.8
3. - 4. week 641. 7% 45.3 641. 4 50.2 626.8+ 51.7 614.3+ 87.3
5.-6.week  767.3:114.2 736.3-120.4  781.0t 126.2 807.4-109.2
7.-8.week  796.4-152.9 843.5+157.0 845.2t 1254 808.3+ 158.4
9.-10. week 884.53182.3 922.6-161.1 942.9+132.6 936.9+ 106.9
11.-12. week 830.% 226.2 964.7 139.0 957.1128.5 945.5+ 131.5
1.-12. week 710.6-945 738.7+83.0 746.7+ 79.7 738.8+ 70.9
Feed conversion (kg/kg)
1.-2. week 1.89+ 0.33 1.90+ 0.14 1.98+ 0.39 1.99+ 0.30
3. - 4. week 1.7#0.12 1.76+ 0.12 1.79+0.11 1.84+ 0.24
5. - 6. week 2.04 0.16 2.15+ 0.29 2.03+0.23 1.96+ 0.15
7.-8. week 2.206t 0.17 2.15+0.14 2.15+0.14 2.23+0.16
9. -10. week 2.210.21 2.21+ 0.17 2.16+ 0.17 2.11+0.22
11.-12. week  2.84-1.02 2.49+ 0.42 2.45+ 0.26 2.50+ 0.35
1.-12. week 2.16-0.09 2.15+ 0.11 2.12+ 0.08 2.12+0.10
Performance parameters over the whole fattening p&riod

BW end (kg) 91.2+ 8.9 95.4+ 9.2 94.4+ 8.1 95.1+ 9.5
FI (g/d) 1704+ 216 1789+ 212 1752+ 176 1768+ 195
BWG (g/d) 673.1+84.7 704.7+81.1 686.7+ 64.6 707.3+ 67.6
FCR (kg/kg)  2.53+0.11 2.54+ 0.14 2.52+0.13 2.52+ 0.14

Table B.5: Effects of rare earth elements (REE) on feed intake (FI imigial/day),
body weight gain (BWG in g/animal/d) and feed conversionKgyof piglets, second
trial; mean valuet standard deviatior?, including the period in which only complete
diets without rare earths supplementation were Eeddle 2003.
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Control RE A RE B
n 12 12 12
Feed Intake (g/animal/d)
1. — 3. week 443+ 18 433+ 81 447+ 12
4. week 1326+ 74 1280+ 320 1409+ 54
5. week 1972+ 186 1880+ 446 2105+ 107
6. week 2190+ 294 2017+ 553 2265+ 285
7. week 2550+ 242 2175+ 636 2615+ 313
8. week 2979+ 319 2588+ 680 3086+ 296
9. week 3306+ 349 3026+ 765 3445+ 316
10. week 3568+ 391 3324+ 750 3777+ 312
1.—6.week 1698+ 130 1557+ 395 1768+ 133
1.—10 week 3284+ 333 2980+ 724 3436+ 292
Body weight (kg)
initial BW 8.3+0.7 8.3+ 0.7 8.3+ 0.7
BW day 68 40.0£3.7 37.5+7.9 40.3t 3.7
Body weight gain (g/animal/d)
1. — 3. week 190+ 59 227+ 40 216+ 54
1. — 6. week 852+ 96 867+ 55 877+ 65
1.— 10 week 3284+ 333 2980+ 724 3436+ 292
Compared to the control (%) -4.3 -2.6
Feed conversion (kg/kg)

1. -3 week 2.53+0.81 2.10+0.35 2.21+0.73
1.—6.week 2.08+0.22 1.99+0.09 2.06+0.15
1.—10.week 2.30+0.15 2.20+0.08 2.24+0.12
Compared to the control (%) -9.3 +4.6

Table B.6: Effects of rare earths (RE) on feed intake (in g), body we{gl), body
weight gain (BWG in g/animal/d) and feed conversion (kg/&fpiglets; RE A 300
mg/kg of 99.7 % LaQd - 6H,0, < 2.5 % CeC} - 6H20, < 0.3 % PrC - 6H20,
RE B: 300 mg/kg of 38.0 % Lagl- 6H,0, 52.01 % Ced - 6H,0, 3.02 % Pr(4

. 6H,O; mean valuet standard deviatior®? values without the same superscripts
differ significantly p< 0.05; n: number of animals per groupegcht 2005.
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B RESULTS OFFEEDING TRIALS

Control RE chlorides 200 mg/kg
First field trial

n 48 49
initial weight (kg)  11.15 10.59
end weight (kg) 18.96 18.47
FI (g/d) 707 764
BWG (g/d) 474 484
FCR (kg/kg) 1.61 1.46
Improvements (%)
FI 8.0
BWG 2.1
FCR 9.3
Second field trial
n 61 115
initial weight (kg)  8.31 8.71
end weight (kg) 20.43 20.60
FI (g/d) 589 634
BWG (g/d) 374 412
FCR (kg/kg) 1.58 1.54
Improvements (%)
FI 7.6
BWG 10.2
FCR 2.5

Table B.7: Effects of rare earth elements on body weight gain (BWG inrg) feed
conversion (FC in kg/kg) under field conditions; n: numbeawimals in each experi-
mental group Eiselg 2003, (Zehentmayegr2002.
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Control RE 50 mg/kg RE 100 mg/kg RE 200 mg/kg
n 7 7 7 7
Feed Intake (g/animal/d)
1. week 367 83 366+ 99 337+ 70 469+ 120
2. week 680t 148 808+ 178 718+ 206 836+ 213
3. week 10206+ 101 942+ 43 995+ 115 1155+ 52
4. week 1194 207 1165+ 231 1301+ 265 1340 + 207
51/2. week 1245-77 1258+ 79 1447 + 66 1513 + 62
1.-6.week 870t 144 1557+ 395 913+ 152 1020+ 137
Body weight (kg)
initial BW 8.6+ 0.8 8.6+ 0.7 8.6+ 1.1 8.6+ 1.3
BWday20 13419 144+19 14.6+ 1.6 15.7+ 2.7
BWday38 25435 26.1+3.2 27.4+ 3.7 30.1+ 5.0
Body weight gain (g/animal/d)
1. week 232+ 94 229+ 132 249+ 72 365+ 98
2. week 432+ 82 495+ 93 512+ 95 512+ 109
3. week 655+ 138 558+ 117 621+ 256 741+ 164
4. week 734+ 122 708+ 137 738+ 134 798+ 140
5. week 593+ 176 713+ 146 832 + 146 898 + 176
1.-6.week 523t118 525+ 123 568+ 140 641+ 134
Feed conversion (kg/kg)

1. week 1.59 1.60 1.35 1.29
2. week 1.57 1.46 1.40 1.63
3. week 1.56 1.69 1.60 1.56
4. week 1.63 1.65 1.76 1.68
5. week 2.10 1.77 1.73 1.68
1.-6. week 1.65 1.62 1.56 1.56

Table B.8: Effects of rare earth (RE) citrates on feed intake (in g),yoaeight gain
(BWG in g/animal/d) and feed conversion (kg/kg) of pigletseean valuet standard
deviation; values with an asterisk)(differ significantly p< 0.05; n: number of ani-
mals per groupiKnebel| 2004).
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B RESULTS OFFEEDING TRIALS

Control RE citrate 200 mg/kg

Fattening period (inay9

all animals 102 93
females 108 95
barrows 96 91

Daily body weight gain (in g)

all animals 782 851
females 743 830
barrows 822 872

Feed consumption (in kg)
all animals 199 192
females 205 189
barrows 194 195

Feed conversion rate (in kg/kg)

all animals 2.52 2.43
females 2.56 2.40
barrows 2.47 2.46

Table B.9: Effects of rare earth citrates on performance of fatteniigg Kessler
2009).
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Control RE citrate 300 ppm
n 10 10

BW 1. week 10.8+ 4.8 11.64+ 3.7
Rearing period

1. - 3. week 468.9- 211.9 574.4- 176.5
4. -7. week 6783 4+ 1256  720.0+ 159.2
1. -7. week 598.7 147.9 664.5- 159.5

Compared to the control (%) +11.0

Growing period

8. -11. week 622.6- 101.1 622.6+ 48.3
12. - 15. week 8373 + 161.8 7421+ 71.5
8.-15.week 7283+ 117.4 690.4 + 53.0

Compared to the control (%) -5.2

Fattening period

16. - 18. week 7028 + 278.7 929.8+79.1
19.-21. week 71834 190.7 534.84103.6
16.-21. week 709.% 215.4 763.2- 82.8

Compared to the control (%) +7.6

Table B.10: Effects of rare earth citrates on body weight gain (in g/dvwgng and
fattening Barrows; mean value standard deviatior®? values without the same su-
perscripts differ significantly gz 0.05; n: number of animals per grougdi(ler, 2009.
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B RESULTS OFFEEDING TRIALS

Control RE citrate 300 ppm
n 10 10
BW 1. week 10.6+- 4.4 11.44+ 3.9
BW 20. week 102.3: 17.3 99.4+ 10.9
Rearing period
1. -3. week 463.6£ 175.7 521.4+ 130.5
4. -7. week 616.6- 113.6 608.9t 112.5
1.-7.week 558.3 1324 575.6+ 113.5
Compared to the control (%) +3.0
Growing period
8.-11. week 562% +112.4  556.0+77.0
12. - 15. week 821.4 143.8 765.6+ 157.5
8.-15. week 689.8°+113.9 659.8° + 85.7
Compared to the control (%) -4.4
Fattening period
16. - 18. week  679.5-149.8 806.8+ 81.5
19.-21. week 8753+284.7 5352+ 113.8
16. -21. week 692.6- 278.0 692.4+ 65.6
Compared to the control (%) 0

Table B.11: Effects of rare earth citrates on body weight gain (in g/ahdée grow-
ing and fattening pigs®” values without the same superscripts differ significantly

p < 0.05; n: number of animals per grougdi(ler, 2009.
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Control RE Citrate

n 7 7
Feed Intake (g/animal/d)
1. week 141+ 26 1594 38
2. week 457+ 78 413+ 52
3. week 827+ 143 797+ 145
4. week 1185+ 253 1187+ 256
5. week 1442+ 233 1451+ 277
6. week 1657 173 1555+ 204
7. week 1582+ 191 1608+ 183
1. —6.week 952+ 190 927+ 201
1. —7.week 1042+ 117 1024+ 141
Compared to the control (%) -1.7
Body weight (kg)
initial BW 8.7+ 0.5 8.8+ 0.7
BW day 48 37441 38.3+ 25
Body weight gain (g/animal/d)

1. week 844 59 86+ 51
2. week 325+ 87 3404 77
3. week 536+ 106 630+ 131
4. week 635+ 205 6464 124
5. week 8114 141 838+ 87
6. week 9044- 188 867+ 59
7. week 9404 78 948+ 96
1. — 6. week 549+ 86 5684 50
Compared to the control (%) +3.5

Feed conversion (kg/kg)

1.—2.week 1.45+0.23 1.27+0.36
3. week 1.55+£0.05 1.28+0.19
4. week 1.95+£0.37 1.85£0.31
5. week 1.80+£ 0.23 1.72+0.18
6. week 1.86+ 0.22 1.79+0.18
7. week 1.72£0.27 1.72+£0.30
1.—6.week 1.72£0.07 1.58+0.10
1.—7.week 1.72£0.09 1.60+0.12

Compared to the control (%) -7.0

Table B.12: Effects of rare earth (RE) citrate on feed intake (in g), bagyght gain
(BWG in g/animal/d) and feed conversion (kg/kg) of pigletsean valuet standard
deviation; 2P values without the same superscripts differ significantly ©.05; n:
number of animals per grouécht 2005.
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B RESULTS OFFEEDING TRIALS

Control 100 mgRE 200mgRE 400 mgRE 800 mgRE

n 16 16 16 16 16
Performance parameters

end BW (kg) 17.1 17.7 16.1 15.2 16.7

BWG (g/d)  283P 3012 254 2580 2713b

Effects compared to the control (%)

end BW +3.5 -5.8 -11.1 -2.3

BWG +6.4 -10.2 -8.8 -4.2

Table B.13: Effects of dietary rare earth (RE) supplementation on bodigit (kg)
and body weight gain (g per day); mean valdestandard deviatiort° values without

the same superscripts differ significantly<p0.05; n: number of animals per group
(Forster et a.20086.
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Control 150 mg RE citrates 300 mg RE citrates p-value

BW (kg)
day 9 19214144 20134 184 2171+ 200 0.85
day 26 1644-134 1758+ 163 18714173 0.90
day 40 618t 80 680+ 131 7864+ 124 0.88
DBWG (kg)
P1 0.515+ 0.10 0.494+ 0.13 0.497H 0.15 0.89
P2 0.766+ 0.15 0.736+ 0.10 0.765+ 0.11 0.81
P3 0.998+ 0.08 1.044+-0.10 1.004+ 0.07 0.47
MEAN 0.8134+0.07 0.8174 0.07 0.794+ 0.07 0.95
Fl (kg)
P1 0.77£0.07 0.75+0.32 0.744+-0.12 0.89
P2 1.23+0.16 1.15+0.26 1.22+0.11 0.47
P3 1.99+-0.23 1.90+0.24 1.964+ 0.25 0.68
MEAN 1.46+0.12 1.344+0.16 1.40+0.13 0.44
FC (kg/kg)
P1 1.514+0.22 1.53+0.11 1.494-0.08 0.93
P2 1.614+0.08 1.56+ 0.09 1.604+ 0.08 0.48
P3 2.00+£0.17 1.83+-0.09 1.96+ 0.30 0.05
MEAN 1.794+0.13 1.68+0.16 1.77+0.16 0.02

Table B.14: Effects of rare earth (RE) citrates on body weight (BW in kigily body
weight gain (DBWG in kg), feed intake (FI in kg) and feed carsen (FC in kg/kg)
of piglets with P1: after adaptation to first respirationipér(day 10 - 25) P2: until
25 kg (day 26 - 40) P3: until slaughtered at 55 - 65 kg (day 40/6®2 mean values
+ standard deviation; p-value significané&duse et g/2004).
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B RESULTS OFFEEDING TRIALS

Control RE LaCell LaCe ll
300 mg/kg 100 mg/kg La@l 200 mg/kg LaGd4
RE chlorides 200 mg/kg Ce&l 100 mg/kg CeQ
n 12 12 12 12
Body weight (kg)
initial BW 18.0+ 2.0 18.0+ 2.3 18.14+ 2.7 18.3+ 1.8
BW day 41 37.4- 3.6 35.8+ 3.5 37.9+4.1 37.5+4.9
final BW 12 weeks 67.&75 65.0+ 7.0 67.6+ 5.6 66.4+ 6.6
Daily feed intake (g/d)
1.-2. week 672 40 676+ 52 692+ 47 678+ 39
3. - 4. week 1056: 76 1023+ 119 1082+ 114 1079+ 151
5. - 6. week 1332- 92 1297+ 117 1339+ 117 1327+ 181
7. - 8. week 1742+ 235 1665+ 171 177+ 117 1724+ 224
9. - 10. week 2082 333 2006+ 241 2075+ 212 1976+ 238
11. week 2276t 444 2202+ 311 2222+ 248 2182+ 224
1.-11. week 148@- 158 1432+ 137 1489+ 105 1452+ 127
Daily body weight gain (g/d)
1.-2. week 314.4-60.7 251.4+50.5 323.3-74.4 291.9+ 62.6
3. - 4. week 506.5-54.8  489.3+ 75.7 526.4+ 61.8 499.3+ 112.2
5. - 6. week 611.3-83.2 565.5+63.5 612.9+ 79.8 621.4+ 109.1
7.-8. week 794.6- 168.5 775.5+117.5 816.4+ 83.9 777.9+ 138.7
9. - 10. week 908.% 189.7 863.8-139.8  859.3+137.1 829.2+ 110.2
11. week 861.5-198.0 896.4+148.9  891.6+ 126.2 912.9+113.8
1.-11. week 657.387.4 626.8-77.0 660.4+ 59.1 641.1+ 70.0
Feed conversion (kg/kg)
1.-2. week 221 0.42 2.77 £0.47 2.22+ 0.45 2.40+ 0.40
3. - 4. week 2.090.11 2.11+0.14 2.06+ 0.15 2.20+ 0.23
5. - 6. week 226t 0.21 2.31+ 0.22 2.20+ 0.17 2.16+ 0.22
7.-8. week 2.25-0.35 2.17+0.18 2.19+ 0.16 2.24+ 0.29
9. - 10. week 2.32-0.18 2.34+ 0.16 2.45+ 0.30 2.40+ 0.22
11. week 2.72-0.69 2.47+0.12 2.50+ 0.18 2.40+ 0.19
1.-11. week 2.26- 0.09 2.29+ 0.08 2.26+ 0.10 2.27+ 0.07

Table B.15: Effects of rare earth elements (REE) on feed intake (FI inigial/day),
body weight gain (BWG in g/animal/d) and feed conversion/Kgy of piglets, first
trial; mean valuet standard deviation; values with an asterigkdiffer significantly
p < 0.05; n: number of animals per groupigele 2003.
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Control RE citrate  p-value
n 28 28

initial BW (kg) 5.22+0.54 5.23+0.57 p> 0.05
final BW (kg)  22.04+1.62 22.19+2.45 p> 0.05

Results of the first four weeks

BWG (g/d) 288+ 34 302438 p>0.05
FI (g/d) 364+ 28  369+37 p>0.05
FCR (kglkg)  1.27£0.07 1.23:£0.07 p> 0.05

Comparison to the control

FCR (%) -3

Results of the last two weeks
BWG (g/d) 626+ 45 6084 78 p> 0.05
FI (g/d) 889+ 67 928+ 113 p> 0.05

FCR (kg/kg) ~ 1.42-0.08 1.53+0.08 p<0.01

Comparison to the control

FCR (%) +8

Results of the experimental period over six weeks
BWG (g/d) 400+ 30 404+ 47 p>0.05
FI (g/d) 539+ 37 555+ 55 p>0.05

FCR (kg/kg) 1.35+ 0.05 1.38+0.08 p> 0.05
Comparison to the control
FCR (%) +3

Table B.16: Effects of dietary supplementation of rare earth citratdoody weight
(BW in kg), daily body weight gain (BWG in g per animal and day)d feed con-
version rate (FCR in kg/kg) of piglets first trial; mean vatliestandard deviation; n:
number of animals per group; p-value: significan€ea@tz et al, 2004).
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B RESULTS OFFEEDING TRIALS

Control RE citrate Na citrate
n 14 28 14

initial BW (kg) 8.26+0.50 8.26+0.59 8.26+ 0.56
final BW (kg) 28.91+ 1.49 28.20+2.00 28.48+ 1.41

Results of the first four weeks

BWG (g/d) 371+ 22 352-+ 80 3384+ 33
FI (g/d) 486+ 32  459+48 441+ 33
FCR (kg/kg) ~ 1.31:0.09 1.35:0.23 1.31+0.10

Comparison to the control

FCR (%) +3 -3
Results of the experimental period over six weeks

BWG (g/d) 492+ 28 475+ 37 481+ 40

FI (g/d) 733+ 19 702+ 43 696+ 20

FCR (kg/kg) 1.4%0.08 1.48+0.09 1.46+0.14
Comparison to the control
FCR (%) -1 -2

Table B.17: Effects of dietary supplementation of rare earth citratédbody weight

(BW in kg), daily body weight gain (BWG in g per animal and day)d feed conver-
sion rate (FCR in kg/kg) of piglets second trial; mean valustandard deviation; n:
number of animals per groupfaatz et al.2004).

Control Lachloride RE nitrate RE citrate RE ascorbate

n 3 3 3 3 3
BWG (g/day) 896 864 864 866 886
FCR (kg/kg)  2.62 2.72 2.72 2.71 2.65

Table B.18: Effects of dietary supplementation of rare earths on bodighigBW
in kg), daily body weight gain (BWG in g per day) and feed casi@n rate (FCR in
kg/kg) of pigs; n: number of animals per experimental grddghme et al.20023.
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Control 150mgLa 300mglLa 150mgRE  300mgRE
n 12 12 12 12 12

FI (g/d) 90.5+ 7.5 88.2-5.32 87.2:4.7 87.7£12.59 87.6+7.59
BWG (g/d) 50.3+8.45 49.11-3.75 48.9:3.6 47.4+6.22 47.4:5.97
FCR (kg/kg) 1.80:0.31 1.80+0.07 1.85-0.20 1.85£0.30 1.85t0.15

Table B.19: Performance parameters of broilers including feed int&ker( g per

broiler and day), body weight gain (BWG in g per broiler pey)dand feed conver-
sion (FCR in kg/kg) with and without dietary supplementatad lanthanum chloride
(La) or rare earth chlorides (RE) on of broiler; mean valttestandard deviation; no

significance between the different experimental groupsumbrer of animals testes
(Schuller 200Y).

Control Sorbic acid RE ascorbate RE citrate La chloride

end BW (g) 1909 270 1999+ 230 1964+ 221 1943+ 243 1915+ 279

Over the whole experimental period

FI (g/day) 91.2+5 90.9+ 3 88.7+ 4 86.7+ 7 86.4+ 5
FCR (kg/kg) 1.692+0.071 1.622+0.064 1.618+0.5 1.588+0.064 1.472+0.02

Table B.20: Effects of different rare earth (RE) compounds and lantha(lLa) chlo-
ride on feed intake (FI in g per broiler day), body weight (Bi\gibroiler), daily body
weight gain (BWG in g per broiler day) and feed conversioe (&CR in kg/kg) in
broiler, second experiment;®¢ values without the same superscripts differ signifi-
cantly p< 0.05 (Halle et al, 20039 and {Halle et al, 2004).
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A4

Control RE ascorbate RE citrate RE nitrate La chloride
n 137 40 42 38 40

end BW (g) 2028+229 2169+ 163  2157P+ 159 2074°+246 2124°+ 184

improvements BW (%)

+7 +6.5 +2 +5
During the first three week of the experiment

BWG (g/day) 34.8+3.6 38.2+1.9 36.6°+31 36.2°+26 3560+34
FI (g/day) 4724+ 3.9 50.6°+2.8 49.8°+38 50.2+3.3 4930+ 41
FCR (kg/kg) 1.369+ 0.071 1.290+ 0.024 1.3786+0.051 1.39%+ 0.034 1.399-+ 0.061

During the last two weeks of the experiment

BWG (g/day) 90.0+ 5.8 95.3°+47 97.2+1.9 90.%¢+54  952P+41
FI (g/day) 1482+6.3 156.9+46 156.9+32 149204+ 47 151.#°+96
FCR (kg/kg) 1.64%0.098  1.656+ 0.053 1.607 0.028 1.656+ 0.086 1.582+ 0.066

Over the whole experimental period

BWG (g/day) 56.6+ 2.0 61.6+1.9 60.3+1.8 57.9¢+1.8 59.40+ 3.4
FI (g/day) 87.6+4.2 92.8+1.8 925+ 2.8 90.AP+3.2  90.6°+6.1
FCR (kg/kg) 1.488+0.035 1.442-+0.032 1.462°+0.02 1.49%+4 0.035 1.472°+ 0.020

Table B.21: Effects of different rare earth (RE) compounds and lanthafiua) chloride on feed intake (FI in g per broiler day),
body weight (BW in g/broiler), daily body weight gain (BWG mper broiler day) and feed conversion rate (FCR in kg/kg)
in broiler, first experiment®P¢ values without the same superscripts differ significanthy 9.05; n: number of animals per
experimental groupHalle et al, 20023.
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Control RE chloride RE citrate p-value
40 mg/kg 70 mg/kg

n 12 12 12
Body weight
initial BW (g) 41.3 41.5 416  0.616
BW after 3 weeks 761.2 771.1 777.5 0.745
final BW 2039.% 2111.8° 2139.% 0.035
Results over the first three weeks
BWG (g/day) 720.1 729.6 7359  0.749
Fl (g/day) 1043.6 1051.9 1067.2  0.733
FCR (kg/kg) 1.454 1.447 1.456  0.822
Results compared to the control
BWG (%) +1.3 +2.2
FI (%) +0.8 +2.3
FCR (%) -0.5 +0.1
Result over the last two weeks

BWG (g/day) 12780  1340.7 1362.00  0.004**
FI (g/day) 208486 2171.6 2227. P 0.007*
FCR (kg/kg) 1.633 1.621 1.636  0.822
Results compared to the control
BWG (%) +4.9 + 6.6
FI (%) +4.2 +6.9
FCR (%) -0.7 +0.2

Over the whole experimental period
BWG (g/day) 19979 2070.3°  2097.8% 0.035*
Fl (g/day) 3127.8 3223.3°  3295.% 0.007*
FCR (kg/kg) 1.566 1.558 1571  0.711
Results compared to the control
BWG (%) +3.6 +5.0
FI (%) +3.1 +54
FCR (%) -0.5 +0.3

Table B.22: Effects of different rare earth (RE) compounds and lantha(iLa) chlo-

ride on feed intake (FI in g per animal day), body weight (BVgianimal), daily body
weight gain (BWG in g per animal day) and feed conversion (&R in kg/kg) of

broiler; 2P values without the same superscripts differ significantlith one asterisk
(*): (p < 0.05), with two asterisks«k): (p < 0.01) He et al, 20063.
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B RESULTS OFFEEDING TRIALS

Control 200 mg RE per kg MR
Feed intake

Milk replacer (MR) 553+ 14 560+ 10
pelleted Concentrates 156125 161+ 952

Hay 182+ 64° 100+ 242

Total 890+ 1572 821+ 812
Body weight

initial BW 434+ 3.8 41.4+5.6

end BW 58.4+ 6.1* 58.5+ 7.12

Average daily body weight gain (g) over the whole experiraépériod
356+ 118" 408+ 922

Table B.23: Effects of dietary supplementation of rare earth (RE) tsao milk
replacer on feed intake (FI in g dry matter per day) and bodighigBW in kg) of
Holstein calves®P values without the same superscripts differ significantky .05
(Meyer et al, 2006.

Control 75mglLa 150mglLa 75mgRE 150mgRE p-value

Over the whole experimental period

Fl (g/rat/day) 12.8  12.C% 12.C% 13.2 11.8 <0.03
BWG (g/day) 5.31 5.51 5.59 5.77 5.70 0.32
FCR (kg/kg)  2.332 221 2.14 2.28 2.08 <0.01
Comparison with the control

Fl (%) -3 -3 +6 -5

BWG (%) + 4 +5 +9 +7

FCR (%) -6 -8 -3 —11

Table B.24: Effects of dietary supplementation of rare earth (RE) abks and lan-
thanum (La) chloride at different concentrations on Feedkia (FI in g per rat and
day), Body weight gain (BWG in g per day), Feed conversioa (BRCR in kg/kg) of
rats; p-value: significancé; ® values without the same superscripts differ significantly
p < 0.05 He et al, 20033.
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C RARE EARTH CONCENTRATIONS

Control RE ascorbate RE citrate RE nitrate Lanthanum aifgori
Lanthanum
Liver 7.5 32 32 47 147
Kidney - - - - -
Heart 6.4 8 19 57 57
Muscle (Breast) 5 14 14 19 45
Thigh - - - - -
Skin 7 15 21 25 107
Fat 14 188 147 103 1650
Cerium
Liver 19 42 42 55 15
Kidney - - - - -
Heart 7.6 13 27 71 14
Muscle (Breast) 7 25 28 33 13
Thigh - - - - -
Skin 10 24 38 38 25
Fat 20 322 248 141 155
Praseodymium
Liver 3.0 6.6 6.6 8.1 4.0
Kidney - - - - -
Heart 2.8 2.7 5.3 9.2 3.3
Muscle (Breast) 2.7 4.3 4.6 5.7 3.8
Thigh - - - - -
Skin 3.3 4.3 6.5 7.0 5.1
Fat 4.1 33 29 18 16
Neodymium
Liver 7.7 12 12 20 11
Kidney - - - - -
Heart 7.8 9 12 a7 9
Muscle (Breast) 12 17 19 14 9
Thigh - - - - -
Skin 12 12 14 12 15
Fat 14 101 41 32 31

Table C.1: Rare earth contentgi@/kg) in tissue samples of broilers fed different rare

earth (RE) compounds or lanthanum (La) chloride, first {(fiédckenstein et gl2004).
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Control RE ascorbate RE citrate Lanthanum chloride
Lanthanum
Liver 19 26 40 56
Kidney 9.6 97 108 136
Heart - - - -
Muscle (Breast) 15 27 20 28
Thigh 15 13 24 16
Skin - - - -
Fat - - - -
Cerium
Liver 25 36 62 12
Kidney 10.7 167 194 24
Heart - - - -
Muscle (Breast) 21 43 36 19
Thigh 17 15 39 13
Skin - - - -
Fat - - - -
Praseodymium
Liver 3.9 4.8 7.9 2.2
Kidney 2.1 18 23 3.6
Heart - - - -
Muscle (Breast) 3.2 5.3 4.5 2.8
Thigh 2.6 2.7 5.3 2.2
Skin - - - -
Fat - - - -
Neodymium
Liver 9.2 15 12 4.4
Kidney 4.5 58 18 8.4
Heart - - - -
Muscle (Breast) 10 14 8.8 8.7
Thigh 10 6.0 6.8 3.7
Skin - - - -
Fat - - - -
Samarium
Liver 3.1 2.8 3.0 1.8
Kidney 1.9 3.6 3.0 2.0
Heart - - - -
Muscle (Breast) 1.8 1.6 1.7 1.9
Thigh 2.2 1.7 15 15
Skin - - - -
Fat - - - -

Table C.2: Rare earth contentgi@/kg) in tissue samples of broilers fed different rare
earth (RE) compounds or lanthanum (La) chloride, secomdl (fieckenstein et 3.
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C RARE EARTH CONCENTRATIONS

Control RE ascorbate RE citrate RE nitrate La chloride

n 10 6 6 6 6

breastmuscle 14417 149+05 14.7+2.1 151+2.4 14.0+1.6
haunch 19.8-1.6 19.6+1.3 19.8+1.0 20.2+1.0 20.1+1.0
liver 25 +03 2P+03 220+02 23+04 2P+02
heart 0.740.1 0.7+ 0.0 0.8+0.4 07+0.1 06+0.1

abdominalfat 1.2-0.3 1.44+0.4 1.440.1 1.5+ 0.3 1.5+ 0.3
breast skin 0.6-0.2 0.6+0.1 0.6+0.1 0.7+ 0.2 0.7£0.1
total body* 69.4+20 69.8+1.5 69.2+12 704+1.8 695+15

Table C.3: Excavation results of broiler - effects of different rarethaRE) com-
pounds and lanthanum (La) chloride on the amount of differeascle and organ
tissue of broiler, first experiment; mean values (g/100gyheeight) + standard devi-
ation;®P values without the same superscripts differ significantty@05;* total body
without giblets n: number of animals per experimental gr@itiglle et al, 20023.

Control 75mglLa 150mglLa 75mgRE 150 mgRE

Lanthanum
Feed 200 59 000 134 000 23 000 45 000
Musclet 7.7 4.6 8.3 7.8 5.3
Liver 1.1 6.2 12 2.1 5.5
Kidney <2.2 <1.7 <2.3 <1.0 <1.8
Cerium

Feed 400 600 900 30 000 61 000
Muscleét <27 <21 <25 <25 <21
Liver <17 <27 <20 <17 <28
Kidney <12 <20 <13 <12 <21

Table C.4: Lanthanum and cerium contenisy/kg dry matter or feed) in pooled tissue
samples (the organ samples were pooled from 12 piglets bfgratip) of piglets and
in their feed diets with and without supplementati@muscle samples taken from
musculus longissiumus dorsi (piglet&a@mbeck et a].19993.

248



Control 150mglLa 300mglLa 150mgRE 300 mgRE
Lanthanum
Muscle? < 33 < 36
Liver < 52 < 47
Kidney <34 < 36
Muscle 7.5 9.4 11.0 8.9 10.0
Liver 51 29.0 40.0 12.0 14.0
Kidney 26 250
Cerium
Muscle? < 44° < 58 < 49 <52 < 8%°
Liver <43 <63 <52 < 58 <61°
Kidney < 540° < 490P

Table C.5: Lanthanum and cerium contenfgg/kg dry matter) in tissue samples of
chickens fed a lanthanum chloride (La) or rare earth (REQradés supplemented diet

compared to the controP muscle samples taken from musculus pector&lismit

of detection because of interference with other elemermsemt in the sample, actual

concentration may be considerably low8cfuller et al.2002).

Table C.6: Lanthanum and cerium contenisg/kg dry matter or feed) in tissue sam-
ples of pigs and in their feed diets with and without suppletagon;? muscle samples

Control 300 mg RE

Lanthanum
MI feed 170 36393
MII feed 178 43074
Muscleé 3.0 19.0
Liver 2.8 53.4
Kidney <3 22.3
Cerium
MI feed 315 49156
MII feed 296 57699
Muscle <33 < 36
Liver < 52 < 47
Kidney <34 < 36

taken from musculus glutaeudé€ et al, 2001), (Borger, 2003.
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C RARE EARTH CONCENTRATIONS

Control RE

Lanthanum

kidney < 0.02 <0.02
liver <0.02 <0.02
chop <0.02 <0.02
leaf fat < 0.03 < 0.03

Cerium

kidney < 0.02 <0.02
liver <0.02 <0.02
chop <0.02 <0.02
leaf fat < 0.03 < 0.03

Table C.7: Concentrations of lanthanum and cerium (mg/kg dry matteliyer, kid-
ney, muscle (chop) and fat (leaf fat) of fattened pigs aftetadly supplementation of
rare earths determined by ICP - MBdhme et al.20023.

Control RE LaCe l LaCe ll
300 mg/kg 100 mg/kg La@l 200 mg/kg LaCl
RE chlorides 200 mg/kg Ce&l 100 mg/kg Ced

Liver

La 25.3 101.0 90.6 89.3
Ce 15.8 105.0 84.7 39.7
Pr 1.0 5.2 0.4 <DL
Nd 2.2 1.2 1.1 0.9
Sm <DL < DL < DL < DL
Muscle

La 11.6 6.7 3.7 53
Ce 13.9 5.4 1.9 4.4
Pr 0.3 0.5 < DL <DL
Nd 1.4 1.8 0.7 1.1
Sm <DL < DL < DL < DL
DL 0.8 0.3 0.3 0.3

Table C.8: Concentrations of rare earth elememg/kg) in tissues of piglets; mean
value+ standard deviation; DL: detection limiE{sele 2003.
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RE ascorbate RE citrate RE nitrate La chloride

La 8.5 9.7 12.2 44.5
Ce 16.8 15.7 21.7 -
Laand Ce 25.3 25.4 33.9 445

Table C.9: Analysis of Chinese rare earth samples and of lanthanunridblocon-
centrations in %, first experimeritiélle et al, 20023.

RE citrate Control diet Experimental diet
concentrate (%) (mg/kg) (mg/kg)
Lanthanum 23.3 0.48 11.09
Cerium 68.2 0.86 32.17
Praseodymium 8.0 < 0.02 3.62
Neodymium 0.4 0.22 0.47
RE (sum) 99.9 < 1.58 47.35

Table C.10: Content of rare earth elements in rare earth citrate coraten{%) and
feed samples (mg/kg) determined by ICP - M34atz et al.2004).
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D MODE OFACTION

Control 150 mg RE citrates 300 mg RE citrates p-value
Energy
intake 1921+ 144 2013+ 184 2171+ 200 0.079
digestible 1641 134 1758+ 163 1871+ 173 0.066
retained 618t 80 680+ 131 786+ 124 0.048
Nitrogen
intake 3.29+ 0.23 3.43+0.32 3.72+ 0.36 0.075
digestible 2.75-0.18 2.94+ 0.26 3.13+ 0.45 0.065
retained  2.36t 0.21 2.37+0.24 2.74+ 0.37 0.058

Table D.1: Effects of rare earth (RE) citrates on energy (kJ per day gndW) and
nitrogen (g per day and kg BW) balance of piglets (first pedsl - 40 kg); mean
values+ standard deviation; p-value: significané&duse et al2004).

Control 300 mg RE
Growing period (full stomach)

T3 (hmol/l) 2.33+£0.68 1.65+0.13 p< 0.01
T4 (nmolll) 50.4+9.9 58.2+14.6 p>0.05

Fattening period (empty stomach)

T3z (nmol/l) 1.82+0.41 1.08+0.31 p<0.01
T4 (nmol/l) 43.9+ 10.6 45.0+10.4 p>0.05

p-value

Table D.2: Concentrations of thyroid hormones (nmol/l) in blood semifrpigs with
and without rare earth supplementation; mean valdetandard deviation; p-value:
significance e et al, 2001).

Control RE LaCe | LaCelll
300 mg/kg 100 mg/kg La@l 200 mg/kg LaC4
RE chlorides 200 mg/kg Ce&l 100 mg/kg Ced
T3 2.38+0.49 2.224+0.38 2.24+ 0.48 2.17+0.32
T4 29.13+754 22.15+8.63 19.28*+ 3.55 24.82+ 7.21

Table D.3: Effects of rare earth elements on thyroid hormones (nmof/Piglets;
mean valuet standard deviation; values with an asterigkdiffer significantly p<
0.05 those with two differ significantly g 0.01; n: number of animals per group
(Eisele 2003.
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Control REE 300 mg/kg

n 8 8
Rearing period 1. - 8. week
Na 165.314+ 6.12  165.3H 6.23
K 6.77+ 0.57 6.85+ 0.54
Ca 3.20+£ 0.12 3.19+ 0.16
Cl 112.33+ 4.31 111.6A 2.05
P 3.74+ 4.31 3.82+ 0.37
AST 18.75+ 7.07 19.75+ 8.36
ALT 2463+ 1.73 28.13+5.16
AST 303.25+ 46.98 282.63t 44.28
Chol 2.76+ 0.38 2.87+0.43
Trig 0.37+0.11 0.31+ 0.08
TP 77.16+ 7.95 76.03+ 5.12
Alb 44.03+ 2.13 45. 77+ 1.70
Gluc 6.78+ 0.69 7.14+1.11

Ts(hmol/l)  2.38:£0.60  1.65+0.12
T4 (nmol/l) 53.35+14.16  58.17: 13.64

Fattening period 8. - 12. week

Na 158.66+ 3.34  159.9H4 7.94
K 5.88+ 0.38 6.37+ 0.40
Ca 2.89+ 0.17 2.89£0.21
Cl 108.29+ 2.49 106.5A 3.54
P 3.81+ 0.49 3.94+ 0.50
AST 45.00+ 9.49 61.75+ 21.72
ALT 28.86+ 5.99 32.38+6.34
AST 324.14+ 69.24 331.25t 44.36
Chol 3.22+ 0.22 3.21+ 0.29
Trig 0.61+0.16 0.57£0.12
TP 77.30+4.79 79.44+ 5.17
Alb 50.93+4.93 48.84+ 5.41
Gluc 6.51+ 0.91 7.28+ 0.95

T3 (nmol/l)  1.284+0.39 1.294+ 0.36
T4 (nmol/l) 55.554+22.92  69.99+ 7.86

Table D.4: Effects of rare earth elements (REE) on several blood pasaméelec-
trolytes, liver enzymes, cholesterol, triglyceridesatgirotein, albumin, glucose) of
piglets; mean value: standard deviation; values with an asterigk differ signifi-
cantly p< 0.05; n: number of animals per groupdrger, 2003.
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D MODE OFACTION

Control 100mgRE 200mgRE 400mgRE 800 mgRE

Ts(nmol/l) 0.73+0.14 1.20+0.21 1.26+0.74 1.20+£0.25 1.53+0.35
T4(mol/l) 36.0°+3.4 4253438 450+52 423°+28 43.8+52

Table D.5: Effects of dietary rare earth (RE) supplementation on tmeentrations of
thyroid hormones (nmol/l); mean valugsstandard deviatiorf-? values without the
same superscripts differ significantly<p0.05 Forster et al.2009.

Control LaCk 100 mg/kg
n 30 30
GH peak (ng/ml)  3.43 6.19
GH base 1.13 1.94
GH average 1.89 3.1
Improvements in BWG and FCR compared to the control
BWG (%) +6.30 (p< 0.01)
FCR (%) -10.29

Table D.6: Effects of dietary supplementation of lanthanum chloridegoowth hor-
mone (GH) levels (ng/ml) of pigs; n: number of animals pereskpental group®P
values without the same superscripts differ significantty .05 (Liu, 2005.
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Control 75mglLa 150mgLa 75mgRE 150mgRE p-value

Glucose (mmol/l) 159 1.34% 1.52 1.22 1.14 < 0.05
Cholesterol (mmol/l) 2.75 2.53 2.77 2.95 2.75 0.16
Total triglyceride (mmol/l) 1.28°  1.33P 1.58 1.40 1.09 <0.03
Total protein (g/l) 65.4 58.7 61.1 67.5 63.0 0.44
Albumin (g/l) 25.5 28.3 27.3 26.1 28.7 0.47
Creatinine (mg/l) 1.8%5 2.08 1.95 1.9¢% 2.50 <0.01
Urea nitrogen (mmol/l) 7.70 7.86 8.31 8.03 8.47 0.54
ALT (mmol/l) 24.2 443 57.CF 57.8 57.9 <0.01
AST (mmol/l) 260 326 339 343 291 0.12
AP (mmol/l) 209 2540 328 2620 296 <0.04
Thymus (g/100g BW) 0.20 0.20 0.22 0.20 0.20 0.09
Spleen (g/100g BW) 0.26 0.26 0.26 0.26 0.25 0.74

Table D.7: Effects of dietary supplementation of rare earth (RE) dbks and
lanthanum (La) chloride at different concentrations onodleerum parameters (in
mmol/l, g/l, mg/l) and the weight of thymus and spleen (in g p@0 g body weight
(BW)) of rats; p-value: significancé&P€ values without the same superscripts differ
significantly p< 0.05 He et al, 20033.
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