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III'| Abstract

Abstract
Recently, the supply of raw materials has come more into focus and with it the potential of waste as a
source of secondary raw materials. Municipal solid waste incineration (MSWI) fly ash is regarded as
hazardous waste due to its high content of easily soluble salts, heavy metals, and persistent organic
pollutants. Therefore, it is disposed of in special landfills, either directly or after processing by
stabilization/solidification techniques or recycled underground as filler. The usual disposal or
backfilling it underground means losing its valuable resources, especially Zn, which is highly enriched

in fly ash.

There are several methods to treat fly ash. One example is the extraction of heavy metals by acidic
leaching. The FLUWA (acidic fly ash washing) process, for example, refined the efficient extraction of
most heavy metals from fly ash. With this process, easily soluble salt components also concentrate in
the solution. Treatment of such eluates with milk of lime results in a thixotropic slurry with heavy
metal- and salt-rich hydroxides. The high concentration of Cl in these sludges prevent the recovery of
the heavy metals, as it contributes to the corrosion of the treatment facilities. Therefore, these sludges
must be disposed of as hazardous waste. Only a few processes focus on the recovery of metals like Zn
from such eluates. FLUREC (fly ash recycling) is a novel process for recovering Zn as a high-purity metal
from MSWI fly ash after applying FLUWA. However, it is also a complex and energy-intensive

hydrometallurgical process.

A new sustainable process represents the "specific product-oriented precipitation" (SPOP) of heavy
metals, which focuses on practicability and low energy costs. The successful recovery of heavy metals
from SOs-rich industrial wastewater, e.g., from the electroplating industry, shows that SPOP is a
promising alternative to the usual treatment with milk of lime. The concentration of the metals in the
precipitate and the filtrate is determined by the specific phase formation. It can be directly controlled
by adjusting parameters such as the composition of the solution, temperature, pH, and optionally
Fe-addition. However, the influence of highly saline solutions on the precipitation of phases has not
been studied so far. A prerequisite for a viable process in highly saline solutions is that Zn is enriched
in the residue, and its Cl-concentration is low to prevent corrosion of the recycling facilities. Ideally,
the proportion of hydroxides in the precipitates is low, and the filtrate meets the discharge limits after
the treatment process. The criteria are best fulfilled by precipitating ZnO, where Zn is enriched by
80 wt.-%, while the Cl concentration remains low. To date, no routine exists for the synthesis of ZnO

from Cl-rich solutions at low temperatures < 110 °C.

This thesis presents two new SPOP-based processes developed in a model system to precipitate Zn as
Zn0 from Cl-rich solutions. The basis for the synthetic Cl-rich solution was real wastewater from MSWI

fly ash eluates. The precipitation of the phases depends strongly on the reaction conditions.
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Gordaite NaZn4(S04)(OH)eCl - 6H,0 is the stable phase at room temperature. ZnO can be achieved at
60 °C with a high yield (99.9 %). The results show that the direct formation of ZnO can be controlled
by varying the alkalization rate and temperature. Optimizing the reaction conditions makes it possible
to synthesize ZnO directly as a single-phase even at lower temperatures < 110 °C: a) between
60 °C — 80 °C with a medium alkalization rate or b) < 40 °C by increasing the alkalization rate. The
underlying reaction mechanism is derived. It is based on the reaction of tetrahydroxozincate ions

[Zn(OH)4)* to ZnO immediately after alkalization of the Zn-solution.

It was also possible to obtain ZnO in a two-step process by aging previously synthesized Gordaite in
suspension. Gordaite is not stable > 80 °C. In general, the higher the aging temperature, the faster the
transformation reaction. At 110 °C and without stirring, Gordaite completely transforms to ZnO within
3h. Stirring during aging favors the transformation of Gordaite to ZnO. The reaction mechanism for the
formation of ZnO during aging is based on dissolution-precipitation. During this process, the dissolving
Gordaite crystals act as heterogeneous sites for topotactic ZnO nucleation, and the ZnO crystals grow

according to Ostwald-ripening.

Based on the results in the model system, two treatment concepts were developed. These two
concepts, the direct precipitation method and the aging method, were tested with two real
wastewater samples from the MSWI plant Ingolstadt. In both cases, ZnO could be recovered as the

main phase. Thus, the first step towards a viable industrial process was achieved.
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Zusammenfassung
In den letzten Jahren riickte die Bedeutung einer nachhaltigen Rohstoffversorgung immer mehrin den
Fokus und damit auch das Potenzial von Abfallen als Quelle fiir Sekundarrohstoffe. Flugaschen aus der
kommunalen Millverbrennung gelten aufgrund ihres hohen Gehalts an leichtloslichen Salzen,
Schwermetallen und persistenten organischen Schadstoffen als gefahrlicher Abfall. Sie werden daher
entweder direkt oder nach vorangegangener Behandlung durch  Stabilisierungs-
/Verfestigungsverfahren auf Sondermulldeponien oder Untertage im Versatz entsorgt. Jedoch sind in
den Flugaschen kostbare Ressourcen enthalten, insbesondere Zink ist darin angereichert. Bei den

Ublichen Entsorgungsmethoden oder dem Versatz Untertage gehen diese verloren.

Es gibt verschiedene Methoden zur Behandlung von Flugaschen aus der Millverbrennung. Ein Beispiel
ist die Extraktion der darin enthaltenen Schwermetalle durch Sauren. Die FLUWA (saure
Flugaschewdsche) ist ein solches Verfahren, das auf dem Extraktionsprozess basiert und
weiterentwickelt wurde. Dadurch erhoht sich in den Losungen allerdings nicht nur die
Schwermetallkonzentration, sondern auch die Konzentration von leicht |6slichen Salzen. Die (bliche
Behandlung solcher Eluate mit Kalkmilch fiihrt zu einem thixotropen Hydroxidschlamm, welcher
schwermetallhaltig und salzreich ist. Die hohe Cl-Konzentration in diesen volumindsen Schlammen
verhindert ein Recycling, da dies zur Korrosion der Verwertungsanlagen fiihren wiirde. Daher werden

diese Schlamme als Sondermiill entsorgt.

Es gibt nur wenige Verfahren, die eine Riickgewinnung der Metalle wie Zn aus diesen Eluaten zum Ziel
haben. FLUREC (Flugaschenrecycling) ist ein neues Verfahren, das darauf abzielt, Zn als hochreines
Metall aus den Flugasche-Eluaten der Millverbrennung nach Anwendung der FLUWA
zurlickzugewinnen. Bisher ist es das Verfahren mit den geringsten Umweltauswirkungen. Allerdings

handelt es sich um einen komplexen und energieintensiven hydrometallurgischen Prozess.

Ein neuer, innovativer Ansatz ist die ,spezifische produkt-orientierte Prazipitation“ (SPOP) von
Schwermetallen. Hierbei stehen Praktikabilitdt und geringe Energiekosten im Zentrum. Die
erfolgreiche Rickgewinnung von Schwermetallen aus SOs-reichen Industrieabwdassern, wie
beispielsweise aus der Galvanik, zeigt, dass SPOP eine vielversprechende und umweltschonende
Alternative zur Ublichen Behandlung mit Kalkmilch ist. Der Metallgehalt im Riickstand und die
Konzentration der Schwermetalle im Filtrat werden durch die spezifische Phasenbildung bestimmt.
Diese kann durch die Einstellung der Parameter wie Zusammensetzung der Losung, Temperatur,
pH-Wert und optionaler Fe-Zugabe direkt gesteuert werden. Der Einfluss von stark salzreichen
Losungen auf die Phasenzusammensetzung wurde bisher allerdings noch nicht untersucht. Eine
Voraussetzung fir ein umsetzbares Verfahren aus salzreichen Losungen in der Praxis ist, dass Zn im

Rickstand angereichert wird und die Cl-Konzentration gering bleibt, um eine Korrosion der



Zusammenfassung | VI

Verwertungsanlagen zu verhindern. Im |Idealfall ist der Anteil an Hydroxiden in den
Fallungsriickstanden nach dem Aufbereitungsprozess gering und das Filtrat erfillt die Grenzwerte fiir
die (in)direkte Einleitung. Diese Anforderungen werden am besten durch die Ausfallung von Zinkit
(Zn0O) erfllt, wo Zn um 80 Gew.-% angereichert wird und die Cl-Konzentration niedrig bleibt. Bisher
gibt es jedoch keine Methode fiir die Synthese von ZnO aus Cl-reichen Lésungen bei niedrigen

Temperaturen < 110 °C.

Im Rahmen dieser Arbeit wurden zwei neue SPOP-basierte Verfahren in einem Modellsystem
entwickelt, um Zn als ZnO aus Cl-reichen Lésungen auszufallen, entweder direkt oder mittels eines
Zweistufenprozesses. Die Zusammensetzung der synthetischen Cl-reichen Losung fir die
Fallungsexperimente basiert auf einem realen Flugasche-Eluat aus einer Millverbrennungsanlage nach
Behandlung mit FLUWA. Die Ergebnisse zeigen, dass die Ausfallung der Phasen stark von den
Reaktionsbedingungen abhangt. Gordait, NaZns(S04)(OH)eCl - 6H,0, ist bei Raumtemperatur die
stabile Phase. ZnO kann bei 60 °C direkt mit einer hohen Ausbeute (99,9 %) synthetisiert werden. Dabei
kann die direkte Ausfallung von ZnO aus der Losung durch Variation der Alkalisierungsrate und
Temperatur gesteuert werden. Durch Optimierung der Reaktionsbedingungen war es moglich, ZnO
reinphasig auch bei niedrigeren Temperaturen < 110 °C direkt zu synthetisieren: a) zwischen
60 °C - 80 °C bei mittlerer Alkalisierungsrate oder b) < 40 °C durch Erhéhung der Alkalisierungsrate. Der
zugrunde liegende Reaktionsmechanismus beruht auf der Reaktion von Tetrahydroxozinkat-lonen

[Zn(OH)4]* zu ZnO unmittelbar nach der Alkalisierung der Zn-Lésung.

Das zweite entwickelte Verfahren zielt auf die Ausfallung von ZnO mittels eines Zweistufenprozesses
ab. Dabei wird zuvor synthetisierter Gordait in Suspension gealtert. Die Untersuchungen haben
gezeigt, dass Gordait in Suspension 2 80 °C nicht stabil ist. Bei 110 °C und ohne Riihren der Suspension
wandelt sich Gordait innerhalb von 3 Stunden vollstiandig in ZnO um. Je hdher dabei die
Alterungstemperatur ist, desto schneller verlauft die Umwandlungsreaktion. Rihren wahrend der
Alterung beginstigt die Umwandlung. Die Ergebnisse zeigen, dass der zugrunde liegende
Reaktionsmechanismus zur Bildung von ZnO wahrend der Alterung auf einer Losungs-Fallungsreaktion
beruht. Hierbei wachsen die ZnO-Kristalle topotaktisch auf den sich I6senden Gordait-Kristallen auf.

Die Zinkit-Kristalle wachsen daraufhin nach dem Prinzip der Ostwald-Reifung.

Um die Anwendung der im Modellsystem erarbeiteten Prozesse zu zeigen, wurden zwei
Behandlungskonzepte erarbeitet. Beide Konzepte, die direkte Fallungsmethode und die
Alterungsmethode, wurden mit jeweils einem realen Abwasser aus der Miillverbrennungsanlage
Ingolstadt nach der FLUWA getestet. In beiden Fallen konnte ZnO als Hauptphase ausgefallt werden.

Das bedeutet, dass das in dieser Arbeit entwickelte Verfahren in der Praxis umsetzbar ist.
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Publications and contribution of authors
As a rule, Zn-rich wastewater is treated and disposed of. One example of Zn-rich wastewater is the
eluate of municipal solid waste incineration (MSWI) fly ash, a serious problem due to the significantly
enriched concentration of Cl and other heavy metals regardless of Zn. This thesis aims to develop a
process to precipitate ZnO from Cl-rich solutions, identify the optimal conditions for ZnO precipitation
in a model system, and test whether this process can be applied to MSWI fly ash eluates. The basis of
the wet chemical precipitation process used in this thesis is the “Specific Product-Oriented
Precipitation” (SPOP). SPOP was initially developed in the working group of Prof. Dr. Soraya
Heuss-ABbichler at the Ludwig-Maximilians-Universitat Miinchen to treat Cl-poor and SOs-rich

industrial wastewater with heavy metal concentrations up to 25 g/I.

Parts of the results presented in this thesis were collected during several research projects within the

last few years:

e A feasibility study in cooperation with MSWI plant Ingolstadt about the “Riickgewinnung von
Buntmetallen aus Industrieabwassern — Umsetzbarkeit im neuen Anwendungsbereich
Millverbrennungsanlagen (MVA)-Riickstande” financiated by Zweckverband Ingolstadt.

e After the promising results of the feasibility study, a project was started together with three
industrial partners within the framework of the “Zentrales Innovationsprogamm
Mittelstand/Central Innovation Program for small and medium-sized enterprises (SMEs)”
funded by the Federal Ministry for Economic Affairs and Energy. The project entitled
“Innovative Entwicklung des SPOP-Verfahrens zur Rickgewinnung von Buntmetallen aus
Flugaschen der Miillverbrennung fiir die breite Anwendung in MVA’s und Implementierung in
eine innovative Abwasseraufbereitungsanlage mit integrierter Filterpresse (ZF4585201CM8)”
had three objectives:

(i) enhancement of the laboratory process for the precipitation of Zn from fly ash.

(ii) Based on that, the transfer of this process to the pilot plant scale in collaboration with
a plant engineering company (E&P Anlagenbau) and the MSWI plant Ingolstadt, and

(iii) to realize the solid-fluid-separation with a filtration specialist (Aquachem GmbH
Filtrationstechnik).

e Some of the results were also collected in the following project: “Gesamtkonzept zur
Umsetzung der hydroxidfreien Fallung von Metallen aus Abwassern verschiedener Branchen:
Bau einer portablen Technikumsanlage (BAFOISoFo0-71263)" funded by the Bavarian Ministry

for the Environment and Consumer Protection.
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Two different processes were developed to precipitate ZnO from saline solutions. These two processes
have been submitted for patenting on 03.09.2021 (Verfahren und Vorrichtung zur Synthese von
Zinkit (ZnQ)). Before completion of the patent application, the core results of this work on the
precipitation of ZnO from Cl-rich solutions were not allowed to be published. Independently, several
aspects of the research have been presented in publications, and sections from them have been

adopted in the various chapters of this thesis:

e Tandon, K., John, M., Heuss-ARbichler, S. and Schaller, V. (2018) Influence of Salinity and Pb on the
precipitation of Zn in a Model System. Minerals 8(2).
Submitted: 19 December 2017; accepted: 22 January 2018; published: 26 January 2018.
o Parts of the content of this publication are used in chapters 1 (introduction) and 4
(material and methods), and the content of the publication is presented in chapter 5.1.
o | conceived and designed the experiments together with Dr. Melanie John-Stadler.
Valentin Schaller carried out part of the experiments as a student assistant. Some
series of experiments were the content of his bachelor’s thesis. | conducted the
mineralogical characterization and chemical analysis with the support of Valentin
Schaller. All authors discussed and interpreted the data. | wrote the paper,
Prof. Dr. Soraya Heuss-ARbichler and Dr. Melanie John Stadler reviewed it.

e Tandon, K., Heuss-ARbichler, S. (2018) Riickgewinnung von Zn und Pb aus Flugasche-Eluaten einer
MVA: Erste Ergebnisse. Extended conference contribution (6 pages) submitted, accepted, and
presented at the conference Recy-DepoTech, 07. - 09. November 2018.

o The results are based on the publication in Minerals 2018. Some paragraphs presented in
this thesis in chapter 3.2 (the Specific Product Oriented Precipitation (SPOP)) are taken
from this publication.

o | wrote the conference paper and gave the oral presentation; Prof. Dr. Soraya
Heuss-ABbichler reviewed it.

o Tandon, K., Heuss-ARbichler, S. (2021) Fly ash from municipal solid waste Incineration - from
industrial residue to resource for zinc. Chapter in Book: Industrial Wastes — Characterization,
Modification, and Application of industrial residues.

Submitted: August 2020; accepted: September 2020; published: 23 August 2021.

o Chapters 1 (introduction), 2 (municipal solid waste incineration), 3 (state of the art), and

6 (conclusion and outlook) contain parts of this book chapter.

o | wrote the book chapter, Prof. Dr. Soraya Heuss-ARbichler reviewed it.
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e Tandon, K., Heuss-ARbichler, S. (2021) Direct precipitation of ZnO from saline aqueous solutions —
an innovative and low-cost method to recover Zn from municipal solid waste incineration fly ash.
Waste management. Submitted: 18.01.2022.

o | planned and conducted the experiments and analyses with support from Katharina
Engels and Andreas Appel as student assistants. | discussed and interpreted the data
together with Prof. Dr. Soraya Heuss-ARbichler. | wrote the paper, Prof. Dr. Soraya
Heuss-ABbichler reviewed it.

o Parts of the publication are used in chapters 1 (introduction), 3.3 (relevant Zn-phases in
Cl-rich solutions), and 4 (material and methods), and the content of the paper is presented

in chapter 5.2 of this thesis.






1| Introduction

1. Introduction
Municipal solid waste (MSW) and the way it is treated reflect the history of human development and
its habits and customs (Keller 2009; Heuss-ARbichler and Rettenberger 2016). Waste is generated daily
all over the world, and therefore its treatment was essential from the very beginning (Keller 2009).
Archaeologists can draw conclusions about the culture and technology of a particular society from the
composition of the waste or the absence of certain components in it (Chandler et al. 1997; Heuss-
ARbichler and Rettenberger 2016). In the 14" and 15 centuries, the disposal of waste dumped in open
passageways was an unresolved problem in rapidly growing cities. It became essential in the
19" century when repeated epidemics and diseases of industrialized societies made improving public
health increasingly urgent. Thus, in addition to the construction of water treatment and sewage
systems, the need for the appropriate handling of waste was seen as an imperative (Geels and Schot

2007; Wilson et al. 2016; Makarichi et al. 2018).

A significant change occurred after the Second World War. With the economic boom and technological
progress, the rapidly growing population consumed steadily more, and in consequence, the volume of
waste increased enormously (Keller 2009; Makarichi et al. 2018). On the one hand, the demand for
new landfill sites raised. On the other hand, the resistance of the population against new landfills grew.
To protect the environment and the population, many legislations were introduced (Keller 2009).
The waste hierarchy (3R: reduce, reuse, recycle) and the waste directive were adopted to reduce the
waste volume and to ensure the safety of the environment and health through proper treatment of
waste (EU 2008; Schulze 2019). In the last years, the security of resource supply and thus recovery of
valuable elements from waste has become increasingly important. In 2015, the agenda 2030 and the
17 sustainable development goals (SDGs) were adopted as a transnational guideline to sustainability
(United Nations 2015). A key aspect of the SDGs is the realization of sustainable development by taking
into account economic, social and environmental aspects. Waste management is no longer just a
qguestion of providing disposal security and pollution control. It is regarded as essential for fostering a
circular economy, as the recovery of raw materials from waste should contribute to a sustainable
future (EU 2008; Pinasseau et al. 2018). However, this change is a long and complex process.
In Germany, one of the pioneer countries in recycling (Bing et al. 2016), only 14 % of the raw materials
used originate from recycling processes (Schneidewind 2018). In comparison, 9 % of the global

economy is circular (PACE 2019).

Treatment of the residues after incineration reflects the changing needs of modern society. Waste
incineration was introduced at the end of the 1880s, primarily for hygienic reasons. The significant
reduction in the volume of waste was also swiftly perceived as a major advantage of incineration

(Heuss-ARbichler and Rettenberger 2016; Makarichi et al. 2018). However, the stench and air pollution
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caused by the incineration at that time were extreme, resulting in high resistance of the population to
incineration (Keller 2009). Another disadvantage was the low calorific value of the waste. At the
beginning of the 20™ century, it consisted of 60 % ash, 20 — 25 % organic waste, and only small
amounts of paper, paperboard, glass, and metals (Keller 2009). Despite the poor calorific value, initial
attempts were made to recover the heat released during combustion (Chandler et al. 1997; Makarichi
et al. 2018). Due to high operation costs, recurring technical issues, and other reasons, waste
incineration was not widespread in many European cities until the middle of the 20" century (Keller
2009). The construction of MSWI plants was promoted to cope with the increased waste volume.
Changing lifestyles led to a change in the composition of waste. The growing proportion of plastics in
waste and the resulting increase in the calorific value made heat recovery more attractive (Chandler
et al. 1997; Keller 2009; Makarichi et al. 2018), and various types of waste-to-energy power plants
were constructed (Paraskevi et al. 2016). The population’s acceptance was achieved by developing a
sophisticated air pollution control system for all MSWI plants (Chandler et al. 1997; Heuss-ABbichler
and Rettenberger 2016; Makarichi et al. 2018).

At the same time, more attention was paid to the residues after waste incineration — bottom ash, boiler
ash, fly ash, and the remains from air pollution control — since, against initial expectations, the residues
are not inert materials. They all contain a considerable amount of heavy metals, salts, and other
pollutants, that are harmful to human health and the environment (e.g., Chandler et al. 1997; Sabbas
et al. 2003; Sager 2007). Studies also showed that fresh bottom ashes could produce heat (Speiser et
al. 2001) and release H, (Heuss-ABbichler et al. 2010). First concepts about the utilization of MSWI
residues, mainly of the bottom ash, were developed. In general, after quenching the hot bottom ash
with water, separation and recycling of the non-ferrous and ferrous metals occur (Lechner et al. 2010;
Muchova 2010; Bunge 2014). Depending on the region, the remains of this process are landfilled or
used as backfill or road construction material. At the same time, alternatives to the use of bottom ash
were sought. Because of its similarity to gravel, it is partly applied as a substitute for construction
materials or as an additive in the cement industry (e.g., Miller and Ribner 2006), while only a few
applications are established for fly ash and air pollution control (APC) residues. Fly ashes are mainly
disposed of in landfills for hazardous waste because of their toxicity and easily soluble components.
Among others, it contains heavy metals, with Zn being significantly enriched. The disposal of fly ash or

backfilling underground leads to the loss of the valuable resources it contains.

Zn is an essential element for living organisms, and a deficiency harms the biological function of
organisms. However, high concentrations of Zn are harmful to health, causing vomiting, sickness, and
diarrhea (Nordberg et al. 2007). Zn is also the fourth most common metal in use. It is applied in
enameling and coating processes, construction work, batteries, and medicine, to name a few areas of

application. This means that an ever-increasing amount of Zn will be required with time.
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In the future, the limited availability of resources will lead to increased mining of low-concentrated
ores, which dramatically increases the production costs (Sverdrup et al. 2019). According to
estimations, the Zn content in ores will decrease by approx. 1 % over the next decade (Schulze 2016).
On the one hand, the decline in the share of valuable by-products such as silver and, on the other hand,
the increase in mining costs must be considered (Schulze 2016). Therefore, the use of fly ash from
waste incineration as an anthropogenic resource and the associated improved waste management
towards a circular economy is gaining importance. It would benefit the environment, the climate, and

the economy (Bourguignon 2018).

There are several methods to treat fly ash. One example is the extraction of heavy metals by acidic
leaching, e.g., by FLUWA (acidic fly ash washing) (Schlumberger et al. 2007; Weibel et al. 2017). This
method has been refined to extract most heavy metals from fly ash efficiently. With this process, easily
soluble salt components are also concentrated in the solution. The usual treatment of such eluates
with milk of lime leads to a slurry of heavy metal- and salt-rich hydroxides. The high concentration of
Cl in this sludge makes recovery of the heavy metals impossible, as it contributes to the corrosion of
the treatment facilities. Therefore, these sludges must be disposed of as hazardous waste. Only a few
processes focus on the recovery of metals like Zn from such eluates. FLUREC (fly ash recycling) is one
example. It is a novel but complex process leading to zinc recovery as a high-grade metal from MSWI
fly ash after FLUWA. Huber et al. (2018) evaluated the FLUREC process compared to various other
treatment and disposal methods for MSWI fly ash, including the use of life cycle assessment (LCA).
They concluded that the FLUREC-process has the lowest environmental impact. However, at the
current raw material prices for Zn, it is only economically feasible if the concentration of Zn in MSWI
fly ash is above 40000 mg/kg Zn (Huber et al. 2018). This highlights the importance of a low energy and
low-cost process, crucial for a sustainable and viable process to recover Zn as a resource from the

metals enriched solution.

An innovative method could be the “Specific Product-Oriented Precipitation” (SPOP) of heavy metals.
It was successfully used to recover heavy metals from industrial wastewater and thus offers a
promising alternative to the usual treatment with milk of lime. This novel concept makes it possible to
directly control phase formation by adjusting parameters such as concentration, temperature, pH, and
optionally Fe-addition, resulting in the concentration of metals in the precipitates. Using SPOP, John
et al. (2016d) succeeded in obtaining Zn from SOs-rich solutions as a single-phase in the form of
nanocrystalline ZnO particles, without Fe addition. Depending on the experimental parameters, the
authors achieved removal efficiencies of 99.99 % for Zn under optimal conditions. However, there is
no study regarding the precipitation of Zn as ZnO from Cl-rich solutions as available after FLUWA.

Therefore, the question arises whether it is possible to optimize the SPOP process to treat MSWI fly
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ash to recover Zn as a resource and thus develop an attractive alternative to treatment with milk of

lime or energy-intensive recycling methods such as FLUREC.

This thesis aims to investigate the applicability of SPOP in highly saline solutions to (a) develop an
SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions, (b) determine the optimal
conditions for the precipitation of ZnO in a model system, and (c) test the transferability of the results

in the model system to real wastewater from MSWI.

This thesis is organized in the following way: in the beginning, the MSWI and the residues obtained
after incineration are introduced. Then, chapter 2 gives an overview of treatment and utilization
methods for fly ash and its resource potential with a focus on Zn. Chapter 3 covers the state-of-the-art
recovery methods for Zn from MSWI fly ash and describes the SPOP process in more detail. The
contents of these two chapters were published in the book “Industrial Waste” (Tandon and Heuss-
ARbichler 2021a). In Subchapter 3.3, the Zn phases that are stable in Cl-rich media are presented. The
material and methods used in this thesis, including various real wastewaters from MSWI fly ash after

FLUWA from Germany and Switzerland, are the subject of chapter 4.

The central part of the thesis, chapter 5, consists of four sections. The contents of two sections have
already been published: The core results of section 5.1 are published in a peer-reviewed journal
(Tandon et al. 2018), and that of section 5.2. are submitted (Tandon and Heuss-ARbichler 2021b).
These contributions have been adapted to a uniform chapter structure: At the beginning of every
section, the purpose, scope, and nomenclature are described. Next, the experimental series are

presented. The last part of every section provides the results and their discussion.

In total, seven different experiment sets are presented, continuously numbered from Set 1 - Set 7.
subchapters 5.1, 5.2, and 5.3. cover laboratory experiments in a model system and subchapter 5.4
describes experiments with real wastewater. In section 5.1, the result of a systematic investigation
addresses the phases that are stable at room temperature in saline aqueous solution (AQ) and what
effect another element, such as Pb, has on the precipitation of phases. The two methods developed in
this thesis for ZnO precipitation from Cl-rich solutions are presented in subchapters 5.2. (direct
formation) and 5.3 (formation through aging). These two processes have been filed for patenting. The
last section of chapter 5 (section 5.4) shows the transferability of the process developed in the model
system to real wastewater from MSWI. In the final chapter 6, the core results of this thesis are
summarized, advice for future research is given, and the following steps to scale up the developed
SPOP process are shown. In addition, new areas of application are presented, where the processes

developed in this thesis can potentially be applied.
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2. Municipal solid waste incineration — fly ash as a potential resource for zinc?

2.1. Composition of municipal solid waste (MSW)

»[Tlhe world is on a trajectory where waste generation will drastically outpace population growth
by more than double by 2050. Although we are seeing improvements and innovations in solid waste
management globally, it is a complex issue and one that we need to take urgent action on.”

(Silpa et al. 2018)

It is expected that waste generation will increase from 2.02 billion in 2016 to 3.4 billion tons in 2050.
Therefore, various studies highlight the importance of environmentally sound waste treatment on a
global scale (e.g., Silpa et al. 2018). Low-income countries, where only 5 % of the world's waste is
currently produced (Silpa et al. 2018), will contribute more and more to the fast-growing waste come
up due to increasing wealth, urbanization, and population growth (Wilson et al. 2016; Silpa et al. 2018).
The German Advisory Council on Global Change defines the 21 century to be the century of cities. It
estimates that by 2050, around two-thirds of the worldwide population will live in cities (WBGU -
German Advisory Council on Global Change 2016). Especially in these urban areas, tremendous
amounts of municipal solid waste are generated every year. Main producers are households, including

commercial wastes.

In general, waste is a very inhomogeneous material and can consist of paper, paperboard, plastics,
glass, non-ferrous metals, iron, food, garden waste, rubber, leather, textiles, various composite
materials, mineral wastes, and others (Bunge 2014; Neuwahl et al. 2019; Eurostat 2021) changing from
day to day and from season to season (Abanades et al. 2002). The composition also depends strongly

on the income level, as can be seen in Figure 2.1.

In lower to middle-income countries, the proportion of food and green waste with 50 vol.-% is by far
the highest. Although the total amount of organic waste is more or less the same in all countries, the
percentage in high-income countries is comparably lower due to a higher proportion of plastics and
other inorganic wastes (Silpa et al. 2018). The higher the income level, the more recyclable materials
(paper, cardboard, plastic, glass, metal) are in the waste, with a maximum of 50 % in high-income

countries.

During the last decades, waste prevention legislations (waste directive and waste hierarchy) were
introduced, and a sophisticated waste collection system helped to decrease the amount of waste that
finally has to be treated. In the last 20 years, incineration has been accepted in the industrial nations
as an effective contribution to waste management, including energy recovery during the thermal
treatment of waste. The composition of the waste as an extremely heterogeneous material influences

the composition of the residues after incineration.
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Figure 2.1: Global waste composition in dependence of income level of countries in 2016, after Silpa

etal. (2018).

2.2, Principle of MSW incineration plant and types of MSWI residues
The incineration process reduces the mass and the volume by 70 wt.-% and 90 vol.-%, respectively
(Hjelmar 1996; Abanades et al. 2002; Pinasseau et al. 2018; Neuwabhl et al. 2019). Figure 2.2 shows a
general scheme of a municipal solid waste incineration plant. Waste is unloaded in the waste bunker,
homogenized, and stored for several days to decrease the moisture, varying between 20 — 30 vol.-%.
Afterward, it is fed into the combustion chamber by a crane. The incineration temperature must be
above 850 °C in the combustion chamber for at least 2 seconds to completely destroy persistent
organic pollutants (POP.s), e.g., dioxins (polychlorinated dibenzo-p-dioxins, PCDDs) and furans
(polychlorinated dibenzofurans, PDCFs) (Youcai 2017). The main products of waste incineration are
bottom ash, boiler ash, and residues of the flue gas treatment. Before the flue gas is released into the
atmosphere, hazardous components, and pollutants such as ash and dust particles, acid gases
(e.g., HCI, HF, SOx, NOx) as well as organic pollutants (dioxins, furans, CO, hydrocarbon) are removed.
A sophisticated technology recovers the heat transported with the exhaust gases as energy. Fly ash
and flue gas treatment residues are considered as pollutant sink. They are classified as hazardous

waste due to their toxic components.
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Figure 2.2: General scheme of a municipal solid waste incineration plant.



Municipal solid waste incineration — fly ash as a potential resource for zinc? | 8

Bottom ash with 20 — 30 wt.-% is the main product of the MSW incineration process (Belevi and
Moench 2000; Sabbas et al. 2003; Youcai 2017; Yin et al. 2018; Neuwahl et al. 2019) and is collected in
a quenching/cooling tank after the combustion chamber (Sabbas et al. 2003). The main components
of the bottom ash are vitrified particles and partly coarse-grained materials, which pass the
combustion chamber without any changes, e.g., glass, ceramics, stones, metals, and unburnt organic
matter. Heavy metals are especially enriched in the finer fraction of the bottom ash (Bunge 2014;

Youcai 2017).

Boiler ash is only partially entrained with the flue gas and remains in the boiler. It represents
0.4 wt.-% of the original waste input and is usually treated together with the fly ash (Belevi and Moench

2000; Neuwahl et al. 2019).

Residues of the flue gas treatment (FGT) consist primarily of pollutants in the gaseous phase, which
are trapped in solid particles after the cleaning process, including fly ash and air pollution control (APC)
residues. Accordingly, these residues are enriched in heavy metals, salts, and organic micro-pollutants

(Sabbas et al. 2003).

Fly ash makes up about 1 -5 wt.-% of the initial waste input (Belevi and Moench 2000; Chang and Wey
2006; Youcai 2017; Neuwahl et al. 2019) and is smaller in size than bottom ash. The dust and ash
particles generally consist of amorphous phases (silicate glass), oxides, and chlorides that are trapped
by the flue gas and pass the heat recovery units (Sabbas et al. 2003), as shown in Figure 2.2. Volatile
heavy metals are especially enriched in fly ash due to their low boiling point (Bogush et al. 2015). They
either condense on the surface of the ash particles or form new, non-volatile species during cooling on
the way from the combustion chamber to the flue gas treatment unit (Evans and Williams 2000;
Ferreira et al. 2003; Sabbas et al. 2003; Luo et al. 2019). In the first stage of the gas cleaning process,

the fly ash is removed by bag filters or electrostatic precipitators.

APC residues are generated in the next stage during the flue gas treatment of the remaining acid gases
and organic pollutants (Neuwahl et al. 2019). Basically, there are two different techniques: (1) dry and
semi-dry or (2) wet FGT. (1) In dry and semi-dry FGT, sorbents are fed into the flue gas stream to
compensate for the acidity introduced by the gases. During dry FGT, coke, hydrated lime, or sodium
bicarbonate with high porosity are injected as powder. In the case of semi-dry FGT, the sorbent is an
aqueous solution, i.e., milk of lime (Neuwahl et al. 2019). By spraying it into the flue gas stream, the
solution evaporates. Semi-dry methods are usually more efficient because the addition of the solution
is easier to control, and therefore less excess of alkaline reagents is needed, which decreases the total
volume of the APC residue. In both cases, the resulting residues are dry. (2) The wet treatment process
differs significantly. Flue gas is injected into a scrubber that usually contains water. There, the acid

gases dissolve, and a strongly acidic solution results (pH 0 — 1), especially enriched in Cl.
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For efficient flue gas cleaning, parts of the scrubber water must be constantly exchanged, and the very
acidic wastewater has to be treated. Usual methods are either neutralizing the wastewater with an
alkaline agent (i.e., milk of lime) and disposal of the solid remains or spraying the wastewater back into

the flue gas for evaporation in order to avoid wastewater treatment (Neuwahl et al. 2019).

The distribution (fractionation) of elements, and in particular the heavy metals in the respective

incineration products, depend on various parameters, which are (Neuwahl et al. 2019):

e combustion conditions (temperature, oxygen supply, furnace type, residence time)
e Cl-concentration in the waste
e flue-gas treatment (FGT) system
One main factor for the element distribution is the furnace technology, as it affects temperature,

oxygen supply, and residence time in the combustion chamber.

In general, the waste composition determines the total sum of elements that can be found in the
respective residues after the incineration process. Material flow analyses of the individual MSWI
components were performed, focusing on the heavy metals (e.g., Abanades et al. 2002; Ferreira et al.
2003; Youcai 2017). Belevi and Moench (2000) conducted a detailed study on this speciation.
Figure 2.3 shows that about 79 wt.-% of the initial waste input is transferred to the exhaust gas,

0.36 wt.-% to the boiler ash, 1.9 wt.-% to the FGT-residues, and about 19 wt.-% to the bottom ash.

Looking at the fractionation of heavy metals between the different types of MSWI residues, the major
part (> 80 wt.-%) of Co, Cu, Cr, Fe, Mn, Mo, and Ni, in addition to critical elements Ba, Li, P, and Ti, is
concentrated in the bottom ash. It also contains the main part (> 50 wt.-%) of As, and only minor parts
(< 25 wt.-%) of Cd, Pb, Sb, Sn, and Zn. The rest of these elements are distributed over the boiler ash
and FGT-residues. It is noteworthy that the main fractions of the heavy metals (Cd, Sb, Sn, Zn) and the
halogens (Br, Cl, F), including S, are concentrated in the FGT residues. In contrast, Pb and Cd are more
evenly distributed over all types of MSWI residues. The highly toxic and volatile Hg is mainly found in
the exhaust gas and the FGT residues. In the case of wet FGT, it is treated separately due to its

hazardousness.
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Figure 2.3: Mass transfer and fractionation of various elements in the exhaust gas, flue gas treatment
residues, boiler, and bottom ash after waste incineration in wt.-%. The figure is based on numbers from

Belevi and Moench (2000).

As shown in Figure 2.3, highly volatile elements are enriched in the fly ash, while less volatile elements
are accumulated in the bottom ash (Youcai 2017): with increasing furnace temperature, the
concentration of Zn, Cu, Cd, Pb, and Sn in the flue gas treatment residues rises (Belevi and Moench
2000; Youcai 2017), depending on the melting and boiling point of the respective metal
(Me)-compounds. Decreasing or low oxygen supply during incineration leads to an enrichment of Sn
and As and depletion of Zn, Cu, Mo, and Sb in the fly ash. The oxidation conditions have only little

effect on the fractionation of Cd and Pb (Belevi and Moench 2000).

The concentration of Cl in the waste has an enormous impact on the fractionation of Zn, Cu, Cd, Pb,
Sn, Mo, Sb, As; increasing Cl contents promote the accumulation of these metals in the fly ash (Belevi
and Moench 2000). This can be explained by the low boiling point of the respective Me-chlorides
(Youcai et al. 2002; Ferreira et al. 2003) and hence, a higher vapor pressure compared to the Me-oxides
(Abanades et al. 2002). The FGT system determines the distribution of the heavy metals in the flue gas

cleaning residues.

2.3. Treatment and utilization of MSWI fly ash
MSWI fly ash is considered the most hazardous fraction of the residues after the combustion process
because of its high content of potentially toxic pollutants such as heavy metals, easily soluble salts, and
POPs (Youcai et al. 2002; Zacco et al. 2014; Quina et al. 2018). According to the European Waste

Framework Directive 2008/98/EC (EU 2008) (article 7, list of waste), it is classified as hazardous,



11| Municipal solid waste incineration — fly ash as a potential resource for zinc?

marked by waste codes EWC 19 01 13* (fly ash containing hazardous substances) apart from EWC 19
01 14 (fly ash other than those mentioned in 19 01 13*).

In the course of time, various methods have been developed and proposed for the processing and/or
treatment of MSWI fly ash. In principle, these techniques can be distinguished according to their

objective: a) treatment and/or disposal, b) reuse in new products.

a) Treatment and disposal
Safe disposal of fly ash and APC residues is a priority in order to prevent the dissemination of pollutants
into the environment, as salts together with heavy metals, mainly Pb and Zn, can be leached upon
contact with water (Quina et al. 2008b). The solubility of heavy metals is dependent on pH; due to the
amphoteric properties of the metals, the concentrations may increase strongly at both high and low
pH values (Benassi et al. 2016). Fly ash is mostly filled into “big bags” and stored, e.g., in parts of salt
mines where backfilling is required (Huber et al. 2018), as shown in Figure 2.4, or underground caverns

to avoid contact with water and for stabilization (Quina et al. 2018).

Figure 2.4: Utilization of FGT residues stored in big bags for stabilization in parts of salt mines where

backfilling is required.

Various treatment methods have been developed to fix the pollutants before landfilling to minimize
the quantity of hazardous waste and thus reduce the disposal costs (Zacco et al. 2014; Youcai 2017).
The most used method worldwide for the entrapment of heavy metals in MSWI fly ash is the
stabilization/solidification (S/S) process (Bontempi et al. 2010; Zacco et al. 2014; Benassi et al. 2016;
Youcai 2017; Neuwabhl et al. 2019). This process utilizes chemical or solidifying agents such as cements,
iron oxides, phosphates, silicates, or organic acids to fix the pollutants in the matrix (Youcai 2017).
Portland cement is the most commonly used binder. In this case, the fly ash is mixed with cement and
water. This increases the weight and volume of the residue (Quina et al. 2008b) that finally has to be

disposed of.
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By washing the fly ash before S/S processes with neutral or basic water and thus removing soluble salts
containing heavy metals, the long-time stability of the cement can be increased, and its toxicity
reduced (Quina et al. 2008b). This effect is further enhanced by washing the fly ash with acids, as this
hydrometallurgical process promotes the dissolution of most metals in the fly ash (Quina et al. 2009).
Another possibility for treating MSWI fly ashes are thermal methods such as sintering, melting, or

vitrification by using additives; all these methods have a high energy demand (Quina et al. 2018).

b) Use as product phases
Fly ash from municipal solid waste can be exploited either by using it directly or by improving some
material specifications to manufacture a product, (e.g., Gianoncelli et al. 2013). Quina et al. (2018)
presented in their paper the following possible applications of MSWI fly ash: ceramic materials, glass-
ceramics, cement, secondary building materials, epoxy composites, zeolite-like material, adsorbent,

and thermal energy storage materials.

Various methods have been proposed to treat fly ash, such as separation techniques (based on
magnetic properties, size, or density), washing, carbonation, or stabilization, to improve the technical
properties of fly ash as a product or additive, and to reduce the hazard potential. Washing, for example,
removes highly soluble heavy metals with the salts. In most cases, however, fly ash is added to the
actual raw materials only in small quantities in order to avoid a negative influence on the chemical or
mechanical properties. For example, only 1 — 10 wt.-% fly ash can be added for the production of
ceramics (Quina et al. 2014b, 2014a; Jordan et al. 2015; Kizinievich et al. 2019). Even an addition of
5 wt.-% fly ash has a significant effect on the properties of the ceramics, among others, the heavy
metals contained in the ashes can be released to such an extent that local regulations cannot be met
(Kizinievich et al. 2019). The situation is similar in cement production. Between 5 — 15 wt.-% (Wang et
al. 2015) and 5 — 35 % of the dry mass of the fly ashes (Bogush et al. 2020), washed and unwashed,
were used for clinker production. With increasing addition of fly ash, the mechanical properties
decrease dramatically. Substitution of 35 wt.-% clinker with fly ash lead to a negligible compressive
strength of the cement after 28 days (Bogush et al. 2020). Moreover, it is not entirely clear to what
extent the heavy metals can be released through contact with water. A similar observation was made
in relation to the use of fly ash in brick production, where only 2.5 — 7.5 wt.-% ash was added. With
the increasing amount of added ash, the H,0 absorption in bricks increases, too, and the compressive

strength decreases.
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2.4. Fly ash — an anthropogenic resource for Zn?
The previous section shows that fly ashes are mainly disposed of in landfills for hazardous waste
because of their toxicity and soluble components. In consequence, the metals they contain are lost as
a resource. Recently, waste is increasingly discussed as a potential source for valuable compounds.
Especially Zn is enriched in the fly ashes. Table 2.1 shows the Zn-concentration in mg/kg of MSWI fly
ash from different countries. It shows that the Zn-concentration in MSWI fly ash varies significantly,
from 3000 mg/kg up to 70000 mg/kg Zn. The values differ even within a country. The Ca-content can
be by a factor of 10 higher than Zn, varying between 58000 mg/kg and 410000 mg/kg Ca. High Ca

contents are caused by the addition of milk of lime during wet or semi-dry/dry FGT.

Table 2.1: Zn- and Ca-concentrations of selected literature in mg/kg. It is marked if Ca was added during the

FGT (yes, no, no Info). The values were differentiated by country.

Zn Ca
Country Ca-Addition Reference
[mg/kg] [mg/ke]
31700 181000 no
Denmark Hyks et al. (2009)
9100 331000 yes
Italy 13293 58409 yes Benassi et al. (2016)
5826 243300 yes
4308 287300 yes
Portugal Quina et al. (2008a)
6367 349600 yes
4939 361600 yes
5500 315000 yes
3300 410000 yes
Sweden 5800 360000 yes Karlfeldt Fedje et al. (2012)
26000 210000 yes
55000 120000 no
22000 184000 no Belevi and Moench (2000)
26770 191500 no
48190 168900 no Weibel et al. (2017)
65170 151150 no
Switzerland 71190 143814 no
69345 140266 no
51940 176698 no Haberl et al. (2018)
61348 170870 no
62182 164105 no
Taiwan 9620 337660 no info Huang and Chuieh (2015)
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Table 2.1 (continued): Zn- and Ca-concentrations of selected literature in mg/kg. It is marked if Ca was added

during the FGT (yes, no, no Info). The values were differentiated by country.

Zn Ca
Country Ca-Addition Reference
[mg/kgl [mg/kgl
5800 260000 yes
7300 270000 yes
2600 224000 yes
7300 240000 yes
UK Bogush et al. (2015)
7100 270000 yes
7100 240000 yes
6600 230000 yes
3700 320000 Yes
49100 124100 no info Bayuseno et al. (2009)
39341 164602 no
28131 128259 no
Germany 33955 152039 no
Haberl et al. (2018)
9831 231367 no
8560 302880 yes
13126 110138 no
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The correlation between Zn-concentrations in fly ashes and Ca-concentration shows Figure 2.5, based
on the data listed in Table 2.1. Pure fly ash is generally enriched in Zn (> 20000 mg/kg Zn). In general,
the Ca-concentration — except for one sample — is always < 200000 mg/kg Ca. The effect of adding Ca
as milk of lime during semi-dry/dry treatment is evident as it leads to the opposite trend: in this case,
the Zn concentrations are generally low (< 10000 mg/kg Zn), while the samples are enriched in Ca
(> 200000 mg/kg Ca). The dilution leads not only to a decrease of Zn content but also of all other heavy
metals contained in the MSWI fly ash, a trend which is also observed during a long-time study of Haberl

et al. (2018).
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Figure 2.5: Zinc-concentration as a function of Calcium-concentration in mg/kg in MSWI fly ash in various
countries. The symbols indicate whether milk of lime was added (blue square) during FGT or not (grey circle)

or if no information was available (red triangle). Data is based on the literature listed in Table 2.1.

In two cases (red triangles (1) and (2) in Figure 2.5), no information was given by the authors regarding
the treatment process. However, based on the Ca concentration, it can be clearly assigned that sample
(1) represents an example of dry/semi-dry treatment and sample (2) pure fly ash. The most significant
deviation from this trend shows sample (3), where Ca was added according to the authors (Quina et
al. 2008b). The relatively low values of Zn and Ca are possibly the effect of incomplete digestion of the
sample and/or choice of the analysis method. Insufficient combustion conditions during incineration
can be excluded because of the very low Ca content of the sample. In total, these analyses show that

the concentration of heavy metals is high enough to be regarded as a potential source for Zn.
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3. State of the art

3.1. Recovery of metals from MSWI fly ash
Various concepts were developed with the aim to treat and utilize MSW!I residues, in particular focused
on bottom ash (e.g., Dou et al. 2017). However, fly ashes from MSWI should also be taken into account
because of their high zinc content, which may reach the grade of natural ore deposits (Richards 2019).
In recent decades, increased research has been conducted towards how elements from MSWI fly ash
can be recovered. In a review article, Quina et al. (2018) stated that not only the recovery of Zn, but
also Cu, other (precious) metals, P, and rare earth elements are in the focus of various treatment

processes.

As was shown before, MSWI fly ash is very inhomogeneous, and the composition varies significantly
day by day and season by season (see chapter 2.4.). Therefore, processes for the potential recovery of
zinc from fly ash have to be very robust to handle the aforementioned fluctuations in chemistry. In the
following sections, two methods are presented, focusing on the leaching of metals from MSWI fly ash

(e.g., FLUWA, section 3.1.1), and recovering Zn from MSW!I fly ash (e.g., FLUREC, section 3.1.2).

3.1.1. Leaching of metals from MSWI fly ash
There are two different types of studies that deal with the “accessibility” of heavy metals in fly ash:
Most of the studies were carried out to test the long-term stability of the fly ashes in contact with
water or acids, with the aim to predict the potential risk to the environment and thus making

recommendations for avoiding environmental pollution (e.g., Quina et al. 2009; Ni et al. 2017).

Recent studies focus on optimizing the extraction of metals from fly ash with the aim to recover the
metals contained by hydrometallurgical processes (e.g., Karlfeldt Fedje et al. 2010; Tang and Steenari
2015, 2016; Weibel 2017; Luo et al. 2019). In general, the highest leaching rates for heavy metals are
obtained by using acids (Karlfeldt Fedje et al. 2010; Tang and Steenari 2016). These processes strongly
depend on the extraction conditions, such as the type of acid, the addition of oxidizing agent(s), pH,
liquid to solid (L/S) ratio, extraction temperature, and time. For example, Tang and Steenari (2016)
achieved a yield of 70 % Cu, 80 % Zn, 93 % Cd, and 35 % Pb under optimal conditions using HCI, pH 2,

a L/S ratio of 20, a temperature of 20 °C and 20 h leaching time.

The acidic washing of MSWI fly ash is already in large-scale use in Switzerland since 1997 (Schlumberger
2010; Weibel 2017). This so-called FLUWA process has been further developed over the years and is
now state of the art in more than 60 % of waste incineration plants in Switzerland (Weibel 2017; Quina

et al. 2018). Prerequisites for the FLUWA process are MSWI plants equipped with a wet FGT system.
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In the first step of the process, the alkaline fly ash is mixed with the (Hg depleted) acidic flue-gas-scrub
water produced in the wet FGT process and then remains in a three-stage tank cascade for 60 minutes
each. Table 3.1 shows a typical elute composition obtained after the FLUWA process (Schlumberger
2010). One parameter to optimize the leaching conditions is the addition of H,0, as an oxidizing agent
to increase the yield of all metals, especially of the redox-sensitive metal Cu. Weibel et al. (2018)
obtained an optimal yield of 55 % Cu, 68 % Zn, 97 % Cd, and 62 % Pb by using HCI 5 % at pH 2.5, 60 °C
and addition of 30 L H,0,/t fly ash. The extraction of metals can be further enhanced by a second
leaching step using concentrated NaCl-solution (NaCl 300 g/I, pH 3.5, 85 °C), leading to a yield up to
81 % Cu, 78 % Zn, 100 % Cd, and 98 % Pb (Weibel et al. 2018).

Table 3.1: Typical composition of the elute after the FLUWA process. Values after Schlumberger (2010).

Matrix compounds Heavy metals
Element | Concentration [mg/l] | Element | Concentration [mg/I]
cl 30000 — 70000 Zn 4000 - 12000
F 200 - 600 Pb 500 - 2000
SOy 1000 - 5000 Cu 20-300
Ca 3000 - 12000 Cd 40-200
Mg 500 - 2000 Hg 0.003-0.01
Fe <5
Ni <1

The addition of H,O, promotes the oxidation of metals, e.g., Fe?* to Fe*, and promotes the
precipitation of Fe-hydroxide, which can be removed before further treatment (Weibel 2017). The
solids in the suspension are then separated from the liquid by using a vacuum-belt-filter, and the filter
cake depleted in toxic heavy metals and salts can be treated together with the bottom ash (Quina et
al. 2018). After the FLUWA process, the metal(s) in the filtrate are usually neutralized with milk of lime,
as a state-of-the-art treatment of heavy metals containing wastewater, which is an easy-to-apply and

cheap method (see also Anagnostopoulos and Heuss-ARbichler 2021).

3.1.2. Hydrometallurgical Zn-recovery from MSWI fly ash
A new process called fly ash recycling (FLUREC) is complimentary for FLUWA and was developed with
the aim to recover Zn as a valuable resource. This process was first described by Schlumberger et al.
(2007) and optimized over the last years (Weibel 2017). It is now in use on an industrial scale in a waste
incineration plant in Zuchwil, Switzerland (Schlumberger et al. 2007). The overarching goal of the
FLUREC process is the recovery of Zn as a high-grade metal (SHG, 99.995 % Zn) that can be used as
high-quality raw material. The hydrometallurgical process is divided into three steps: 1) cementation,

2) solvent-extraction, and 3) electrolysis.
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1) As the first step and in preparation for solvent extraction, all heavy metals except zinc are removed
by cementation. Therefore, Zn-powder is added to the metals enriched filtrate after the FLUWA
process. Hereby, according to the electrochemical series, all metals which are nobler than zinc are
reduced. The dissolution of metallic Zn°-powder leads to the precipitation of Cu® Pb° and Cd° as

cementate (see equation 3.1).
(3.1) Cd?*, Pb%*,Cu”t +37Zn° - cd® |, Pp° |,Cu’ | + 3 Zn?*

The filtered cementate has a high dry substance content (> 60 wt.-%) and can be sent to the smelter.

It is of interest due to its high content of Pb° (50 — 70 wt.-%) (Schlumberger 2010).

2) The selective extraction of Zn from the solution occurs by a solvent-solvent extraction process in a
counter-current mixer-settler setup. A chelating agent forms an organic complex with Zn, which is
insoluble in water and strongly pH-dependent. The optimal condition for Zn complexation is
pH 2.7 - 3.0 (Schlumberger et al. 2007). Another important parameter is the contact time of the
immiscible phases to form these complexes. The smaller the droplets, and hence the higher the contact
surface of the two phases, the faster the exchange. However, too small droplets cause a stable
suspension which inhibits the next step: the separation of the two liquid phases (Schlumberger et al.
2007). Under optimal conditions, 99.5 % of Zn can be stripped by this process. In the stripped solution,
< 25 mg/l Zn remains, which is then treated with milk of lime to meet the local regulations of discharge

(Schlumberger 2010). The remains of the organic phase in this solution need to be treated, too.

3) The next step is washing the loaded organic phase to remove impurities that would cause problems
during electrolysis. Finally, sulfuric acid (at adjusted pH) is added to re-extract Zn from the organic
phase to achieve a concentrated Zn-sulphate solution (> 160000 mg/l Zn). The organic phase is
regenerated for the complexing process (2) (Schlumberger 2010; Schlumberger and Biihler 2013). The
recovery of Zn is performed by electrolysis using an aluminum cathode and a titanium anode. By
applying a DC voltage, SHG zinc is deposited on the aluminum cathode as plates (99.995 % Zn) and
H,-, O2-, and traces of Cl,-gas are generated on the anode. These zinc plates can then be mechanically
separated from the aluminum cathode and sold. The generated gases are treated in-house. The
reaction tank is constantly filled with a Zn-rich solution to compensate for the loss of Zn during
electrolysis. Tang and co-workers also recognized the potential of combining leaching and selective
extraction of copper and zinc on laboratory (Tang and Steenari 2015) and pilot-scale (Tang et al. 2017).
They have developed a method similar to the FLUREC process by first leaching the metals with HCl and

then recovering first Cu and then zinc by solvent-extraction.
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3.2. The Specific Product-Oriented Precipitation (SPOP)
The Specific Product Oriented Precipitation (SPOP) can be a viable method for the recovery of Zn from
MSWI fly ash eluates after applying FLUWA. In contrast to precipitation with lime milk, treating
leachate wastewater from MSWI fly ash with an optimized SPOP process can produce residues with a

high potential for recycling.

SPOP is a novel concept for the recovery of metals from industrial wastewater. The SPOP process is
based on the ferrite process, which was developed in the 1980s primarily to purify laboratory
wastewater with low heavy metal contamination (Okuda et al. 1975; Tamaura et al. 1979, 1991).
Studies with highly contaminated wastewater having heavy metal concentrations up to 25000 mg/I
showed that SPOP is a suitable method to treat these wastewaters successfully (John 2016). Initially,
the process was developed for copper. Depending on the experimental setup and parameter settings,
Ferrite (solid solution series between Magnetite Fes0, and Copper-ferrite CuFe;Q,), Delafossite
(CuFe0,), Cuprite (CuO;), Tenorite (CuO), and/or metallic copper (Cu®) can be precipitated
(Heuss-ARbichler et al. 2016a, 2016b; John 2016; John et al. 2016a, 2016b, 2016c). Thereafter, the
method was applied to other SOs-rich and Cl-poor wastewaters containing various non-ferrous and

precious metals (Zn, Ni, Ag, Mn, Pb, Sn, Pd, Au), and the concept was further developed.

The chemical precipitation takes place under consideration of the mineralogy of the residues. The
controlling parameters are the concentration of the heavy metals in the wastewater, reaction
temperature, Fe?*-addition, alkalization conditions, pH-value, aging conditions, and addition/exclusion
of O, (John 2016). Various industrial wastewaters have already been successfully treated in
laboratories (Heuss-ABbichler et al. 2016a, 2016b; Huber et al. 2016; John 2016; John et al. 2016c; John
et al. 2016d; John et al. 2017; Heuss-ARbichler and John 2017) and first positive tests were performed
with a portable pilot plant (Anagnostopoulos and Heuss-ARbichler 2021). The metal recovery rates
were always very high (>99.9 %). Optimally, the precipitation products are free of hydroxides, which
means a significant reduction of the volume of the precipitates. The solids have the potential to be
used directly as a commercial product, or the material can be processed as an anthropogenic resource
in recovery facilities. Generally, after the process, the treated wastewaters comply with the regulations

for indirect or direct discharge.

3.3. Relevant Zn-phases in Cl-rich solutions
In nature, Zn-phases that contain Cl occur in the oxidized zones of Zn-sulfide deposits and at contact
zones of hydrothermal fluids with seawater (Anthony et al. 1997a, 1997b; Nasdala et al. 1998). They
may also occur as weathering products on Zn-bearing slags (Anthony et al. 1997c; Hawthorne and

Sokolova 2002), or as corrosion products of zinc in marine atmospheres (Almeida et al. 2000).
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Hagemann (2012) conducted a very detailed review on the easily soluble heavy metals Zn, Pb, and Cd
in saline solutions, identified data gaps in the literature, and complemented these gaps with laboratory
experiments. The aim was to better understand the processes occurring when waste dumps or other
contaminated sites are in contact with water to assess the potential hazard on the ground- and drinking
water resources. Based on the results, he developed a thermodynamic model and derived the stable

phases present under saline conditions.

In the system ZnCl,-NaCl-H,0, at concentrations > 55 wt.-% ZnCl,, Zn,(OH),Cl,-H,0 is the stable phase
and at lower ZnCl, concentrations, Simonkolleite Zns(OH)sCl>-H,0 is stable (Hagemann 2012). In the
presence of CO,, Simonkolleite is often observed as a corrosion product in NaCl-rich conditions with
high relative humidity and as the weathering product of Zn-bearing slags (Hawthorne and Sokolova
2002), although Hydrozincite Zns(COs),(OH)s would be the thermodynamic stable phase (Hagemann
2012). Hydrozincite always covered Simonkolleite in these cases, forming a layer that was permeable

to Cl and H,0 but not to hydrogen carbonate (Hagemann 2012).

In the System Zn-Cl,-SO4-H,0 under atmospheric conditions, basic Zn-Cl sulfates form as corrosion
products having OH/CI/SO,4 ratios ranging from 3:1:2 to 7:1:2 (Hagemann 2012). With sufficient
available Na, NaZn4(SO4)(OH)sCl-6H,0 is observed, known as Gordaite. Insufficient Na-availability leads

to the formation of Zn4(SO.)(OH)4Cl,-5H,0.

All these basic Zn-Cl sulfates have a layered structure and belong to the group of layered hydroxide
salts. The most relevant Zn-phases detected in the products of the experiments in this thesis are the
layered hydroxide salts Gordaite and Namuwite, as well as Bechererite and Zincite. Therefore, general
information about layered hydroxide salts, the relevant minerals, their crystal structure, and the

standard synthesis methods of these minerals are presented in the following.

3.3.1. Layered hydroxide salts (LHS)
Layered hydroxide salts (LHS) are part of the layered double hydroxides (LDH). LDH have the unique
property that they can contain exchangeable anions and water between the layers, which is why they
are also called anionic clays (Rajamathi et al. 2001). In general, the LDH are composed of modified
brucite-like layers (Wypych 2004; Arizaga et al. 2007). Figure 3.1 compares the Brucite structure with
that of the LDH and LHS. In Brucite (Figure 3.1a), Mg(OH),, the divalent Mg?*-ions are surrounded by
6 OH-groups and these structural units are corner-linked to each other, building the octahedral
hydroxide layer (Wypych 2004). These two-dimensional, neutrally charged layers are connected by van

der Waals forces (Rajamathi et al. 2001; Arizaga et al. 2007).

Layered double hydroxides have the general formula [M%1.,M3*(OH),][A™]x»'mH,0 (Rajamathi et al.

2001). The anion exchange property in LDH results from the partial isomorphic substitution of the



21| State of the art

divalent Me?*-ions by trivalent Me3*-ions, generating a positive charge of the layer (Choy and Park
2004). This positive charge is compensated by incorporating anions and water between the layers, as

shown in Figure 3.1b.

The layered hydroxide salts have the general formula [M%(OH),.][A™]ym-nH20, where M represents
mobile exchangeable bivalent metal-ions such as Cu?*, Zn?*, Ni?*, Co?*, Mn?*, Fe?*, Cd**, and others and
A is for anions, such as CI, NOs* and SO4* (Arizaga et al. 2007; Stanimirova 2019). In contrast to the
LDH, the LHS do not incorporate trivalent Me3*-ions in the octahedra to generate the charging of the
layer. Instead, vacancies are present in the octahedral layers that generate the positive charge. This
positive charge is compensated by tetrahedrally coordinated divalent cations that are located on top
and bottom of the octahedral vacancies, resulting in layers with the general composition
[Mo<ta , M3, (OH),]?* (Figure 3.1c). Anions and water are intercalated between the layers, which are
connected by weak electrostatic forces (Wypych 2004; Arizaga et al. 2007). The incorporation of the

ions between the layers changes the basal distance while the general structure is maintained (Arizaga

0000

et al. 2007).

a) Brucite Mg(OH),

basal
distance
LS
V
occupied
octahedral sites
y ‘\k 4
\
b) Layzered double hydrpxide s 3 o ?, «— hydrated anions A™
[M ‘l-st‘x(OH)ll[A" ]x/n' mHZO
(P ‘ ‘
V
Occupied

octahedral sites

+«———occupied tetrahedral site

Layered hydroxide salt

) [M2OH), JIA™ o nH;0

. counter ion

“——— water

N

A

\

occupied

octahedral site

\

unoccupied
octahedral site

Figure 3.1: Structural features of a) Brucite structure, b) layered double hydroxides (LDH), and c) layered

hydroxide salts (LHS).
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LHS are usually synthesized by mixing a metal oxide with the corresponding dissolved metal salt. If the
bivalent metal ion in the salt and the oxide differs, an LHS with the general formula
[M1.,Mey(OH)24][A™lym-nH,0 can form (Arizaga et al. 2007). Other synthesis methods are urea
hydrolysis, the controlled precipitation with an alkaline solution, and solid-state reactions involving

urea or hydrothermal reactions (Arizaga et al. 2007).

LHS are easily affected by environmental changes, such as changes in pH, Eh, the concentration of the
solution, component ratio, impurities, and other factors. Such changes can lead to decomposition of
the LHS, or they can be transformed into other LHS (Stanimirova 2019), e.g., in the presence of
Me-ions (Wang et al. 2019). A feature of the LHS are the application as ion-exchangers for the retention
of selective anions or incorporating cations, as additives in polymers, as precursors for metal oxides,

as anti-corrosives, or as matrices for catalysis (Arizaga et al. 2007).

3.3.2. Layered Zinc hydroxide salts (LHS)
Zinc hydroxy sulfate minerals belong to the LHS and were already studied regarding their complex
structural features (Groat 1996; Adiwidjaja et al. 1997; Hawthorne and Sokolova 2002; Ohnishi et al.
2007; Rastsvetaeva et al. 2012), corrosion of Zn (Odnevall and Leygraf 1993, 1994; Almeida et al. 2000;
Meng et al. 2019), corrosion protection (Stanimirova et al. 2016; Wang et al. 2019), thermal
decomposition (Bear et al. 1987; Adiwidjaja et al. 1997; Stanimirova et al. 2016; Gorodylova et al. 2017;
Delcheva et al. 2019), dehydration and rehydration (Stanimirova et al. 2017) and as ion-exchange
materials (Rujiwatra et al. 2001; Stanimirova 2019). Several studies show the potential application of
the Zn hydroxy-sulfate minerals as a precursor for ZnO (He et al. 2013; Machovsky et al. 2013; Moezzi
et al. 2013; Liang et al. 2015). Gordaite and Namuwite are two zinc hydroxy-sulfate minerals. Studies
of “zinc rust” show that these two minerals can form a protective layer on zinc and zinc alloys
(Stanimirova et al. 2016). Recently, Wang et al. (2019) found that well-dispersed Namuwite nanoplates
as coating are an effective corrosion protection due to their anion and cation exchange capacity: when
incorporating Na*, CI" and water into the structure, for example, Gordaite forms. Gordaite can
incorporate not only NaCl. It can also incorporate KCl, CaCl,, and SrCl,, forming a Gordaite analog

containing Cl and the cation of the respective salt (Stanimirova 2019).

3.3.2.1. Gordaite
Gordaite is a very rare mineral, observed for the first time in the oxidized zones of Cu-Zn sulfide
deposits, e.g., the Francisco Mine in Sierra Gorda, Chile (Adiwidjaja et al. 1997). It also occurs along
oxidized sections of a seafloor chimney, at the contact zone of hydrothermal fluids and seawater,
e.g., in the Juan de Fuca Ridge, Pacific Ocean southwest of Vancouver Island, Canada (Nasdala et al.

1998) or in Kupferschiefer heaps (Jahn and Witzke 1999). Various phases isostructural with Gordaite
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were observed as a secondary mineral in mines. It is also found as a corrosion product in Zn and
Zn-Mg-Al slag heaps exposed to a marine environment (Diler et al. 2014). The formation of Gordaite

was also reported as a result of the reaction of seawater droplets with zinc surfaces (Cole et al. 2008).

Gordaite NaZn4(SO4)(OH)sCl-6H,0 is a layered Zn-hydroxide salt with a trigonal space group P-3. The
first correct description was done in 1997 by Schliter et al. (1997). It crystallizes as platy, hexagonal
crystals that are translucent white to colorless. Figure 3.2 shows the layered crystal structure of
Gordaite with the main structural unit [Zns(OH)120,]*. It is a brucite-like octahedral hydroxide layer
with Zinc in the center. Every 7" octahedral site is vacant, and 1/7 of the hydroxides are substituted
by oxygen atoms of the sulfate group. On top and bottom of the vacancies are
[Zn(OH)sCl)* tetrahedrons located, with three OH-groups connected with the octahedral layer and a
Cl-ion on the apex of the Zn-tetrahedron. The Cl*-ion causes a negative charge of the hydroxide layers.
Charge balance is achieved by the incorporation of Na*-ions with a hydrate shell between the

hydroxide layers. The strong hydrogen bonds connect the layers (Adiwidjaja et al. 1997).
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Figure 3.2: Crystal structure of Gordaite in b-c projection. Structure after Adiwidjaja et al. (1997). The crystal

structure is created using the software VESTA 3 (Momma and Izumi 2011).

Many researchers have synthesized Gordaite in the laboratory (e.g., Stanimirova et al. 2017;
Maruyama et al. 2017b). For synthesis, 1g ZnO powder is mixed with 15 ml of a 1.5 mol/I NaCl and 15
ml of a 0.5 mol/l ZnSO, solution. The suspension is stirred for 120h, centrifuged, washed with deionized

water, and dried at room temperature in a desiccator.

Gordaite has both anion, and cation exchange capacities (Stanimirova et al. 2017), e.g., by replacing
the hydrated interlayer sodium cations with hydrated lithium cations (Maruyama et al., 2017a) and by
exchange of the CI" on the apex of the Zn tetrahedrons. Depending on the boundary conditions,
Gordaite can incorporate Na, K, Ca, Li, NH4, Sr, Ni, Co, Cu as well as Cl and Br (Burns et al. 1998; Jahn

and Witzke 1999; Area Maruyama et al. 2017a; Bowles et al. 2018; Mills et al. 2019; Stanimirova 2019).
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There are several examples observed in nature, showing that Zn in Gordaite can be completely
replaced. Jahn and Witzke (1999) observed Cuprian-Gordaite as a secondary mineral in the heaps of
Kupferschiefer ores, in which 50 % of the Zn is replaced by Cu. Kasatkin et al. (2018) described a
Co-analogue of Gordaite, Théresemangnanite, NaCo4(SO4)(OH)sCl-6H.0. A Ni-rich Gordaite-

Thérésemagnanite is know from Cap Garonne, France (Mills et al. 2019).

3.3.2.2. Namuwite
Namuwite (Zn,Cu)4(SO4)(OH)s-4H,0 is a basic zinc sulfate discovered in the Aberllyn lead mine in Wales
and first described by Bevins (1982). Later on, it was also observed in Laurion, Greece (Rewitzer and
Hochleitner 1989), in lower Saxony and Hesse (Schnorrer-Kéhler 1991a, 1991b) and in Tsumeb,

Namibia (von Bezing et al. 2008).

Namuwite is a trigonal layered hydroxide salt with space group P-3. It crystallizes either as hexagonal
plates or as trigonally-shaped needle-like crystals (Groat 1996). As shown in Figures 3.2 and 3.3, the
structure of Gordaite and Namuwite are closely related (Hawthorne and Sokolova 2002). The only
difference is that Namuwite contains instead of ClI" an H,O molecule at the apex of the Zn-tetrahedra.
Therefore, the incorporation of cations such as Na* into the interlayers for charge balance is not
necessary. Instead, water molecules are in the interlayer space, binding the octahedral sheets
together. Depending on the number of water molecules, three minerals with the general formula
Zn4(SO4)(OH)s:nH,0 can be distinguished; the pentahydrate (n=5) is known as Osakaite, the

tetrahydrate (n=4) as Namuwite, and the trihydrate (n=3) as Lahnsteinite.

The synthesis of Namuwite is very similar to that of Gordaite. First, 1g ZnO powder is mixed with 30ml
of a 0.5 M ZnSQ; solution and periodically stirred for 72h. After washing, the residue is dried at room

temperature (e.g., Stanimirova 2019).
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Figure 3.3: Crystal structure of Namuwite in b-c projection. Structure after Groat (1996). Structure plotted

using the Software VESTA 3 (Momma and Izumi 2011).
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3.3.3. Bechererite
Bechererite with the general formula (Zn,Cu)sZn2(OH)13[(S,Si)(0,0H).], was first described by Giester
and Rieck (1996). The usually light green to transparent mineral was found as a secondary mineral on
dump material of the Tonopah-Belmont mine in west-central Arizona associated with Willemite
(Zn3Si04), Rosasite ((Cu,Zn),[(OH)2|COs]), Hydrozincite Zns(CO3)2(OH)s, Smithsonite ZnCOs;,
Paratacamite (Cus(Cu,Zn)(OH)sCl,) and Boleite (KPbsAgoCu24(OH)asClez) (Giester and Rieck 1996).

Bechererite is trigonal with the space group P3. As shown in Figure 3.4, the structure of Bechererite is
similar to the LHS minerals Gordaite and Namuwite (Hawthorne and Sokolova 2002). It consists of
octahedral layers with every 7" octahedra vacant. In this case, the Zn-tetrahedra, which are located
on top and bottom of the vacancies, are connected over the corner. These [Zn,07]® pyro-groups make
the Bechererite structure more stable than the LHS, where the octahedral layers are connected via
hydrogen bonds. No procedure for the synthesis of Bechererite in the laboratory was found in the

literature.

octahedral layer
[Zngo(OH),.0.1"

Zn-tetrahedra

pyro-group
[Zn, O,

sulfate-group
[SO.J”

Figure 3.4: Crystal structure of Bechererite in b-c projection. Structure after Giester and Rieck (1996).

Structure plotted using the Software VESTA 3 (Momma and Izumi 2011).

3.3.4. Zincite
Zincite is a rare mineral in nature which may occur in non-sulfide zinc deposits as a result of supergene
oxidation of the primary sulfide mineralization. In general, Hydrozincite is observed together with
Smithsonite or Hemimorphite (Nuspl and Gutzmer 2009). One of the rare locations of Zincite are
Franklin and Sterling Hill Mines in New Jersey, together with other Zn-phases like Gordaite. The
observed assemblages of Zincite together with Willemite and Franklinite (ZnFe,0,) indicate specific
stability conditions, including high temperatures, a relatively high oxygen fugacity, a low sulfur activity,

and a low Quartz saturation (Brugger 2003).
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Zincite is hexagonal with the space group P6smc. Figure 3.5 shows the hexagonal wurtzite structure of

Zn0. The crystal structure consists of Zn- tetrahedrons corner-connected by oxygen atoms.

Figure 3.5: Crystal structure of hexagonal ZnO with wurtzite structure (Wikipedia 2008).

Zn0O as a chemical substance has exceptional physical and chemical properties and is suitable for a
broad field of applications. For example, ZnO is an antifouling and antibacterial material (Al-Fori et al.
2014; Gharoy Ahangar et al. 2015) and is often used in pharmaceuticals or cosmetics (Kolodziejczak-
Radzimska and Jesionowski 2014; Pasquet et al. 2014). In cosmetics, it is found as a colorant, for
bulking, skin protection, and as a UV absorber (SCCS Scientific Committee on Consumer Safety 2012).
In addition, ZnO is a group II-VI n-type semiconductor with a direct bandgap of 3.37 eV and a binding
energy of 60 meV at room temperature (Bacaksiz et al. 2008; Baruah and Dutta 2009; Chen et al. 2016).
These properties make especially nanocrystalline ZnO useful in the high technology sector as a
UV absorber, in photoelectronics as a field emitter, sensor, UV laser, or in solar cells as photocatalyst

and various other fields (Kolodziejczak-Radzimska and Jesionowski 2014; Ong et al. 2018).

The wide range of applications for ZnO has led to the development of numerous very different
synthesis methods. Educts that are used for synthesis include ZnCl,, Zn(CH3COQ),, Zn(NOs),, ZnSQO,, or
Zn 2-ethylhexanoate. ZnO can be synthesized metallurgically or mechanochemically, by controlled
precipitation reactions, via sol-gel methods, solvothermal and hydrothermal processes, emulsions,
microemulsions, and also by growing ZnO via vapor deposition, by using sonochemical methods or
microwave technology (Kolodziejczak-Radzimska and Jesionowski 2014; Ong et al. 2018). Most
chemical synthesis processes are very complex, and different additives such as surfactants, organic
solvents, or acids are necessary. In some cases, calcination/sintering of the intermediate product at
temperatures > 300 °C is required to synthesize ZnO (e.g., Ao et al. 2006; Zhang and Yanagisawa 2007).
John et al. (2016d) demonstrated the direct precipitation of nanocrystalline ZnO from SOs-containing
wastewater from the electroplating industry. They showed that Zn-containing wastewater could be

used as starting material for the hydrothermal synthesis of ZnO.
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Gorodylova et al. (2017) reviewed various studies on the thermal stability of layered Zn
hydroxychloride (Zns(OH)sClz-H,0), also called Simonkolleite, and its thermal decomposition into ZnO.
In their review, they cite Mata Arjona et al. (1967), among others, who had produced ZnO by
decomposition of Simonkolleite under vacuum at a temperature of 110 °C, and stated that ZnO is only
detectable from 140 °C onwards. Samanta and Mishra (2013) synthesized ZnO nanodisks at room
temperature by adding ZnCl; droplets into a 0.5M NaOH solution over 5 minutes, followed by 2 hours
of stirring. After filtration and washing, the residue was dried at 150 °C. In this case, the system is

H,0-dominated.

In summary, currently practiced wet chemical synthesis routines for Cl-rich media always involve an
intermediate phase, such as zinc hydroxide, zinc carbonate, or layered zinc hydroxide chlorides. These
intermediate phases are further treated to produce ZnO, either by placing it in an autoclave (Choi et
al. 2012), drying at elevated temperatures for several hours (e.g., Samanta et al. 2015) or calcination
at temperatures > 300 °C (Chen et al. 2008). All these processes have disadvantages: they are complex,
multi-stage processes, require high amounts of energy, and/or require reducing agents so that overall,
all processes are cost-intensive. Alternatively, ZnO can be directly obtained after several hours at aging
temperatures > 110 °C (Mata Arjona et al. 1967) or only as the main phase in a phase mixture

(Delcheva et al. 2019).

To date, no synthesis procedure has been presented to produce ZnO from Cl-rich solutions at

temperatures < 110 °C.

4. Material and methods
4.1. Real and synthetic leachate wastewater

4.1.1. Leachate wastewater of MSWI plant Germany
Over four years, nine “leachate wastewaters” were sampled, which were treated according to the
FLUWA process (see also Chapter 3.1.1.) at MSWI plant Ingolstadt, Germany. In order to monitor the
fluctuations, the most important matrix components (Na, K, Ca, Cl and SQ,) in the wastewater were

analyzed in addition to the heavy metals, see Table A.1 in annex.

The boxplot in Figure 4.1a shows the statistical distribution of the main matrix components. The values
including box (interquartile range, IQR), within which 75 % of all measured values lie, reflect the
fluctuation of the leachate wastewater within the investigation period. The comparison of the median
(long line in box) and the average (dot in box) displays to what extent the values are evenly distributed.
In general, most of the wastewaters from MSW!I Ingolstadt have Cl concentrations > 60000 mg/| and
Na-concentrations between 21000 mg/l — 31000 mg/l. The large IQR of the dominant matrix

components Na and Cl imply a high fluctuation of the concentration (Figure 4.1a). The deviation
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between median and average points to an uneven distribution of the measured values. Minor matrix
components are K, Ca, and SO, usually with concentrations in the range of 750 -10000 mg/|. The small
IQR and the similarity of the median and the average indicate minor fluctuations of these components.

In one wastewater, the SO4 concentration is with 15800 mg/| considerably elevated compared to the

other wastewaters.

Figure 4.1b gives an overview of the measured concentrations of the main heavy metals Zn, Pb, Cd,
and Cu in the FLUWA-eluates during the study period. The dominant heavy metal is Zn, with
concentrations of 700 mg/l — 3570 mg/l. The boxplot shows the extreme variation of Zn by a factor of
about 5 and an uneven distribution of values. Besides Zn, Pb is also enriched in the eluate with
concentrations varying between 70 mg/I - 1800 mg/I. The very high nonuniformity of the median and
mean values is due to a very high measured value of 1780 mg/l Pb (WW-G1). The concentrations of Cd

and Cu are usually < 100 mg/| in the leachate wastewaters from MSWI Ingolstadt.
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Figure 4.1: Fluctuation of (a) the matrix components (n=8) and (b) the main heavy metals (n=9) analyzed in
the leachate wastewaters from MSWI Ingolstadt, Germany, treated after the FLUWA process within the

study period 2016 - 2020. n = total number of samples for the respective measurement.

4.1.2. Leachate wastewater of MSWI plant Switzerland

Samples were also taken at a Swiss MSWI plant where the FLUWA-process is optimized and
cementation is applied to remove Pb, Cd, and Cu in preparation for hydrometallurgical Zn-recycling
using the FLUREC-process (see chapter 3.1.2.). Analyses can be found in Table A.2 in annex. One sample
(WW CH-1) was collected directly after the FLUWA process, and the other samples
(ZEM CH 1-3) were taken after cementation. Figure 4.2a provides an overview of the matrix
components in the Swiss wastewater eluates. The narrow IQR of the matrix components in the figure
shows that the concentrations of the components do not fluctuate remarkably. Dominant components
are Na and Cl with concentrations around 24000 mg/l and 65000 mg/l, respectively; SO, and
K concentrations vary between 10000 - 11000 mg/I, and minor amounts of Ca < 1000 mg/| are present

in the wastewaters. Figure 4.2b compares the concentration of the main heavy metals in the
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wastewater after FLUWA with the Swiss wastewater after cementation, where Pb, Cd, and Cu were
electrochemically removed. The comparison of the values before and after cementation clearly shows
the effectiveness of the cementation process for the removal of Pb, Cd, and Cu from the wastewater
(values < 10 mg/l). What stands out in Figure 4.2b are the high Zn-concentrations in the Swiss
wastewater > 12000 mg/I. This is partly caused by the addition of Zn®-powder for the cementation of

the other heavy metals.
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Figure 4.2: (a) Fluctuation of the matrix components (n=4) and (b) concentration of the main heavy metals
analyzed in Swiss leachate wastewaters after application of FLUWA process. The wastewaters ZEM CH-1,
CH-2, and CH-3 were sampled after applying FLUWA and cementation. n = total number of samples for the

respective measurement.

A comparison of the German and Swiss wastewaters can only be made with caution because of the
low number of analyses (n=4) of the Swiss wastewater than that of Germany (n=9). Furthermore,
cementation was applied to 3 out of 4 wastewaters from Switzerland, which was not the case in any
of the German wastewaters. Nonetheless, the concentration of the dominant matrix components of
both MSWI, Na and Cl, are similar, while the concentration of K is slightly elevated in the Swiss
wastewater. Accordingly, the matrix components seem not to be affected by the cementation process.
Significant differences can be found in the fluctuations of the matrix components: the IQR is
considerably smaller in all Swiss wastewaters, pointing to less variation in the matrix components. In
trend, the concentration of Ca in the Swiss wastewater is lower, whereas the concentration of SO, is

elevated compared to that of MSWI Ingolstadt, Germany.

The heavy metal concentrations from Germany (see Figure 4.1b) compared to the Swiss data
(see Figure 4.2b) illustrate the effect of an optimized FLUWA process. Comparing the untreated
leachate wastewater, the Swiss wastewater without cementation is significantly enriched with Zn by a
factor of about 5 to 6. Also, the other heavy metal concentrations differ: in Swiss wastewater, the
concentration of Pb and Cd is lower, and the Cu-concentration, at 360 mg/I|, is higher than in German

wastewaters.
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4.1.3. Synthetic saline aqueous solution (AQ)
The precipitation experiments in chapters 5.1, 5.2, and 5.3 were carried out using a synthetic aqueous
solution (AQ) to eliminate effects caused by additional elements, impurities, or organic matter. The
concentration of the matrix components Na, Ca, K, Cl, and SO, in the saline AQ is based on sample
WW-G1 from MSWI plant Ingolstadt (see Table A.1 in annex). The composition of the saline AQ s listed

in Table 4.1. Analytical grade chemicals were used to prepare the saline AQ.

Table 4.1: Composition of the saline aqueous solution (AQ) and the chemicals used for the experiments.

Element | Concentration [mg/l] | Educt Company, grade of purity

Na 30000 NacCl VWR, analytical grade

K 7000 KCl, Merck, analytical grade
CaClz . 2H20

Ca 4000 Merck, analytical grade
CaS04- 2H,0

SO, 2500 CaS0, - 2H,0 Merck, analytical grade

cl 70000 HCl 32 % Merck, analytical grade

First, HCl (32 %) was added to water with high purity (< 2 pS/cm). Then KCl, CaCl, - 2H,0, CaSO4- 2H,0,
and NaCl were added to the solution under continuous stirring. When all salts are dissolved, water of

high purity was added until the exact volume was obtained.

4.2, Experimental procedure and analytical methods

4.2.1. Experimental setting and procedure
Figure 4.3 shows the general experimental setup. The solution is contained in a beaker (1) and is stirred
mechanically (2). Temperature is set and controlled by a heating plate (3) using a Pt100 thermocouple
(4). Temperature and pH are simultaneously monitored by a titrator, either Titrator TL 7000 or Titrator
TL 7800 (5) from Sl Analytics (Xylem Analytics Germany, Weilheim, Germany), equipped with a Blueline
19 pH electrode (6) and Eh with a Blueline 31 Rx electrode (7). NaOH is added via a titration needle (8)
connected to the titrator. All parameters were set, controlled, and recorded with the Software Titrisoft

3.3 from Sl Analytics (9).
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Titrator

pH2
NaOH: 123.45 ml
Temperature: 30°C

Figure 4.3: Experimental setup: (1) Beaker containing the Me-rich solution, (2) mechanical stirrer, (3) heating
plate, (4) Pt100 thermocouple, (5) titration unit, (6) pH electrode, (7) Eh electrode, (8) titration needle,

(9) computer with Software SI Analytics.

The precipitation experiments were always carried out as follows: First, the solution was heated up to
reaction temperature under continuous stirring. When reaction temperature was reached, Zn was
added to the solution either as ZnCl, or ZnSQ4 - 7H,0 (Merck, Darmstadt, Germany, analytical grade).
When needed, Pb was added as PbCl, (Merck, Darmstadt, Germany, analytical grade). Afterward, the
solution was alkalized to pH = 9 by using an 8 molar NaOH. The 8M NaOH solution for alkalization was
prepared using pellets (Merck, Darmstadt, Germany, analytical grade) that were dissolved in deionized
water (< 2 uS/cm). After the precipitation, pH = 9 was maintained for at least 5 minutes. Subsequently,
the suspension was either filtered directly or first aged in a closed vessel at selected aging conditions
and then filtered. After filtration, one part was washed three times with deionized water (< 2 uS/cm),
while the other part was left untreated. Both residues were dried at room temperature for at least
24 h. Table 4.2 summarizes the main parameters of the experiments that were kept constant during
all experiments in the model system. It also includes the change in Cl and SO4 concentration due to the

addition of the Zn-salts.

Table 4.2: Main parameters for precipitation experiments that were kept constant.

Main Parameter

Zn-concentration 2000 — 2500 mg/I
Final pH 29

NaOH for alkalization 8M

Cl increase due to ZnCl, as educt +2170 mg/I

SO, increase due to ZnSO, + 7H,0 as educt +2940 mg/I
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4.2.2. Analytical methods

4.2.2.1. Water analysis

Cation analysis

The concentration of cations in the synthetic and real wastewater before and after the precipitation
experiments were determined using an ICP-OES or an ICP-MS. Analyses were performed according to
DIN EN I1SO 17294-2 (E29) by the Bavarian Environment Agency (Augsburg, Germany) using an ICP-OES,
type Optima 2000DV by Perkin Elmer, or by the Stadtwerke Miinchen (Munich, Germany) using an
ICP-MS, type 7500 from Agilent Technologies. Before every water analysis, an aliquot of the solution
was diluted to a measurable range, and 1 vol.-%-HNOs (VWR chemicals, 67 %, NORMATOM®) was
added. Due to the very high matrix concentrations, especially of Na and Cl in the solutions, the samples
needed to be diluted considerably. Therefore, the detection limit of the measurements is 2 mg/I. The
low concentration of the cation to be measured compared to the high concentration of the matrix and
in addition, interferences caused by the matrix composition, can cause high relative standard deviation
(RSD) of the measurements. All samples were prepared at the Department for Earth and

Environmental Sciences (DEES), LMU Munich (Munich, Germany).

Every sample was measured three times with an internal standard (Sc & Y), and the RSD was calculated.
When the detection limit is reached, no RSD is given. Equation 4.1 was used to calculate the removal
efficiency of the cations, i.e., how many of the heavy metal ions precipitate from the solution. When
Zn0 is the only phase that precipitates, this equation also reflects the reaction yield of ZnO from the

solution.

(4.1) removal ef ficiency of Zn [%] = reaction yield ZnO [%] = 100 — 2_1 * 100,

0

where cois the initial concentration and c; is the concentration after precipitation.
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Anion analysis
The concentration of Cl and SO4 in the real wastewater was determined by ion-chromatography at the
DEES, LMU Munich (Munich, Germany). For the measurements, all samples were diluted with

ultrapure water (18.2 MQ2) until they were in a measurable range.

Measuring conditions are listed in Table 4.3. To determine the RSD of the measurements, standards of
another batch were measured after calibration, and the RSD was calculated. The RSD for Cl and SO,

was always < 1 %.

Table 4.3: Measuring conditions for anion chromatography and RSD for Cl and SO,.

Flow rate 0.95 ml/min

Injection volume 25 ul

Elute 8 mM NaCO3/1.0 mM NaHCOs
Cell temperature 30°C

RSD Cl (%) <1

RSD SO (%) <1

RSD error propagation

Error propagation was calculated after Harris (2014) according to equation 4.2. The total relative

standard deviation (RSD) equals the sum of the squared RSD’s of the individual measurements.

(4.2) RSDotar[%] = /Z RSD[%]Z, ,

where RSDytal is the total relative standard deviation in [%] and RSDc is the RSD in [%] of the individual

measurement.

4.2.2.2. Mineralogical characterization
In order to assign and verify the phases in XRD and FTIR spectroscopy, we considered various literature
dealing with possible Pb and Zn compounds, such as phases observed in specific locations such as
Laurion, Greece (Gelaude et al. 1996), investigated for crystal structure and chemistry (e.g., Groat
1996; Adiwidjaja et al. 1997; Hoffmann et al. 1997; Hawthorne and Sokolova 2002), or found as

corrosion products (e.g., Santana et al. 2012).
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Powder X-ray diffraction (XRD)

The phase composition of the solid residues after the precipitation experiments was analyzed by X-ray
powder diffraction using a GE XRD 3003 TT with Bragg-Brentano geometry at the DEES, Section for
Crystallography, LMU Munich. The ground samples were measured on brass sample holders or on
zero-background quartz holders and rotated during the whole measurements for better counting
statistics. Operation conditions were 40 kV and 40 mA with a primary monochromator. For data

collection Cukes radiation (A= 1.540 A) was used. Measuring conditions are listed in Table 4.4.

Table 4.4: Conditions for X-ray diffraction measurements.

Parameter Brass sample holder Zero BG quartz holder
Scans 2 2

Step-width (°20) 0.013 0.013

Exposure time (s) 20 100

Range (°26) 5-80 5-80

The obtained diffraction patterns were compared with patterns from the Inorganic Crystal Structure
Database (ICSD, FIZ Karlsruhe, 2021) and the Crystallography Open Database (COD) (Downs and Hall-
Wallace 2003; Grazulis et al. 2009, 2012, 2015; Merkys et al. 2016; Quirds et al. 2018) using the

Software Match3!.

Fourier transform infrared spectroscopy

Phases with low crystallinity were analyzed using Fourier transform infrared spectroscopy (FTIR). Part
of the spectra were recorded on an EQUINOX55 using KBr-powder pellets and Software
OPUS 4.2 (Bruker) at the DEES, Section for Mineralogy, Petrology, and Geochemistry, LMU Munich. For
the preparation of the KBr-pellets, 1 mg of ground sample was mixed with 200 mg = 1 % KBr (Roth,
Karlsruhe, for IR-Spectroscopy), that was dried for at least 24h at 110 °C, and the mixture was pressed
into a pellet with 10 tons pressure for 1 min. The other spectra were recorded on a Spectrum Two
FT-IR Spectrometer equipped with a monolithic diamond GladiATR unit by Pike Technologies and
Software Spectrum 10 (PerkinElmer) at the DEES, Section for Crystallography, LMU Munich. Using this
setup, the ground sample can be measured without further sample preparation by applying the

powder directly onto the diamond of the ATR unit by a pressure device.
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All spectra were recorded in a range from 400 — 4000 cm™ with 4 cm™ spectral resolution and are
averaged over a total of 64 scans. The raw spectra were corrected for atmospheric interferences and
baseline, when needed. Assignment and deconvolution of the band maxima in the spectra was done
using the Software PeakFit. All spectra were normalized, and the fitted spectra were compared with
files of the database RRUFF (Lafuente et al. 2015) and the literature and cited accordingly in the results

sections of chapter 5.

Scanning electron microscopy

Selected samples were analyzed by scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) on a SU 5000 Schottky FE-SEM (Hitachi) at the DEES, LMU Munich. For best results,
the dispersion method was used for the sample preparation. A small amount of the ground sample
(< 0.5 mg) was added to isopropyl alcohol. The suspension was placed in an ultrasonic bath for
5 minutes to avoid agglomerates. The suspension was then dispersed on a silicon single crystal wafer
acting as sample holder. After drying, the sample holder was coated with 5 - 7 nm carbon (imaging and
EDX) or 5 nm gold (imaging) to ensure a conducting surface. The images were taken with accelerating
voltages of 4 - 5 kV and a working distance of 3.4 — 3.6 mm. Working distance for collecting the EDX

spectra was 10 mm.
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5. Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions

5.1. Influence of salinity and Pb on the precipitation of Zn: experiments in a model system at
temperatures < 40 °C

5.1.1. Purpose, scope, and nomenclature

John et al. (2016d) have already successfully recovered Zn from SQOs-containing wastewater as
nanocrystalline ZnO particles using SPOP. The effects of increased Cl-concentration and the presence
of another element such as Pb on the precipitation of phases have not yet been studied. Pb was chosen
because it is next to Zn the most abundant heavy metal in the fly ash eluates after the FLUWA see
chapter 4.1.1.). Therefore, experiments with a synthetic saline aqueous solution (AQ) of different
saline concentrations were performed. The aim was to study the influence of varying salinity and Pb

on the precipitation of Zn at temperatures < 40 °C.

Nomenclature: The first part of the nomenclature in this chapter represents the main element Zn. The
second, where necessary, indicates the concentration of Pb relative to Zn (cast as a percentage). The
last part of the nomenclature denotes the AQ of the experiment: “high” for the high saline, “med” for
the medium saline, and “low” for the low saline solution, e.g., Zn_10Pb_low denotes the experiment

with Zn and 10 % Pb (200 mg/I) in low saline solution.

5.1.2. Experimental series (Sets 1, 2, and 3)

Sets 1 and 2: Influence of salinity

Two experimental sets were conducted to investigate the influence of salinity. Table 5.1 summarizes
the composition of the AQ in the “Zn system” (Set 1). In Set 1, the Zn system, the impact of salinity on
Zn precipitation was studied. Aqueous solutions with three different compositions were applied: a low

saline, medium saline, and high saline AQ.

Table 5.1: Composition of the aqueous solutions (AQs) in the Zn System (Set 1).

Zn Pb Na K Ca SO, cl
Set | System | Experiment
[mg/1] [mg/1] [mg/1] [mg/l] | [mg/] [mg/1] [mg/1]
Zn_low 0 2900 0
1 Zn Zn_med 2000 0 3000 700 400 3150 7000
Zn_high 30000 7000 4000 5400 70000
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In Set 2, the Zn—Pb system, the influence of Pb on the precipitation of Zn in the three different AQs
was tested (Table 5.2). Therefore, 200 mg/l Pb was added (10 % Pb of Zn concentration). The “low
saline” solution in the Zn and Zn—Pb systems contained about 0 to 3000 mg/| sulfate and chlorine.
Concentrations in “medium saline” solutions varied between 7000 and 9200 mg/| chlorine and 250 to

3150 mg/l sulfate. “High saline” AQs contained = 70000 mg/I chlorine and = 2500 mg/| sulfate.

Table 5.2: Composition of the aqueous solutions (AQs) in the Zn-Pb System (Set 2).

Zn Pb Na K Ca SO, cl
Set | System | Experiment
[mg/ll  [mg/l  [mg/ll  [mg/ll [mg/l]  [mg/l] [mg/1]
Zn_10Pb_low 0 2200
2 Zn—Pb | Zn_10Pb_med | 2000 200 3000 700 400 250 9200
Zn_10Pb_high 30000 7000 4000 2500 72200

Set 3: Influence of Pb

Table 5.3 shows the composition of the AQ in the “Zn-Pb-salt system” (Set 3). The aim here was to
study the impact of Pb variation on the precipitation of Zn. The AQ in the Zn-Pb-salt system was always
high saline, and the Pb-concentration was varied from 100 to 800 mg/I. The reaction temperature was
30 °C for the Zn system (Set 1) and 40 °C for both, the Zn-Pb system (Set 2) and the Zn-Pb-salt system
(Set 3).

Table 5.3: Composition of the aqueous solutions in the Zn-Pb-salt System (Set 3).

Zn Pb Na K Ca SO, cl
Set | System Experiment
[mg/l]  [mg/l]  [mg/l] [mg/l] [mg/l] | [mg/l] @ [mg/]
Zn_5Pb_high 100 72200

3 Zn—Pb-salt Zn_10Pb_high 2000 200 30000 | 7000 4000 2500 72240

Zn_40Pb_high 800 72440

5.1.3. Results

5.1.3.1. Influence of salinity

Water purification
Table 5.4 summarizes the heavy metal concentrations of Sets 1 and 2 in the filtrates after the
experiments. The calculated removal efficiency of ions reflects the recovery of the heavy metals from

the solution. Thus, a high removal efficiency means that the metals are enriched in the precipitates.
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Table 5.4: Concentration (mg/I) and removal efficiency (%) of Pb and Zn after the experiments of Sets 1 and 2.

Conc.Zn | Removal Efficiency of Conc. Pb Removal Efficiency
Set | Experiment
[mg/1] Zn (%) [mg/1] of Pb (%)
Zn_low <0.05 >99.99 - -
1 Zn_med 0.60 99.97 - -
Zn_high 3.20 99.84 - -
Zn_10Pb_low | 81.24 95.94 6.48 96.76
2 Zn_10Pb_med | 0.30 99.98 0.29 99.85
Zn_10Pb_high | 1.22 99.94 0.8 99.60

Figure 5.1 gives an overview of the removal efficiency of Zn and Pb in the Zn system and the
Zn-Pb system. In the Zn system (Set 1), the removal efficiency achieved in the experiment with low
saline AQ was better than 99.9 %. With increasing salinity, the removal efficiency for Zn decreased,
even though it remained always > 99.8 %. After the experiment with high saline solution, the

concentration of Zn was 3.2 mg/| (see Table 5.4).
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Figure 5.1: Removal efficiency ranging from 95 — 100 % of Zn and Pb in dependence of salinity in the Zn
system (Set 1) and the Zn-Pb system (Set 2).

A different effect was observed in the Zn-Pb system (Set 2), with 10 % Pb added to the Zn-containing
AQ (see Figure 5.1). The experiment with low saline AQ shows the lowest removal efficiency among
the tested systems of 95.9 % for Zn and 96.8 % for Pb. The best results were obtained in the experiment
Zn_10Pb_medium performed with medium saline solution. After the experiment, >99.9 % Zn and

99.8 % Pb were removed. In high saline solution, however, the removal efficiency decreased again for
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both Zn and Pb, even though the result was better than in the experiment with low saline AQ.
In comparison with the Zn system (Set 1), the removal efficiency was even slightly better. After
precipitation, the chlorine concentration in the AQ did not change with increasing salinity, whereas

the concentration of sulfate decreased.

Mineralogical Characterization

XRD results

Zn system (Set 1): Figure 5.2 shows the change in the XRD pattern of the washed precipitates in the
Zn system. The XRD patterns show that the salinity of the solution has an impact on the precipitated
phases. The main phase in the experiment with low saline AQ was Zincite (ZnO) with sharp peaks at
31.94° 20, 34.44° 26, and 36.27° 20 and related minor peaks (COD-ID 9011662). At 8.53° 26, there was
a broad peak that matches the main reflex of Namuwite, Zns(SO4)(OH)¢-4H,0 (COD-ID 9001719). A
sharp peak with low intensity at 11.78 °26 corresponds to Bechererite with the general formula

(Zn,Cu)eZn,(0OH)13[(S,Si)(O,0H)4])2; the additional minor peaks were also observed.

relative Intensity, normalized

°20

Figure 5.2: XRD pattern (Cu Ka;) of the washed precipitates in the Zn system (Set 1) with increasing salt

content in the aqueous solution.

Zincite was not detected in the experiment with medium saline AQ (Zn_medium). The main phase was
Bechererite in addition to a minor amount of Namuwite. As shown in Figure 5.2, compared to
experiment Zn_low, performed with low saline AQ, the intensity of the Bechererite reflexes are

significantly higher.
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With increasing salinity, the concentration of chloride and sulfate increased in the precipitate. The
main phase in the experiment with high saline AQ was Gordaite (NaZn4(SO4)(OH)sCl-6H,0), with the
main peak (001) at 6.84° 26. A broad peak with low intensity next to the main reflex of Gordaite
indicates the main peak (001) of Namuwite. No other phases were detected in the XRD pattern of the

washed precipitate Zn_high.

Zn-Pb system (Set 2): Figure 5.3 shows the XRD pattern of the washed precipitates with increasing salt
content in the Zn-Pb system. The main phase in the experiment with low saline AQ is Zincite. In
comparison, the experiment with medium saline AQ shows lower overall intensities with broad peaks
of Bechererite and a differing proportion of Zincite main peaks. Small peaks at 24.68 °28 and 27.11 °26
could not be assigned to any known phase. In contrast to the Zn system (Set 1; Figure 5.2), Namuwite
was not detected in the experiments with low or medium saline AQ. A change in intensity of the Zincite

main peaks was also observed.

In the salt-rich experiment Zn_10Pb_high (Set 2), Gordaite was the main phase (see Figure 5.3).
A broad peak with low intensity next to the main peak of Gordaite indicates small amounts of
Namuwite. Other phases were not observed. No Pb-bearing phase was detected in all three

experiments with 10 % Pb, neither in the XRD patterns nor in the FTIR spectra.
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Figure 5.3: XRD pattern (Cu Ka;) of the washed precipitates in the Zn-Pb system (Set 2) with increasing salt

content in the aqueous solution.
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5.1.3.2. Influence of Pb in high saline solution

Water purification

Table 5.5 summarizes the heavy metal concentrations in the filtrates after the experiments of Set 3.

Table 5.5: Concentration (mg/Il) and removal efficiency (%) of Pb and Zn after the experiments of Set 3.

Conc.Zn | Removal Efficiency Conc. Pb | Removal Efficiency
Set | Experiment
[mg/1] of Zn [%] [mg/1] of Pb [%]
Zn_5Pb_high | 1.17 99.94 0.74 99.26
3 Zn_10Pb_high | 1.22 99.94 0.80 99.6
Zn_40Pb_high | 1.23 99.94 0.86 99.89

In Set 3, the effect of varying Pb concentration from 5 % to 40 % relative to Zn (2000 mg/l) in a high
saline solution was studied (see Table 5.5). As shown in Figure 5.4, variation of Pb did not have an
impact on the removal efficiency of Zn (99.9 %). With increasing Pb-content in the high saline solution,

the removal efficiency of Pb increased from 99.3 % to 99.9 %.

100.0

Zn Zn Zn
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99.3

99.2

100 200 800
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Figure 5.4: The dependence of Pb concentration on the removal efficiency ranging from 99.2 — 100 % in the

Zn-Pb-salt system (Set 3).

Mineralogical Characterization

XRD

Figure 5.5 shows the effect of a Pb ratio between 5 % and 40 % on the XRD pattern of the washed
precipitates in the Zn-Pb-salt system with high saline AQ. The XRD patterns of all experiments are very
similar. The reflexes match to Gordaite as the main phase. Starting with a concentration of 10 % Pb in

the solution, a broad peak appears next to the main peak of Gordaite, matching the (001) reflex of



Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions | 42

Namuwite. When 40 % Pb was added, the relative intensity of this reflex decreased. Additional reflexes
occurring in the XRD pattern match Laurionite (Pb(OH)Cl) with main peaks at 22.15 °26 (210),
27.06 °26 (111), and 35.49 °26 (301).
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Figure 5.5: XRD pattern (Cu Ka;) of the washed precipitates in the Zn-Pb-salt system (Set 3) with increasing

Pb content in high saline solution.

FTIR

Figure 5.6 shows the FTIR spectra of the washed precipitates from experiments with varying Pb
concentration in high saline AQ (Set 3). The variation of Pb from 5 % to 40 % shows only slight effects.
The relative intensity of the bands of Namuwite at 1158 cm™ and 1387 cm™ increased slightly with
increasing Pb concentration. This effect is observable at 390 cm™, too. Bands of Laurionite show no
change in their intensity and are always present. Bechererite bands show a slight decrease at 815 cm™.

A shift of the bands with increasing Pb content was not observed.
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Figure 5.6: Fingerprint area (400 — 1500 cm™) of the IR Spectra of the washed precipitates in the Zn-Pb-salt

system (Set 3) with varying Pb content.

5.1.3.3. Washing the precipitates

One part of the precipitates was always washed before mineralogical characterization to remove
water-soluble salts, such as Halite; the other part was left as is. In the experiments with low saline AQ,
no change of the XRD pattern was observed. However, after washing the precipitates obtained from

AQ with medium and high salinity, the XRD pattern differ.

Zn system (Set 1): Figure 5.7 shows the XRD pattern of the washed (_w) and unwashed (_uw)
precipitates of experiment Zn_medium. The XRD pattern of the unwashed sample exposes sharp peaks
of Gordaite as the main phase and minor peaks of Bechererite. After washing the precipitate, the XRD
pattern in the experiment with medium salinity in AQ differed considerably. Bechererite occurred as
the main phase together with smaller, broad peaks assigned to Namuwite. Gordaite was no longer

detected.
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Figure 5.7: XRD pattern (Cu Ka;) of the washed (_w) and unwashed (_uw) precipitates of experiment

Zn_medium (Set 1).

Zn-Pb system (Set 2): In the experiment with 10 % Pb added to AQ, the main phases of the unwashed
samples were Halite and Gordaite together with a small amount of Zincite and traces of Bechererite.
After washing the precipitate, Halite and Gordaite were no longer present, and Zincite and broad peaks

of Bechererite were observed.

Zn-Pb-Salt system (Set 3): No significant change in the phases was observed in the experiments with
high saline AQ and varying Pb content. After washing the residue, the intensity of the Gordaite peaks

slightly decreased, and that of Namuwite increased.

5.1.4. Discussion

5.1.4.1. Effect of salinity in the Zn and Zn-Pb system (Sets 1 and 2)
Figure 5.8 gives an overview of the experimental results. The increasing salinity in the AQ promotes
the formation of phases with higher sulfate, chlorine, and hydroxide in the structure. The various types

of Zn sulfate hydroxides reflect the increasing incorporation of Cl and SO, in the residue.
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Figure 5.8: Crystalline phases in the Zn system (Set 1) and the Zn-Pb system (Set 2) as a function of the salinity

in the AQ. +++ = high relative proportion, (+) = traces of the phase, - = not detected.

In the Zn system (Set 1), Zincite is only formed in low saline AQ together with low amounts of
Zn-sulfate-phase Namuwite. The high recovery rate > 99.9% for low saline AQ is in accordance with
John et al. (2016d). At optimum conditions, the authors obtained mainly Zincite nanoparticles and
noticed that the amount of co-precipitated phases, Smithsonite (ZnCOs) and Zinc-hydroxide (Zn(OH),),
was below the detection limit of XRD. The occurrence of Namuwite and the lack of Smithsonite or
Zinc-hydroxide in our experiment Zn_low is most probably due to the differing AQ composition. With
increasing salinity, at medium concentrations (7000 to 9200 mg/I chlorine, 250 to 3150 mg/| sulfate),
Zincite is replaced by Bechererite, whereas Namuwite is still present. An absence of Cu and Si does not
limit the formation of Bechererite; it solely affects the chemistry of the solid solution. The broad profile
of the Namuwite peaks indicates that this phase has low crystallinity (Le Bail 2008). At high salinity
(= 70000 mg/I Cl), Gordaite preferentially grows, which means the additional incorporation of Na, Cl,

and water into the crystal structure.

The addition of 10 % Pb to the AQ in the Zn-Pb system (Set 2) has a strong impact on the stability of
Zincite (see Figures 5.1, 5.4, and 5.8). The lower Zn removal efficiency observed in the presence of Pb
at low salinity indicates that Pb inhibits the precipitation of Zincite. However, the presence of Zincite
at medium salinity means that the stability field of Zincite can be enlarged significantly by adding Pb.
The changing intensity of the three main peaks of ZnO in low and medium AQs is a strong indication
for a changed morphology of the ZnO particles (Wu et al. 2007; John et al. 2016d). In the presence of
foreign atoms, the preferential growth of the ZnO nanostructure can be modified (Abdelmohsen et al.
2017). Furthermore, the low intensity of the reflexes in medium saline AQ is interpreted as a decrease

in the crystallinity or size of the phases. Changes in the crystal structure (atomic positions, occupancy,
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and texture) of the precipitates may also lead to a decrease in their intensity with respect to the
background (Dinnebier and Billinge 2008; Le Bail 2008). A lower content of Bechererite at intermediate
salt contents compared to the Zn system is obviously affected by the larger stability field of Zincite. In
contrast to the Zn system, the presence of Pb in the solution shifts the stability field of Namuwite to
higher Cl concentrations. Gordaite is the stable phase in the high saline AQ independently of the Pb-

concentration (see Figure 5.8).

5.1.4.2. Effect of Pb in the Zn-Pb-salt system

Figure 5.9 displays the formation of crystalline phases with varying Pb concentration. The experiments
in the high saline Zn-Pb-salt system show that Pb has no impact on the removal efficiency of Zn.
Furthermore, the removal efficiency of Pb increases with higher Pb concentration in the solution, even
though Pb-containing phases were only detected at 40 % Pb by XRD. The absence of Laurionite at
<40 % Pb in AQ implies that a sufficiently high concentration of Pb in the solution is necessary to form
a distinct Pb-containing phase that can be detected via XRD. The very similar IR spectra of the three
experiments in Figure 5.6 show that almost all bands of Gordaite, Namuwite, Bechererite, and
Laurionite are superimposed. Therefore, it also seems possible that Laurionite is already present at
lower Pb concentrations < 40 % but is not detected because the content lies below the detection limit
of XRD, which is approximately at 3 wt.-%. These results correspond very well with observations in
natural environments, as Laurionite is only observed in the presence of salt in rocks. Regenspurg et al.
(2015) identified Laurionite in highly saline geothermal fluids from a Permian Rotliegend reservoir.
They concluded that the formation of the Pb-hydroxychloride is favored at pH values above 7.2 and

low temperatures (Regenspurg et al. 2015).
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Figure 5.9: Crystalline phases in the Zn-Pb-salt system (Set 3) as a function of Pb concentration in the AQ.

+++ = high relative proportion, (+) = traces of the phase, - = not detected.
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Another possible explanation for the improved removal efficiency of Pb is its incorporation in the
structure of the mineral phases, such as Gordaite, Bechererite, or Namuwite. lon exchanges should be
detectable with XRD or FTIR because of the differing size of the ions. However, we observed no shift
in the position of the reflexes in XRD or bands in the FTIR pattern. The minor changes in the intensity
of the (001) reflex of Namuwite in the experiment with 10% Pb point rather to changed stability fields

of Namuwite at the expense of Bechererite.

In general, the substitution of Pb2* by Zn?* is not expected since, compared to Zn%, the ionic radius of
the Pb? ion in an octahedral environment is too large. However, all these minerals - Gordaite,
Bechererite, and Namuwite - have a sheet structure with hydrogen bonds between the layers, which
allows for higher flexibility of the structure. Thus, ions such as Pb?* can substitute vacancies and may
replace Zn?" in the structure. Maruyama et al. (2017a) synthesized Gordaite and studied the exchange
capacity with Ca, K, and Li. They concluded that Gordaite has high potential as a cation exchanger

layered hydroxide salt.

5.1.4.3. Effect of washing the precipitates

A dependency between washing the precipitates and Pb concentrations could not be found. There is
no change of intensity in the XRD patterns of Laurionite. The same was observed for Zincite; we could
not find a difference in the XRD pattern of Zincite after washing. However, the comparison of the
washed and unwashed XRD patterns showed that the Cl-rich phases of Gordaite and Halite
disappeared after washing with pure water. This effect is very reasonable for Halite because of its high
solubility in water. Gordaite, however, is not soluble in pure water. Maruyama et al. (2017b) also
washed their precipitates after synthesis, and the Gordaite did not disappear. Comparing the XRD
pattern of the Zn_medium unwashed and washed (Set 1) residues showed no change for Bechererite.
However, the disappearance of Gordaite after washing was accompanied by the occurrence of
Namuwite with broad peaks. The washed precipitates of both the Zn-Pb system (Set 2) and the
Zn-Pb-salt system (Set 3) show the same trend; the only difference is the changed intensity of the
phases, with the highest effect observed at medium salinity. The lower intensity observed in medium
saline AQ is interpreted as a decrease in the crystallinity or size of the phases. Changes in the crystal
structure (atomic positions, occupancy, and texture) of the precipitates may also lead to a decrease in

their intensity (Dinnebier and Billinge 2008; Le Bail 2008).

According to Hawthorne and Sokolova (2002), the structures of Gordaite, Namuwite, and Bechererite
are closely related as they all contain alternating sheets with octahedral and tetrahedral sites
(homeomorphic to graph 4b of Hawthorne and Schindler (2000)). Figure 5.10 shows the generic
structure for Gordaite and Namuwite. Zn occurs mainly in the center of the tetrahedrons and partly in

the center of the octahedrons. Bechererite has six octahedrally coordinated cations, and every seventh



Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions | 48

octahedron is vacant. Furthermore, two tetrahedrally coordinated Zn cations form a pyro-group
leading to a very ordered structure of this mineral phase (Hawthorne and Sokolova 2002). Therefore,

Bechererite can be excluded as an exchange product of Gordaite.
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Figure 5.10: Structure of Gordaite (left, after Adiwidjaja et al. (1997)) and Namuwite (right, after Groat

(1996)) along the c-axis; crystal structures were created with the software VESTA (Momma and Izumi 2011).

The sheet-like structures of Gordaite and Namuwite consist of alternating sheets with tetrahedral and
octahedral sites. In Gordaite, CI- atoms (see Figure 5.10a, left) occupy the tip of the tetrahedron,
resulting in a negative charge, which is balanced by incorporating Na*-ions between the layers. The
Na*-ions are octahedrally coordinated, surrounded by six water molecules, and held by hydrogen
bonds. This means that the intercalated Na* ions are weakly bonded between the sheets. The structure
of Namuwite is comparable; it also has the sequence tetrahedron — octahedron — tetrahedron,
connected via hydrogen bonds; but in contrast with Gordaite, it does not include Na* and CI™ in the
structure (see Figure 5.10, right). Therefore, we suggest that washing the precipitate with pure water
removes the Na* ions from the structure. Without the missing charge, CI” in the tetrahedrons of
Gordaite is substituted by OH™. Rearrangement of the structure leads to the formation of low
crystalline Namuwite. Our results show that, even at high salinity in the AQ, Gordaite may be
transferred to Namuwite. After washing with pure water, the intensity of Gordaite reflexes slightly
decreased, whereas that of Namuwite increased. This trend is in agreement with (Maruyama et al.
2017b). They detected small amounts of Osakaite (Zn4(SO4)(OH)e-5H,0) in their synthesized residue.

Drying at room temperature on air can lead to Namuwite, a partially dehydrated derivative of Osakaite.
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5.2. Direct precipitation of ZnO from synthetic, saline AQ at temperatures <90 °C

5.2.1. Purpose, scope, and nomenclature
In this chapter, two methods are presented to achieve ZnO directly from synthetic saline AQ at
temperatures < 90 °C. Accordingly, two sets of experiments were carried out to show the effect of (a)

the reaction temperature (Set 4) and (b) the alkalization rate (A) (Set 5) on the precipitation of phases.

Nomenclature: The experiments and the corresponding samples were named according to the
following scheme. The first part in the nomenclature stands for the main element Zn. The second part
is the reaction temperature in °C. Alkalization rate (A1, A2, A3) is on the 3rd position, with
Al > A2 > A3. When the residue is not washed, it is marked with “_uw”. No suffix indicates that the
residue is the fresh filtered precipitate, washed three times with deionized water (< 2 uS/cm)
immediately after precipitation. For example, Zn_30 °C_A2 refers to the fresh, washed precipitate of
the experiment with Zn in synthetic saline AQ, performed at a reaction temperature of 30 °C using the

medium alkalization rate A2.

5.2.2. Experimental series (Set 4 and 5)

Set 4: Effect of reaction temperature

In Set 4, six experiments were performed to investigate the influence of the reaction temperature on
the obtained precipitation products in the saline AQ. The reaction temperature was varied from 30 °C
to 80 °C (Table 5.6). All experiments were alkalized with the medium alkalization rate A2. The reaction

volume was 250 ml, except for experiment Zn_30 °C_A2, where the volume was 500 ml.

Table 5.6: Experimental Set 4 with varying reaction temperature.

Reaction-temperature | Alkalization Volume
Set | Experiment
[°C] rate A [ml]

Zn_30°C_A2 | 30 500

Zn_40°C_A2 | 40

Zn_50°C_A2 | 50

Zn_60°C_A2 | 60 250

Zn_70°C_A2 | 70

Zn_80°C_A2 | 80

Set 5: Influence of the alkalization rate (A)

The second experimental set (Set 5) was conducted to investigate the effect of alkalization rate (A) on
the precipitation of phases from the saline AQ. Table 5.7 gives an overview of the experiments. Three

different A’s were tested: fast A1 was carried out at 35 °C, medium A2 at 30 °C, and 60 °C with ZnCl,
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as educt and 250 ml reaction volume. The slow A3 was used at 60 °C and 90 °C, respectively. In this

case, the reaction volume was 400 ml, and ZnSO4-7H,0 was used as educt.

Table 5.7: Experimental Set 5 with different alkalization rates.

Reaction-temperature | Alkalization Volume

Set | Experiment Zn-Educt
[°c] rate (A) [mi]
Zn_35°C_A1l 35 Al 250 ZnCl;,
Zn_30°C_A2 30
A2 250 ZnCl,
5 Zn_60°C_A2
60
Zn_60°C_A3
A3 400 ZnS04-7H,0
Zn_90°C_A3 90
5.2.3. Results

5.2.3.1. Temperature dependence (Set 4)

Water purification

Table 5.8 presents the Zn-concentrations in the filtrates of Set 4 experiments in dependence of
reaction temperature at medium alkalization rate (A2) using 2000 — 2500 mg/l Zn as ZnCl, in a saline
AQ and the calculated removal efficiencies. A high removal efficiency implies low Zn concentrations in

solution and high Zn concentrations (enrichment) in the precipitate.

Table 5.8: Concentration in the filtrate and removal efficiencies of Zn in Set 4 in dependence of reaction

temperature.

Zn initial | RSD | Zn in filtrate RSD | Zn-removal RSD
Sample

[mg/1] [%] | [mg/l] [%] | efficiency [%] | [%]
Zn_30°C_A2 2561.8 6.0 20.5 5.0 99.2 7.8
Zn_40°C_A2 2225.9 51 253 51 98.9 6.3
Zn_50°C_A2 2007.6 15 20.9 3.7 99.0 7.7
Zn_60°C_A2 2232.8 3.5 <2 - 99.9 -
Zn_70°C_A2 1984.0 4.7 <2 - 99.9 -
Zn_80°C_A2 1998.7 0.5 <2 - 99.9 -

Low Zn concentrations (< 2 mg/l) were analyzed in the filtrates of the experiments with reaction
temperatures 260 °C. This corresponds to a removal efficiency of 99.9 %. At lower reaction
temperatures < 50 °C, the removal efficiencies varied between 98.9 % (Zn_40 °C_A2) and 99.2 %
(Zn_30°C_A2). The highest Zn concentration in the filtrate (25.3 mg/| Zn) measured after the treatment
process — and thus also the lowest Zn removal efficiency of 98.9 % — was obtained in experiment

Zn_40°C_A2, performed at 40 °C.



51| Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions

Mineralogical characterization of Set 4 phases

XRD results

In the unwashed samples of Set 4 is Halite (NaCl) the main phase. Comparing all unwashed samples
shows that the relative intensity of Halite in the XRD pattern decreases with increasing reaction
temperature. Figure 5.11 shows the effect of washing in comparison to an unwashed residue using
Zn_40 °C_A2 as an example. The absence of Halite (COD-ID 9008678) in the washed sample shows that
the water-soluble NaCl was completely removed by washing. This effect was observed in all
diffractograms. Furthermore, in the unwashed sample, the Halite reflexes overlay those of the other
phases. After washing the precipitate of experiment Zn_40 °C_A2, the main phase is Gordaite
(NazZns(SO4)(OH)6Cl-6H,0), with main reflex (001) at 6.84° 20 and related minor peaks
(COD-ID 9011511). An additional peak appears at 8.53° 20 that matches the main reflex (001) of
Namuwite, Zny(SO4)(OH)s-4H,0 (COD-ID 9001719). Furthermore, three small peaks at 31.57° 26,
34.37° 26, and 36.13° 20 are observed, that can be assigned to the main reflexes of ZnO

(COD-ID 9011662).

(001)

¢ ¢ o Washed

relative Intensity, normalized

Jw ) unwashed

20 40 60 80
°20

Figure 5.11: XRD pattern of the washed (red, upper) and the unwashed (black, lower) precipitates of sample
Zn_40 °C_A2. G = Gordaite, N = Namuwite, Z = Zincite, H= Halite.
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Figure 5.12 shows the XRD patterns of all washed, fresh precipitates from Set 4 experiments depending
on reaction temperature (30 °C — 80 °C). In general, three phases can be observed: Gordaite,
Namuwite, and Zincite. The phase assemblage in the samples changes systematically, depending on

the reaction temperature.

At 30 °C, only Gordaite can be observed in the diffractogram, and no matching reflexes of Namuwite
and ZnO were observed. In contrast, at 40 °C, all three phases, Gordaite, Namuwite, and Zincite, are
present. The (001) reflex of Gordaite is broadened, and a hill at 8.53° 26 matches the main reflex (001)
of Namuwite, and small amounts of Zincite are indicated by the low intensity of the main reflexes.
With a further increase of reaction temperature, the relative proportion of Gordaite decreases, while
that of Zincite increases. At 50 °C, Zincite is the main phase, and at reaction temperatures of 60 °C and
above, only Zincite can be detected. As shown in Figure 5.12, all peaks of the Zincite pattern are broad.
With decreasing temperature from 80 to 40 °C, the width of the ZnO peaks increases slightly, and the
relative intensity of the (002) ZnO main reflex at 34.37° 20 increases too. At 80 °C, the (002) and (100)
reflexes have equal relative intensity, whereas at 50 °C, the relative intensity of the (002) main reflex

of ZnO is highest.
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Figure 5.12: XRD pattern of the fresh washed precipitates from Set 4 with increasing reaction temperature

from 30 to 80 °C; G = Gordaite, N = Namuwite, Z = Zincite.
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FTIR spectroscopy

The phases of Set 4 determined by FTIR present the same trend in dependence of reaction temperature
as already observed by XRD. As shown in Figure 5.13, at low temperatures < 40° C, the fresh
precipitates show band positions that can be assigned to Gordaite (Stanimirova et al. 2018). In
addition, bands with low intensity at 669 cm™, 783 cm™, 955 cm™, and 1080 cm™can be assigned to
Namuwite (Stanimirova et al. 2018), with other bands superimposed by Gordaite bands.
All spectra show weak bands in the region of 3500 cm™, which match the O-H bands of Gordaite. With
increasing reaction temperature, the intensity of the OH-bands decreases, and at 70 °C, they are no
longer visible. At 40 °C (Zn_40 °C_A2), additional bands of low intensity indicate the presence of Zincite
(Chukanov 2014). At reaction temperatures > 50 °C, Zincite is the main phase of the FTIR spectra. Two
very weak bands observed at 1400 cm™ and 1501 cm™ can be assigned to C-O bands of Hydrozincite,

Zns[(OH)s | (COs),] (Prosek et al. 2007).

GG
HZ & o Zincite
. . _——80°C .
T Gordaite
Hz /5 b e - Namuwite

- Hydrozincite

70°C

60°C

e —

S

At}_ =z “"\

transmittance, normalized [%]

I i . I . 1 YA

500 1000 1500 "7 3500 4000

wavenumber A [cm]

Figure 5.13: FTIR-spectra of fresh precipitates of experiments Set 4 in dependence of reaction temperature

from 30 - 80 °C. G = Gordaite, N = Namuwite, Z = Zincite, HZ = Hydrozincite.
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5.2.3.2. Dependence on alkalization rate (Set 5)

Water purification
Table 5.9 shows the initial Zn concentration in starting solution and that in the filtrate after the
precipitation reaction of Set 5 as a function of the alkalization rate. It includes the calculated removal

efficiencies of Zn.

Table 5.9: Zn concentration in filtrates and calculated removal efficiencies of Zn of Set 5, dependent on three

different alkalization rates and temperatures.

Initial Zn-concentration RSD | Zn in filtrate | RSD | Zn-Recovery RSD
ame [mg/1] [%] | [mg/l] (%] | [%] [%]
Zn_35°C_A1 1964.7 1.8 5.6 6.3 99.7 6.6
Zn_30°C_A2 2561.8 6.0 20.5 5.0 99.2 7.8
Zn_60 °C_A2 2232.8 35 <2 - 99.9 -
Zn_60 °C_A3 1837.9 0.5 36.0 2.0 98.0 21
Zn_90 °C_A3 1812.9 0.6 11.1 3.9 99.4 4.0

In general, in all experiments of Set 5, the Zn-removal efficiencies are above 99% with one exception:
Experiment Zn_60 °C_A3 showed a Zn-removal efficiency of “only” 98.0 %. After the experiments, the
Zn concentrations in the filtrates vary between < 2 mg/| Zn (experiment Zn_60 °C_A2) and 36.0 mg/|
Zn (experiment Zn_60 °C_A3). It is noteworthy that these two distinctly different Zn concentrations
were obtained in experiments performed at the same reaction temperature but with different
alkalization rates. At a lower temperature (35° C) but significantly higher alkalization rate (A1), 5.6 mg/I
Zn was detected in the filtrate after precipitation (Zn_35 °C_A1), corresponding to a removal efficiency
of 99.7 %. In contrast, at the same alkalization rate, the removal efficiency increased with increasing
reaction temperature, as shown by the following experiments: At a low alkalization rate (A3), the

removal efficiency increased from 98 % at 60° C (Zn_60 °C_A3) to 99.4 % at 90 °C (Zn_90 °C_A3).

Mineralogical characterization of Set 5 phases

XRD results

The XRD pattern of the fresh precipitates from Set 5 show either Gordaite or Zincite as the main phase
depending on the reaction conditions. As shown in Figure 5.14, at a slow alkalization rate (A3), Zincite
was only observed at 90 °C (Zn_90 °C_A3). A broad hill at approx. 8.5 °26 matches with the main peak
of Namuwite. No other phases were detected in the diffractogram. In comparison, at the same

alkalization rate and lower reaction temperature of 60 °C, Gordaite is the main phase (Zn_60 °C_A3).
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With medium alkalization rate A2, only Zincite was observed at 60 °C (Zn_60 °C_A2), but not at 30 °C,
where Gordaite is the main phase (Zn_30 °C_A2). At the fast alkalization rate (A1), Zincite was already

detected at a reaction temperature of 35 °C (Zn_35 °C_A1).

The comparison of the XRD pattern Zn_35 °C_A1 over Zn_60 °C_A2 to Zn_90 °C_A3 shows that the
peak width of Zincite increases with increasing temperature and decreasing alkalization rate. The
intensity of the three main peaks of Zincite changes, too. In the experiments Zn_35 °C_Al and
Zn_90 °C_A3, the (101) reflex of Zincite is highest, while in the experiment Zn_60 °C_A2, the intensity
of the (002) reflex is highest. This change in relative intensity of the ZnO main reflexes was also

observed in Set 4.
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Figure 5.14: XRD pattern of Set 5 precipitates dependent on temperature and alkalization rate (A).
G = Gordaite, Z = Zincite (ZnO).

FTIR Spectroscopy

A comparison of the FTIR spectra of Set 5 shown in Figure 5.15 confirms the results of the XRD. Zincite
is the only phase detected by FTIR at 90 °C and slow A3 (experiment Zn_90 °C_A3). Under the same
alkalization rate (A3) but 60 °C reaction temperature (experiment Zn_60 °C_A3), Gordaite is the main
phase. At a medium alkalization rate (A2) and a reaction temperature of 60° C, ZnO is the main phase
observed in the FTIR spectra. At A2 and 30 °C, however, Gordaite is the main phase. In the experiment
performed at 35 °C and alkalized with the fast A1 (Zn_35 °C_A1), Zincite was identified as the main

phase.
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The FTIR spectra with ZnO as the main phase (experiments Zn_90 °C_A3, Zn_60 °C_A2, and
Zn_35 °C_A1) show the following common features. Weak bands at 505 cm™ and 525 cm™ and around
3340 cm™-3505 cm™ indicate remains of Gordaite. Comparing these spectra shows that the Gordaite
bandsin the experiment Zn_35 °C_A1 have the lowest relative intensities. With increasing temperature
and decreasing alkalization rate, the relative intensity of the absorption bands of Gordaite increases
indicating a higher proportion of Gordaite. Weak bands at 1400 cm™ and 1501 cm™ observed in the
experiments Zn_35 °C_A1l and Zn_60 °C_A2 are assigned to Hydrozincite. These bands were not

observed in experiment Zn_90 °C_A3.

In the two experiments with Gordaite as the main phase, the proportion of Gordaite is higher in
experiment Zn_60 °C_A3 than in experiment Zn_30 °C_A2. Additional bands at 669 cm™, 783 cm?,
955 cm?, and 1080 cm™ match with the band maxima for Namuwite; the other bands of Namuwite are

superimposed by Gordaite.
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Figure 5.15: FTIR spectra of Set 5 with increasing alkalization rate and decreasing reaction temperature.

G = Gordaite, N = Namuwite, Z = Zincite (ZnO), HZ = Hydrozincite.
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5.2.4. Discussion

5.2.4.1. Effect of the reaction temperature

Figure 5.16a gives an overview of the water analysis results of Set 4 in dependence of the reaction

temperature at constant alkalization rate (A2), including the RSD in mg/l, and Figure 5.16b shows the

calculated removal efficiencies. Two different ranges can be observed: at temperatures < 50 °C,

Zn-concentrations decrease from about 2000 mg/| to values between 20 and 25 mg/I; this corresponds

to a removal efficiency of 99.0 £ 0.2 %. At temperatures 2 60 °C, the concentrations are consistently

below the detection limit (< 2 mg/l; green dashed line in Figure 5.16a), corresponding to a removal

efficiency > 99.9 %.
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Figure 5.16: a) Zn concentration in filtrate including RSD in mg/l in dependence of reaction temperature

(Set 4); the green symbols 2 60 °C were inserted to visulaize that the concentration was below detection limit

of 2mg/I. b) Magnification of the corresponding removal efficiency in the range 98.8 — 100%. The color of the

symbols indicates the main phases in the precipitates, blue for Gordaite, green for Zincite. Half-filled symbols

point to phase mixtures with the color of the main phase.
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Zn0O was successfully synthesized directly from synthetic saline solution at temperatures < 90 °C.
The overview of the phases observed after washing the precipitates shows a clear systematic trend as
a function of temperature. As shown in Figure 5.17, pure Gordaite occurs at 30 °C. Between 30 °C and
60 °C, the amount of Gordaite decreases continuously. In comparison, the Zn-concentration in the
filtrate remains relatively high. The results for Gordaite correspond to the study of Tandon et al. (2018),
observing Gordaite at high saline AQ and 30 °C reaction temperature, with a slightly higher removal
efficiency for Zn (99.8 %). John et al. (2016d) and Tandon et al. (2018) studied ZnO precipitation in
SO, containing solutions. They observed high removal efficiencies for ZnO (> 99.9 %) at 40 °C, indicating

that ZnO can be formed at lower temperatures in a chloride-poor environment.
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Figure 5.17: Overview of the phases formed as a function of reaction temperature after washing the

precipitates from Set 4. +++ = high relative proportion, (+) = traces of the phase, - = not detected.

The abrupt drop of the Zn-concentration in the filtrate at temperatures > 60 °C correlates with the
formation of Zincite as the main phase, shown by the XRD pattern. Gordaite/Namuwite can only be
detected in the FTIR spectra, indicating that they occur only in traces. Based on the observations, the
presence of both phases, Zincite and Gordaite, within the temperature range 40 - 50 °C brackets the

stability boundary between Gordaite and Zincite in saline AQ.

The broad shape of the ZnO peaks in the XRD pattern indicates that the synthesized ZnO is
nanocrystalline. The change in the intensity ratio of the ZnO main peaks in dependence of temperature
points to a change in the preferred orientation of the nanocrystals (Holder and Schaak 2019). This
effect indicates a change in morphology from needle-like at 50 °C to platy crystals at 80 °C. John et al.
(2016d) also observed the peak broadening and a changed intensity ratio of ZnO main peaks during

the synthesis of ZnO from chloride-free solutions.
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5.2.4.2. Effect of alkalization rate (A)

Figure 5.18a presents the Zn concentrations in the filtrates determined for Set 5, including the RSD in
mg/|, and the calculated removal efficiencies are in Figure 5.18b. It shows the effect of the alkalization
rate (A) and reaction temperature on the one hand and the precipitated main phases on the other.

As already observed in Set 4, the RSD of Zn value analyzed in a highly saline AQ is high for analytical

reasons.

Set 5 shows the same trend as Set 4: with Gordaite as the main phase, the Zn concentration in the
filtrate is higher than 20 mg/I, which leads to a comparably lower removal efficiency for Zn (98.0 % and
99.2 %). On the contrary, when Zincite precipitates, the Zn concentrations in the filtrate are lower
(< 11.1 mg/l), which corresponds to a higher yield (>99.4 %), with the best result for the reaction
temperature 60 °C and A2. Furthermore, the results show that the alkalization rate has a decisive
influence on the removal efficiency of Zn. Increasing the alkalization rate from slow (A3) to a medium
rate (A2) has the effect of decreasing the Zn concentration below the detection limit, which

corresponds to a removal efficiency of > 99.9 %.
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Figure 5.18: a) Zn-concentration in the filtrate of Set 5 in dependence of alkalization rate and RSD in mg/I.
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Figure 5.19 presents the results of the mineralogical characterization of Set 5 precipitates, with the
area of successful ZnO synthesis. It clearly shows a systematic relationship between ZnO formation,
reaction temperature, and alkalization rate: At a low alkalization rate (A3), the formation of ZnO
requires high reaction temperatures (90 °C). By increasing the alkalization rate, the ZnO formation
shifts to lower temperatures. Our experiments show that ZnO can also be synthesized from salt-rich
solutions at temperatures < 40 °C, whereby the reaction kinetics is the decisive factor for successful
synthesis. With a fast A1 and 8M NaOH, ZnO is already the dominant product phase at 35 °C.
This means that the process is not only dependent on the temperature, as additional parameters have
to be considered. Similar results were obtained by John et al. (2016d) where they performed the
experiments with an SOq rich solution. They achieved Zincite with a high yield (> 99.9 %) already at

40 °C using a fast alkalization rate and 4M NaOH at saline poor conditions.

This study clearly shows that Gordaite is the stable phase in saline environments and at low
temperatures (< 40 °C). The small amounts of low crystalline Namuwite are suggested to be the result
of washing out Na* and CI" from the structure of remanent Gordaite. This phenomenon was already
observed by Tandon et al. (2018). By using a high alkalization rate, it is possible to gain Zincite at low
temperatures. The reaction kinetics plays a significant role for the reaction yield / removal efficiency:
For both, Zincite and Gordaite, experiments with a slow alkalization rate (A3) lead to low removal
efficiencies. For example, the experiment Zn_60° C_A3 with Gordaite as the main phase and traces of
Zincite has the lowest removal efficiencies. Comparing all the experiments with Zincite as the main

phase, the experiment at 90 °C but with slow A3 (Zn_90 °C_A3) achieved the lowest removal efficiency

(99.4%).
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Figure 5.19: Summary of the main phases of Set 5 in dependence of reaction temperature and alkalization
rate (A). The experimentally determined stability boundary when using alkalization rate A2 between

Gordaite and Zincite is displayed, too.
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5.2.4.3. Reaction mechanisms for the direct synthesis of Zincite and Gordaite

The comparison of the washed and unwashed samples shows that NaCl is the only water-soluble salt
in the highly saline AQ. The decrease in Halite peak intensity in the XRD patterns of the unwashed
samples indicates increasing solubility of Halite in the solution with increasing reaction temperature.
At 40 °C, in addition to Gordaite, traces of ZnO were detected in the washed sample, which was
presumably already present before washing but could not be detected due to the overlap of the ZnO

peaks with those of Halite with significantly higher intensity in the XRD pattern.

Several studies investigated the formation of Zincite (ZnO) and Gordaite. Generally, the formation of
Gordaite requires a salt-rich aqueous solution. Leal et al. (2020) synthesized Gordaite according to the
methods already described in the literature (Stanimirova et al. 2017; Maruyama et al. 2017a;
Maruyama et al. 2017b) by using 1g ZnO powder mixed with a solution made of 15 ml (1.5 Mol/I) NaCl
and 15 ml (0.5 Mol/l) ZnSO,. The suspension was stirred for 120h, centrifuged, washed with deionized
water, and dried at room temperature in a desiccator. Considering several studies (Chen et al. 2006;
Mouanga and Bergot 2010; Vera et al. 2013), the authors proposed the following reaction mechanism.
They supposed the formation of Zn-hydroxide Zn(OH), as intermediate phase, which reacts in the
presence of Na* and CI" ions in the solution and at a ratio of CI"> SO4* to the next intermediate phase
Simonkolleite Zns(OH)sCl,-H,0, according to the equations (5.1) and (5.2). In the presence of Na* and

S0.%, Simonkolleite reacts to Gordaite (equation 5.3).
(5.1) Zn®**t + 20H™ & Zn(0H),
(5.2) 5Zn(0OH), + 2Cl™ + 2H,0 < Zns(OH)gCl, - H,0 + 20H™

(5.3) 4Zng(OH)gCl, - H,0 + 5502~ + 5Nat + 26H,0 © 5NaZn,(S0,)(0H,)CL- 6H,0 +
3Cl™ + 20H"

In our study, the synthesis of Gordaite from the saline AQ occurs in less than 10 minutes. This argues
for direct precipitation of Gordaite without intermediate phases like Zn(OH), or Simonkolleite,

according to equation (5.4):

(54) 4Zn2* +8Cl~ + 8Na* + 80H™ + SO2~ + 6H,0 & NaZn,(S0,)(OHg)CL - 6H,0 + 7NaCl |
+20H"

Similarly, for the synthesis of Zincite from Cl-rich media, the formation of intermediate phases such as
zinc hydroxide, zinc carbonate, or layered zinc hydroxide chlorides have been postulated. Samanta and
Mishra (2013) proposed the following reaction mechanisms: during the alkalization of the ZnCl,
solution, Zn(OH), first precipitates according to equation (5.5), which is converted to ZnO upon further

alkalization, according to equations (5.6) - (5.8). Note, equation (5.5) was stoichiometrically corrected.
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(5.5) ZnCl, + 2NaOH + H,0 & Zn(0H), L +2NaCl | + H,0
(5.6) Zn(OH), + 2H,0 © Zn?* + 20H™ + 2H,0
(5.7) Zn?** + 20H™ + 2H,0 & Zn(OH)?*™ + 2H*
(5.8) Zn(OH)?™ & Zn0 + H,0 + 20H™

Thomas et al. (2012) investigated the corrosion of Zn in marine environments by placing a ground
Zn-alloy (99.99% pure Zn) in a 0.1 M NaCl solution and adjusting the pH accordingly. The authors also

used the above equations (5.5) - (5.8) to describe the formation of ZnO.

Samanta and Mishra (2013) used very high Zn concentrations and an elaborate process to synthesize
Zn0 from solutions containing similar Cl-concentrations. Their synthesis products were annealed in an
oven at 150 °C for more than 2 hours. In contrast, our experiments for ZnO synthesis took less than 10
minutes. Furthermore, the mineralogical characterization of the fresh precipitates showed no
evidence of the formation of Zn(OH); as an intermediate precipitation product. This suggests that the
tetrahydroxozincate ions [Zn(OH)4]* are formed directly after alkalization of the Zn-solution and
immediately react to form ZnO. Therefore, we propose an alternative formation mechanism for ZnO

according to equations (5.9) and (5.10):
(5.9) Zn?**t + 2Cl” + 2Na* + 2 0H™ + 2H,0 & Zn(OH)3~ + 2H* + 2Cl™ + 2Na*
(5.10) Zn(OH)5~ + 2Cl~ + 2Na* + 2H* & Zn0 | +2NacCl | +3H,0

Our results clearly show that in the presence of Na*, CI, and SO,* and under the same reaction
conditions (pH and temperature), both ZnO and Gordaite can precipitate (Figure 5.20). At low
temperature and saline conditions, Gordaite is the stable phase. At a higher reaction temperature, the
equilibrium shifts in favor of ZnO, even in a chloride-rich environment. This is confirmed by our results
from Set 4, with the precipitation of ZnO at T 2 60 °C from the saline AQ. The occurrence of the two
phases between 40 - 60 °Cis evidence that the stability boundary between these two phases lies within
this temperature range (see Figure 5.19). The significantly lower removal efficiency of Zn observed in
the experiments of Sets 4 and 5 in the presence of both phases indicates a slow transformation rate
from Gordaite to Zincite. Additionally, the Zn concentrations are with > 20 mg/| consistently elevated
when Gordaite is part of the precipitate compared to when ZnO precipitates (Zn < 2 mg/l). This suggests

that Gordaite has a higher solubility in the saline AQ than Zincite.

These observations point to a solution-precipitation reaction mechanism, as Gordaite must first be
dissolved to form Zincite. One argument is the different structure of these phases: In Zincite, the
coordination environment of the Zn ion is tetrahedral, whereas in Gordaite, it mainly consists of

edge-shared Zn(OH)s octahedra (Adiwidjaja et al. 1997). Another argument for this is the specific
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reaction of Gordaite to changes in the environment. There is strong evidence that washing the
precipitates apparently influences the Gordaite structure. Our study showed that at 40 °C, Na* and CI
ions can be partially removed from the Gordaite structure by washing the precipitate, as evidenced by
traces of low crystalline Namuwite identified by the broad main peak at 8.53° 26. Tandon et al. (2018)
have also observed this effect at 40 °C reaction temperature. They suggested that Na* and CI' removal
from the Gordaite was caused by the concentration gradient during washing the filtered precipitate

with pure water, resulting in a low crystalline Namuwite (Tandon et al. 2018).
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Figure 5.20: Precipitation of Zincite (ZnO) and/or Gordaite (NaZn,(SO;)(OH)sCl-6H.0) from the saline solution

depending on temperature and alkalization rate.

This process can be explained by comparing the structures of these phases. As shown in Figure 5.21,
Gordaite has a layered crystal structure whose main building unit is a brucite-like octahedral hydroxide
layer with Zinc in the center. The sulfate groups are interconnected with the octahedral layer by
substituting 1/7 of the hydroxide atoms with oxygen atoms giving the structural unit of
[Zns1(OH)1202]*, which means every 7. octahedral site is vacant. On top and bottom of the vacancies
are [Zn(OH)sCl]* tetrahedrons located, connected to three OH-groups of the octahedral layer, and
contain a Cl-ion on the apex of the Zn-tetrahedron. In consequence, the hydroxide layers are
negatively charged. This negative charge is neutralized by incorporating Na* -ions with a hydrate shell
[Na*(H,0)x] between the hydroxide layers. The hydroxide layers are connected by a strong hydrogen

bonding system (Adiwidjaja et al. 1997).
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Namuwite has the same sheet-like structure as Gordaite with one difference; it has H.O-molecules
instead of Cl" on the apexes of the Zn-tetrahedra, and in consequence, Na is not needed to balance the
charge. Accordingly, in a more water-rich environment, the Gordaite structure reorganizes to form

Namuwite.
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Figure 5.21: Crystal structure of Gordaite in b-c projection. Structure after Adiwidjaja et al. (1997). The crystal

structure is created using the software VESTA 3 (Momma and Izumi 2011).

The consistency of our observation across the different experimental approaches confirms that
Gordaite is the stable structure at temperatures < 40 °C. At 40 °C and above, the transformation to
Namuwite is favored by the facile removal of Na* and CI from the Gordaite structure during washing.
This conclusion is consistent with the recent study of Stanimirova (2019), who also found that washing
Gordaite with pure water forms different types of zinc hydroxy sulfates, including Namuwite.
Stanimirova (2019) explained it by an “exchange mechanism, where together with the interlayer
cations the halide anions leave the interlayer space.” Stanimirova (2019) concluded that the
interaction between the Cl-ion and the interlayer Na-cation must be stronger than the interaction with
the Zn%-ion in the Zn-tetrahedra. The author suggests that this coupled cation-anion exchange
reaction of H,O with Na and Cl depends on the amount of H,O used for washing.

A ratio of Gordaite : H,0 = 2:1 during washing leads to Namuwite formation.

In another work, Stanimirova et al. (2016) studied the thermal decomposition of Zn-hydroxy sulfate
minerals, including Gordaite, between 20 — 1000 °C. They observed a selective broadening of the (001)
reflex of Gordaite at 180 — 200 °C and attributed that to partial dehydration of the [Na*(H.0).] groups.
The authors explain it with the removal of H,O molecules from the Gordaite structure with increasing
temperature. At first, the interlayer H,O molecules, linking the octahedral hydroxide sheets via
hydrogen bonds, are lost, resulting in a turbostratic disorder of the layers against each other. This

phenomenon was also observed at 180 °C by Delcheva et al. (2019), who studied the thermal stability
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of well-crystallized Br-Gordaite NaZns(OH)s(SO4)Br-6H,0, synthesized at room temperature. The
turbostratic disorder described by Stanimirova (2019) and Delcheva et al. (2019) can apparently occur
as early as 40 °C. Correspondingly, we observed a selective broadening of the (001) reflex of Gordaite
at 40 °C after washing in the XRD pattern of samples Zn_30 A2 and Zn_40_ A2 from Set 1 with Gordaite
as the main phase, while this effect does not occur at 30 °C. Gordaite precipitation at 40 °C leads to
disturbed and partially dehydrated [Na*(H.0).] interlayer sheets. In consequence, Na* can be easily
removed from the disturbed layers of Gordaite. Removal of CI" coupled with the exchange of the

cations with H,O leads to low crystalline Namuwite.

5.3. Precipitation of ZnO from synthetic, saline AQ by aging

5.3.1. Purpose, scope, and nomenclature
The central topic in this chapter is to synthesize ZnO from the saline AQ by aging the suspension.
Gordaite will be educt for the aging experiments and was synthesized according to the procedure in

chapter 5.2. Following, the effect of aging time (Set 6) and aging temperature (Set 7) will be presented.

All experiments were performed using ZnCl, as educt in high saline AQ. Conditions for Gordaite
precipitation were 30 °C reaction temperature and medium alkalization rate A2. After precipitation,
the samples were aged by filling 100 ml of the suspension into a closed vessel directly after the
precipitation and then aging the suspension at the respective conditions of Set 6 or 7. All precipitates

were filtered and washed three times with deionized water (< 2 uS/cm).

Nomenclature: In this chapter, the first part in the nomenclature stands for the main element Zn. The
second part is the reaction temperature in °C, followed by the alkalization rate (A). The suffix indicates
the aging conditions of the suspension, f for the fresh precipitate that was taken immediately at the
end of the experiment, or the aging time in hours (h) followed by the aging temperature in °C

(RT = room temperature).

For example, Zn_30 °C_A2_24h_ 110 °C refers to the washed precipitate of the experiment with Zn in
synthetic saline AQ, performed at a reaction temperature of 30 °C using medium alkalization rate A2.

After the experiment, the suspension was aged in a closed vessel for 24 hours at 110 °C.

5.3.2. Experimental series (Sets 6 and 7)

Set 6: Influence of aging time

Set 6 consists of 8 samples to study the effect of aging time on ZnO formation using Gordaite as educt.
After Gordaite precipitation, the suspension was divided. Preliminary experiments showed that the
transformation of Gordaite to Zincite occurs within 6 h. Therefore, seven samples were aged in 1 h

steps from no aging (f) to 6 h. In addition, one sample was aged for 24 h at 110 °C (Table 5.10).
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Table 5.10: Set 6 with varying aging time at 110 °C.

Aging-temperature Aging-time
Set | Experiment
[°c [h]
Zn_30°C_A2_f no aging
Zn_30°C_A2_1h_110°C 1
Zn_30°C_A2_2h_110°C 2
Zn_30°C_A2_3h_110°C 3
6 110
Zn_30°C_A2_4h_110°C 4
Zn_30°C_A2_5h_110°C 5
Zn_30°C_A2_6h_110°C 6
Zn_30°C_A2_24h_110°C 24

Set 7: Influence of aging temperature

In Set 7, seven suspensions with Gordaite were prepared and aged 24h at different temperatures,
starting at room temperature (RT) and varying from 70 °C to 110 °C in 10 °C steps (Table 5.11).
The effect of stirring (_stir) the suspension during aging was investigated with an additional sample

aged at 70 °C.

Table 5.11: Set 7 with varying aging temperature after aging for 24 h.

Aging-temperature Aging-time
Set | Experiment
[°cl [h]
Zn_30°C_A2_24h_RT RT
Zn_30°C_A2_24h_70°C 70
Zn_30°C_A2_24h_70 °C_stir 70 *
7 Zn_30°C_A2_24h_80°C 80 24
Zn_30°C_A2_24h_90 °C 90
Zn_30°C_A2_24h_100 °C 100
Zn_30°C_A2_24h_110°C 110

* = stirred during aging.
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5.3.3. Results

5.3.3.1. Results of Set 6 in dependence of aging time

Water purification
Table 5.12 shows the Zn-concentration in the filtrates of the Set 6 experiments in dependence of aging
time at 110 °C and the calculated removal efficiencies. The experiments were performed with medium

alkalization rate A2 using 2000 - 2500 mg/l Zn as ZnCl, in a saline AQ.

Table 5.12: Initial concentration, concentration in the filtrate, and removal efficiencies of Zn of Set 6 in

dependence of aging time at 110 °C.

Zn initial | RSD Zn in filtrate | RSD Zn-removal RSD
name me/l 1% [mg/l 6 | efficiency [%] | [%]
Zn_30°C_A2_f 2561.8 6.0 20.5 5.0 99.2 7.8
Zn_30°C_A2_1h_110°C 2144.4 1.7 158.7 2.8 92.6 33
Zn_30°C_A2_2h_110°C 2561.8 6.0 162.9 1.9 93.6 6.3
Zn_30°C_A2_3h_110°C 2561.8 6.0 163.8 3.1 93.6 6.8
Zn_30°C_A2_4h_110°C 2561.8 6.0 177.4 6.4 93.1 8.8
Zn_30°C_A2_5h_110°C 2561.8 6.0 176.7 1.4 93.1 6.2
Zn_30°C_A2_6h_110°C 2561.8 6.0 176.6 1.6 93.1 6.2
Zn_30°C_A2_24h_110°C 2561.8 6.0 199.4 1.9 92.2 6.3

After Gordaite precipitation at 30 °C using medium A2, the concentration in the filtrate of sample
Zn_30°C_A2_f decreased from initially 2562 mg/I to 20.5 mg/I. Already after aging Gordaite for 1 h at
110 °C, the Zn concentration in the filtrate was higher than 150 mg/I. Even taking into account the
(relatively high) RSD, an increase in Zn concentration with increasing aging time is observable. After
24 h aging at 110 °C, the highest Zn concentrations were measured in the filtrate with 199.4 mg/| Zn.
Accordingly, the calculated Zn-removal efficiencies of the aged samples decrease to 92.2 % — 93.6 %

compared to the fresh sample with 99.2 %.

Mineralogical characterization of Set 6 phases

XRD results

Figure 5.22 shows the XRD patterns of the fresh and of the aged precipitates of Set 6 tempered at
110 °C in dependence of aging time. Without aging, as a fresh precipitate, Gordaite is the only phase
observed in the diffractogram, with the main peak at 6.84 °26 (COD-ID 9011511). Already after one
hour of aging at 110 °C, two main phases can be observed: Gordaite and Zincite. After 1 h aging, the
intensity of all Gordaite reflexes decreased while the main reflex (001) was broadened. The three

distinctive reflexes at 31.57 °20, 34.47 °20 and 36.13 °26 indicate Zincite (COD-ID 9011662) as the main
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phase. In addition, a small hill at 853 °26 matches the main reflex (001) of Namuwite
(COD-ID 9001719). After 3 h aging, in sample Zn_30 °C_A2 3h_110 °C, only Zincite can be detected,
and no Gordaite is present in the XRD pattern. This observation also applies to all samples that have
been aged for more than 3 h at 110 °C. Only in the sample Zn_30 °C_A2_ 24h_110 °C, which was aged
for 24 h, a small hill at 6.84 °20 can be seen at high magnification of the XRD pattern, which can be
assigned to the main reflex (001) of Gordaite. The ZnO peaks in all diffractograms are broadened, and

the intensity of the ZnO (002) reflex at 34.37 °26 is lower than the reference.
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Figure 5.22: XRD pattern of the washed fresh precipitates of Set 6 and those aged at 110 °C with aging times
from 1h up to 24h; G = Gordaite, Z = Zincite.

FTIR spectroscopy

The phases determined for Set 6 by FTIR support the results observed by XRD. As shown in
Figure 5.23, the band positions of the fresh precipitate and the precipitate aged for 1 h at 110 °C can
be assigned to Gordaite (Stanimirova et al. 2018). After one hour of aging, additional bands are
observed where the positions match Zincite (Chukanov 2014). With aging time, the intensity of
Gordaite bands in the FTIR spectra decrease. From 3 h onwards, only bands with low intensity in the
range of 3500 cm™ are observed, corresponding to the O-H bands of Gordaite. Partially, no bands could
be assigned to Gordaite, as observed in the case of sample Zn_30°C_A2_6h. In addition to the Gordaite
and Zincite bands, the fresh sample, as well as the sample that was aged for 1 h, show bands of low
intensity, which can be assigned to Namuwite (Stanimirova et al. 2018). Namuwite can be identified
by the band positions at 669 cm™, 783 cm™, 955 cm™ and 1080 cm™, which are not superimposed by
Gordaite bands.
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Figure 5.23: FTIR-spectra of the washed precipitates from Set 6 tempered at 110 °C in dependence of aging

time varying between zero (fresh) up to 24h. G = Gordaite; N = Namuwite; Z = Zincite.

Scanning electron microscopy (SEM)

Figures 5.24a-d show SEM images of fresh Gordaite and the precipitates after an aging period of 1 h,
6 h, and 24 h at 110 °C. The fresh precipitates (Figure 5.24a) consist of thin, platy hexagonal crystals,
typical for Gordaite. The idiomorphic crystals with sizes of 1- 2 um have a smooth surface and sharp
edges. According to the EDX-measurements, fresh precipitates contain Zn, Na, S, Cl, and O.
The Cl/S-ratio of 1:1 corresponds to the CI/S ratio in Gordaite. Small stalky aggregates of some nm size
can be seen isolated on the surface of the Gordaite crystals, which couldn't be identified further. After
1 h aging (Figure 5.24b), the shape of Gordaite changes, as only a few platy and strongly rounded
crystals are present with sizes < 1 um. Stalky aggregates replace them with sizes of approximately
50 - 100 nm, which form clusters and partially cover the remains of the Gordaite crystals.

The Zn:0 ratio of 1:1 confirms the formation of ZnO.

After 6 h aging, the Gordaite crystals have been almost entirely replaced by the rod-like ZnO.
Correspondingly, the EDX analysis shows an increase in the amount of Zn in the precipitate and a
decrease of Na, S, and Cl. After 6 h, only Zn and O were detected by EDX with a ratio of Zn:0 of
approximately 1:1. Figure 5.24c shows larger, rod-shaped ZnO crystals with a size of about 500 nm that
are surrounded by agglomerates of smaller ZnO crystals with a size of few nm and irregular shape.
Occasionally, still tiny, round-shaped Gordaite crystals with sizes < 100 nm can be seen. As shown in

Figure 5.24d, with aging the suspension for 24 hours, the size of the ZnO rods increases to
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500 nm - 1 um. Thus, the size distribution of ZnO is more homogeneous as no small ZnO crystals are

present. However, there are also platy crystals with an irregular shape, which correspond to Gordaite.
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Figure 5.24: SEM images of the washed precipitates (a) fresh and after aging at 110 °C for (b) 1 h, (c) 2 h,
(d) 6 h, and (e) after 24 h.

5.3.3.2. Dependence of aging temperature

Water purification

Table 5.13 shows the Zn-concentrations of Set 7 before the Gordaite precipitation and after the
temperature-dependent aging of the precipitates for 24 h together with the calculated Zn-removal
efficiencies. Gordaite was synthesized using medium A2 and 30 °C reaction temperature. After
24 hours of tempering, independent of the aging temperature, the Zn concentrations in all examined
filtrates were > 150 mg/l. The lowest Zn concentrations of 154.7 mg/| are analyzed at 70 °C aging
temperature. This corresponds to a Zn-removal efficiency of 94 %. Aging temperatures between
80 — 100 °C show even higher Zn concentrations, with the highest value of 257.7 mg/| at 100 °C.
In comparison, at the aging temperature of 110 °C, the Zn-concentration is with 199.4 mg/| lower,

although the initial concentration was higher.
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Table 5.13: Zn-concentration in the filtrate and removal efficiencies of Zn in Set 7 at constant aging time of 24

hours in dependence of aging temperature.

Zninitial | RSD Znin filtrate | RSD Zn-removal
Name RSD [%]

[mg/1] [%] [mg/1] [%] efficiency [%]
Zn_30°C_A2_24 RT n.d. n.d. n.d. - - -
Zn_30°C_A2_24 70°C 2561.8 6.0 154.7 5.9 94.0 8.5
Zn_30°C_A2_24_70°C_stir | n.d. n.d. n.d. - - -
Zn_30°C_A2_24 80°C 2144.4 1.7 224.8 2.3 89.5 2.9
Zn_30°C_A2_24 90°C 2144.4 1.7 2343 2.2 89.1 2.8
Zn_30°C_A2_24 100 °C 2144.4 1.7 257.7 1.9 88.0 2.5
Zn_30°C_A2_24h_110°C 2561.8 6.0 199.4 1.9 92.2 6.3

Mineralogical characterization of Set 7 phases

XRD results
Figure 5.25 shows the XRD pattern of the washed precipitates aged 24 h at temperatures between
70°Cand 110 °C. As a reference, one sample was aged for 24 h at room temperature (RT). Additionally,

one suspension was stirred continuously during aging at 70 °C for 24 h (70 °C_stir).

Depending on the aging temperature, either Gordaite or Zincite is the main phase in the XRD pattern.
At room temperature, Gordaite is the only phase detected. At 70 °C, Gordaite is still the main phase.
In addition, a broad hill at approx. 8.5° 26 matches the main reflex (001) of Namuwite. In the
diffractogram, there are three peaks with low intensity at 31.57 °20, 34.37 °20 and at 36.13 °20 that
match the main reflexes of ZnO. Stirring the suspension during aging at the same temperature causes
a remarkable effect: In contrast to undisturbed aging, stirring causes the formation of ZnO, as can be
seen in the example Zn_30 °C_A2 24 70 °C_stir in Figure 5.25. Apart from ZnO peaks, only a small
peak at 6.84 °26 was detected, which matches to the main reflex (001) of Gordaite. At 80 °C and above,
Zn0 is the main phase. In addition, the samples that were aged at 80 °C and 90 °C show peaks with a
low intensity that match to Bechererite (COD 9001720) with main reflex (001) at 11.99 °20. In the
sample aged at 110 °C, an additional reflex with low intensity at 6.84 °20 indicates that Gordaite is still

present.

In all diffractograms of Set 7 with ZnO as the main phase except for sample Zn_30°C_A2 24 70 °C_stir
that was stirred during aging, the (002) reflex of ZnO at 34.37° 26 has higher relative intensity
compared to the reference. In addition, the broadness of the ZnO reflexes increases with increasing
aging temperature. Two peaks in the diffraction patterns of Set 7 could not be identified, one peak at

11.63° 28 and one at 11.27° 26 in sample Zn_A2 24h 80 °Cand Zn_A2_24h_90 °C, respectively.
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Figure 5.25: XRD pattern of the washed precipitates of Set 7 after 24h tempering as a function of the aging

temperature. G = Gordaite, N = Namuwite, Z = Zincite, B = Bechererite.

FTIR spectroscopy

The phases determined by FTIR in the samples of Set 7 correspond to the results from XRD
(see Figure 5.26). In all FTIR spectra are bands with low intensity in the range of 3500 cm™ present,
corresponding to the Gordaite O-H bands. After aging the suspension at room temperature, the band
maxima can be assigned to Gordaite. At 70 °C aging temperature, there are additional bands of low
intensity at positions that match Namuwite bands. The FTIR spectra of the precipitate that was stirred
in suspension during aging at 70 °C is different. Stirring during aging at 70 °C leads to a different FTIR
spectrum. It shows bands of high intensity at positions that match ZnO bands and only bands with low
intensity matching Gordaite. In general, aging the saline suspension at temperatures > 80 °C for 24 h
leads to FTIR spectra with bands at positions assigned to Zincite. In addition, the samples that were
aged at 80 °C and 90 °C show bands of low intensity at 1020 cm™?, 1103 cm™ and 1122 cm™ that can
be assigned to Bechererite (Chukanov 2014). At 841 cm™ and 902 cm?, two bands observed in the

sample Zn_30°C_A2 24h_110 °C aged at 110 °C can be assigned to Gordaite.
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Figure 5.26: FTIR-spectra of the washed precipitates from Set 7 at a constant aging time (24 h) in dependence

of aging temperature. G = Gordaite, N = Namuwite, Z = Zincite, B = Bechererite.

SE

Figures 5.27a and b show SEM images of the precipitates aged for 24 h at 70 °C. Clusters of crystals
with approximately 1-2 um in size dominate. The crystals have a hexagonal shape with a smooth
surface but partly only slightly rounded edges. EDX analysis proof that they are Gordaite. On the
surface of the Gordaite crystals, single rod-shaped crystals of a few nm up to 200 nm in size occur,
forming clusters in the range of approximately 1 um. These clusters are typically observed on the
surface of the Gordaite crystals, which are more rounded, as shown in the upper center of

Figure 5.27a and the upper left corner of Figure 5.27b.

Figure 5.27: (a) and (b) SEM images of the washed precipitates after aging at 70 °C for 24h in a suspension.
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5.3.4. Discussion

5.3.4.1. Effect of aging time for samples tempered at 110 °C

Gordaite was successfully synthesized according to the method described in chapter 5.2. The effect of
aging time on the Zn concentration in the filtrate of the Set 6 experiments tempered at 110 °C shows
Figure 5.28. The symbols in the figure represent the main phases in the fresh and aged precipitates.

Due to matrix effects and related analytical reasons, the RSD is relatively high.

When Gordaite precipitates, the Zn-concentration drops from initially about 2000 mg/I to 20.5 mg/l in
the fresh filtrate. Aging at 110 °C increases the Zn-concentration in the filtrate to over 150 mg/I.
Already after 1 h aging, Zn-concentration rises by a factor of 8 to 158.7 mg/I. It increases slightly with
aging time, resulting in the highest Zn-concentrations of 199.4 mg/| after 24 h aging at 110 °C.
Correspondingly, the calculated removal efficiencies of the aged precipitates for Zn decrease with
aging time from 99.2 % (fresh) over 93.6 % (2 h) to 92.2 % (24 h), with one exception. Considering the
absolute concentration, the 1 h aged sample Zn_30°C_A2_1h_110 °C fits into the observed trend, that
the Zn-concentration in the filtrate increases with increasing aging time. The lower removal efficiency
of the sample compared to the others is caused by the lower initial Zn-concentration with 2144.4 mg/I

(£ 1,7 %) in comparison to that of the other samples (2561.8 mg/l + 6 %).
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Figure 5.28: Zn-concentration in mg/| in dependence of aging time for Set 6 experiments, tempered at 110 °C.
The color of the symbols indicates the main phases in the fresh and aged precipitates: blue for Gordaite,

green for Zincite. Half-filled symbols point to phase mixtures with the color of the main phase.
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Figure 5.29 shows a summary of the phases formed as a function of aging time at 110 °C. Aging
Gordaite successfully synthesized ZnO in the saline AQ at 110 °C. The XRD patterns show that aging of
only one hour is sufficient to replace Gordaite with ZnO as the main phase in the saline suspension.
A clear systematic trend can be observed: with increasing aging time, the Gordaite content in the aged
precipitate decreases, and the Zincite content increases. After 3 h aging, the analysis of the FTIR spectra
still shows traces of Gordaite present in the precipitate, although ZnO is the only phase detected by
XRD. After 4 h aging, ZnO is the only phase detected. The high amount of ZnO already observed within
less than one hour indicates a high reaction rate. The accompanying significant increase in
Zn concentration in the filtrate suggests a dissolution-precipitation reaction. The presence of traces of
Gordaite in sample Zn_30 °C_A2 24h_110 °C point to incomplete dissolution of Gordaite in this
sample, which is also indicated by the remains of strongly dissolved Gordaite crystals that are present

in the SEM image of the sample.
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Figure 5.29: Overview of the phases formed as a function of ageing time at 110 °C (Set 6).

+++ = high relative proportion, (+) = traces of the phase, - = not detected.

John et al. (2016d) as well as Tandon et al. (2018) and Tandon and Heuss-ARbichler (2021b) showed
that ZnO can be directly synthesized from SO4-rich solutions and Cl-rich solutions, respectively, without
aging. In both cases, Zn-removal efficiencies of 99.9 % were achieved. In comparison, the synthesis
results after aging Gordaite leads to lower removal efficiencies being between 92.2 and 93.6 %. This
means that in the model system, in terms of purification and reaction yield for Zn, the direct method

is more effective.

Hagemann (2012) described in his work that ZnO directly forms in the system Zn-OH upon aging highly
concentrated, caustic Zincate solution (> 8 mol/lI OH) but did not provide any details about the exact
concentration of Zn. The saline solution in our experiments was solely alkalized with 8M NaOH;
the Zn-solution was not put into concentrated NaOH. Accordingly, the OH concentration in the aging
solutions of our study is remarkably lower. Dietrich and Johnston (1927) synthesized Zn(OH), and

observed a temperature and time-dependent decomposition of the Zn-hydroxide to ZnO in H,O.
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At temperatures > 100 °C, the authors observed a decomposition of Zn(OH), to ZnO within 1 h.
Our study observed a similar time dependence at 110 °C in our considerably more complex system
when aging Gordaite in saline solution instead of H,0. This suggests that accessory elements like Na,
K, Ca, Cl, and SO4 do not inhibit the conversion of the Zn-Hydroxysulfate Gordaite to ZnO, although the
Gordaite structure is considerably more complex than that of Zn(OH),. Our results show that the
dissolution-precipitation reaction of Gordaite to ZnO is completed within 4 h in the saline System at
110 °C. The increased aging time of 4 h in our system compared to 1 h in the Zn-OH system of Dietrich
and Johnston (1927) can have several reasons; either it is an effect of the remarkably higher ionic
strength in the saline solution compared to H,0, or it may be an effect of the more complex structure
of Gordaite. Zn(OH), and ZnO have a similar structure, built of Zn-tetrahedra that are corner linked,
and instead of O in ZnO in the Zn-hydroxide, the OH ions are located at the corners. Although the
authors did not give any information about the transformation process, it is likely that the conversion
of Zn(OH); to ZnO is based on temperature-induced dehydroxylation ( > 100 °C) of the structure since
the main building unit of ZnO, the Zn-tetrahedra, are already present. This is very different in our
system, where Gordaite dissolves and ZnO precipitates. In addition, this process takes more time.
It is also possible that the increased aging time of Gordaite to Zincite may be a combination of both

effects.

As a fresh precipitate, Gordaite crystals show idiomorphic shape. The time-dependent aging
experiments at 110 °C show that the Gordaite crystals continuously dissolve, starting at the edges, and
Zn0 nanorods form instead. The ZnO nanorods that precipitate from the solution are nanocrystalline
and form preferentially on the surfaces of the Gordaite crystals, which show dissolution signs.
All experiments of Set 6 were aged without stirring. The only convection that leads to homogenization
of the solution is concentration-driven because the aging vessel is put into an oven for constant aging
temperature. So thermal convection in the suspension can be excluded. The preferential crystallization
of ZnO on the surfaces of the Gordaite crystals, which show clear dissolution signs, can be explained
by a local increase of Zn concentration in the saline suspension. The local concentration gradient
between the Gordaite crystal edge and the ZnO nuclei on the surface can be the driving force for the
dissolution precipitation process and thus favor the reaction conversion. In addition, the precipitation
of ZnO on the surface of the Gordaite crystals points to heterogeneous nucleation. Heterogeneous
nucleation drastically reduces the free energy that is needed for nucleation because a stable surface is

already present, where nuclei can form (Thanh et al. 2014).

As shown in chapter 3.3 (relevant Zn-phases in Cl-rich solutions), the Gordaite structure contains
Zn-tetrahedra on top and bottom of the vacancies of the octahedral layer. These Zn-tetrahedra are
very similar to the building unit of ZnO. In ZnO, the tetrahedra are corner linked via O atoms.

In contrast, in Gordaite, the tetrahedra are connected to the octahedral layers via 3 OH™ atoms, while
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Cl is bonded to the 4" corner on the apex. From this point of view, the Zn tetrahedra on the surface
of the Gordaite crystals can promote the formation of ZnO crystals via a topotactic reaction.
This hypothesis would also explain the presence of small, stalky aggregates that were already observed
on fresh Gordaite. Due to their small size in the range of some nm, these crystals could not be analyzed
further by EDX. The amount of these nanoparticles in the fresh precipitate is too small to be detected
by XRD and FTIR. FTIR spectra are based on the detection of molecular vibrations. This means that in
the FTIR spectrum of Gordaite, there are also bands at the same or similar wavenumbers that match
Zn-0 vibrations, e.g., at 442 cm™ for both minerals or 530 cm™ and 525 cm™ for Zincite or Gordaite,
respectively. Therefore, FTIR spectra cannot be used in this case to identify the presence of trace
amounts of ZnO, as the ZnO tetrahedra of Gordaite may contribute to the bands. Although these
isolated nanocrystals on the surface of the Gordaite crystals in the fresh sample could not be identified
with certainty, the SEM images and the reaction mechanism point to the presence of the first ZnO

nanoparticles that have grown occasionally on the Zn tetrahedra in the Gordaite.

The SEM images also show that with increasing aging time, some ZnO nuclei grow at the expense of
smaller ZnO nanoparticles, indicated by agglomerates of smaller ZnO particles with irregular shape
next to the single lager ZnO crystals. After 24 h aging at 110 °C, they have sizes of 500 nm — 1 um.
In their review about the “Mechanisms of Nucleation and Growth of Nanoparticles in Solution”,
Thanh et al. (2014) summarized the basic principles of how nanoparticles can form in solutions.
These are via the LaMer mechanism, Ostwald ripening, digestive ripening, and Finke-Watzky two-step
mechanism, coalescence, and oriented attachment or by intraparticle growth. Ostwald ripening is the
only growth mechanism they described that explains the growth of larger nanoparticles at the expense
of smaller ones. This suggests that the enlargement of the ZnO crystals upon aging is due to Ostwald
ripening. In all XRD patterns of Set 6 with ZnO as the main phase, the (002) reflexes of ZnO were
compared to the reference lower, indicating a preferred orientation of the nanoparticles (Holder and
Schaak 2019). As the preferred orientation is identical in all diffractograms with increasing aging time,
this indicates no change in morphology, which is another indication for growth of the ZnO-
nanoparticles by Ostwald ripening. The broad shape of the ZnO peaks in XRD suggests that the
synthesized ZnO is nanocrystalline (Holder and Schaak 2019), which matches with the observations of

SEM.

5.3.4.2. Effect of aging temperature
Figure 5.30 shows the effect of varying aging temperature at a constant aging time of 24 h on the
Zn-concentrations in the filtrates from Set 7 combined with the phases. In Set 7, after aging Gordaite

in saline AQ for 24 h at temperatures between 70 — 110 °C, the Zn concentrations in the filtrates
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increase from initially 20.5 mg/l to > 150 mg/I. The high RSD of the measurements is due to analytical

reasons and was already observed in Set 6.

As in Set 6, the calculated removal efficiencies of the filtrates with aging temperatures 70 °C, 80 °C,
and 90 °C have lower initial Zn-concentration. Accordingly, the removal efficiencies are lower
compared to the experiments that were performed with higher initial concentrations. The Zn
concentrations are elevated in these filtrates compared to the other experiments in this set with higher
initial concentrations. The results indicate that these elevated concentrations are not only an effect of
the different initial concentrations. When tempering the saline suspension for 24 h at 70 °C, Gordaite
remains the main phase. At 70 °C and 80 °C aging temperature, when the main phase in the aged
precipitate changes from Gordaite to Zincite, there is a clear jump in Zn-concentration, from 154.7 to
224.8 mg/l. Although the water analysis from this set cannot be compared directly, these two
experiments were from the same batch and had the same initial concentrations. This increase in
Zn-concentration is therefore reliable and must be due to the dissolution of Gordaite in the aged

precipitate and may not be an effect of the experimental setting.
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Figure 5.30: Zn-concentration in the filtrates including RSD in mg/| after 24 tempering with increasing aging
temperature. The color of the symbols indicates the main phases in the aged precipitates, blue for Gordaite,

green for Zincite. Half-filled symbols point to phase mixtures with the color of the main phase.

The phases developed after 24 h tempering as a function of aging temperature (Set 7) and identified
by mineralogical characterization are summarized in Figure 5.31. Comparing the phases, a clear trend
can be observed. Gordaite is still the main phase after tempering at 70 °C without stirring the solution.
SEM pictures show no idiomorphic shape of Gordaite and first dissolution signs at 70 °C. In addition,

stalky aggregates of nanocrystalline ZnO-rods are present.
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The observations in Set 7 match with that of Set 6. Accordingly, the results support the reaction
mechanism of how ZnO forms described in Set 6: a dissolution-precipitation reaction with a beginning
dissolution of Gordaite at the edges of the crystals and heterogeneous, topotactic ZnO nucleation.
When the suspension is stirred during aging at 70 °C, ZnO is the main phase, and only traces of Gordaite
are present in the precipitate. This suggests that stirring during aging accelerates the dissolution of
Gordaite and homogenizes the solution. Accordingly, it accelerates the whole dissolution-precipitation
reaction of Gordaite to Zincite. Without stirring, Gordaite dissolves slower. This means higher
temperatures are necessary to dissolve Gordaite at the set aging time of 24 h. The mineralogical
characterization of the aged precipitates after tempering at 80 °C shows in contrast to 70 °C no
Gordaite and only Zincite as the main phase. Therefore, aging at 80 °C is sufficient to dissolve Gordaite

and precipitate Zincite within 24 h without stirring.

RT 70°C 70°C_stir 80°C 90°C 100°C 110°C
- (+) +++ +++ +++ +++ +4+ Zincite
8 ZnO
E Bechererite
E . - - (+) (+) . .
5 ZngZn,(OH),5(S0,),
(8]
5 o (+) i . _ _ _ Namuwite
< Zn,(50,)(OH); - 4H,0
N
4+ it (+) i _ N (+) Gordaite

NaZn,(SO,)(OH)sCl - 6H,0

aging temperature [°C]

Figure 5.31: Overview of the phases formed after 24 h tempering time as a function of aging temperature,
after washing the precipitates from Set 7. +++ = high relative proportion, (+) = traces of the phase,

- = not detected.

Tandon and Heuss-ARbichler (2021b) described high removal efficiencies after direct precipitation of
Zn0O from saline AQ. When Gordaite or phase mixtures were present in the precipitates, the authors
obtained lower removal efficiencies. These results are contrary to that described here in dependence
of the aging temperature after 24 h. The removal efficiencies are always higher when Gordaite
precipitates, or phase mixtures are present in the precipitate. Accordingly, these deviating results must
be due to the different synthesis methods for ZnO, the dissolution-precipitation reaction upon aging

Gordaite instead of the direct precipitation of ZnO.

Dietrich and Johnston (1927) synthesized Zn(OH), and observed that the decomposition of Zn(OH), to
Zn0 in water is not only time but also temperature-dependent. After aging Zn(OH), for 3 weeks at
different temperatures in water, they did not observe a remarkable decomposition to ZnO at 65 °C;

increasing the temperature by 10 °Cto 75 °Cresulted in 10 % ZnO. Above this temperature, the authors
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observed a rapid increase in the decomposition rate of the Zn-hydroxide to ZnO, and at temperatures
>100°, the decomposition was completed within 1 h. Our study observed a similar time and
temperature dependence in our considerably more complex system upon aging Gordaite in saline
solution instead of water. The transformation reaction usually was completed within 24 h instead of
3 weeks, as in the study of Dietrich and Johnston (1927). Gordaite transforms to ZnO in the saline
solution already after 24 h aging without stirring between 70 - 80 °C. Stirring increases the dissolution
rate of Gordaite and ZnO precipitates already at 70 °C within 24 h. However, in both cases, a liquid
phase is essential for the transformation to take place. The studies of Stanimirova et al. (2016) on the
thermal decomposition of layered Zn-hydroxy sulfate minerals, including Gordaite, support this. In
their work, the authors show the various stages of Gordaite decomposition and detected traces of ZnO
for the first time at 200 °C. Delcheva et al. (2019) observed the same results for Br-Gordaite at
temperatures between 185 — 230 °C. Both works studied the thermal decomposition of the mineral
under vacuum or air. The authors did not age Gordaite hydrothermally in saline suspension as it was
done in this study or H,0, as Dietrich and Johnston (1927) did. Our results clearly show that a
dissolution-precipitation reaction takes place when aging the Gordaite hydrothermally. Essential for
this process to take place is a liquid phase, which was not the case during the studies of Stanimirova
et al. (2016) and Delcheva et al. (2019). Thus, aging Gordaite in saline suspension transforms it to
Zincite at temperatures of about 70 °C — 80 °C, instead its partial thermal decomposition to ZnO at
temperatures of 185 °C — 230 °C without a liquid phase, as described by Stanimirova et al. (2016) and
Delcheva et al. (2019).

Traces of Bechererite are detected in the aged precipitates with ZnO as the main phase tempered at
80 °C and 90 °C. However, Bechererite was not detected in sample Zn_30 °C_A2 24h70 °C_stir.
Figure 5.32 compares the structures of Gordaite, Namuwite, and Bechererite. The minerals have
closely related structures consisting of octahedral and tetrahedral sheets with Zn in the center, and

every 7" octahedron is vacant (Hawthorne and Sokolova 2002).
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Figure 5.32: Crystal structure of Gordaite (left, after Adiwidjaja et al. (1997)), Namuwite (middle, after Groat
(1996)) and Bechererite (right, after Giester and Rieck (1996)) in b-c projection. Crystal structures are created
using the software VESTA 3 (Momma and Izumi 2011).

The essential difference between these minerals is the presence of different ions between the
octahedral layers and how these layers are connected. Gordaite contains Cl-ions on the apex of the
Zn-tetrahedra and hydrated Na-ions between the layers. Due to the incorporation of the ions, the
distance between the octahedral layers is relatively large. The layers are solely connected via hydrogen
bonds. In Namuwite, H,0 is on the apex of the Zn-tetrahedron, and H,0 is intercalated between the
sheets. The octahedral sheets are still connected solely via hydrogen bonds. Bechererite is different.
In Bechererite, the octahedral sheets are connected covalently by the Zn-tetrahedra on top and
bottom of each octahedral layer, forming [Zn,07]® pyro-groups and making this structure ordered and
more stable compared to Gordaite and Namuwite, where the sheets are connected via hydrogen
bonds. Besides its occurrence as a secondary mineral in nature, there is no synthesis method for
Bechererite in the laboratory found in the literature. Based on the available data, it cannot be said with
certainty how exactly Bechererite forms. A possible hypothesis for the occurrence of Bechererite at
80 °C or 90 °C could be that stacking faults occur locally in Gordaite. This allows the octahedral
Zn-layers to be partially bonded directly via the Zn-tetrahedra, forming the pyro-group that connects
the octahedral layers in the Bechererite structure. In contrast to Gordaite, Bechererite is stable at
higher temperatures due to the covalent bonding system. The temperature-related dehydration upon
aging of Gordaite likely causes the stacking faults that lead to Bechererite formation since Bechererite
only occurs when the solution has not been stirred during aging. If these stacking faults were already
formed during the synthesis of Gordaite, they should be found in the sample with Gordaite as the main
phase at 70 °C, too. Temperatures of 100 °C and higher seem to be too high for this phenomenon to
occur. The presence of traces of Namuwite observed next to Gordaite as the main phase in XRD and
FTIR after tempering at 70 °C for 24 h may be an effect of washing, as was already observed by Tandon

et al. (2018) and Tandon and Heuss-ARbichler (2021b).
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Another explanation for the presence of Namuwite after aging for 24 h could be that the mineral is
likely to form at 70 °C according to the same mechanism as Bechererite between 80 °C and 90 °C.
Above 70 °C, Namuwite is, like Gordaite, not stable because the octahedral sheets are connected via

hydrogen bonds.

5.4. MSWI fly ash as a source of Zn as secondary raw material: Application example for Zn recovery
using SPOP from the eluates of MSWI fly ash

5.4.1. Purpose, scope, and nomenclature

The transfer of laboratory results to real conditions is a challenge. This final section aims to show that
the SPOP process developed in a model system to recover Zn from real wastewater, fly ash eluates
from MSWI, also works in practice. Both treatment concepts were developed on a laboratory scale.
The direct precipitation of ZnO (Concept C1, based on chapter 5.2) and the recovery of ZnO by aging
(Concept C2, based on chapter 5.3), were tested using wastewater from MSWI-plant Ingolstadt after

the application of FLUWA.

Nomenclature: The first part of the nomenclature stands for the real wastewater (WW). The second
part stands for the applied concept for ZnO synthesis, C1 for the direct precipitation method, and C2
for the aging method. The third suffix indicates the aging conditions of the suspension, f for the fresh
precipitate taken immediately after the experiment, or the aging time in hours and aging temperature
in °C. For example, WW-G1_C1_f refers to the fresh, washed residue precipitated from WW-G1 using
the direct precipitation method. Medium alkalization rate A2 was used for all experiments.
All precipitates were washed three times with deionized water (< 2uS/cm) immediately after the

filtration.

5.4.2. Experimental series

Two different real wastewaters were used for the experiments. Their composition is shown in
Table 5.14. The main matrix components are Na and Cl. The content of K, Ca, and SO, are < 10000 mg/I,
and Mg is < 1000 mg/I. The concentrations of B and Si in the wastewater are between 25 and 180 mg/I.
The dominant heavy metal in both samples is Zn, with 2395.5 mg/l (WW-G1) and 1587.9 mg/l (WW-
G2). In both wastewaters, the concentration of the heavy metals Pb, Cu, Cd, and Mn, is < 215 mg/I. In

addition, WW-G1 contains Fe and Al, which are not present in WW-G2.
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Table 5.14: Composition of real wastewater from MSWI plant in Ingolstadt after application of FLUWA used

for the precipitation experiments.

Element (mg/1) WW-G1 RSD WW-G2 RSP
(%) (%)
Na 20609.6 0.9 22354.6 1.0
K 7181.5 1.1 8189.4 1.5
Ca 6534.1 2.8 3130.3 2.0
Mg 821.5 1.9 613.7 2.5
cl 55000 <1 52000 <1
SO, 1550 <1 3000 <1
Zn 2395.5 0.2 1587.9 1.4
Pb 112.8 1.7 198.7 9.8
Cu 54.6 5.6 10.7 1.2
cd 37.9 2 214.0 9.0
Mn 40.7 4.2 82.1 1.3
Ni - - 1.0 31
Fe 187.7 0.5 0.0 -
B 179.5 4.5 32.5 15.8
Al 90.4 7.2 - -
Si 27.9 0.1 77.8 8.9
Sb - - 1.3 7.3

Concept C1: the direct precipitation method

Concept C1, the direct precipitation method, is based on the method described in chapter 5.2 of this
thesis. The optimal conditions in the model system for the recovery of ZnO without hydroxides was at
60 °C and using alkalization rate A2. For the experiments with real wastewater, the reaction
temperature was increased by 10 °C to 70 °C. Figure 5.33 shows the principle of Concept C1. First, the
wastewater was heated up to 70 °C reaction temperature. Then, the solution was alkalized to pH > 9
using alkalization rate A2 to precipitate ZnO. When the pH was reached, it is kept > 9 for at least 5

minutes, and then the suspension was filtered. Wastewater WW-G1 was used to test Concept C1.
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Figure 5.33: Concept C1 for the direct precipitation of ZnO from Cl-rich wastewater from MSWI fly ash

eluates.

Concept C2: the aging method

Concept C2 is described in chapter 5.3 of this thesis. As shown in Figure 5.34, it consists of two steps,
(i) precipitation of Gordaite and (ii) aging Gordaite in a suspension to form ZnO. First, the wastewater
was alkalized to pH > 9 at 30 °C to precipitate Gordaite. After Gordaite precipitation, the main part of
the liquid was removed immediately after precipitation. This is based on the experience in the model
system that the Zn concentrations in the filtrates are lowest directly after Gordaite precipitation and
increase within 1 h after aging. The cleaned water was tested to determine if the requirements for
discharge are met. The suspension with Gordaite was aged at 110 °C for 24 hours. Afterward, the
suspension was filtered. The Zn-rich filtrate after aging can be re-circulated and treated together with

the wastewater after FLUWA. Wastewater WW-G2 was used to test Concept C2.
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Figure 5.34: Concept C2, the aging method, to recover Zn as ZnO by precipitation and aging Gordaite in

wastewater from MSWI fly ash eluates.

5.4.3. Results

5.4.3.1. Concept C1: the direct precipitation method

Water analysis

Table 5.15 presents the initial concentrations of WW-G1, the concentrations in the filtrates after the
precipitation according to Concept C1, the calculated removal efficiencies of the matrix elements and
the heavy metals, including the RSD. A high removal efficiency means that the target element is

enriched in the precipitate.

Concept C1 does not affect the concentration of the matrix components. Compared to the initial
solution, the concentrations of K and Ca remained unchanged, while the Na-concentration even

increased. Mg is the only matrix component, where the concentration decreased by 97.8 %.

After the direct precipitation, the concentration of all heavy metals drops remarkably. Except for Zn,
all concentrations are < 9 mg/l in the filtrate, which means a removal efficiency of the heavy metals
> 90 %. The only exception is Cu with 85.2 % (8.1 mg/| Cu). Zn-concentration drops from 2395.5 mg/I

to 19.2 mg/I. This corresponds to a removal efficiency of 99.2 %.
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The concentration of other elements decreases, too: after precipitation, the B- concentration in the
filtrate was 37.1 mg/l, which equals a removal efficiency of 79.3 % and Si-concentration drops from

27.9 mg/l to 2.6 mg/l (90 %).

Table 5.15: Initial concentration, concentration in the filtrate, and removal efficiencies of the matrix

components and the heavy metals after applying Concept C-1, the direct precipitation method, to WW-G1.

Initial concentration In filtrate RSD Removal RSD
Element RSD [%]

WW-G1 [mg/I] [mg/1] [%] efficiency [%] | [%]
Na 20609.6 0.9 23638.0 1.9 -14.7 2.1
K 7181.5 1.1 6366.6 2.1 11.3 2.4
Ca 6534.1 2.8 6061.9 0.7 7.2 2.9
Mg 821.5 1.9 17.7 11.9 97.8 12.0
Zn 2395.5 0.2 19.2 5.8 99.2 5.8
Pb 112.8 1.7 <2 2.2 99.3 2.8
Cu 54.6 5.6 8.1 1.5 85.2 5.8
Cd 37.9 2 2.5 3.2 93.4 3.8
Mn 40.7 4.2 <2 - 99.9 -
Fe 187.7 0.5 8.6 9.0 95.4 9.0
B 179.5 4.5 37.1 1.1 79.3 4.6
Al 90.4 7.2 4.5 8.1 95.0 10.8
Si 27.9 0.1 2.6 1.2 90.7 1.2

Mineralogical characterization of Concept C1 residues

Figure 5.35 shows the XRD pattern of the washed precipitate after the application of Concept C1 to
WW-G1. In general, the relative intensity of the reflexes in the diffraction pattern is low, and the peaks
are broad. In the initial range between 5 - 15 °26, the intensities are high and show a steep curve. The
main phases observed in the XRD pattern of the sample are Simonkolleite, Zn(OH)CI (COD ID 9004684),
and Zincite (COD-ID 9011662). In addition, peaks of low-intensity match Halite (COD-ID 9008678).
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Figure 5.35: XRD pattern of the washed precipitate after treatment of wastewater WW-G1 using Concept C1

(direct precipitation method).

The FTIR spectrum of sample WW-G1_C1_fisshown in Figure 5.36. The spectrum shows band positions
that can be assigned to Zincite and Simonkolleite (Chukanov 2014). In addition, bands with low
intensity can be observed that match Namuwite (Stanimirova et al. 2018) and Goethite (FeO(OH))
(Chukanov 2014). In comparison, the relative intensities of the bands in the range of 3000 - 4000 cm!
are lower than in the range of 400 - 750 cm™. In addition, bands are present in the spectrum at
1384 cm™ and 1550 cm™ that match the positions of surface adsorbed carbonate, as observed, for

example on ferrihydrite by Hausner et al. (2009).
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Figure 5.36: FTIR-spectrum of the washed precipitate after treatment of wastewater WW-G1 by Concept C1

(direct precipitation method).

5.4.3.2. Concept C2: the aging method

Water analysis

Table 5.16 shows the concentrations of the matrix elements and the heavy metals of wastewater
WW-G2 before and in the fresh filtrate after the precipitation (step 1) using Concept C2, the aging
method, as well as the calculated removal efficiencies. After precipitation, the concentration of the
matrix components in the filtrate is still high, as indicated by the very low removal efficiencies < 1 %.
K concentration is almost the same before and after the precipitation, while the Na-concentration
increases. The concentration of Mg and B decreased by approx. 20 %. After precipitation, the

Si-concentration in the fresh filtrate is below 2 mg/l, which is the detection limit for analytical reasons.

In WW-G2, after precipitation, the concentration of almost all heavy metals was below the detection
limit of 2 mg/I. This corresponds to a removal efficiency of 99.9 % for Zn, Pb, Cu, and Mn. The only

exception is Cd with 107.1 mg/I in the filtrate, which corresponds to a removal efficiency of 50 %.
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Table 5.16: Initial concentration, concentration in the filtrate, and removal efficiencies of the matrix

components and the heavy metals after applying Concept C2, the aging method, to WW-G2.

Initial  concentration | RSD In filtrate RSD Removal RSD
Element

WW-G2 [mg/I] [%] [mg/1] [%] efficiency [%] | [%]
Na 22354.6 1.0 23992.8 0.8 -7.3 1.3
K 8189.4 1.5 8301.2 0.8 -14 1.7
Ca 3130.3 2.0 3097.8 1.9 1.0 2.8
Mg 613.7 2.5 488.4 1.4 20.4 2.9
Zn 1587.9 1.4 <2 10.4 99.9 10.5
Pb 198.7 9.8 <2 - 99.9 -
Cu 10.7 1.2 <2 - 99.9 -
Cd 214.0 9.0 107.1 2.5 50.0 9.3
Mn 82.1 1.3 <2 8.7 99.9 8.8
B 325 15.8 26.3 1.3 19.1 15.9
Si 77.8 8.9 <2 - 99.9 -

Mineralogical characterization of Concept C2 precipitates

Figure 5.37 shows the XRD pattern of the fresh and aged precipitate after processing WW-G2 by
Concept C2, the aging method. Gordaite is the only phase present in the diffractogram of the fresh
precipitate. After aging the Gordaite in the suspension at 110 °C for 24 h, the diffraction pattern of
sample WW-G2_C2_24h_110 °C differs completely. The three main reflexes with the highest intensity
at 31.57 °20, 34.47 °20 and 36.13 °26 correspond to the ZnO main peaks. In general, the reflexes are
broadened, with the (100) reflex at 31.57 °26 being higher compared to the reference. In addition, two
further phases with low relative intensities can be identified in the diffraction pattern. Willemite
(COD ID 9014832) with the main reflex at 33.93 °26 and Simonkolleite with the main reflex at
11.22 °26.



Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions | 90

N (101)

N (100)

©
()
N
©
£
2
- 1d110°C
P
P °
c 5
-.q_)‘ e
£
()
=
©
D
f
T |
80

Figure 5.37: XRD pattern of the washed fresh and at 110 °C for 24 h aged precipitates after treatment of

wastewater WW-G2 by Concept C2, the aging method.

The phases determined by FTIR (Figure 5.38) in the fresh sample after the aging method show, in
general, the same phases as observed by XRD. The fresh precipitate shows band positions that match
Gordaite bands. In addition, the sample shows bands of low intensity that can be assigned to Namuwite
(Stanimirova et al. 2018), which can be identified by the band positions at 669 cm™, 783 cm?,

955 cm, and 1080 cm™® because Gordaite bands do not superimpose these bands.

The FTIR spectrum of sample WW-G2_C2_24h_110 °C shows bands of high intensity at 868 cm?,
901 cm™?, 932 cm™?, 945 cm™, and 977 cm™ that can be assigned to Willemite. ZnO can also be identified
by the characteristic bands at the beginning of the IR spectrum at 375 cm?, 420 cm?, 442 cm?, and
530 cm™. Bands of low intensity are observed that match Gordaite and Namuwite. Comparing the
relative intensities within the FTIR spectra of sample WW-G2_C2_24h_110 °C, Willemite shows the
highest relative intensities. Some band positions present in both FTIR spectra could not be assigned:

at 1155cm™ (shoulder), at 1412 cm™, at 1470 cm™ (low relative intensity) and at 1577 cm™.
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Figure 5.38: FTIR-spectra of the washed fresh and at 110 °C for 24h aged precipitates after treatment of

wastewater WW-G2 by Concept C2, the aging method.
5.4.4. Discussion

5.4.4.1. Application of Concept C1, the direct precipitation method

The direct precipitation method C1 aims to precipitate ZnO directly from the wastewater. Figure 5.39
shows the composition of the matrix components and heavy metals before and after applying the
direct method to wastewater WW-G1. The precipitation shows no effect on the composition of the
matrix elements. The increase of Na in the filtrate after precipitation is due to the addition of Na as
NaOH for alkalization. In contrast, the concentrations of the elements Pb and Mn decrease
significantly, while the levels of Zn, Cu, Cd, Fe, B, Al, and Si remain slightly elevated. Especially the
Zn-concentration with 19.2 mg/l is too high for discharge. In comparison, Zn concentrations below the
detection limit (< 2 mg/l) were achieved in the model system with the direct method at 60 °C,
corresponding to a removal efficiency of 99.9 %. This demonstrates the difference when treating real

wastewater with various impurities and contaminations using Concept C1.
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Figure 5.39: Water analysis of (a) the matrix compounds and (b) of the heavy metals including Si and B
before and after applying Concept 1, the direct method, to wastewater WW-G1. If no error bars are
displayed, the RSD is within the size of the symbol. ini stands for the untreated wastewater and f for the

treated wastewater.

Both XRD and FTIR results show that it is possible to precipitate ZnO from real wastewater of MSWI fly
ash eluates after FLUWA using the direct precipitation method. In the XRD pattern of sample
WW-G1_C1_f, a steep curve at the beginning of the diffraction pattern can be observed. This effect is
due to fluorescence radiation, caused by the interference of Fe in WW-G1 with the Cuk.: radiation
source. That Fe is present in the precipitate shows (i) the decrease in Fe- concentration in the filtrate
after precipitation and (ii) the presence of traces of Goethite identified by FTIR. Because of the low
relative intensity of the measurement, it was impossible to measure the sample with a threshold to
filter out the Fe-fluorescence radiation, as this reduces the intensity of the whole sample even further.
The low relative intensity points to a high amount of (X-ray) amorphous hydroxides (= low crystallinity)
and/or nanocrystallinity. FTIR and XRD are complementary methods. If the proportion of hydroxides
in the sample were high, the hydroxides' corresponding characteristic bands around 3000 — 4000 cm!

would be present in the FTIR spectrum. Instead, the FTIR spectrum shows a high relative intensity of



93 | Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions

Zn0 bands and only low amounts of hydroxides. Comparing the FTIR results with the XRD pattern with
the low relative intensity, the results point to nanocrystalline ZnO. When the crystallite size decreases
to < 25 nm, the peak broadening increases significantly, and the peak intensity is low (Holder and

Schaak 2019).

In sample WW-G1_C1 _f, traces of Halite are present in the precipitate, and traces of Namuwite are
present in the FTIR spectrum. Gordaite is not detected. Instead, the Zn-hydroxy chloride Simonkolleite
is present in the precipitate, verified by XRD and FTIR. This phase was not observed in the model
system. The relative intensities of Simonkolleite and Zincite in the XRD pattern are comparable, which
would indicate a similar ratio of the phases in the precipitate. However, due to the small crystallite size
of the ZnO nanoparticles, the proportion of ZnO must be higher. This is also confirmed by FTIR, where
Zn0 is the main phase. In the model system, only ZnO was observed (see chapter 5.2). The presence
of additional phase(s) is obviously an effect of the real wastewater and the various accessory elements
it contains. Another reason for the occurrence of Simonkolleite, the absence of Gordaite and only
traces of Namuwite, may be the limited SO, availability. Simonkolleite is the thermodynamic stable
phase in the system ZnCl,-NaCl-H,0 at 25 °C (Hagemann 2012). In wastewater WW-G1, which was used
to test the direct method, the SO, concentration is 1550 mg/I. In the experiments in the model system,

where Gordaite precipitates, the SO4 concentration were between 2500 — 5440 mg/I.

The water analysis show that most of the heavy metals are removed from the solution. Thus, they must
be in the residue. The absence of other phases than Simonkolleite, Zincite, Goethite, and Namuwite
point to (i) minerals that contain these elements and that are not detected or (ii) that these metals are
incorporated into the present structures, e.g., into ZnO structure. Due to the low relative intensity of
the reflexes in the XRD pattern, it is very probable that mineral phases are present that were not
detected by XRD. Usually, the detection limit of XRD is approximately 3%. In this case, with real
wastewater, fluorescence radiation, and the low intensity of the reflexes, this detection limit is
certainly > 3%. This means other phases such as Laurionite (see chapter 5.1) might have precipitated
below the detection limit, containing the remaining heavy metals that must be in the residue.
John et al. (2016d) demonstrated that doped ZnO could precipitate from Cl-poor industrial
wastewater, indicating that various elements can substitute Zn. This is most probably the case here,
too. However, the results presented in this application example do not show to what extent Zn was
substituted in ZnO. In general, the potential doping of ZnO could be determined by a shift of the ZnO
reflexes in the XRD pattern. Due to the significant influence of the real wastewater on the

measurements, this is impossible. Magnetic measurements could identify the very likely doping of ZnO.
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5.4.4.2. Application of Concept C2, the aging method

Concept C2, the aging method, aims to gain ZnO by aging fresh precipitated Gordaite in saline
suspension. Figure 5.40a shows the water analysis of the matrix compounds and Figure 5.40b of the
heavy metals before and after applying Concept C2 to WW-G2. It shows that the concentration of the
matrix compounds K, Ca, and Mg, as well as B, remains almost unchanged high in the filtrate, except
Na. The increase of Na concentration after precipitation is due to adding NaOH for alkalization.
In comparison, the heavy metals are effectively removed by Concept C2, except for Cd. After
precipitation at 30 °C, the concentration of Zn, Pb, Cu, Mn, Ni, and Sb in the fresh filtrate was < 2 mg/I,

which is the detection limit due to analytical reasons.
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Fig 5.40: Composition of (a) matrix elements and (b) heavy metals in wastewater WW-G2 and fresh filtrate
after application of Concept C2. If no error bars are displayed, the RSD is within the size of the symbol. ini

stands for the untreated wastewater and f for the treated wastewater.

The mineralogical characterization shows that Gordaite is almost the only phase present immediately
after precipitation at 30 °C. Traces of Namuwite, detected by FTIR, are presumably an effect of washing

the fresh Gordaite, as was already observed in the model system (see chapters 5.1, 5.2, and 5.3).
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The removal efficiency of the heavy metals in the filtrate after step |, the Gordaite precipitation, is high.
This means that (i) minerals are present below the detection limit of XRD that contain these elements
or (ii) that the heavy metals are incorporated into the Gordaite structure. Gordaite has a high anion
and cation exchange capacity (see chapter 3.3.2.1) (Stanimirova 2019). Any significant substitution in
a mineral structure should affect the unit cell and thus be detectable in the XRD pattern. A closer look
at the peak position of the (001) main reflex of Gordaite compared with the reference shows a shift of
+ 0.05 °26. This indicates an increase of the interlayer spacing along the c-axis due to the incorporation
of heavy metals in the Gordaite structure. Cd is the only element that remains in the filtrate in
significant concentrations. In the presence of anions, Cd forms complexes such as CdCI* and CdSO, that
are highly water-soluble (Kubier et al. 2019). The presence of such complexes is most probably the

reason for the elevated Cd concentrations in the filtrate.

After aging the precipitates, ZnO was identified as the main phase in the sample
WW-G2_C2 24h 110 °C. The ZnO reflexes in the XRD pattern of sample WW-G2_C2_24h 110 °C
shows slightly broadened ZnO reflexes suggesting nanocrystallinity (Holder and Schaak 2019).
Compared to the reference, the relative intensity of the (100) reflex is almost as high as the (101) reflex
of ZnO main peaks. These changes in the relative intensities of the main reflexes point (i) to preferred
orientation or (ii) indicate a spherical shape of the ZnO nanoparticles (Holder and Schaak 2019).
For clarification, SEM images of the residues should be taken. Within the application example

presented in this section, these investigations would have gone beyond the scope.

In addition, traces of Willemite and Simonkolleite were observed in the XRD pattern. The presence of
traces of Willemite is conclusive since the Si-concentration drops from initially approx. 78 mg/I to
< 2 mg/| after precipitation. Looking at the FTIR-spectra of the sample, the relative intensity of
Willemite bands are higher than that of ZnO, indicating that Willemite is the main phase. Regarding
the reaction yield, the results of FTIR and XRD of sample WW-G2_C2_24h 110 °C are somewhat
contrary. Considering the availability of the elements in the initial wastewater sample, Zn is with
1587.9 mg/l remarkably more concentrated than Si with 77.8 mg/l. This means that the relative
amount of ZnO must be higher compared to Willemite. Compared to the fresh precipitate, the intensity
of the O-H bands between 3000 — 4000 cm™ decreased, indicating a lower amount of Gordaite,
Namuwite, and Simonkolleite. Thus, combining XRD and FTIR results, it can be concluded that the
precipitate after application of the aging method C2 is mainly crystalline and that ZnO is the main
phase, confirmed by XRD measurements and the lower amount of O-H bands in FTIR. However, some
bands in the FTIR spectrum could not be identified, which means that at least one more
X-ray amorphous phase present in the precipitate could also contribute to the high band between

868 cmtand 977 cm™.



Development of an SPOP-based process to precipitate Zn as ZnO from Cl-rich solutions | 96

5.4.4.3. SPOP - an effective method for recovering Zn from MSWI fly ash?

The result of the two concepts confirms that the SPOP process is indeed a viable procedure to recover
Zn from MSWI fly ash eluates. But it also shows the challenges that must be resolved in practice. Many
aspects need to be realized, taking the needs of the end-user of the technology and the smelters into

account:

e Aviable method should be both, economically and environmentally feasible. This implies a low
energy and low-cost recovery process.

e A robust process is required to handle the many impurities and contaminations in real
wastewater after FLUWA, as well as the strong fluctuations in the concentrations of the heavy
metals and the matrix elements (see chapter 2.4).

e For a successful recovery, the Zn content in the precipitate must be as high as possible,

e andthe Cl concentration low, at least < 12 wt.-% of the dry mass substance, depending on local
regulations (Annahmekatalog Qualitdtsmerkmale Befesa Zinc Freiberg, Table A.5 in annex).

e |deally, the proportion of hydroxides in the precipitates is low, and the filtrate meets the

discharge limits after the treatment process.

With both processes, Concept C1 and C2, it was possible to precipitate ZnO as the main phase.
Formation of ZnO means the enrichment of Zn in the residue while keeping the Cl-concentration low
(< 12 wt.-% of the dry mass substance). However, the concepts were developed with synthetic
wastewater and only tested with one wastewater each. To prove the robustness of the processes,

the results must be confirmed with additional wastewater samples.

Table 5.17 shows the results of the direct precipitation method using WW-G1 and the aging method
using WW-G2. In Concept C1, the direct precipitation method, Simonkolleite precipitates next to
Zincite. This means the formation of a phase with a significant amount of Cl. In contrast, Concept C2,
the aging method, leads to a significantly higher removal efficiency for Zn, as Simonkolleite and other
hydroxides are detected only in traces. It is assumed that the treated wastewater of C2 complies with
the direct discharge limit of 1 mg/l Zn. However, due to the detection limit of 2 mg/I for the salt-rich
matrix, this cannot be said with certainty. With Concept C2, the concentrations of other heavy metals
in the solution are also significantly lower than with the direct method (Concept C1); an exception is

Cd, which forms complexes that remain in the solution.

The comparison shows that Concept C1, the direct precipitation of ZnO, depends strongly on the actual
composition of the wastewater, and these impurities significantly affect the result. One explanation
for this could be that when ZnO is precipitated directly from wastewater, the other elements are only

incorporated into the ZnO structure to a limited extent. The substitution of Zn by other bi-valent heavy
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metal ions is possible, as was shown by John et al. (2016d). Although, the concentration of the heavy
metals in the wastewater might be too high to be completely incorporated into the ZnO structure, as

the formation of a solid solution is limited.

Not so during the aging method. At first, Gordaite precipitates. The low heavy metal concentration
indicates a high anion and cation exchange capacity of Gordaite, which results in most heavy metals
being incorporated into the Gordaite structure. Furthermore, the results have shown that additional
mineral phases precipitate from the solution. This depends on the concentration of the respective

elements. Willemite precipitates, for example, if sufficient Si is available in the solution.

Table 5.17: Summary of the mineralogical characterization of the two Concepts C1 and C2 using real
wastewater from MSWI Ingolstadt after application of FLUWA, including the Zn concentration in mg/I after

the experiment and the calculated removal efficiency in %.

Zincite Gordaite Namuwite | Simonkolleite | Goethite Halite | Willemite
Zn-
NaZna(S04)(OH)sCl | Zna(SO4)(OH)s
Concept | zno Zn(OH)CI FeO(OH) Nacl ZnSiOa removal
*6H.0 *4H,0
XRD | IR XRD IR XRD IR XRD IR XRD | IR XRD | IR | XRD | IR | %
c1 ++ | | - + - + ++ + - [+ |- |- - 99.2
Cc2 ++ | + - + - + (+) + - - - -+ ++ | 99.9

The successful implication of the SPOP process depends crucially on the reaction conditions. Therefore,
to realize the developed SPOP process in practice, a quick and easy method is needed to evaluate
whether the precipitation process was successful or not during the operation of a pilot plant or on an
industrial scale. A suitable method could be Eh-pH diagrams, where the stability fields of the minerals
are plotted as a function of Eh and pH. By recording the Eh and pH during the precipitation process,
one can estimate the product phase. The results in the model system were plotted in two Eh-pH
diagrams, one for temperatures < 40 °C (Figure 5.41a) and the other for temperatures > 40 °C
(Figure 5.41b) to test the applicability of the Eh-pH diagrams as a monitoring tool. They represent the
conditions for Cl-concentrations > 70000 mg/I, SO, concentrations 2200 - 5440 mg/|, and sufficiently
available oxygen, Na, Ca, and Zn in the solution. The list of the used data can be found in Tables A.3
and A.4 in the annex. The mineral fields in the figures are based solely on available data so that the

actual stability limits may differ slightly.

At temperatures < 40 °C, Gordaite has a large stability field at Cl concentrations > 70000 mg/| and
precipitates within the range pH 8.7 — pH 10.8 with sufficient oxygen in the system. The stability field
of ZnO is very narrow because, at pH > 11.3, Ca-Zincate (CaZn,(OH)e2H,0) is stable.

At temperatures > 40 °C, the stability field of ZnO enlarges and shifts to lower pH values.
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Accordingly, by increasing the temperature, costs for chemicals could be saved since less NaOH is
needed for alkalization to a lower pH. It is expected that the stability fields are similar at lower Eh

conditions.

al 1150

920

<40°C

Zincite

460 - Gordaite _:

- %

0+ (Y ~0’

Ca-Zincate

Eh (mV)
N
8
1

40°C

[N)
[N
o

I
T/

L L
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

> 40°C

.
T/o

Zincite

Tz

T 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 5.41: Empirical Eh-pH diagrams of Zn phases at a) < 40 °C and b) > 40 °C with Cl-concentrations
> 70000 mg/Il, SO, concentrations 2200 — 5440 mg/l, and sufficiently available oxygen, Na, Ca, and Zn.

The data points that are the basis for this stability diagram can be found in Tables A.3 and A.4 in the annex.

The applicability of the diagram as a monitoring tool is checked with the result of the real wastewater
WW-G1. In this experiment Concept C1 was applied at 70 °C. The Eh and pH value measured after the
experiment plots in Figure 5.42 (red star) within the orange ZnO stability field > 40 °C. The negative Eh
value is most likely due to organic substances in the real wastewater, which lower the Eh-value through

oxidation. That ZnO is the main phase is confirmed by the analyses.
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Figure 5.42: Empirical Eh-pH diagram of Zn phases at Cl-concentrations > 70000 mg/I, SO, concentrations
2200 - 5440 mg/I, and sufficiently available Na, Ca, and Zn in the solution. The red star refers to the Eh and
pH value of experiment WW-G1_C1. The data points that are the basis for the stability diagram can be found

in Table A.4 in the annex.

Accordingly, the measurement of Eh-pH values can be a suitable method to control the successful
implementation of the process. However, it also shows that for practical purposes, accurate mapping
of the stability fields of the minerals is essential in dependence of temperature, regardless of the fact

that it is necessary for determining the optimal reaction conditions.
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6. Conclusion and outlook

The term “waste” has continuously changed over time: what has been considered as waste and thus
worthless for years and decades is in a new context valuable, sometimes out of necessity, often for
economic reasons and, recently, for reasons of sustainability (Keller 2009). Today, MSWI fly ash is
regarded as hazardous waste due to its high content of easily soluble salts, heavy metals, and POPs.
It is therefore disposed of in special landfills, either directly or after processing by S/S techniques, or it
is recycled underground as filler. Several studies dealt with the use fly ash as a raw material substitute
(e.g., as an additive in cement) with the aim to save landfill space (Stegemann 2014; Quina et al. 2018).
However, only small quantities of ash can be added as an aggregate without negatively affecting the
properties of the respective products. In addition, toxic heavy metals are introduced into the material
cycle, making subsequent recycling of, e.g., building materials problematic. It also leads to the loss of

metals like Zn as a resource due to dissipation.

A comparison with primary raw materials highlights the enormous potential of fly ash from municipal
waste as an anthropogenic resource. The Zn-content of natural low-grade ores is 2,5 % (Sverdrup et al.
2019), whereas the Zn content in fly ash can be as high as 7 % (see chapter 2.4). In 2017, 26.4 million
tons of waste were thermally treated in Germany (ITAD Jahresbericht 2019). With a fly ash proportion
of 1 - 5 wt.-% of the original waste input (see chapter 2.2), this means that between 264000 and
1°320000 tons of fly ash were generated by waste incineration in 2017. Assuming an average Zn
content of only 2.5 % in the fly ash - comparable to low-grade Zn-ores - this results in a quantity of

6600 - 33000 tons of Zn per year that are lost only in Germany.

This means viable methods are required for an effective recovery of the resources contained in fly ash.
In this respect, the gas cleaning system has a massive influence on the efficiency of such a process. The
addition of milk of lime to fly ash in dry/semi-dry FGT dilutes the heavy metal content in the ash
considerably, making metal recovery unprofitable. Not so with wet flue gas scrubbing. The often-cited
disadvantage of this process — the formation of an acidic solution — can be used to mobilize the metals
from the fly ash. As demonstrated by the FLUWA (acidic fly ash washing) process (see chapter 3.3.1),
Zn, Pb, Cd, and Cu can be leached from the fly ash by optimizing the leaching conditions. However,
treatment of the metals-enriched solution with milk of lime leads to a considerable increase in the
volume of the residue and causes a reduction in the metal concentration in the neutralization sludge.

This makes the recovery of metals uneconomical and the sludge a hazardous waste.

Only a few processes, such as FLUREC (fly ash recycling), were developed to treat salt-rich leachate
from fly ash, with a focus on recovering Zn as high purity metal. However, it is also a complex and
energy-intensive process. The SPOP (Specific Product-Oriented Precipitation) procedure presented in

this thesis provides a low-cost alternative. Two novel processes have been developed to precipitate
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Zn0O from saline AQ. The precipitation of the phases depends strongly on the reaction conditions. At
room temperature, Gordaite is the stable phase. By optimizing the reaction conditions, it is possible to
synthesize ZnO as a single-phase directly a) at temperatures > 60 °C with medium alkalization rate A2
or b) at lower temperatures < 40 °C by increasing the alkalization rate (see chapter 5.2). It is also
possible to obtain ZnO in a two-step process by aging previously synthesized Gordaite in suspension
(see chapter 5.3) by a dissolution-precipitation reaction. Gordaite is not stable at > 80 °C (without
stirring). At 110 °C and without stirring, Gordaite completely transforms to ZnO within 3 h. In general,
the higher the aging temperature, the faster the transformation reaction. Stirring during aging can
accelerate the dissolution-precipitation reaction to form ZnO and thereby lowers the aging

temperature.

Based on the results in the model system, two concepts were developed and tested with real
wastewater from MSWI plant Ingolstadt in chapter 5.4. Concept 1 (direct precipitation method) aims
to precipitate ZnO directly from the wastewater and Concept 2 (aging method) is a two-step process,
where ZnO is obtained by aging previously synthesized Gordaite at elevated temperatures. The case
studies in chapter 5.4 confirm that the two Concepts C1 (direct precipitation method) and C2 (aging
method) developed in the model system can be applied to real wastewater from MSWI. ZnO is the
main phase in both methods. This represents the first step towards a viable industrial process. By
precipitating mainly ZnO, Zn is enriched in the residue, while the Cl-concentration remains low (at least
< 12 wt.-% of the dry mass substance, depending on local regulations), which is a prerequisite for the
successful recycling of the residues. These results must be confirmed with different wastewater

samples of varying compositions to prove the robustness of the process.

The next step is to build a pilot plant to test the feasibility of both processes on a larger scale.
Simultaneously, the laboratory experiments are to be continued in order to record the expansion of
the stability fields of the phases in the Eh-pH diagram in dependence of temperature. Based on the
results, the method with the better economic viability and the least environmental impact can be
determined. This step requires cooperation with a plant manufacturer and close collaboration with the
user, the MSWI plant, and potential recyclers. Contact with the recyclers is necessary to confirm that
the residues produced by SPOP can be recycled. An evaluation of the SPOP process with life cycle
assessment enables the environmental impact of this process to be compared with that of FLUREC
process. Such innovative concepts which meet the criteria of circular economy (Helbig et al. 2020) in
consideration of the sustainable development goals (SDG) contribute to save primary raw materials
and avoid hazardous waste. The recovery of valuable materials from anthropogenic sources in order
to reintroduce them into production helps to close the gap in the circular economy and is thus an

important step towards an “industrial ecosystem” (Stegemann 2014).
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The comparison of the leachate wastewaters from Germany and Switzerland according to FLUWA has
shown that an optimized FLUWA remarkably increases the concentration of the heavy metals in the
eluate, e.g., by adding H,0, as an oxidizing agent (see chapter 4.1.2). This means that for an optimal
use of the anthropogenic resource fly ash, also the FLUWA process must be optimized. This has two
advantages; it effectively depletes the metals in the fly ash and enriches the metals in the eluate, which

increases the ZnO yield when applying the SPOP process.

The results of this thesis offer another area in which SPOP can be applied. It can be used as an
innovative synthesis method for ZnO, Gordaite, Namuwite, and Bechererite from Zn containing Cl-rich
solutions. In the case of ZnO, the structural parameters of the nanoparticles such as particle size,
defects, and doping directly affect the optical and electrical properties and, thus, the application of the
nanoparticles (Fang 2016). The new synthesis methods for nanocrystalline ZnO presented in this thesis
are very promising because they are simple, fast, and inexpensive. The results show that the
morphology of the particles changes with reaction conditions. Therefore, a systematic study of the
relationship between the SPOP-precipitation conditions and the morphological and structural
parameters should be carried out. A deeper understanding of these relationships enables the
production of technologically interesting ZnO nanoparticles. A promising application of Cu-doped ZnO
nanoparticles would be, for example, as a catalyst for the hydrogenation of CO or CO, to methanol

(Studt et al. 2015; Kattel et al. 2017).

Both minerals, Gordaite and Namuwite, have unique properties regarding their ion exchange capacity.
Among other things, they are also discussed as corrosion protection. These minerals can be
synthesized much faster and easier using SPOP. Compared to the usual synthesis duration of 5 days
for both minerals, the precipitation using SPOP is completed within 10 minutes. Besides the educts for
synthesis, only NaOH is needed. The synthesis procedure for these minerals can be further optimized
in order to increase the efficiency of this process, e.g., by saving chemicals. As a next step, the ion
exchange properties of the minerals should be determined with a focus on Cd, Cu, and Pb because
these elements are the most abundant in MSWI fly ash. This approach implies a detailed study of the

structure of Gordaite and Namuwite synthesized with SPOP.

According to current knowledge, the synthesis of Bechererite was carried out for the first time in the
laboratory. The optimal conditions for synthesis must be determined in order to obtain Bechererite as
a single phase. The most promising results were obtained in the Zn system with medium salinity
(chapter 5.1, Set 1). This allows the structure and stability of Bechererite, as well as possible
applications, to be examined in detail. The possibility of preparing the mineral very easily under
controlled laboratory conditions can also help to get a better understanding about the alteration

processes in nature leading to Bechererite as a secondary mineral.
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Annex

Table A.1: Analysis of the “leachate wastewaters” treated after FLUWA at MSWI plant Ingolstadt, Germany,

in the sampling period from 2016 - 2020. n.d. stands for not determined.

Element ww ww ww ww ww ww ww ww ww
G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 G-9

Zn[mg/l] | 3570.0 | 1650.0 | 711.4 2614.8 | 1772.3 | 1426.4 | 2517.1 3351.6 1988.2
Pb [mg/l] | 1780.0 | 204.0 69.7 964.9 169.8 215.4 634.1 190.5 106.8
Cu[mg/l] | 26.6 13.2 5.26 600.4 8.2 n.d. 4.58 n.d. 11.2
Cd [mg/l] | 67.5 230.0 17.2 333 29.7 20.0 48.1 44.4 34.3
Na [mg/I] | 32200 22500 n.d. 21000 29300 23200 41400 26600 22000
K [mg/1] 6730.0 | 7780.0 | n.d. 4589.5 | 8463.3 | 3918.8 | 6581.9 10012.5 6410.2
Ca[mg/l] | 4340.0 | 3450.0 | n.d. 7882.2 | 5800.1 | 1967.6 | 757.5 n.d. 5361.9
SO4[mg/1] | 2550 3000 1450 1900 1750 4220 15800 n.d. 1550
Cl[mg/l] | 72000 60000 69000 71000 64000 43000 63000 n.d. 55000

Table A.2: Analysis of the wastewaters from a Swiss MSWI plant. WW CH-1 was collected directly after the

FLUWA process, and the samples ZEM CH 1-3 were sampled after cementation.

ZEM ZEM ZEM
Element WW CH-1
CH-1 CH-2 CH-3

Zn [mg/1] 12909.5 12353.1 14050.6 14761.5

Pb [mg/I] 71.57 7.14 6.06 6.15
Cu [mg/I] 357.94 - - -

Cd [mg/I] 96.1 0.98 1.05 1.11
Na [mg/1] 25500 24200 24600 25200
K [mg/1] 10630 10100 10100 10500
Ca [mg/1] 806.5 777.0 740 780
S04 [mg/1] 11780 11800 11800 -

Cl [mg/I] 67700 64700 62900 59200
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Table A.3: Initial Zn-concentration, reaction temperature, Eh-pH, and main phases of the experiments that

were used to construct the empirical Eh-pH diagram for concentrations > 70000 mg/l, SO, concentrations

2200 - 5440 mg/l, and at temperatures < 40 °C (Figure 5.41a) of chapter 5.4.

Initial Zn- Reaction Eh after

pH after
concentration temperature . experiment Main Phase*

experiment
[mg/l] [°cl [mV]
2000 30 11,2 -39,7 Ca-Zinkate
2000 30 11,5 0,3 Ca-Zinkate
4000 30 9,3 135,9 Gordaite
4000 30 9,2 148,8 Gordaite
4000 30 9,3 141,5 Gordaite
4000 30 9,4 122 Gordaite
4000 30 9,5 97,2 Gordaite
4000 30 9,4 128,3 Gordaite
4000 30 9,3 117 Gordaite
4000 30 9,3 136,3 Gordaite
4000 30 9,2 136 Gordaite
2000 30 9,5 132,8 Gordaite
2000 30 9,8 165 Gordaite
2000 30 9,8 184,8 Gordaite
2000 30 10,1 4,5 Gordaite
2000 30 9,5 140,3 Gordaite
2000 30 9,8 172,9 Gordaite
2000 30 9,3 58,6 Gordaite
2000 30 9,7 188,9 Gordaite
2000 30 9,4 178,2 Gordaite
2000 30 9,5 56,3 Gordaite
2000 30 9,9 106,2 Gordaite
2000 30 9,9 194 Gordaite
2000 30 9,7 203,6 Gordaite
2000 40 9,2 -44,5 Gordaite
2000 35 10,8 -41,8 Zincite
2000 35 10,2 -17,8 Zincite
2000 35 10,7 -25,6 Zincite

* The main phase was determined by XRD and FTIR. The mentioned phase is only the main phase;

other phases in low proportions may occur.
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Table A.4: Initial Zn-concentration, reaction temperature, Eh-pH, and main phases of the experiments that
were used to construct the empirical Eh-pH diagram for concentrations > 70000 mg/I, SO, concentrations

2200 - 5440 mg/I, and at temperatures > 40 °C (Figure 5.41b) of chapter 5.4.

Initial Zn-  Reaction Eh after
pH after
concentration temperature experiment Main Phase*
experiment
[mg/1] [°cl [mV]
2000 35 10,8 -41,8 Zincite
2000 35 10,2 -17,8 Zincite
2000 35 10,7 -25,6 Zincite
2000 50 10 -61,7 Zincite
2000 60 9,4 -19,4 Zincite
2000 65 9,2 96,8 Zincite
2000 70 9,3 24,2 Zincite
2000 80 9,3 -263,5 Zincite

* The main phase was determined by XRD and FTIR. The mentioned phase is only the main phase;

other phases in low proportions may occur.
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Table A.5: “Annahmekatalog Qualitdtsmerkmale” (2010) displaying the minimum requirements of the

smelter Befesa Zinc Freiberg for the recycling of Zn-containing residues.

Anlage 2: Qualitatsparameter

Die zinkhaltigen Materialien haben einen Zinkgehalt von mindestens

5 Masseprozent
aufzuweisen.

Die Inhaltsstoffe in den Vorlaufmaterialien sind wie folgt begrenzt:
- Nickel 12 Masseprozent

- Atemgangige pulverférmige Nickelverbindungen
(Nickelmonoxid, Nickeldioxid, Nickelsulfid, Tri-

nickeldisulfid, Dinickeltrioxid) < 0,1 Masseprozent
- Chrom und seine Verbindungen, angegeben als Cr 12 Masseprozent
- Kadmium und seine Verbindungen, angegeben als Cd 1 Masseprozent

- Arsenoxid, Arsensaure und/oder ihre Salze, bezogen auf

Arsen(V)-oxid und angegeben als As < 0,06 Masseprozent
- Chlor und seine Verbindungen, angegeben als Cl 12 Masseprozent
- Fluor und seine Verbindungen, angegeben als F 10 Masseprozent
- Schwefel als Sulfitgehalt, angegeben als SOs-S 5 Masseprozent
- Quecksilber und seine Verbindungen, angegeben als Hg 0,02 Masseprozent

- organische Stoffe -Bestandteil an brennbarem Material,
ausgenommen der Anteil elementaren Kohlenstoffs 15 Masseprozent

- Dioxine und Furane 5000 ng/kg



