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Abstract

This work is focussed on the synthesis of microporous aluminophosphates and
silicoaluminophosphates, which are potentially useful for heat exchanger
applications. More specifically, SAPO-34 (CHA structure) and AIPO-18 (AEI
structure) were prepared in the form of nanosized crystals (<200 nm), which
can provide decreased diffusion pathways and increased outer surfaces. To
obtain nanocrystals, clear colloidal synthesis mixtures were used, and
hydrothermally treated at elevated temperatures using either conventional or
microwave ovens. The effect of synthesis composition, time and temperature
was studied, and it was found that a high supersaturation in the precursor, and
a large degree of homogeneity in composition and temperature are of crucial
importance. Additionally, very concentrated systems gave rise to a faster growth
phase and increased crystal sizes. The use of microwave energy led to smaller

crystals and increased monodispersity in both the AIPO and the SAPO system.

AIPO-18 was tested for its suitability in heat exchanger applications. Therefore,
layers of increasing thickness of up to ~600 ym were prepared by coating and
drying. The aqueous coating suspensions consisted of the calcined AIPO-18
powders and polyvinyl alcohol as a binder component. Homogeneous and
mechanically stable layers were obtained. The kinetics of water adsorption were
studied by means of a specially designed measuring setup, which allowed for
both canonical (number of particles constant) and isobaric measuring modes.
The setup provided conditions close to applications in real heat exchangers.

Films with thicknesses of up to ~150 ym allowed for fast mass and heat
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transport (<2 min), whereas thicker films showed decreased rates. The process
was faster in films comprising nanosized AIPO-18 powders due to a decreased

heat resistance in the film matrix.

Gel syntheses using high-throughput methods were conducted aimed at cost-
efficiency in the AIPO-18 (AEl) system. Therefore, two strategies, namely
template substitution and decrease of template concentration were followed. By
substitution of tetraethylammonium by triethylamine pure AIPO-18 could be
synthesized under specific conditions. The use of unconventional templates,
especially urea, led to the discovery of a new aluminophosphate phase. The
reduction of the tetraethylammonium content did not lead to the AEI structure,

but AIPO-5 (AFI) was formed under most synthesis conditions.
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1 Introduction

1.1 Climate change and -protection

1.1.1 The Nobel Peace Price 2007

“The Norwegian Nobel Committee has decided that the Nobel Peace Prize for
2007 is to be shared, in two equal parts, between the Intergovernmental Panel
on Climate Change (IPCC) and Albert Arnold (Al) Gore Jr. for their efforts to
build up and disseminate greater knowledge about man-made climate change,
and to lay the foundations for the measures that are needed to counteract such

change.”’"!

Not only since the awarding of this year’s Nobel Peace Price the global
community’s focus on climate protection has sharpened.”) Today, a broad
consensus prevails that our climate is apparently changing, and the IPCC and
Al Gore have contributed to this public awareness. Only some consequences of
global warming shall be mentioned here. The retreat and disappearance of the
Earth’s glaciers can be measured and followed in terms of mass balances and
satellite monitoring, and a steady average decrease in mass and length was
observed in the past 50 years.” ¥ This has a major impact on the Earth’s water
cycle as the glacier retreat is assumed to have drastic effects on the sea level
rise and the heat transport by oceanic streams. Extreme weather conditions like
hurricanes are correlated to a global rise in temperature and CO, — level,>®

and less-predictable periods of droughts and floods are already occurring,

especially on the warmest continents, Africal® and Australia. Many ecosystems
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around the world are strongly affected by a changing climate, e.g.,, birds are
changing their annual migration and many other species including plants are
forced out of their habitats.">'? The consequences of global warming on
agriculture, insurances, migrations etc. will result in serious damage to the
global economy, and the former chief economist of the world bank, Nicholas
Stern, stated in his famous review for the British government in 2006 that “the

benefits of strong, early action on climate change outweigh the costs”.['®!

The attribution of the detected global warming to human influence is difficult as
the Earth’s global climate is naturally variable on century time-scales.
Therefore, critics of the debate still doubt human influence. However, the 2007
Fourth Assessment Report of the IPCC,"*"® which represents consensus in the
scientific community, has concluded that the increase in globally averaged
temperature can be attributed mainly to the increase in anthropogenic
greenhouse gas concentrations. Especially, Chapter 9 of “The Contribution of

"8 is concerned with the reasons for the detected extremes in

Working Group 1
global climate. On 84 pages a detailed summary of scientific statements is
given, which provides the strongest evidence so far that the current warming

trend is the increasingly dangerous result of human activity. Therefore, a

coherent political response is urgently demanded.!'”!

Nearly ten years ago, in March 1998, the Kyoto Protocol was opened for
signature. This agreement was an amendment to the “United Nations
Framework Convention on Climate Change”, held in Rio de Janeiro in 1992.

The protocol was ratified by a total of 169 countries, which have agreed that
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“industrialized countries will reduce their collective emissions of greenhouse
gases by 5.2 % compared to the year 1990”. This would represent a 29 % cut
compared to the expected global emissions without the protocol. However,
notable countries such as the United States and Australia have not ratified the
agreement, and other important countries such as India and China are not
required to reduce carbon emissions under the present protocol. Additionally,
no sanctions will be imposed on those countries which will not fulfill their own
goals concerning the reduction of the main greenhouse gases, namely carbon
dioxide, methane, nitrous oxide, sulfur hexafluoride, hydrofluoro- (HFCs), and
perfluoro compounds (PFCs). As a consequence, the protocol has not led to a
change of the increasing trend of greenhouse gas emissions yet, and leading
politicians are aiming on an improved successive agreement. The various
processes contributing to the global greenhouse gas emissions are shown in

Figure 1-1.1"8
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Figure 1-1. Relative fraction of man-made greenhouse gases coming from each of
eight categories of sources, as estimated by the Emission Database for Global
Atmospheric Research in 2000. The top panel shows the sum over all greenhouse
gases, weighted by their global warming potential over the next 100 years. This
consists of 72% carbon dioxide, 18% methane, 8% nitrous oxide and 1% other gases.
Lower panels show the comparable information for each of these three primary
greenhouse gases, with the same coloring of sectors as used in the top chart.
Segments with less than 1% fraction are not labeled.!"®

The mechanisms contributing to the Earth’s atmospheric and surface
temperature are radiation, convection and evaporation/condensation of water
vapor. In a simplified model, the radiative atmospheric greenhouse effect
causes a net warming. The spectrum of incoming wavelengths is determined by
the sun’s surface temperature, whereas the outgoing spectrum is determined by
the surface and atmospheric temperature of the Earth. According to Wien’s
displacement law the spectrum is shifted to longer wavelengths, which are
absorbed by greenhouse gases and therefore causing a so-called positive
radiative forcing. The main greenhouse gases are water, carbon dioxide and

ozone, and a distinction concerning the importance of the individual gases is
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difficult." However, especially carbon dioxide concentrations have significantly
risen since human industrialization. In the Earth’s atmosphere it is present as a
trace gas and the present average concentration is ~380 ppm (volumetric). This
value is 38 % above the levels of 1832 (284 ppm), which can be measured in
ice cores.”® Carbon dioxide absorbs infrared radiation at 4.26 um (asymmetric
stretching mode) and 14.99 um (bending mode). Natural sources of
atmospheric carbon dioxide are volcanic activities, combustion processes of
organic matter and respiration of living organisms. The main anthropogenic
source is the burning of fossil fuels for energy generation, heating and transport.
Therefore, industrialized countries are the major contributor to increasing CO;
emissions with China being the global leader since 2006, followed by the United

States and the European Union.?"!

1.1.2 Private, industrial and technological measures

It is the duty of politics to define world-wide legal requirements forcing the
industrialized nations to reduce their greenhouse gas emissions, but the change
to a “cleaner” future must proceed on a daily life basis within the world’s

cultures.

As discussed above, the main reason for anthropogenic CO, emissions is the
burning of fossil fuels for energy production, heating and transport. It is not a
“lucky coincidence” that fossil fuels are not infinite. Therefore, mankind must
sooner or later become independent from natural oil, gas and coal reserves.
Hence, renewable energy sources have to be used and the most prominent

ones are solar energy, wind, water and geothermal technologies. The use of
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biofuels preserves fossil fuel reserves, but their utilization for energy production
is again coupled to greenhouse gas emissions. In fact, their greenhouse
balance is worse than for the burning of fossil fuels,®” due to the release of N,O
from N fertilization, the clearing of woodlands for biofuel production, and the use
of fossil fuels on the farms. However, as petroleum is the raw material for many
other chemical products, renewable primary products have to substitute crude
oil in the future. Especially in the transport sector, a secondary energy source
must replace petrol; hydrogen as carrier molecule seems to have the greatest
potential in the long term as the energy density in hydrogen systems is higher
compared to electricity stored in batteries.?® However, there are major technical
problems to be overcome for the realization of a so-called hydrogen economy.
In terms of greenhouse gas emissions it is necessary to produce the needed
hydrogen with emission-free technologies, e.g., electrolysis.** Nuclear power is
generally not considered as renewable energy although future breeder reactors
could significantly elongate the potential use of this energy form.”® However,
the disposal of nuclear waste and the reactor security renders nuclear energy a

critical future technology.

Renewable energy sources can only facilitate a reduction in greenhouse gas
emissions if the global consumption of primary energy does not increase
parallel to economy. Therefore, energy efficiency and renewable energies are
called the “twin pillars” of sustainable energy policy. However, the world
consumption of primary energy has increased in the past 26 years from 6.65

billion tons oil equivalent to over 11 billions, which corresponds to 65.4 % or an
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average annual increase of 2.5 %.”°! Although more energy was consumed in
every region, the rate of increase varies remarkably. Whereas China had a
51.3 % increase between 1994 and 2005, the economically developed
countries, e.g., the U.S. or Germany, could decrease their rates. Efficient
energy use describes those measures which reduce energy consumption
without reducing the energy service, e.g., insulation of houses could reduce the
consumed energy by one third until 2050 without decreasing the room
temperatures'?”. In contrast, heating a room less in winter would be an example

of energy conservation.

The Princeton researchers Stephen Pacala and Robert Socolow proposed
several industrial and political measures to stabilize the climate with today’s
technologies.””® The potential for efficient energy use is indeed enormous. In
private households most energy is used for heating or cooling, followed by hot
water generation. Both items together represent approximately 25 - 33 % of the
consumption of primary energy in Germany.*® Apart from technological
improvements like insulation and the use of efficient heating systems (e.g.
geothermal heat pumps, which will be discussed below), personal customs can
strongly contribute to private energy consumption. Examples are careful
adjustment of the heating system, closing doors between living and sleeping
rooms, proper room ventilation and showering instead of bathing. Further
contributions to energy consumption are electrical household aids and
illumination. Here, several per cent can be saved, e.g., by abandonment of

laundry dryers, disconnection of stand-by apparatuses or use of energy-saving
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lamps. The list of personal measures can be further extended, and it is
necessary to improve the transparency of personal energy flows and to
economically stimulate energy-efficient behavior of personal households. The
industrial sector contributes to greenhouse gas emissions by both consuming
energy for production processes or transport, and by directly emitting the
gases.?” Prominent examples for CO, emitting processes are the production of
cement and steel.®"! The cement industry produces 5 % of global man-made
CO, emissions, of which 50 % is from the chemical process, and 40 % from
burning fuel.®® Industrial energy consumption is counteracted by so-called
energy management activities, by which a specific company is trying to analyze
its individual energy flows in order to utilize its savings potentials. The BASF
network site in Ludwigshafen, for example, covers 47 % of its heat demand by
heat recovery from its own production processes.® Another 7 % is generated
by burning waste chemicals, e.g., from the production of isophytol. The
emission of process-related greenhouse gases can be reduced by optimization
of process parameters and the use of efficient filter (“end-of-pipe”) technologies.
The long-term storage of CO, in geological formations or oceans is called CO,-
sequestration, but there are major concerns referring leakage of such
reservoirs.***"1 To stimulate reductions of CO, emissions in industry, the
European Union has introduced an EU-wide emission trading scheme in 2005.
In a market-oriented “cap-and-trade”-system, certificates on a plant basis are
allocated and traded. Additionally, national politics have implemented climate-

political goals in their respective laws, e.g., the ecological tax reform in
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Germany. Several industrial sectors have announced voluntary commitments

and set their own emission goals.

The knowledge that Earth’s climate is changing in a potentially dangerous
manner is founded on the scientific work of researchers all around the world.
More than 2500 scientific expert reviewers, more than 850 contributing authors,
and more than 450 lead authors contributed to the IPCC’s Fourth Assessment
Report. But science must not only document the climate change, but also
provide new insights and technologies to facilitate a climate revolution.*® On
top of everything, there is virtually no scientific area that can not add a
contribution. As climate protection is one of the world’s dominant future
concerns, one could even consider it a scientist’'s duty to be conducive to the
problem in the field of his scientific interest. To cope with global warming,
questions related to economic damages, insurance issues, environmental
sociology, impacts on ecosystems, health risks and political consequences
have to be answered. Engineers, physicists and chemists can provide
technological responses, e.g., in car development, energy generation or
materials science. In the latter field the introduction of nanotechnology bears
additional potentials. The renowned Stanford futurist Ray Kurzweil predicted in
2006 that “nanotechnology will eliminate the need for fossil fuels within 20
years“.®?! Kurzweil was referring to the potential of nanotechnology to harvest
solar power, just one of a whole set of nano-applications that may come to the

rescue just in time.
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1.1.3 Solar energy

In 2004, the worldwide energy consumption of the human race was 15 TW (=
1.5 x 10" W) which is equivalent to 0.52J (= 5 x 10%° J) per year.”® The
world’s energy resources were or are generated by sunlight hitting the Earth’s
surface. The absorption of solar energy by atmospheric convection (sensible
heat transport) and by the evaporation and condensation of water vapor (latent
heat transport) drives the winds and the water cycle. Upon reaching the surface,
sunlight is absorbed by the oceans, earth and plants. The energy captured in
the oceans is ultimately responsible for temperature driven ocean currents such
as the thermohaline cycle and wind driven currents such as the Gulf Stream.*%!
The energy absorbed by the Earth in conjunction with that recycled by the
greenhouse effect warms the surface to an average temperature of
approximately 14°C.["® The small portion of solar energy captured by plants and
other phototrophic organisms is converted to chemical energy via
photosynthesis. Some of the latter has been conserved in fossil fuels over
periods of million years. The amount of incoming solar electromagnetic radiation
per unit area, measured on the outer surface of Earth's atmosphere in a plane
perpendicular to the rays, is called the solar constant.*" It includes all types of
solar radiation, and is measured by satellite to be roughly 1.37 kW m™, though it
fluctuates by about 6.9% during a year - from 1.41 W m? in early January to
1.32 W m? in early July, due to the Earth's varying distance from the sun, and

by a few parts per thousand from day to day. For the whole Earth, with a cross
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section of 1.3-10° km?, the power is 1.74x10"" W, which is more than 10*-fold of

human energy consumption.

There are numerous technologies for the utilization of solar energy, and they
can be classified in active or passive systems. An example for the latter is “solar
architecture”, i.e. orientation of a building’s lengthwise axis in the east/west
direction, a reasonable ratio of southwards windows to floor space and the use
of energy efficient materials for window coatings and insulation. Another
possibility is solar lighting to reduce the amount of electricity used for
illumination. Active harvesting of solar energy is subdivided in solar electrical
and solar thermal systems. Solar electrical systems convert sunlight into
electrical energy, and the most prominent example is the use of photovoltaic
(PV) cells.*? A PV system consists of a material which absorbs sunlight to
generate charge carriers (electrons and holes) integrated in a cell design, which
allows for the separation and transport of the charges to a conductive contact.
Most often semiconductors, especially silicon, are used, but the production of
highly efficient silicon based PV cells is expensive. The key issue involves the
trade-off between material purity and device performance. A certain thickness of
the material is needed in order to absorb >90 % of the incoming radiation;
therefore, the photo-excited charge carriers must live sufficiently long to arrive
at the electrical junction, which in turn demands high material purities. Therefore
other concepts for PV cells (“third generation”) are under investigation, which
involve concepts to separate the direction of absorbance from the direction of

charge transport, e.g., by the use of silicon nanorods.** *4 A related concept is
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the dye-sensitized solar cell, in which a random, disordered network of
inexpensive TiO, particles is used to collect the charge carriers. The light
absorption is performed by an adsorbed dye molecule, and the interfacial
contact distance is kept small by use of a liquid or conductive polymer.”*? The
future of PV cells for primary energy production is coupled to cheap and
effective storage capabilities as the intensity of sunlight varies and much energy

is needed especially in the winter periods.

Active solar thermal technologies make up the most widely used category of
solar energy technology.”*® Various concepts are used, which can provide heat
for buildings, processes and warm water generation. The contribution of solar
thermal systems to the global energy production can be measured in terms of
installed collector area. The annual collector yield of all solar thermal systems
installed by the end of 2003 was 55 TWh (200 PJ = 0.2:10°ZJ). This
corresponds to an oil equivalent of 8.8:10°L and an annual avoidance of
24.1-10° t of CO,. The simplest concept of using solar thermal energy is by the
use of solar collectors for providing warm water. These systems are able to
provide 60 — 70 % of the needed annual energy demand. If solar thermal
systems are designed to provide room heat, heat storage systems are needed,
as the maximum heat demand occurs in colder months. Heat storage systems
are commonly based on large isolated water tanks (storage of sensitive heat).
These systems provide a high power density during charge/discharge, are
cheap and non-poisonous. However, the storage density is relatively low;

therefore, large volume tanks are needed. Other technologies for heat storage
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application are the storage of latent heat, e.g., with phase-change materials
(PCM), or thermochemical systems, e.g., by physisorption. Additonally, solar
thermal heating in winter, cooling in summer and hot water generation can be
combined by the use of low temperature sources, e.g., geothermal energy. For
that purpose, the temperature level must be transformed with the help of a heat
pump. Most commonly, compression heat pumps are used, which utilize critical
greenhouse active gases. The drawbacks of common heat storage and
exchange systems can be overcome by the use of other concepts, especially
sorption technologies. These technologies will be discussed in detail in the

following chapter.

1.1.4 Heat storage and —transformation with sorption technologies
Adsorption of gases into porous materials can be used for both heat storage
and transformation. The underlying adsorption/desorption cycle is identical for

both purposes (Figure 1-2).1"]
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high T heat medium T heat
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Figure 1-2. Scheme of a single heat transformation cycle. 1. A high temperature
source is used for desorption of a suited adsorbent and the released adsorptive is
transferred to a condenser. 2. A low temperature source is used to evaporate the
adsorbate, which is transferred to the dry sorbent, thereby releasing the stored heat of
adsorption (after Henning et al.*").

However, the cycle time varies between several months for storage
applications, and minutes for heat exchange. In the desorption step the loaded
adsorbent is desorbed by the supply of driving heat, which is provided on a high
temperature level. For solar thermal systems this temperature is maintained by
the solar collector, and is typically around 140 °C. For industrial applications
process heat is commonly applied. The bound adsorbate, most often water, is
transferred into its gaseous state, and condensed within a condenser unit. The
condensation of free liquid adsorbate releases the corresponding useable
enthalpy of evaporation on a medium temperature level. The temperature of the
condenser determines the pressure of the desorption step, and is related by the
vapor pressure curve of the adsorbate. During the desorption step, the working
fluid is evaporated by heat from a low temperature source, typically geothermal

or groundwater energy. The gaseous adsorbate is transported to the adsorption
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unit of the system and adsorbed on the dry porous adsorbent. This is an
exothermic process, which releases the corresponding useable heat of
adsorption on a medium temperature level. The adsorption pressure is

determined by the temperature within the evaporation unit.

An idealized transformation cycle of an adsorption pair (e.g. zeolite/water) is

shown in Figure 1-3.

100¢

Pcond

pressure / mbar

275" 1300 325: . 350 375:
' i teémperaturg / K™, :
Te:vap Tads.:nin Tc:and Tdes,n.ﬁn Tad:s.max Tdés,max

Figure 1-3. Basic heat transformation cycle of an adsorption pair (e.g. zeolite/water)
plotted in a Clapeyron diagram. 1. Isosteric heating of the pair. 2. Desorption. 3.
Isosteric cooling. 4. Adsorption. The red line represents the adsorbate saturation curve.

The vapor pressure curve of the adsorbate is shown in red on the left-hand side
of the diagram. Red arrows are indicating the employed and released heats at
the different steps. Step 1 corresponds to an isosteric heating of the adsorbent,
i.e. the loading is kept approximately constant. The adsorbate pressure is
increasing, corresponding to the equilibrium of the adsorption pair with
increasing temperature and constant loading, until the pressure level of the

condensor is reached. An additional heat input (e.g. from solar energy) leads to
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the desorption of the sorbent at nearly constant pressure (step 2). The free
adsorbate releases its enthalpy of condensation in the condenser unit. The
temperature of the adsorption pair increases with decreasing loading at
constant pressure until the temperature of the driving source is reached. Step 3
corresponds to an isosteric cooling of the adsorption pair at constant loading to
the evaporator pressure level. During step 4 the working fluid is evaporated by
means of the corresponding supply of evaporation energy (e.g. from a
geothermal source). The temperature decreases with increasing loading at
constant pressure according to the equilibrium of the adsorption pair. This
temperature is given by the minimum useable temperature of the respective

application. Afterwards, a new cycle is started.

The above described process can be used to realize a long-term or seasonal
heat storage system. The desorption step corresponds to the loading of the unit,
whereas discharge is accomplished by adsorption. The needed desorption
energy can be provided by means of solar thermal collectors, and the released
heat during condensation is either dissipated to the environment or used for low
temperature applications. For adsorption the working fluid is evaporated by
supply of heat from a solar collector at low irradiation or by geothermal heat.
The released heat of adsorption is then usable for heating purposes. An
adsorption system offers two main advantages over conventional systems (e.g.
storage of sensitive heat). On the one hand the volumetric and mass-specific
storage density is larger. Whereas sensitive heat storage and latent heat

storage exhibit densities of around 60 kWh m™ and <120 kWh m™, respectively,
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thermochemical system can provide densities between 200 — 500 kWh m™ [
However, the more important factor is that the heat can be stored over long
periods with extremely low losses. In contrast to warm water tanks, those losses
only emerge during charge and discharge. After desorption, only sensitve heat
stored in the material and system can be lost. A far larger part of the stored heat
can be maintained over long periods, if the adsorbent is kept under vacuum
without moisture. The concept of such a system and the interconnections to the

peripheral devices are shown in Figure 1-4.

heating
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Figure 1-4. Scheme of a seasonal adsorption heat storage system. Solar thermal
energy is used for desorption (summer) or evaporation (winter), respectively. Opposing
arrows represent two or three way valves.

An adsorption heat pump is able to utilize environmental heat, which is free of
costs and on a non-usable low temperature level, by raising the temperature to
a level suitable for heating applications. The actuator for this process is a
thermal heat source with temperatures typically between 80 — 250 °C. The

components of such a device are in principle identical to the above described
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storage systems but the dimensions are different. According to the individual
configuration, combined or separate evaporators and condensators, two or
more adsorbers and a hydraulic control unit are incorporated into the setup.
Unlike in storage applications the times for a full cycle are in the range of

several minutes.

Figure 1-5 shows a cycle of an adsorption heat pump consisting of two
adsorbers, an evaporator and a condenser. In phase 1 the sensitive heat used
for desorption of adsorber 2 is recycled and exchanged with adsorber 1. For the
latter the indicated phases are equivalent to the numbered steps in Figure 1-3.
In phase 2 the working fluid is evaporated from the evaporator by means of low
temperature heat and transported to adsorber 2 where the released heat of
adsorption provides heating energy on a medium level. In the same phase
adsorber 1 is desorbed and the free working medium is condensed in the
condenser unit to provide additional heating energy. Phases 3 and 4 are
equivalent to phases 1 and 2 with exchanged working modes of the two

adsorber units.
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Figure 1-5. Scheme of a full cycle of an adsorption heat pump working with 2 adsorber
units allowing a continuous operation mode. Note the valves as small lines above and
below the adsorbers. The zig-zag lines indicate heat transfer to/from
evaporator/condenser.

Adsorption heat pumps are a highly efficient means for the reduction of CO,
emissions. A comparable potential for the utilization of heat of the same
temperature level can only be provided by absorption techniques, which are the
main competitive technology. The two most important absorption pairs are
ammonia / water and water / aqueous lithium bromide solution. Ammonia bears
risks when used in domestic systems due to its toxicity. Lithium bromide as
sorbent can crystallize at low operational temperatures, which leads to
disruption of the process. Generally, these systems achieve comparable
coefficients of amplification (COA = usable heat / driving heat) to adsorption
techniques of up to 4. The potential of adsorption technologies for the reduction
of CO,-emissions has been investigated.** °® Accordingly, the largest potential

is given in room heating applications by the use of gas fired adsorption heat
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pumps. Systems with COAs of a least 1.5 can lead to a CO; reduction of 30 —
40 % compared to state-of-the-art condensing boilers.

An adsorption cooling machine is generally constructed in the same manner."

However, it is different in the hydraulic connections and the peripheral
components. The cooling effect is provided by the evaporator of the systems,
which serves as the physical heat sink. The released heats of adsorption and
condensation need to be removed to the environment, which is typically
achieved by the use of cooling towers or air-water heat exchangers with
ventilators. Thermally driven cooling devices are very efficient due to the
temporal correlation of large cooling demands and large solar irradiation.
Nowadays, solar cooling systems for the industrial sector (>50 kW) and the

private sector (5 — 50 kW) are commercially available.

As adsorption heat pumps and cooling machines are constructed following
practically identical concepts, it is possible to use primary energy sources in a
highly efficient manner by including free environmental heat, and to provide
cooling by solar thermal energy corresponding to the seasonal demands with a
single instrument. Consequently, this requires a tradeoff in terms of the used
adsorbent due to the different heating and cooling operational modes. Figure
1-6 schematically shows the devices of such a combined system including solar
collectors, an adsorption heat pump, geothermal probe and other typical

components.
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Figure 1-6. Scheme of an adsorption heat pump setup including peripheral devices
during summer (left) and winter (right) operation. The main heat flows are indicated
with red arrows (the diamond-shaped device is a heat exchanger).

During summer (left) the solar collector serves for hot water generation with
nearly complete coverage, if sufficient storage volume is provided. Additionally,
the heat pump is driven by solar thermal energy and the evaporator provides
the heat sink for the cooling elements. The released heat from adsorption and
condensation is transported to the geothermal probe. During winter (right) the
systems utilizes heat from a gas boiler for heating and warm water purposes in
a highly efficient way by converting geothermal energy from the ground probe.
This concept creates only low additional costs compared to a monovalent
system, which are easily compensated due to the all-season operational

concept.

1.1.5 The BMBF network project

Applied sciences have contributed both nationally and internationally to the

above-mentioned issues by numerous activiies concerning systems
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engineering and product development. However, the used materials, the
concepts for heat and mass transport and the heat exchanger design more or
less remained the same. On the other hand, much knowledge exists in
fundamental chemical research institutions for the rational design of materials in
order to optimize specific properties for technical processes. So far, a lack of
systematic cooperation between the two mentioned groups — applied science /
systems engineering and basic research / materials design — in the subject area
of the mentioned storage and heat transformation technology was obvious.
However, it is known from adsorption thermodynamics that a fundamental
optimization of adsorbent materials for a given heat exchanger or storage cycle
needs to be performed on a nanostructural basis. There is an obvious
contradiction between the shared opinions that such optimizations could lead to
significant improvements of subsequent applications, and the lack of such
contributions in terms of publications and conference lectures.® As mentioned
above, this situation is partly due to the different backgrounds of heat pump
engineers and materials synthesis experts. Additionally, this process is difficult
as there are numerous parameters to be varied in a specific synthesis and it is
extremely time-consuming to characterize the effect of each specific variation. It
is suggestive, to overcome this problem by additionally using theoretical
approaches based on statistical thermodynamics and computer simulation.
Therefore, a joint network project of 11 research institutions under the
supervision of the Fraunhofer-Institute for Solar Energy Systems (ISE) in

Freiburg was launched by the Federal Ministry of Education and Research
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(BMBF) in 2003. In this project, groups having the above mentioned
backgrounds — system engineering, materials synthesis and theoretical
chemistry — were included. The participating institutional partners were the

following:

e Fraunhofer-Institute for Solar Energy Systems (ISE)

e Institute for ventilation and refrigeration engineering (ILK) Dresden

e Johannes-Gutenberg-University Mainz

e Hermsdorf Institute for Technical Ceramics (HITK)

e Friedrich-Alexander-University Erlangen-Nurnberg

e Bauhaus-University Weimar

e University of Dortmund

e Albert-Ludwigs-University Freiburg

e University of Leipzig

¢ Ruhr-University Bochum

Ludwig-Maximilians-University Munich (LMU)

The three work groups with expertise in the design of zeolitic materials were the
groups of Klaus Unger (Mainz), Wilhelm Schwieger (Erlangen) and our own
group. Within the scope of the coordinated network Prof. Unger's group
concentrated on the synthesis of metal-organic frameworks (MOFs) and the

group in Erlangen on layered silicates, e.g., clays. Our group was engaged in
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the synthesis of three-dimensional microporous networks, e.g., zeolites, which
was part of work package 2 of the project. Especially, we were interested in
synthesizing relevant adsorbents in nanocrystalline form. Additionally, we also
engaged in work package 5, which dealt with the connection of specific
adsorbents to a heat exchanger surface, typically aluminium. In the latter, we
contributed through the preparation of thick post-synthesis coatings on two-

dimensional and porous three-dimensional supports.

1.2 Nanoscience and nanotechnology

As mentioned above, nanoscience is expected to have a great impacton issues
related to climate change and energy supply. Within the scope of this thesis and
the BMBF network project the materials of interest are “nanomaterials” in
various contexts. On the one hand, the processes of mass and heat transport
proceed on the nanoscale, e.g., the pores of the used adsorbents have
diameters ranging between less than one and several nanometers. On the other
hand, the microporous crystals themselves can have dimensions between 50
and several hundred nanometers, and their size can influence heat and mass
transport. Therefore, a brief introduction into nanoscience research areas shall

be given below.

1.2.1 What is nanoscience?

Various slightly differing definitions of the terms “nanoscience” and
“nanotechnology” can be found in the literature but consensus exists that both

deal with very small objects on the “nanometer scale”. A nanometer is equal to
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one-billionth of a meter. A human hair is approximately 80,000 nm wide, and a
red blood cell approximately 7000 nm wide. Figure 1-7 shows the nanometer in
context.”®! Atoms are below a nanometer in size, whereas many molecules,

including some proteins, range from a nanometer upwards.
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Figure 1-7. Length scales showing the nanometer in context. The length scale at the
top ranges from 1 m to 10" m, and illustrates the size of a football compared to a
carbon 60 (Cg) molecule, also known as a buckyball. The section from 107 m (100 nm)
to 10° m (1 nm) is expanded below. The length scale of interest for nanoscience and
nanotechnologies is from 100 nm down to the atomic scale - approximately 0.2nm
(after The Royal Society?).

According to the illustration, “nanoscience” is the science of objects that are
intermediate in size between the largest molecules and the smallest structures
that can be fabricated by current photolithograpy (a technique used to process
semiconductor wafers, e.g., for processor production).® Historically, this range

of sizes has been associated in chemistry with colloids, micelles or polymer
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molecules. Nowadays, particularly interesting nanostructures are formed by
silicon nanorods, carbon nanotubes or semiconductor quantum dots. In physics,
nanoscience is most often associated with quantum behavior and the behavior
of electrons and photons in nanoscale structures. Many biological or
biochemical structures — from DNA and viruses to subcellular organelles — are

highly interesting nanostructures.

The term ,nanotechnology® has a somehow overlapping meaning, but
corresponds more specifically to the design, characterization, production and
application of structures, devices and systems by controlling shape and size at
the nanometer scale. Actual applications in this context will be given below. The
word “nano” itself has become a giant among today’s buzzwords, and its public
and political impact has become so large (e.g. governmental organizations keep
a share of their science and technology budget for all the nano applications)
that many scientific communities are focusing on “nano” topics.”® As the
understanding, the synthesis and characterization of every scientific field of
interest have become more and more precise, it is a logical evolution that the
nano regime is today’s frontier in an increasingly large fraction of research
areas. However, nanoscience has also provided the basis for completely new,
and often highly interdisciplinary areas, e.g., in semiconductor nanocrystal

synthesis and characterization.

Nanostructures are interesting for numerous reasons. First, many
nanoprocesses, e.g., the movement of electrons through organometallic

wires,®® are not fully understood today. Additionally, nanostructures are difficult
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to make, and it is challenging to find out the governing mechanisms, e.g., of
nanoparticle crystallization. Third, many nanoscale systems show new
properties compared to bulk materials. The two main reasons for this change in
behavior are an increased relative surface area (A/R increases with ~1/r), and
the dominance of quantum effects. An increase in surface area per unit volume
will result in a corresponding increase in chemical reactivity, making some
nanomaterials useful as catalysts to improve the efficiency of fuel cells and
batteries. As the size of matter is reduced to tens of nanometers or less,
quantum effects can begin to play a role, and these can significantly change a
material’s optical, magnetic or electrical properties. Quantum phenomena are,
of course, the ultimate basis of the properties of atoms and molecules, but are
largely hidden behind classical behavior in macroscopic matter and

structures.*

1.2.2 Materials and properties

Only some of the most interesting materials and effects in the nanoscience field

shall be briefly mentioned here.

Nanomaterials

Ceo fullerene (also called Buckminster fullerene or buckyball) was discovered as
the first discrete, graphite-like nanostructure by Kroto, Curl and Smalley in 1985
(Nobel Price in Chemistry 1996). They were followed by carbon nanotubes,
which are beginning to find commercial uses, e.g.,, as additive to polymers to

increase conductivity in order to allow electrostatic spray-painting. They have a
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range of remarkable properties such as metallic electrical conductivity,
semiconductivity with very high carrier mobility, and extraordinary mechanical

strength.®”! Some types of nanomaterials including carbon, zeolite and gold are

shown in Figure 1-8.

Figure 1-8. Different kinds of nanomaterials. (a) Models of single- (top) and multi-
walled (bottom) carbon nanotubes (SWCNT, MWCNT).® (b) HRTEM image of
Sc,@Cs4 metallofullerene particles inside of a SWCNT (top) and a model (middle) used
for the simulation (bottom).® (c) Zeolite Y nanoparticles. (c) gold nanorods.®

Catalyst performance can be sensitive to particle size because the surface
structure and electronic properties can change greatly in this size range. For
example, the heat of adsorption for CO and the activation energy for CO
dissociation both change with the increasing size of Ni particles, a phenomenon
that affects the performance of Ni nanoparticles in the Fischer-Tropsch
synthesis of hydrocarbons from synthesis gas (a mixture of CO and H,).’”
Titania-supported Au nanoparticles have been found to be active at ambient
conditions for the oxidation of CO to CO,, and can be used to reduce the levels
of CO pollution in buildings by being incorporated into the paint used to cover

the interior walls.®" Nanoparticles of vanadia supported on various oxides

(ZrO2, AlO3, and MgO) are active catalysts for the oxidative dehydrogenation
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(ODH) of alkanes to olefins.®? An increasing amount of microporous and
mesopourous materials, e.g., zeolites, which will be described in detail below,
can be synthesized in a nanocrystalline form today.[® The surface acidity,
which is related to crystal size, is of importance when zeolites are used in
catalysis, and smaller zeolite crystals have reduced diffusion path lengths within
their micropores. Additionally, the synthesis of colloidal zeolite suspensions
opens up a route for the fabrication of thin films, composite materials and
hierarchical structures. From a fundamental point of view, these systems are
convenient for studying the zeolite crystallization mechanism by methods not
applicable in conventional zeolite syntheses. Many other materials, e.g.,
polymers, can be synthesized in nano dimensions, and the size reduction leads

to altered or even new properties.

Quantum dots

A quantum dot is a nanostructure that confines the motion of conduction band
electrons, valence band holes, or excitons (bound pairs of conduction band
electrons and valence band holes) in all three spatial directions.’** ® The initial
products that incorporate quantum dots are nanometer-sized grains of
semiconductor materials, e.g., cadmium selenide, which are stabilized against
hydrolysis and aggregation by coating with a layer of zinc oxide and a film of
organic surfactant.® The significance of the spatial confinement of the
electronic carriers can be seen in a plot of the density of states for each low-

dimensional structure. Depicted in Figure 1-9 is the change in the density of
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states that occurs as a material evolves from a completely unconfined state to

the three-dimensionally confined state.

(@)

Density of States

3D 2D 1D 0D
Energy

Figure 1-9. (a) Density of states vs. energy for a bulk material (3D), quantum well (2D),
quantum wire (1D), and quantum dot (0D).® (b) CdSe nanocrystals caused to emit
size-dependent wavelenghts when placed on top of a nearby InGaN/GaN quantum
well, which acts as energy source, eliminating the need to put wires directly on the
nanocrystals. The energy transfer efficiency is greater than 50 %."]

This complete quantization of energy states makes the quantum dot a very
unique structure for research, e.g., CdSe particles absorb light of different
energy dependent on their size, and therefore appear in size-dependent colors.
Such spectral tunability, together with large photoluminescence quantum yields
and high photostability, make nanocrystals attractive for use in a variety of light-

emitting technologies, e.g., displays, solid-state lighting and lasers (Figure 1-9).

Self-assembly

Self-assembly is the autonomous organization of components into patterns or
structures without human intervention. Self-assembling processes are common
throughout nature and technology, and can be divided into different types, e.g.,
static, dynamic or templated self-assembly.®® The most well-known example for
a static process are self-assembled monolayers (SAMs).’® They consist of
chain-like molecules with specific functionalities (e.g. long alkane chains with a

thiol group at one end), which form ordered arrays by bonding to a surface (e.g.
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gold) with the functional group and alignment of chains by Van-der-Waals
forces. Based on this process highly structured films of nanometer thickness
can be prepared and used to provide biocompatibility, control of corrosion,
friction, wetting and adhesion. Moreover, SAMs can be used as a basis for
further surface processes, e.g., oriented growth of crystalline matter.’> " As an

example a SAM from decanethiol on gold is shown in Figure 1-10.

(b) (c)

Figure 1-10. Self-assembly and surface modifications. (a) Scanning tunneling
microscope image of a self-assembled monolayer (SAM) of decanethiol on gold."? (b)
SEM images of 3D crystalline arrays that were assembled in 12 mm thick packing cells
from ~220 nm polystyrene (PS) beads. It is possible to obtain highly ordered arrays
over several square centimeters in area.’”” (c) A drop of water resting on a PTFE-
coated carbon nanotube forest. (left: an electron micrograph of the same
ultrahydrophobic surface)./™

The formation of regular, crystalline lattices is a fundamental process in self-
assembly, and is a method to convert 100 nm particles into photonic materials
(Figure 1-10). A photonic crystal consists of periodically structured materials
having different dielectric constants. Such a crystal can influence the
propagation of electromagnetic waves in a similar way as a semiconductor does
for electrons, i.e. it provides a band gap that excludes the passage of photons
with a certain range of frequencies. This principle is technologically important as

it can be used to produce light-emitting diodes (LEDs) that display coherence



32 Introduction

properties, to fabricate threshold-less semiconductor diode lasers, and to
significantly enhance the performance of many other types of optical, electro-

optical, and quantum electronic devices.

Nanocoatings

Nanotechnology provides valuable tools for the modification of surfaces, not
only by means of self-assembly. For example, the tuning of a surface wettability
is used for so-called self-cleaning coatings. One possibility is the use of
hydrophobic coatings, which lead to high water contact angles, resulting in
almost spherical droplets which readily roll away, carrying dust and dirt with
them. Dirty water falling onto the hydrophobic coating is removed before it can
evaporate. Over 200 species of plant are known to utilize rolling droplets of
water to keep clean, most famously the Lotus plant native to south-east Asia.
For a self-cleaning hydrophobic surface very high contact angles of >160 ° are
necessary; this can be reached by the use of fluorinated polymers in
conjunction with micro patterned surface topologies. In Figure 1-10 such a
surface is shown. Vertically aligned CNTs were deposited via plasma enhanced
chemical vapor deposition (CVD) and modified with a fluorinated polymer.
Interestingly, hydrophilic surface coatings can also provide self-cleaning, and
the most prominent example are thin transparent films of nanocrystalline
titanium dioxide for windows. This coating acts by two distinct properties:
Photocatalysis causes the coating to chemically break down organic dirt
(including aromatics, polymers, dyes and surfactants) adsorbed onto the

window; hydrophilicity causes water to form “sheets” rather than droplets and
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contact angles are reduced to very low values in sunlight and dirt is washed
away. The latter effect is called super-hydrophilicity. Both mechanisms are
based on the semiconductive nature of TiO,. Light-generated electron-holes
can migrate to the surface and cause oxidation or combine with atmospheric
oxygen to give superoxide radicals, which quickly attack the nearby organic
molecules. If the holes oxidize lattice oxygen at the surface of the material, this
results in oxygen vacancies, which can be filled by adsorbed water, leading to
surface hydroxide groups that make the wetted surface more favorable
compared to the dry surface. This mechanism lowers the static contact angle to

almost O ° after irradiation.

Drug delivery

An important prerequisite for designing efficient drugs for many diseases, most-
importantly cancer, is the use of an efficient drug delivery system. Today’s anti-
cancer agents, cisplatin or carboplatin, most-often are injected intravenously,
thereby rendering the therapy less cell specific. Therefore, research has
focused on the development of suitable nanocontainers with the ability to
transport the desired guest molecules to the targeted site and release the cargo
in a controlled manner. Such containers open up completely new therapy
concepts, e.g., gene therapy. Various types of nanocontainers have been
envisaged for this purpose. These include liposomes (spherical vesicles
surrounded by a phospholipid bilayer) and other lipid-based carriers such as
micelles™ and polymer microspheres.[’® Several drug delivery systems have

reached the market, and the majority of the currently approved systems fall into
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the category of liposomal or lipid based formulations. Inorganic nanoparticles,
such as functionalized mesoporous silica nanoparticles, offer several unique
features, such as stability, large surface areas, tunable pore sizes and volumes,
and well-defined surface properties for site-specific delivery and for hosting
molecules with various sizes, shapes, and functionalities.””? However, these
more ambitious systems are at a relatively far state from commercialization

today.

Nanoelectronics

Moore's Law describes an important trend in computer hardware history, stating
that the number of transistors that can be inexpensively placed on an integrated
circuit is increasing exponentially, doubling approximately every two years.l”® It
might be expected — in an optimistic scenario - that Moore’s law is going to
continue another ~20 years before the size of a transistor has to approach the
size of a single atom, which is thought to be a fundamental barrier.l’”
Nanoelectronics can possibly provide a means to extend Moore's Law beyond
the foreseen limits of small-scale conventional silicon integrated circuits, which
are fabricated nowadays by photolithography. Therefore, they are considered
as disruptive technology because present candidates are significantly different
from  traditional  transistors. These  candidates include hybrid
molecular/semiconductor electronics, one-dimensional nanotubes/nanowires, or

advanced molecular electronics.
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Nanorobots

Nanoscience has inspired so-called futurists — people who imagine how the
future might be. The imaginative projection of nanoscience into the future has
produced ideas both exciting and terrifying. One of these ideas is that someday
so-called nanorobots, devices ranging in size from 0.1-10 micrometers and
constructed of nanoscale or molecular components, could fulfill specific tasks in
various research fields. Most often, the term is used in the context of medical
applications, i.e. those devices could for example find tumor cells in a human
body and destroy them. So far, nanorobots are more fiction than science.
However, first attempts have been made, e.g., the development of a so-called
nanocar, whose wheels consisted of fullerene groups attached to a

carbohydrate “chassis”.®!

1.2.3 Synthesis

As discussed above a vast number of different nanomaterials and concepts
exist, and each system is prepared or synthesized with a specific procedure.
Traditionally, all different routes are classified in two different classes, the top-
down and the bottom-up approach. Nanoelectronic devices such as integrated
chip circuits are produced by photolithography. It uses light (nowadays deep
ultra violet with wavelengths of 248 and 193 nm) to transfer a geometric pattern
from a photomask to a light-sensitive chemical, the photoresist. Afterwards, a
series of chemical treatments is used to engrave the exposure pattern into the
material underneath the photoresist. Photolithography is the prototype of a top-

down approach and one of the most important industrial processes. Bottom-up
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means to use the chemical properties of atoms and molecules to arrange them
into a nanoscale structure. Classically, self-assembly, and more specifically
SAMs are mentioned as the most-prominent synthetic example. As already
discussed, self-assembly is abundant in chemical synthesis, and crystallization
from molecular precursors to three-dimensional crystal structures could be
considered just another form of self-assembly. Bottom-up approaches are in
principle more precise than top-down approaches as the resolution is given by
intermolecular forces, e.g., van-der-Waals forces, rather than by diffraction.
That is why they are expected to become an important factor in nanofabrication.
For example, technologies very familiar in chemistry — printing or molding —
have emerged as potential competitors to photolithography. It should be
emphasized that life on Earth, based on the genetic code, can be considered as

the most sophisticated form of self-assembly.

1.2.4 Applications

Although there has been much hype about the potential applications of
nanotechnology, most current commercialized applications are limited to the
use of "first generation" passive nanomaterials. These include titanium dioxide
nanoparticles in sunscreen, cosmetics and some food products; silver
nanoparticles in food packaging, clothing, disinfectants and household
appliances; zinc oxide nanoparticles in sunscreens and cosmetics, surface
coatings, paints and outdoor furniture varnishes; and cerium oxide
nanoparticles as a fuel catalyst.”® However, further research on applications

which require actual manipulation or arrangement of nanoscale components will
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probably change this situation drastically in the future. Moreover, the
nanomaterials already used will become more and more sophisticated. There is
no doubt that this “evolutionary” nanotechnology in general already has a great
impact on many of today’s applications. It is still an open question if there will be
“revolutionary” applications based on fundamentally new nanoscience in the
future. The general enthusiasm for “nano” has produced many vague hopes in
this context. However, science and technology should be focused on the “right
size” for desired effects — and that size may range from nanometers to

millimeters and beyond.

1.2.5 Risks

The physicochemical properties of nanomaterials, especially nanoparticles and
nanorods, also bear potential health risks. For instance, shrinkage in size can
create discontinuous crystal planes that increase the number of structural
defects as well as disrupt the well structured electronic configuration of the
material. This can lead to specific surface groups that could function as reactive
sites. Such effects (e.g. TiO, particles used in coatings, see above) depend
strongly on the chemical composition of the material, and are impressive from a
physicochemical viewpoint. However, these novel properties raise concerns
about adverse effects on biological systems, which at the cellular level include
structural arrangements that resemble nanomaterials in terms of their function.
Moreover, some nanoparticles readily travel throughout the body, deposit in
target organs, penetrate cell membranes, lodge in mitochondria, and may

trigger injurious responses. There are currently no conclusive data or scenarios
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that indicate that these effects will become a major problem or that they cannot
be addressed by a rational scientific approach. Nonetheless, precise safety
evaluations for specific materials when produced in nano dimensions are

urgently needed.

1.3 Porous materials

Porous materials can be classified by the diameter of their pores. According to
IUPAC (International Union of Pure and Applied Chemistry), pores up to 2 nm
are called micropores. Mesoporous materials range between 2 — 50 nm
whereas macropores have diameters of >50 nm. The most prominent class of
microporous materials are 3D structured aluminosilicates, i.e. zeolites, which
will be discussed in detail below. Silicates can also be prepared in mesoporous
forms, and especially the M41S family (e.g. MCM-41), first discovered by the
Mobil Qil Corporation,®" 8 has to be mentioned here. Apart from pore size,
these materials differ substantially from zeolites with respect to their 3D
structure and the synthesis mechanism. Whereas zeolites represent fully
crystalline materials, MCMs are only crystalline in terms of pore structure; the
walls between them consist of amorphous silicon dioxide. This structure arises
from micelles, which are formed during the synthesis, and silica only condenses
around these micelles. Other mesoporous materials include metal oxides and
non-oxides (e.g. sulfides), carbons or metals (normally not structured).’®
Macropores can be formed in oxides, activated carbons, polymer resins or

metals.B4 8]
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1.3.1 Zeolites

Zeolites are aluminosilicates consisting of a three-dimensional network of
connected [SiO4] and [AlO4] tetrahedra, forming channels and cavities of
molecular dimensions (about 3 — 15 A).®®! As zeolites represent fully crystalline
materials the pore system is perfectly ordered and homogeneous (Figure 1-11).
The incorporation of [AlO4] tetrahedra leads to a negatively charged network,
which is balanced by metal ions, typically alkali or earth alkali cations. The
charge-balancing ions occupy specific sites within the channel system. The
negative charge of the framework can also be balanced by protons connected
to the oxygen bridges resulting in Brgnsted acid sites. These sites can be used
as size-selective catalytic centers; therefore, zeolites are among the industrially
most important heterogeneous catalysts. The pores can be filled with water or
other guest molecules, rendering zeolites highly efficient adsorbents with large
internal surface areas of up to ~800 m? g'1. These unique properties make
zeolites highly interesting for many applications, and some of them shall be
mentioned below (Applications section). 48 naturally occurring zeolite minerals
are known, some of the more well-known include analcime, chabazite, faujasite,
heulandite, natrolite, phillipsite and stilbite. Natural zeolites form at elevated
temperatures when volcanic magma and ash reacts with alkaline groundwater
or under surface conditions, e.g., in alkaline saline lake deposits, where they
have been formed in geological time periods.'®”! Additionally, they can be found
in specific marine environments formed at low temperatures. Naturally occurring

zeolites are rarely pure and are contaminated to varying degrees by other
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minerals, metals, quartz or other zeolites. For this reason, naturally occurring
zeolites are excluded from many important commercial applications where
uniformity and purity are essential. More than 150 zeolite types can be formed
synthetically, the majority of them in alkaline media under hydrothermal
conditions at temperatures between 100 — 200 °C. The product properties, such
as Si/Al — ratio, included ions and crystal morphology can be tuned by
adjustment of the reaction mixture composition, pH of the system, operating
temperature, pre-reaction “seeding” time, reaction time as well as the templates
used. These templates (or structure-directing agents, SDA) are generally
required in order to produce a certain pore structure, which appears to form
around the SDA. Some zeolites can be made by using only inorganic reactants,
but the majority of recipes use organic molecules such as amines. Also other
framework elements, e.g., titanium can be incorporated. Details to the various

syntheses and the corresponding reaction mechanisms will be discussed below.

Figure 1-11. (a) T-atom representation of Zeolite A (LTA). Each corner of the shown
network represents a T-atom (Si,Al), each connection a T-O-T bond.®® (b) self-
assembled monolayer of individual silicalite-1 nanocrystals.® The crystals were grown
on a functionalized glass surface. (c) Silicalite-1 self-supporting (calcined) zeolite
replica of a Luffa sponge resulting in a hierarchical 3D pore structure.®”
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The term “zeolite” (from Greek: zeein, "to boil"; lithos, "stone") was founded by
the Swedish mineralogist Axel Fredrik Cronstedt in 1756.°" Richard Barrer from
the imperial college in London and Robert Milton from the Linde Corporation
can be called the founders of synthetic zeolite research. The Barrer group
synthesized the first zeolites not known in nature, namely zeolites P an Q, in
1948.°°4 |n the years 1949 and 1950, the Linde group prepared the zeolites A,
B (now NaP), C (hydroxyl sodalite), X, and synthetic chabazite for the first
time.® % Both groups were especially interested in the latter material as it was
known to be industrially useful for air separation and purification. Again, the
Barrer group,®”! in addition to G. K. Kerr and G. T. Kokotailo,®® first reported on
the use of organic amines as structure-directing agent. This discovery opened

91 was the first

up the field for a whole group of new zeolitic materials. Silicalite
purely siliceous zeolite (an analogue to ZSM-5) discovered in 1978. Since then,
a growing number of nearly Al-free zeolites became accessible. These results
have consequently led to the possibility of tuning parameters such as
hydrophilicity and acidity. Since the 1990s, improved characterization
techniques like high resolution transmission electron microscopy (HRTEM),
small angle X-ray scattering (SAXS) or dynamic light scattering (DLS) have
been used to investigate the mechanism of zeolite formation on a molecular
level 1'% 191 and these investigations have led to the synthesis of zeolites in
colloidal form.®*! Here, zeolite science became also nanoscience. Nowadays,

advanced functional molecular sieves are accessible by means of nanozeolites

and other techniques, e.g., hierarchical pore systems, which allow for an
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improved mass transfer within the pores of the material (Figure 1-11). The
zeolites themselves can be decorated with functional organic groups and
nanocrystals can be self-assembled on various surfaces® '@ or grown upon

self-assembled monolayers.!’® 7!

1.3.2 (Silico)aluminophosphates

Stephen T. Wilson and coworkers working at Union Carbide reported a new
class of microporous materials in 1982.1'% 1% Thejr crystalline
aluminophosphates represented the first family of framework oxide molecular
sieves synthesized without silica. This discovery opened up the field for a large
number of open-framework inorganic materials. The new materials, designated
AIPO-n (or AIPO4-n), were prepared with a wide range of pore sizes using
organic template molecules under hydrothermal conditions. The AIPO
structures are based on strict alternation of [AlO4]” and [PO4]" tetrahedra leading
to a non-charged framework in contrast to most zeolitic frameworks, and similar
to all-silica zeolites. However, charge can be induced into AIPO frameworks,
either by an Al/P — ratio of >1, or by partial replacement of aluminium and/or
phosphorus by silicon or other elements. The introduction of hetero framework
elements is balanced by protons, resulting in Bregnsted acid sites, and/or
generates catalytically active metal centers. If other metals are incorporated, the
compounds are called MeAPO or MeAPSO. As in aluminosilicate structures,

108ly - and

aluminophosphates avoid AI-O-Al bonds (Lowenstein’'s rule
additionally P-O-P bonds, which leads to even-numbered rings within the

structures. Metal hetero elements normally substitute Al atoms in the framework
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(SM1 substitution) whereas Si atoms predominantly substitute P atoms (SM2).
Additionally, Si can adopt both Al and P positions (SM3), which leads to silicon

islands.

Some AIPO-based molecular sieves have structures analog to known zeolites,
but many compounds have no zeolite counterpart. The discovery of AIPOs has
lead to a greater flexibility in possible frameworks compared to traditional zeolite
research, e.g., the incorporation of many new framework elements (V, Cr, Ni, Li,
Be, B, Mg, Ti, Mn, Fe, Co, Zn, Ga, As, Cu), the availability of pore sizes larger
than 12-membered rings (Figure 1-12), and the primary building unit not only

limited to a tetrahedral coordination.['*® "7}

Figure 1-12. Perspective t-atom representation of VPI-5 (VFI structure type code)
showing the 18-ring pore openings along [001].1%!

As the solution chemistries of silicon and phosphorus are different the synthesis
conditions of zeolites and AIPOs are different, too. Zeolites are formed primarily

in alkaline media whereas AIPOs can be obtained within a broad pH ranging
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approximately from 3 — 10. Bonding is also different in the two types of
molecular sieves. Comparing isostructural silica and AIPO molecular sieves, the
silica polymorph consists of covalently connected SiO4 units; AIPOs, in contrast,
have a molecular-ionic character with idealized discrete AI’** and PO,* ions.!"%®!
The ionic character of AIPOs can serve as an explanation for the finding of a
larger variety and concentration of hetero elements compared to zeolites, and

also for larger enthalpies of adsorption for polar adsorbates.

Over 100 different organic molecules are known to act as structure-directing
agents for AIPO syntheses, e.g., quaternary ammonium cations, amines
(primary, secondary, tertiary or cyclic),'® alkanolamines, and some metal
complexes.[''% " Recently, ionic liquids have been used as both template and
solvent.'" "3 The templating effect appears to be different from zeolite
chemistry. This is expected as a porous neutral framework generally is likely to
form by the use of a template with a high volume-to-charge ratio because less
framework charges have to be compensated. Under this aspect, the used
templates act primarily as so-called pore fillers, rather than providing a specific
geometrical pattern for the pore system. Therefore, it is not surprising that many
different templates can possibly result in the same AIPO structure (this is
especially the case for AIPO-5, which can be synthesized with over 25 different
molecules). On the other hand, the same template can lead to the formation of
a variety of structures. For example, di-n-propylamine has been used in the
synthesis of at least ten different AIPO structure types, such as AIPO-11, -31, -

39, -41, -43, -46, -47, -50, H3/MCM-1, and H1/VPI-5/MCM-9, exhibiting low
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structure specificity. A few AIPO structures, however, exhibit high specifity, e.g.,
AIPO-18 or -20. For the above mentioned reasons purely inorganic synthesis
mixtures are not leading to porous aluminophosphates. A prominent exception
is the 18-membered ring compound VPI-5 which can be synthesized without

addition of any organic additive.[''* ']

1.3.3 Synthesis and mechanism of molecular sieve synthesis

Traditionally, zeolites are synthesized by mixing appropriate sources for
aluminium and silicon with a cation source, and most often an organic template
in a basic medium (Figure 1-13). In case of (silico)aluminophosphates,
reactants containing aluminium, phosphorus and eventually silicon are mixed
with a suitable template. Afterwards, the aqueous reaction mixture is heated in
a sealed autoclave at temperatures usually between 100 — 200 °C. For some
time after raising the synthesis temperature, the reactants remain amorphous or
in their pre-synthesis phase. After this “induction period” crystalline products
can be detected. Gradually, all the precursor material gets converted into an
approximately equal mass of zeolite / aluminophosphate crystals. The products

are recovered by filtration or centrifugation, washing and drying.

The framework elements are typically introduced in an oxidic form, sometimes
metal organic molecular precursors are used, which hydrolyze in solution to an
oxidic species. Phosphorus can be introduced in form of phosphorus oxide, but
more commonly phosphoric acid is used. The precursors contain Al/Si/P-O
bonds which are converted to e.g. Si-O-Al bonds during the hydrothermal

reaction by hydrolysis and condensation reactions. The bond types of educts
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and products are very similar in bond energy, therefore, the overall free energy
change during the synthesis is small, and the process is usually kinetically
controlled. Thus, the desired product is frequently metastable, and care needs
to be taken that an elongated synthesis time does not lead to re-dissolution of

the product.
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Figure 1-13. Hydrothermal zeolite synthesis. The starting materials (Si-O and Al-O
bonds) are converted by an aqueous mineralizing medium (OH and/or F) into the
crystalline product (Si-O-Al bonds), whose microporosity is defined by the crystal
structure.!"™®

Many researchers have investigated the mechanism by which the
transformation from the left to the right side in Figure 1-13 proceeds.!"'® Most of
the investigations were concerned with zeolite synthesis, only relatively few with

aluminophosphates.""”: 118

In general, it is important to note that the
crystallization mechanism varies for either zeolites or aluminophosphates, just
as each specific synthesis mixture will result in different reactions under the

given conditions. Nonetheless, some general mechanistic considerations shall

be discussed here, which are accepted for most of the different molecular sieve
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systems. The overall process is generally divided into three different periods,
namely the induction, nucleation and growth period. After mixing of the
reactants and subsequent heating, dissolution and condensation processes
progress, and a gel phase is formed. An increasing number of zeolitic structures
have been synthesized nowadays from optically clear precursor solutions. In
these cases, the individual gel particles are present as colloidal particles with
nanometer dimensions. The gel phase normally becomes increasingly ordered
after mixing in a way that alternating types of T-atoms become connected and
an increasing state of condensation arises. Hydrolysis leads to the generation of
so-called secondary building units (SBU) in the liquid phase within and around
the gel particles. Typically, these units comprise a small number of alternating
connected TO4 tetrahedra. The molecular order of the gel can be detected by
NMR and IR techniques. It is very important to note that all these processes
represent a dynamic non-equilibrium system which is governed by the kinetics
of the contributing hydrolysis and condensation reactions. The moment when
the first particles with long-range order appear in the synthesis mixture is called
nucleation. This type of order can be detected by diffraction techniques like
XRD or electron-diffraction, which is not possible for the short-range order
during the induction period. Nucleation proceeds by the assembly of a certain
number of SBUs to a periodically ordered domain of a certain size. Therefore, a
certain degree of supersaturation of the SBUs must be present in the mixture.
To form the nucleus from the precursor phase, energy must be expended to

generate a surface, and the cohesive energy gain from bond formation must be
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large enough to outweigh this surface energy. Thereby, a stable nucleus is
formed and provides the structural basis for further growth to the final particle
size. In the case of zeolite nucleation, it is reasonable to suppose that the
construction of the nucleus is a more complex assembly process compared to
simpler dense materials. The assembly of SBUs to nuclei is assumed to be
sterically directed by the present template (either inorganic or organic).
Heterogeneous nucleation is probably more important than homogeneous
nucleation, however, both processes can simultaneously take place. The first
contribution was beautifully demonstrated by HRTEM investigations in
conjunction with in situ DLS to examine the formation and growth of zeolites A
and Y from clear sols."® 1 Single zeolite Y crystals were observed to
nucleate within amorphous gel particles of 20 — 80 nm in size within 3 days at
100 °C (Figure 1-14). After nucleation, the individual nuclei grow by further
addition of nutrients from solution. Predominantly, these nutrients are delivered
in form of monomeric units to the surface of the crystals, where they find
positions with maximum bonding possibilities, e.g., at topological steps on the

zeolite surface.
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Figure 1-14. Observation of nucleation within colloidal particles in a) freshly prepared
aluminosilicate solution for the synthesis of zeolite Y and after hydrothermal treatment
at 100 °C for b) 28, c) 48, and d) 75 h.

Certainly, the presented mechanism represents an idealized case, and in each
system the situation can vary to a certain degree. For example, in most
synthesis mixtures the different steps will not be separated strictly in time over
the whole synthesis volume. Formed nuclei will tend to grow straight after
nucleation, and nucleation can still proceed in other parts of the system. This is
more likely to happen in large and unstirred batches. Especially during and after
the growth phase, other processes can proceed depending on composition and
temperature. As zeolite formation is a dynamic process, re-dissolution
processes can occur and lead to re-crystallization of other zeolite or dense

phases, or large crystals grow at the expense of smaller crystals (Ostwald
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ripening). Additionally, individual crystals can grow together and form

agglomerates, or they can aggregate depending on their surface charge.

1.3.4 Applications

Natural zeolites are used as additives in the cement and paper industry, where
they serve for the reduction of processing temperatures and as fillers,
respectively. Clinoptilolite is used in agriculture as a soil treatment to provide a
source of slowly released potassium. Additionally, natural zeolites are used for

sewage water treatment in order to reduce the levels of soluble heavy metals.

Synthetic zeolites have become available in commercial quantities in the 1950s,
and since then the world consumption of these materials has greatly increased.
Starting from a few hundred tons this became 60x10° t/a in 1975, 460x10°> t/a in
1987, and ca. 1.2x10° t/a in 1994."""! The main application in terms of quantity
is the use as so-called “builders” in detergent compositions. Their function is to
enhance the surfactant effect by removing ions causing water hardness, i.e.
calcium and magnesium. 90 % of the used builder additives are Zeolite NaA
and 10 % NaP. These compounds have effectively substituted previously used
pentasodium tripolyphosphate, which led to eutrophication of many lakes and
rivers. 1 050 000 t/a or almost 90 % of all zeolites produced in 1994 have been

used for this purpose.

Zeolites are very efficient catalysts for many organic reactions. Although
considerably smaller amounts (1994: 115 000 t/a) are used for catalytic

processes, this is the industrial application with the largest addition of value.
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The maijority of the world’s gasoline is produced with zeolite catalysts. The
largest contributor in this area is zeolite Y used as component of the FCC (fluid
catalytic cracking) catalyst for oil refinery. The process converts vacuum
distillates and residues into gaseous alkenes, gasolines, and diesel fuel.
Alternatively, zeolites can promote hydrocracking to convert high-boiling oils
into kerosene and diesel. The catalytic conversion of gases into petrochemical
products is also of great industrial relevance. A very prominent example is the
conversion of methanol to olefins (MTO). Possible catalysts for this purpose are
ZSM-5 or SAPO-34. The latter is now used in the UOP/Hydro MTO process in a
large plant in Nigeria.'® Other examples of industrial scale organic reaction
catalyzed by zeolites are the production of ethylbenzene from benzene and

ethylenel'®” or the synthesis of cumene from benzene and propene.

Zeolites are important industrial adsorbents for a number of applications,
together with silica gel, alumina or activated carbons. However, the
homogeneity of the pore structure and diameter, and the resultant size
selectivity towards varying adsorbates makes zeolites the materials of choice
for many adsorption applications. In particular, the adsorption of water is used in
order to dry gases (e.g. air, natural gas, cracked gas) and liquids (i.e. organic
solvents). For these processes the zeolites need to be desorbed between
process cycles, and the preferred methods are temperature-swing or pressure-
swing adsorption (TSA, PSA). The large amount of heat generated during water
adsorption can be used for heat storage and transformation applications (see

section 1.1.4). An exotic example which makes use of water adsorption in
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zeolites is emergency blood clotting.['*"! Many other molecules can be adsorbed
in zeolites, and most often zeolites A, X and Y are used. In purification
processes contaminants like CO,, H,S, dioxine or mercury can be removed
from crude gases like natural gas or waste air (from plants). Prominent
examples of so-called separation processes are the production of O, from air,
ozone production from O,/O3 mixtures or the separation of n-alkanes from iso-
alkanes on 5A zeolites, which is of importance in the mineral oil industry. In the
nuclear waste industry zeolites are used to trap nuclear fission products, and
the zeolite-waste composite can be hot pressed into an extremely durable

ceramic form, closing the pores and trapping the waste in a solid stone block.

1.4 Goals and Motivation

This work was part of the joint BMBF network “New highly porous materials and
systems for energy storage and heat transformation”. In this context, a broad
range of materials was tested at the Fraunhofer ISE, in order to find potentially
interesting adsorbents, which were not previously used for the above mentioned
applications. The best performance in terms of water capacity and
adsorption/desorption temperature-range was found for the aluminophosphate
AIPO-18 and the silicoaluminophosphate SAPO-34, but other adsorbents, e.g.,
metal organic frameworks and fibrous carbon, also showed promising water
adsorption characteristics. As comprehensive knowledge about the synthesis of
zeolitic materials exists in our workgroup, this thesis was focused on the two
former materials, whereas the latter ones were investigated in other network

groups.
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A key factor for heat transformation with adsorptive systems is the realization of
short adsorption/desorption cycle times, which are governed by two main
transport resistances, namely mass transport into the adsorbent pores, and
heat transport from the material to the heat exchanger. The mass transport
within the micropores can be influenced by employing nanocrystals of the
materials of interest, whereas the heat transport is dependent on the

combination of a suitable adsorbent with a metallic heat exchanger matrix.

Therefore, the first goal of this thesis was two investigate the possibility of
synthesizing the above mentioned materials in form of nanocrystals in order to
reduce the diffusion pathways within the microporous structure. Secondly, the
materials should be combined with metallic supports and tested for their

suitability for the final application in a specially designed measuring setup.

The mentioned investigations were conducted under the aspect of fundamental
research in order to increase the potential for the use of new materials for heat
exchanger applications. However, the feasibility of such an utilization is strongly
dependent on materials cost. Therefore, cost-efficient syntheses for
microporous aluminophosphates were investigated in the last chapters of this

work.
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2 Methods

2.1 X-ray diffraction

X-ray diffraction (XRD) is one of the most powerful tools to identify the
crystalline phases in a material and to determine properties like phase
composition, domain size, and preferred orientation.!'”” XRD is a non-
destructive technique, which allows for the structural characterization of
materials containing any element. However, heavier elements give rise to larger
diffracted intensities. In a typical experiment, the diffracted intensity is measured
as a function of the diffraction angle 20 and the orientation of the specimen,

which yields the diffraction pattern.

Crystals consist of planes of atoms with a certain distance d to each other, and
can be resolved into many groups of atomic planes, each with a different d-
spacing. The atomic planes can be described by introduction of a suitable
coordinate system. The reciprocal intercepts of the planes with the coordinate
axes, the so-called Miller indices (h, k, /), are used to distinguish the planes. For

a simple cubic crystal, the d-spacing is
Ohia = @0 / N(h*+K*+P) (2-1)

where ag is the lattice constant of the crystal. Constructive interference of the
scattered X-rays leads to the observation of diffraction peaks. The diffraction of
X-rays can be described according to a reflection at the atomic planes. Hence,

the condition for constructive interference is given by the Bragg equation:
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A= 2dhk| sinOhk| (2-2)

where O is the angle between the atomic planes and the incident (and

diffracted) X-ray beam (Figure 2-1).
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Figure 2-1. Scheme of the reflection of X-rays at the atomic planes of a crystal.

With given incident direction, monochromatic wavelength, and d-spacing, each
plane fulfils the Bragg equation for a specific angle between detector and
incident beam. In a powdered sample the crystals are randomly orientated,
which leads to constructive interference along a so-called Laue cone. When the
detector is positioned at an intercept with the Laue cone, a reflection is
recorded. The intensity of the reflections is proportional to the product of the
intensity of the incident beam and the density of electrons in the lattice plane
that is reflecting the beam. This leads to a specific “powder pattern” for a certain
crystalline compound. Hence, powder diffraction is commonly used to identify
unknown substances, by comparing diffraction data against a database
maintained by the International Centre for Diffraction Data (ICDD). Additionally,

information about the crystal domain size can be obtained by means of the line
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broadening in the diffraction pattern. A simple relationship for the domain size D

is given by the Scherrer equation
D= (KA)/(Bcos O) (2-3)

where A is the wavelength, K is the Scherrer constant, whose value is
approximately 0.9, B is the integral width of a reflection (in radians 26) located at

20, and O is the Bragg angle.

2.2 Electron microscopy

The maximum resolution of an optical microscope is limited by the use of visible
light to objects separated by a distance of ~0.2 um. Therefore, electron
microscopy is the first choice to investigate smaller features with respect to their
morphological appearance. However, compositional, structural, and electronic
information can also be obtained with modern electron microscopes. The
wavelength of electrons, accelerated by 100 kV, is 0.004 nm and ~10° times
smaller than visible light. Two different microscopic techniques are commonly
used, namely Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). Whereas SEM detects backscattered or secondary
electrons emitted from the sample, TEM uses transmitted electrons. Therefore,
sample preparation is crucial for TEM, as the electron beam can only penetrate
thin samples of up to ~200 nm thickness. For SEM, sample preparation is
easier, however, non-conducting samples need to be coated with a thin
conducting film (C or Au), in order to prevent charging of the sample. Figure 2-2

shows the different interactions between the electron beam and the sample. If
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an incident electron undergoes inelastic scattering with atomic electrons, these
“secondary electrons” (SE) can exit the material if their energy exceeds the
work function of the material. During a measurement, the electron source is
focused into a fine probe, which is rastered over the sample surface. The signal
generated by the detection of secondary electrons is amplified, and a pixel
proportional to the number of emitted electrons is printed on the screen.
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Figure 2-2. Schematic representation of an Scanning Electron Microscope (SEM). a)
Sample-electron beam interactions. b) Electron pathway from electron generation to
the sample surface (after ['#4).

Additionally, backscattered electrons (BSE), which result from elastic scattering
with the atomic nucleus, can provide information about the composition of the
scanned material. The efficiency of production of backscattered electrons is
proportional to the sample material's mean atomic number. If the collision of the
electron beam with the atoms of the sample causes an inner shell electron to be

ejected, the re-occupation of the vacancy by an outer shell electron leads to
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emission of element specific X-ray radiation. If the instrument is equipped with
an energy dispersive X-ray detector, this radiation can be used to obtain both

qualitative and quantitative elemental information.

2.3 Thermogravimetric analysis and Differential Scanning

Calorimetry

Thermogravimetric analysis (TGA) is a method to monitor the mass change of a
sample as a function of temperature/time. Therefore, the sample is heated in an
inert thermostable crucible to temperatures of up to 1600 °C. The crucible is
fixed on a thermobalance and a thermocouple close to the sample registers the
actual temperature. Different temperature-programs and different gas
atmospheres can be chosen with modern instrumentation. Quantitative
information about processes like oxidation, reduction, evaporation, or
sublimation can be obtained. In case of zeolitic materials, most commonly the
evaporation of water, the decomposition of the template, and phase

transformations are observed.

A valuable complementary method to TGA is Differential Scanning Calorimetry
(DSC). This method measures the heat flux from/to a sample as a function of
sample temperature. For this purpose, an empty reference crucible is heated on
the same sample holder (disc type measuring system), and a sensor
underneath the sample/reference measures the occurring heat fluxes, which are
dependent on the heat capacity, and endo- or exothermic processes. Thereby,

phase transformations like melting, which proceed without any mass change,
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can be observed. Additionally, specific mass changes can be distinguished in
terms of their endo- or exothermic nature. All processes investigated with
TGA/DSC are strongly dependent on the exact measuring conditions, which

consequently have to be chosen very carefully.

2.4 Physisorption

Adsorption of gases within the pores of a material is a widely used method to
determine properties like porosity, surface area, or pore diameter. Adsorption is
measured either by gravimetrical or volumetric methods, and two different types
of adsorption, chemisorption and physisorption, can be distinguished.
Chemisorption involves the formation of chemical bonds between the gas
molecule and the pore surface, whereas physisorption is mediated by loose
interactions, like Van-der-Waals forces. In contrast to chemisorption,
physisorption is a completely reversible process. Therefore, the measured
adsorbed volume as a function of relative pressure p/py gives equilibrium
isotherms. Volumetric physisorption isotherms are obtained by dosing a certain
gas volume into the sample chamber, and by measuring the pressure decrease
due to adsorption in the pores. Depending on the types of pores present in the
material, the measuring temperature, and the probe molecule, different types of
isotherms are obtained. They can be classified according to IUPAC into six
different types shown in Figure 2-3.1'] Microporous materials commonly show
isotherms of type |. They are characterized by a steep increase of adsorbed
volume at very low relative pressures, typically below 0.1. This step

corresponds to the formation of an adsorbate monolayer within the micropores
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of the material. As the dimensions of the pores are in the range of the
adsorbate, the monolayer formation is equivalent to a complete filling of the
pores, and no further increase of adsorbed volume is observed until a high
pressure close to p/po = 1 is reached. If the adsorbent particles have nano-scale
dimensions, the interparticle voids can fall into the mesoporous range, leading
to textural porosity. Hence, a steady increase in adsorbed volume is observed

after micropore filling.

a) Type | b) Type Il

begin

multilayer

adsorption
c) Type Il Id) Type IV
e) Type V f) Type VI

Figure 2-3. IUPAC classification of sorption isotherms. a) Microporous material. b)
Non-porous material with a high energy of adsorption. ¢) Non-porous material with a
low energy of adsorption. d) Mesoporous material. The hysteresis loop is associated
with the occurrence of pore condensation. e) Mesoporous material with a low energy of
adsorption. f) Stepwise multilayer adsorption on uniform non-porous surface.!'?’!
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Mesoporous materials exhibit type IV isotherms, characterized by the formation
of adsorbate multilayers in the range p/py ~0.05 — 0.25. Above this pressure
condensation of the adsorbate within the mesopores takes place leading to a
step in adsorbed volume. As the mechanisms of mesopore filling and
desorption are different, a hysterisis loop between the adsorption and
desorption branches of the isotherm is typically observed (Figure 2-3 d). The
p/po range of multilayer formation can serve for the calculation of the surface
area. Most often, the Brunauer-Emmett-Teller (BET) method is used for this

purpose:

p 1 C-1p
= + 2
n(p,-p) nC nC p,

(2-4)

n is the number of adsorbed molecules, n, the monolayer capacity, po is the
saturation pressure and the constant C depends on the difference between
adsorption energy of the first layer and the liquefaction energy of the adsorbate.
From the monolayer capacity n., the surface area As can be calculated

according to
As (BET) = nm NA am (2'5)

where Nj is the Avogadro constant, and an, is the cross-sectional area of the
probe molecule (0.162 nm? for N,). The BET method is widely used for porous
materials, including microporous solids, although there it is strictly not
applicable, as no multilayer formation is found in micropores. However, the BET
value is a useful comparative measure. Nowadays, powerful modern analysis

tools have become available for the investigation of microporous materials,
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especially Density Functional Theoretical (DFT) models.'* In the DFT
approach the density of the adsorbate as a function of location in the pore is
calculated. These equilibrium density profiles are obtained by minimizing a free-
energy functional, which is the grand free energy for a pore system in
equilibrium with a bulk phase (i.e. the situation when an adsorption experiment
is performed). This is a major advantage to classical models, which assume the
adsorbate to exist in either the bulk gas or liquid state. Based on the calculated
density profiles, isotherms in model pores can be determined. Experimental
isotherms can then be fitted to the model by applying the Generalized

Adsorption Isotherm (GAl) equation:
N(plpo) = | N(pipo, W) A(W) awW (2-6)

where N(p/po) is the experimental adsorption isotherm data, W is the pore
width, N(p/po, W) is the isotherm on a single pore of width W, and f(W) is the
pore size distribution function. The GAIl equation reflects the assumption that
the total isotherm consists of a number of individual “single pore” isotherms
multiplied by their relative distribution, (W), over a range of pore sizes. The
validity of the DFT method has been shown using various reference materials.
Therefore, it has become the method of choice if corresponding DFT data are

available for the respective material.

2.5 Vibrational Spectroscopy

Molecules in solution or atoms in a crystaline arrangement can be

approximated by balls (atoms) connected with springs (chemical bonds).['?%
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The vibrations of these systems give rise to certain resonance frequencies
determined by the mass of the balls (atomic weights), and by the stiffness of the
springs (bond force constants). The frequencies are in the infrared range of the
electromagnetic spectrum from 10" to 10" Hz (3 — 300 um), and the vibrational
bands can be assigned to specific motions of pairs or groups of atoms. To
obtain an infrared spectrum the sample is irradiated with infrared light, and the
intensity of the absorbed, transmitted, or reflected light is analyzed according to
its wavelength. Modern instruments use polychromatic light, and the spectral
analysis is performed by Fourier Transformation of the signal obtained by a
Michelson interferometer and a suitable detector. The various peaks apparent in
the spectrum can be analyzed according to their positions, intensities and
widths. By comparison with functional group tables or online databases, the
different positions give information about the chemical groups present in the
sample. The peak intensities allow a relative or absolute quantification of the
concentration of the specific groups, whereas the peak width can be related to
the degree of bond homogeneity within the investigated material. Therefore,

amorphous materials give rise to peak broading.

Raman spectra arise from indirect coupling of the incident light with electrons
making up the chemical bonds of a material. Therefore, the sample is
illuminated with monochromatic light generated with a laser (typically Ar, or He-
Ne lasers), and the scattered light is analyzed by a detector situated at an
angle, for example 90° to the incident beam. Most of the scattered light has the

wavelength of the incident beam (elastic Raleigh scattering), but a small portion
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of the energy is transferred to the material, exciting the vibrational modes
(Figure 2-4). The corresponding energies are deducted from the incident beam
energy, which leads to small sidebands in the spectrum at lower energies
(higher Raman shifts) than the Rayleigh line. This effect is called (inelastic)
Stokes scattering, whereas the opposite effect, where vibrations excited by
thermal processes lead to scattering with larger energies, is called anti-Stokes
scattering. Anti-Stokes intensities are strongly temperature-dependent, whereas
the Stokes intensities are only weakly temperature-dependent. Therefore,

commonly only Stokes scattering is measured.

anti-Stokes scattering Stokes scattering

Rayleigh line

V4

intensity

laser line

/\]\ | l
—

-1500 -1000 -500 500 1000 1500
Raman shift / cm™

Figure 2-4. Schematic Raman scattering spectrum showing Rayleigh line, Stokes
Raman scattering and anti-Stokes Raman scattering (after ['?%)).

IR absorption is the result of a change of the dipole moment during the
corresponding vibration, whereas Raman scattering involves a change in the
bond polarizability, as the two mechanisms are different. Therefore, IR and

Raman can give complementary information.
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2.6 Dynamic Light Scattering

Dynamic light scattering (DLS) is the time-dependent modulation of the light
scattering intensity due to Brownian movement of the particles in a colloidal

suspension.!'?!

If the particles are much smaller in diameter than the
wavelength of the laser light, the scattering intensity is independent of the
detection angle (Rayleigh scattering). In contrast, the scattering intensity is a
function of the viewing angle if the particle diameter is in the same range as the
laser wavelength (Mie scattering). As the Brownian motion is size-dependent,
the particle diameter can be calculated from the variation in dynamic light
scattering. A device, called digital auto correlator is used for the analysis. It

generates a correlation function, which correlates the intensity of the scattered

light at a certain time delay 1 to the intensity at t = O:
G(1) = <I(t) [(t+1)> (2-7)

For very short delay times, the correlation will be large as the particles have
moved only a short distance, whereas there will be no correlation for very long
delay times. A correlation curve typically shows an exponential decay (Figure

2-5).
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Figure 2-5. Scheme of a typical correlogram from a sample containing small particles
in which the correlation of the signal decays rapidly.

In case of a monomodal colloidal suspension, the correlation curve can be fitted

to a single exponential function in the so-called Cumulants analysis:

G(r) = A[1 + B exp(-2/T)] (2-8)

with
I = Dg? (2-9)
q = (41 n/A)sin(6/2) (2-10)

D is the translational diffusion coefficient, n the refractive index of the

dispersant, Ao the wavelength of the laser, and 6 the scattering angle.

For polydisperse systems, a multi-exponential fit (Contin analysis) is used. From
the obtained diffusion coefficient the particle diameter can be calculated using

the Stokes-Einstein equation:

d(H) = kT / 317D (2-11)
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Here, d(H) is the hydrodynamic diameter, D the translational diffusion
coefficient, k is the Boltzmann constant, T the absolute temperature, and n the

viscosity of the surrounding medium.

Using the Mie theory, the obtained intensity distributions can be transformed to
volume- or number-weighted distributions, if the density of the material is

known.

2.7 Zeta-potential measurements

In contrast to a solution, finely dispersed particles forming a colloidal
suspension scatter visible light when being illuminated (Tyndall effect). Between
the particles act attractive Van-der-Waals and repulsive Coulomb forces. The
sum of these forces defines the stability of the suspension versus aggregation
and subsequent sedimentation. To avoid these effects two possibilities for
stabilization exist. Steric stabilization can be achieved by adsorption of
polymers onto the surface of the particles, which prevent aggregation.
Alternatively, the suspension can be electrostatically stabilized by altering the
surface charge of the particles and the Coulomb forces acting between them. If
a particle possesses a surface charge, it is surrounded by a relatively rigid layer
of counter ions, the so-called Stern-layer (Figure 2-6). Around this layer a
diffuse layer of ions, which are less firmly associated, exists. lons within within a
certain boundary, which is called the slipping plane move together with the
particle, those further away from the particle stay with the bulk dispersant. The

charge at this plane is called the zeta potential ({-potential), which is
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experimentally available.['* The Z-potential is a measure of the electrostatic
Coulomb forces between the particles, and typically the suspension is

considered stable if the {-potential is >| 30 mV/|.

{——>Electrical double layer
]

Particle with negative
surface charge

Stern potential
mV

Zeta potential

Distance from particle surface

Figure 2-6. Schematic representation of the -potential.

To measure the C-potential the suspension is put into a capillary cell and
subjected to an electrical field. The particles move within the field and their
velocity is dependent on the field strength, the dielectric constant of the
medium, the viscosity of the medium, and the (-potential. The movement is
detected by illuminating the particles with a laser source and detecting the

scattered light. Compared to a reference beam, the scattered light fluctuates
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with a frequency proportional to the velocity of the particles. From the velocity,

the (-potential can be calculated using the Henry equation:
Ue=2¢lF(ka)l3n (2-12)

Uk is the electrophoretic mobility, ¢ the zeta potential, € the dielectric constant of
the dispersant, n its viscosity, and F(ka) is called the Henry function. In aqueous
media and at moderate electrolyte concentrations the Henry function can be

approximated to be 1.5 (Smoluchowski approximation).

2.8 High-throughput instrumentation

The reactions occurring during hydrothermal synthesis of zeolitic materials are
complex and often poorly understood. This makes the targeted discovery of
new zeolites, or the optimization of existing molecular sieves a tedious mission.
Often, a large number of experiments is needed for a systematic screening of
all crucial synthesis parameters. This difficulty is known from other scientific
areas, especially in pharmaceutical research. Therefore, high-throughput
methods have been developed, which allow for the rapid synthesis of a large
number of potentially biologically active substances, and their parallel
identification and testing. In the last ten years, high-throughput methods have

also been adopted by materials researchers.!'?® 17!

In the ideal case, every step during a high-throughput screening — experiment
scheduling, reactant mixing, synthesis, work-up, and characterization — is

designed in a parallel and automatic way. This is crucial as each serial step
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represents a bottle-neck, and depending on the scope of the experiments, this

can lead to large delays.

In our work group a semi-automatted high-throughput system for the parallel
hydrothermal synthesis of porous materials has been developed, and has been
used in this work. The reaction system consists of a multiclave including either
24 or 48 reaction vessels (Figure 2-7). Depending on the investigation and the
reactants, the synthesis mixtures are either prepared manually or by use of a
liquid dosing robot. After hydrothermal treatment, the reactants are transferred
to a multiple-filter block for work-up and washing. Afterwards, the reactants are
automatically characterized by means of X-ray diffraction with a STOE Stadi P
diffractometer equipped with a automatic xy-sample-stage. Data analysis can

be performed using the STOE Win XPOW Combinatorial analysis software.

[— (=S N —

9

Figure 2-7. High-throughput instrumentation used for the synthesis of molecular
sieves. a) 24-experiment multiclave lined with Teflon inlets. b) Filter block for parallel
work-up of the experiments. c) XRD stage for the automatic X-ray analysis of the 24
samples.
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3 Nanosized SAPO-34 synthesized from colloidal solutions

This chapter is based on a publication in the ACS (American Chemical Society)

journal “Chemistry of Materials”.'?!

3.1 Introduction

The reduction of zeolite crystal size has been a major research field for the past
10 years as the decrease of dimension leads to substantial changes in the
properties of the materials.’®® Primarily, this has an impact on the performance
of zeolites in traditional application areas such as catalysis and separation.!'**
31 Additionally, this development has led to new synthesis strategies yielding
nanomaterials with narrow particle size distributions. Moreover, the possibility of
stabilizing these nanoparticles in suspensions has facilitated the production of
thin-to-thick films, which are interesting for membrane and sensing
applications."®> 3238 The most promising route for the preparation of
microporous and particularly zeolite nanocrystals is the use of clear solutions or
colloidal suspensions as precursor media. An excellent review summarizing the
systems studied was published by Tosheva and Valtchev.'®®! This article mainly
deals with zeolite syntheses, but aluminophosphate systems are also
discussed, namely AIPO-5 (AFI), AIPO-11 (AEL) and AIPO-18 (AEI). The AIPO-
18 system is a thoroughly investigated colloidal aluminophosphate due to its
interesting water sorption properties.!'*? A structurally related system is AIPO-
34 with chabazite structure (CHA); the silicon-substituted form SAPO-34 is one

of the widely investigated molecular sieves due to its use in catalysis, especially
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in the methanol-to-olefin (MTO) process."* Furthermore, SAPO-34 shows
unique water sorption properties, which can be used for the thermochemical
storage of heat."""'**! Among the approximately 600 publications concerning
the SAPO-34 material, only a few shall be mentioned here. Originally
discovered at Union Carbide Corporation,['** %! the crystal structure of SAPO-
34 and its analogy to natural chabazite was firstly reported by Ito et al.l"*® (the
analogy to the CHA structure was already reported with the discovery).
Numerous groups have investigated the SAPO-34 material with respect to
further applications, and mainly the performance in the MTO reaction."*”! Apart
from its pore structure, the short- and long-term hydrothermal stability, which is
dependent on the degree and homogeneity of the silicon incorporated in the
CHA framework, is of importance."®" The samples with relatively low
amounts of silicon show high stability. It was found that the silicon distribution is
dependent on the choice of template used during the synthesis, and the most
stable samples are obtained from tetraethylammonium-containing precursor
suspensions.['®" The mechanism of SAPO-34 crystallization using morpholine

as structure-directing agent was studied in detail by Vistad et al.l"**">

Other factors investigated include the acid-site strength!®*” and the influence of
incorporated transition metals on the stability and performance of SAPO-34
materials.[®® The effect of crystal size on the MTO process was investigated by
Chen et all™'® They separated fractions of different crystal sizes by
centrifugation and found the best performance for crystals of sizes smaller than

500 nm. Below this diameter no diffusion limitations are observed during the
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catalytic reaction. Therefore, a synthesis route to SAPO-34 crystals with
diameters lower than 500 nm with the tetraethylammonium ion as templating
agent seems very desirable. Lesch et al. synthesized SAPO-34 from very
diluted solutions, but did not include any data concerning particles size.l'®"
Additionally, Mertens et al. claimed the reduction of particle size by either using
tetraalkyl orthosilicate as the silicon source,!'®? or by dissolving the silicon in
organic bases prior to mixture with other reagents.!'® Here, particles of sizes
<100 nm are claimed based on SEM and XRD line width. Yao et al. made an
attempt to synthesize SAPO-34 in confined polymer spaces.!"® However, the
products contained large amounts of micrometer-sized crystals and their

reduced crystallinity led to reduced surface areas.

This chapter reports on the synthesis of nanosized SAPO-34 crystals with
narrow particle size distributions by using colloidal precursor solutions. The
influence of the initial composition, temperature and source of heating on crystal

dimensions was studied.

3.2 Experimental

Clear precursor solutions were prepared with the following molar compositions:
1ALO3:2—-4Py05:0.6—-18Si02:2-4TEAO: 75— 147 H,O. The synthesis
conditions and the resultant phases from different batches are summarized in
Table 3-1. Aluminium isopropoxide (e.g. sample 160/180_4: 6.00 g, 29 mmol,
Aldrich), colloidal silica (1.72 g, 9 mmol, Ludox HS-30, 30 wt.%, Aldrich) and

tetraethylammonium hydroxide solution (48.45 g, 115 mmol, 35 wt.%, Aldrich)
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were mixed at RT and stirred at 450 rpm for at least 2 h in 180 mL PP-bottles.
To the resultant solution, phosphoric acid (13.28 g, 115 mmol, 85 wt. %,
Aldrich) was added drop-wise over a period of 60 — 150 min to avoid the
formation of dense gel particles. It is important to note that the latter step is
crucial for the overall process (special care is needed for the solution with the
ratio of Al,O3: TEA,O =1: 2, and after the complete dissolution of the Al/Si-
sources the acid was added very slowly). If not, the obtained mixtures were not
clear, but white suspensions were formed. At low concentrations of
Al,O3 : TEA2O =1 : 4, the obtained precursor solutions did not show a Tyndall-
effect (the scattering of light by the suspended particles). The mixture was
stirred another 30 min prior to HT treatment. 10 g of the solution were filled into
a 23 mL Teflon-lined stainless steel autoclave (Parr Instrument Company) and
heated in a conventional oven. To study the kinetics of crystal growth of SAPO-
34, simultaneously 5 autoclaves were used for each precursor solution, and the
experiments were quenched after varying synthesis times. Additionally,
microwave syntheses were performed using 100 mL autoclaves (Synthos 3000,
Anton Paar GmbH). After the synthesis, the suspensions containing nanosized
crystals were purified in a series of three steps consisting of high-speed
centrifugation (43000 g (RCF), 20 min), removal of the supernatant and re-
dispersion in aqueous KOH solution (pH = 8) using an ultrasonic (US) bath. If
no material was separated by centrifugation, aqueous NaCl solution (15 mM)
was used to achieve coagulation prior to centrifugation. The samples were

freeze-dried in order to avoid aggregation for further characterization.



Nanosized SAPO-34 synthesized from colloidal solutions 77

3.3 Characterization

All samples were investigated by means of Dynamic Light Scattering (DLS) in a
Zetasizer Nano-ZS (Malvern Instruments) directly after HT treatment and after
the subsequent washing cycles. Zeta potential measurements, giving
information about the stability of the suspensions, were performed using the
same instrument. Prior to these analyses, one drop of the final suspensions was
added to 1 mL of buffer solution (Hydrion®, Aldrich, pH = 2 — 11), equilibrated
for 30 min and checked for pH using a gel electrode (Mettler Toledo). Powder
X-ray diffraction (XRD) patterns of the freeze-dried samples were recorded
using a Stoe STADI-P diffractometer (transmission mode, Cu Ka radiation). The
elemental composition of the products was determined by atomic absorption
spectroscopy with a Varian Vista RL CCD instrument. To investigate the size
and morphology of the products, scanning electron microscopy (SEM) images
were recorded using a JEOL JSM-6500F microscope. Diffuse Reflectance
Infrared Fourier Transform (DRIFT, Bruker Equinox 55) and Raman (Horiba
Jobin Yvon LabRAM-HR, Bruker Equinox 55 & FRA Raman module 106 /S)
spectroscopy was used to investigate the short-range order within the materials
during the crystallization process. Thermogravimetric analyses (TGA) and
Differential Scanning Calorimetry (DSC) were performed on the as-synthesized
samples using a Netzsch STA 440 C Jupiter thermobalance. The samples
(10 mg) were heated in a stream of synthetic air (50 ml min™') with a heating
rate of 10 K min™" in an alumina crucible in the temperature range 25 — 900 °C.

Selected samples were investigated by means of volumetric argon
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physisorption experiments (Quantachrome Autosorb MP) at 87 K. Prior to the
adsorption experiments, the samples were calcined in air at 550 °C for 24 h

(heating rate: 1 °C min™") and out gassed under vacuum at 350 °C overnight.
3.4 Results and discussion

3.4.1 Synthesis

To obtain colloidal precursor solutions for the synthesis of nanosized
silicoaluminophosphates, the following strategy previously employed in AIPO-18
(AEI structure type code) syntheses was used (Chapter 4). First, the molecular
or colloidal sources for aluminum and silicon are dissolved in basic media in the
presence of tetraethylammonium hydroxide as solvent. The lower threshold in
order to obtain a clear solution was a molar ratio of Al,O3 : TEA,O = 1 : 2
(based on a 35 wt.% TEAOH solution). Afterwards, the same molar amount (as
the base) of phosphorus is added in the form of concentrated phosphoric acid in
order to maintain the solution as concentrated as possible, and to neutralize the
synthesis solution, as the SAPO-34 phase crystallizes most preferentially under
slightly acidic or neutral conditions.!'® According to La Mer at al.,["®® the
synthesis of nanocrystals is favored by a high degree of supersaturation at the
end of the induction period, which leads to fast nucleation of a high number of
nuclei with ideally monomodal size distribution. In a conventional gel system,
heterogeneous nucleation often results in the formation of particles with broad
size distributions. Therefore, the ideal precursor solution should be as

concentrated as possible, but still colloidal to guarantee a real solution with a
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high degree of supersaturation during the induction heating period. The
concentration of the precursor systems was varied and the temperature of HT
treatment was changed gradually in order to optimize the nucleation and
crystallization process. A highly dilute system with Al,O3 : TEA2O : H,O — ratios
of 1 : 4 : 147 was the starting point. This system guaranteed clear solutions
during the whole synthesis procedure; the corresponding precursor solutions
did not show a Tyndall effect. Afterwards the concentration of the reactants was
increased stepwise to Al,O3 : TEAO : H,O =1 : 2 : 75, which was the upper
limit for the preparation of colloidal precursor solutions. The formation of the
colloidal suspension was also very sensitive to parameters such as room
temperature aging (typically ~30 min), speed (450 rpm) and time of stirring
during initial dissolution (~2 h) and addition rate of HsPO, (~0.2 mL min™), etc.
(these parameters were not systematically investigated and presented in this

chapter).

All precursor systems were subjected to HT treatment with varying times of
crystallization. The heating rate in the used setup is typically ~2.5° K min™
(estimated from the cooling behaviour), quenching to RT was performed under
flowing water in ~10 min. All samples quenched after short heating times, even
the concentrated ones (see Table 3-1), yielded no solid material after
centrifugation or flocculation in low-density solvents like methanol or ethanol.
Instead, the systems represented perfectly clear solutions showing no Tyndall
effect. However, by adding dilute NaCl solution to these solutions, flocculation

was observed, and subsequent centrifugation was possible, and some of the
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resulting amorphous products were subjected to further characterization (see

below).

At 160 °C, AEI was detected in various amounts as a competing phase in the
final crystalline products according to XRD. Extensive reporting of CHA/AEI
intergrowths is present in the ExxonMobil patent literature. However, based on
our XRD and SEM data, the phases and their typical crystal morphologies
appear to be largely separated. AEl forms sheet-like hexagonal crystals,
whereas CHA is obtained in form of cubic crystals. The SAPO-18 phase (AEI-
type structure) is structurally related to the chabazite structure.®®® Both include
sheets of connected double six-membered rings (D6R). The sheets are
connected along the z-axis (via O-bridges) to form stacked sheets. The lateral
shift between the sheets is zero for the CHA structure, whereas a rotation of
180 ° about the z-axis gives the AEI structure. The connection gives rise to a
three-dimensional channel system with eight-membered pore openings of 3.8 A
diameter. This close relationship apparently gives rise to similar energies for
both microporous materials and both AEl and CHA-type materials can nucleate
at 160 °C in the investigated systems. The appearance of side products is also
very common for the analogous aluminosilicate chabazite structure.
Additionally, re-crystallization from AEI to CHA was observed in the reacting
systems with increasing the time of heating (see samples 160_3 and 160 _4).
The rate of re-crystallization is dependent on the initial composition and
temperature; however the re-crystallization in the opposite direction is not

observed (from CHA to AEI). The experiments performed at 160 °C do not show
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a steady trend in nucleation times, and this is attributed to the occurrence of two

different phases in the final products.

For the experiments at 180°C, it was observed that the induction time increased
from less than 2 to less than 4.5 h with decreasing concentrations of Al, P and
Si. In the more diluted systems, the diffusion pathways for the reactive

components are increased, which apparently results in slower reaction kinetics.
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Table 3-1. Synthesis conditions and resulting products.

Sample Precursorcomp. T t Structure type Size Product composition
name (Al203 : P20s : (°C) (h) code (nm)*
Si02 H TEAzO H
H20) Al P Si P+
Si
160 2 1 1:2:06:2:75 160 0.50 amorphous
160_2_2 1:2:06:2:75 160 1.00 amorphous
160_2_3 1:2:06:2:75 160 1.50 AEI 230 0.51 045 0.04 049
160_2 4 1:2:06:2:75 160 2.00 AEI 240 0.51 047 0.02 049
160_3_1 1:3:06:3:111 160 1.30 amorphous
160_3 2 1:3:06:3:111 160 2.50 amorphous
160 _3 3 1:3:06:3:111 160 3.50 amorphous
160_3 4 1:3:06:3:111 160 5.75 CHA (AEIl) 320 0.50 045 0.05 0.50
160_3 5 1:3:06:3:111 160 20.0 CHA 356 049 043 0.08 0.51
160_4_1 1:4:06:4:147 160 250 amorphous
160_4_2 1:4:06:4:147 160 3.50 AEI 299 0.50 047 0.03 0.50
160_4_3 1:4:06:4:147 160 5.00 AEI 329 0.51 046 0.03 049
160_4 4 1:4:06:4:147 160 13.5 AEI 340 0.50 046 0.04 0.50
160_4 5 1:4:06:4:147 160 150 CHA 417 0.50 042 0.08 0.50
180_2/1_1 1:2:1:2:77 180 0.50 amorphous
180 _2/1_2 1:2:1:2:77 180 1.00 amorphous
1802113 1:2:1:2:77 180 1.50 CHA (low yield) 181
180211 4 1:2:1:2:77 180 2.00 CHA 285 0.51 043 0.06 049
18021 5 1:2:1:2:77 180 250 CHA 272 0.51 042 0.07 049
180_2_1 1:2:06:2:75 180 0.50 amorphous
180_2_2 1:2:06:2:75 180 1.00 amorphous
180_2_3 1:2:06:2:75 180 2.00 CHA 286 0.51 042 0.07 049
180_2 4 1:2:06:2:75 180 4.25 CHA 316 0.52 042 0.06 048
180_3_1 1:3:06:3:111 180 2.00 amorphous
180_3_2 1:3:06:3:111 180 3.00 CHA 264 0.50 047 0.03 0.50
180_3_3 1:3:06:3:111 180 4.00 CHA 265 0.50 046 0.04 0.50
180_3 4 1:3:06:3:111 180 6.00 CHA 276 049 045 0.05 0.51
180_3 5 1:3:06:3:111 180 185 CHA 507 049 044 0.08 0.51
180_4_1 1:4:06:4:147 180 2.00 amorphous
180 4 2 1:4:0.6:4:147 180 3.00 amorphous
180_4_3 1:4:06:4:147 180 450 CHA 308 0.51 046 0.03 049
180_4 4 1:4:06:4:147 180 550 CHA 350 0.51 046 0.03 049
180_4 5 1:4:06:4:147 180 7.00 CHA 368 0.51 045 0.04 049
180 2 MW 1:2:06:2:75 180 7.25 CHA 206 0.50 041 0.09 0.50
TTG7, 168]

*Particle diameters are given as Z-average values of the corresponding Cumulants algorithm.
Sample code: (Temperature)_(Molar ratio of P,Os/Al,03)_(Increasing Exp.-No. with synthesis time).
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The sizes of the particles after HT treatment increased with synthesis time for
all investigated samples. Comparing the different concentrations in the
precursor solutions, no clear trend with respect to particle size can be seen
(Table 3-1). This might be expected, as there are several contributing
processes. The smallest primary particles nucleate from the most concentrated
precursor solutions. However, after nucleation, growth of primary particles takes
place and the growth rate is faster in more concentrated systems. Additionally,
the growth phase is longer if the system is more concentrated or the amount of
nuclei is lower (which is the case for less concentrated precursor solutions).
Therefore, the size of the resulting particles depends on the elapsed time
between nucleation and quenching during the HT treatment. In case of sample
180 _2/1_3, the quenching obviously was very shortly after nucleation and the
particles showed an average size of 180 nm. However, the yield at that time
was very low (~10 % of final yield). Between 1.5 h and 2.0 h a large increase in
size (>50 %) was observed for this sample and the growth phase was
completed, as no further increase in size was observed after 2.5 h. Similarly,
sample 180 _2 3 was quenched relatively late, and a fast growth process had
already taken place. The resultant size (285 nm) is identical to the system
180_2/1 after the same synthesis time (2 h). In order to synthesize particles of
small size, it is therefore necessary to balance the size of primary particles and
the subsequent growth rate by careful adjustment of synthesis conditions. In the
system 180_3 (lower concentration) this balance is obviously better. After 3 h of

aging, the particles are nucleated and have grown to a Z-average size of
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264 nm, and further growth was very slow (180 _3 3 — 180_3_5). Therefore, the

final crystals were smaller in diameter than the 180 2 series of samples.

The yields of the syntheses were similar for all investigated systems. Typically,
yields of ~60 % were found relatively shortly after nucleation. For long synthesis
times (>6 h) the yields increased to ~75 %. A third contributing process, which
is affecting the size of the products, can be deduced from the 180 3 series, but
was also observed for all systems (not shown). If the synthesis time is further
prolonged, particles with sizes of up to ~1 um are obtained although the yield
and degree of crystallinity do not increase. Most probably these large particles
result from aggregation of primary particles as the zeta potential is very low (see

DLS and -potential section). However, Ostwald ripening cannot be ruled out.

The pH of the synthesis solutions was monitored prior to and after HT
treatment. All precursor solution showed neutral pH, and due to the relatively
high dilution, the pH raised to 7.1, 7.5 and 8.5 with increasing the concentration

after the complete condensation process.

All crystalline samples were subjected to elemental analysis after freeze-drying
to gain information about the degree of silicon incorporation. The relative molar
fractions of the T-elements are shown in Table 3-1. With increasing the
synthesis time, the silicon content increased, but none of the investigated
samples reached the Si/Al -ratio in the precursor solution of 0.3. A similar result
was found earlier by Ashtekar et al."*® Those samples that were hydrothermally
treated for relatively long times (>6 h) reach a Si molar fraction of 0.08, which

corresponds to a composition of AlgP5SiO24-x TEA™n H,O (or one silicon atom
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per chabazite cage containing 12 T-atoms). Obviously, only P-positions of the
hypothetical CHA-framework are substituted by Si-atoms. Tan et al.l"*® showed
by means of MAS NMR data that a large part (~80 %) of the final silicon fraction
is incorporated during nucleation in the gel systems and later substitution of
phosphoros atoms only takes place to a minor extent. In our clear precursor
systems the situation is slightly different. The products quenched shortly after
nucleation show approximately 40 % of the final Si substitution, and the
remaining Si is incorporated during crystal growth. However, the fraction of
silicon by weight in the total mass of the analyzed products is relatively low
(~1 %) resulting in a rather large uncertainty in the shown elemental ratios. This

can account for the unexpected values for the samples 160_2 4 and 180_2 4.

3.4.2 DLS and {-potential

DLS data of the series 180_4 are shown in Figure 3-1. The same sample series
has been depicted in the following graphs (the results for all investigated

samples were similar).
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volume (%)

diameter / nm

Figure 3-1. DLS curves of samples 180_4_3 — 180_4_5 after hydrothermal treatment
(solid) and after 3 purification cycles in aqueous KOH solution (dashed). The data are
expressed as volume-weighted Contin distributions.

All products showed monodisperse particle size distributions after HT treatment
with polydispersity indexes of below 0.1 (This parameter is calculated during the
Cumulants analysis!'®”" "% of the DLS correlation function. If one were to
assume a single size population following a Gaussian distribution, then the
polydispersity index Pdl would be related to the standard deviation (o) and the
average mean size (Zp) of the hypothetical Gaussian distribution: Pdl = ¢® /
Zp%). However, if the samples were washed in doubly distilled water, they
showed varying degrees of polydispersity due to aggregation. The stability of
the suspensions was investigated by means of pH-dependent zeta potential
measurements of particles stabilized in water (Figure 3-2). The isoelectric point
of the SAPO-34 particles is at pH ~ 4 due to the acidity of the molecular sieve
which is dependent on the degree and distribution of silicon in the CHA

framework structure. Consequently, suspensions of SAPO-34 react acidic. The
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zeta potential reaches values of < -40 mV when the suspensions have pH
values above 6. Therefore, we chose slightly basic (pH = 8) aqueous KOH
solution for the washing cycles after the complete crystallization of the SAPO-34
samples. Hence, the washed suspensions showed the same or even narrower
monomodal size distributions than after HT treatment (Figure 3-1). At pH > 9
the synthesized samples started to decompose and therefore showed

irreproducible zeta potential values.
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Figure 3-2. pH dependence of zeta potential value for sample 180_4_5 (the samples
were equilibrated in Hydrion® buffer solutions and checked for pH with a gel electrode
prior the measurements).

3.4.3 XRD and SEM investigations

Figure 3-3 shows X-ray diffraction patterns of the samples 180_4. The

flocculated samples 1 — 2 appear X-ray amorphous after purification and drying.



88 Nanosized SAP0O-34 synthesized from colloidal solutions

f) A N AN A_,- A VN ~

M

S
s |
=
8 U"“JJ\‘/\JR‘\N‘\
]
c
— b)
W
HWWWW“\W_V_
1 1 1 1 1
5 10 15 20 25 30 35
2 @/

Figure 3-3. Powder X-ray diffraction patterns of samples 180 4 1 - 180 _4 5 (a-e) and
simulated SAPO-34 XRD data (f).'*! The broad peak at ~22.5° is due to the sample
support (filter paper) in the used measuring set up.

Consequently, SEM images of the freeze-dried samples (Figure 3-4 a-b) show
aggregated particles with undefined morphology. At higher magnification
(50000x%, not shown) the size of the individual flocculated gel particles can be
estimated to be about 100 nm. The samples 3 to 5 represent crystalline
materials with the typical SAPO-34 (CHA) pattern. No phase impurities were
detected in this series and in the other experiments conducted at 180 °C,
whereas samples treated at 160 °C contain SAPO-18 impurities (AEIl). With
increased crystallization time, the particles become bigger in size (Figure
3-4 c-e). Additionally, the morphology of the crystals is better defined, and a
flattened cube-like habit is dominant for the particles. Especially the SEM
images of sample 180_4 3 show a relatively large amount of material with

undefined morphology.
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NONE S| A40kV  X20,000 Tum WD 6.0mm SEI 40KV X20,000 Tum WD 6.1mm
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/ .
Figure 3-4. SEM images of samples 180 4 1 — 180 4 5 (a-e) and 180_2 MW (f)
(Magnification: 20 000x, Scale bar: 1 um).
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3.4.4 Vibrational spectroscopy

In Figure 3-5 the Raman spectra of the sample series 180_4 and of aqueous
TEAOH are shown. The assignments of Raman and IR bands were based on

relevant reports!'#® 190: 165.169-173] 5 the data are summarized in Table 3-2.

intensity (a.u.)
é
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Figure 3-5. Raman spectra of samples 180 4 1 — 180_4_5 (a-e) and of aqueous
tetraethyl ammonium hydroxide solution (f).

All bands of the template are present in the solid products indicating that TEA"
ions interact with the silicoaluminophosphate network at all stages of the
crystallization process. However, the samples 1 and 2 represent X-ray
amorphous coagulated condensation products and the template is likely to be
captured inside of the amorphous gel, rather than specifically interacting with
any gel structure. This results in a shift of ~2 cm™ to higher wavenumbers for
the template-specific Raman bands. Tan et al.l'® observed a gradually

increasing amount of included template in the silicoaluminophosphates with
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increasing the synthesis time of the gel systems. The crystalline samples 3 — 5
showed two structure-sensitive bands at 251 and 473 cm™. The origin of the
first mode is rather unclear. Marchese et al.l'"® attributed it tentatively to a
mode involving both the template and the framework in morpholine-containing
SAPO-34. The latter band was assigned to the motion of an oxygen atom in a

plane perpendicular to the T-O-T bonds.['™

Table 3-2. Assignments of vibrational bands in the SAPO-34 material.['4- 10 165, 169-173]

IR bands Raman bands Assignment
(wavenumbers/cm™) (wavenumbers/cm™)

1213 va P-O-Al
1122 va O-P-O
1005 v P-0
644 5 T-O (D6R)
571 5 T-O (PO4)
532 5 T-O (Si/AlO4)
488 5 T-O (Si04)
473 5 T-O-T
390 5T-0
251 5 “T-N"1"70

IR spectra (Figure 3-6) of the three crystalline samples are dominated by a
broad band at ~1100 cm™ assigned to an O-P-O asymmetric stretching
vibration. In the T-O-bending region characteristic framework vibration bands
are observed at 644, 571, 532, 488 cm™, and 390 cm™. The increasing degree
of crystallinity for the shown SAPO-34 samples is reflected by increasing

Kubelka Munk functions for all observed bands.
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Figure 3-6. Diffuse reflectance infrared Fourier spectroscopy (DRIFT) data for samples
180_4 310 180_4 5 (a-c).

3.4.5 TGA and DSC data

In Figure 3-7 TGA and DSC data of the samples 180 _4 1 to 5 are shown. The
samples 4 and 5 show nearly identical TGA behavior. These samples lose ~4 %
of water upon heating to 100 °C and a small endothermic peak is observed in
the DSC curve. The exothermic decomposition of the template molecules
proceeds in two steps at 400 °C (14 %) and 520 °C (2 %). These weight losses
correspond to 2 H,O molecules and 1 TEA" molecule per chabazite cage (the
TEA" molecule is expected for the charge compensation of 1 Si atom, see
elemental analysis). The water loss in the samples 1 — 3 is much larger (14, 16
and 8 %, respectively) due to a higher fraction of non-condensed hydroxyl
groups, which is expected for the amorphous samples (1 and 2). These data
suggest that a substantial fraction of sample 180 4 3 is not in a fully

condensed/crystalline state. The amorphous samples lose 12 and 9 % of their
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weight upon further heating to 240 °C. This weight loss is attributed to the
decomposition of weakly connected template with the inorganic matrix. Sample
3 also loses 4 % at this temperature, but a larger fraction (14 %) of template is
removed at higher temperature, indicating a stronger interaction of the template
within the crystalline framework structure. Interestingly, the samples 1 — 3 show
large exothermic DSC signals at ~600 °C, which is due to a phase

transformation to the tridymite phase (shown by XRD).

3.4.6 Microwave synthesis

One of the major goals in the synthesis of nanosized molecular sieves is to
render the synthesis mixture as homogeneous as possible in terms of
composition and temperature. Additionally, for the investigated systems a very
fast heating rate can avoid the formation of AEI impurities. These parameters
can only be controlled to a limited degree in conventional autoclaves and ovens.
Therefore, we used microwave (MW) energy for heating of different precursor
systems. The most successful experiment performed in the MW oven, coded as
sample 180 _2 MW, is listed in Table 3-1. The precursor solution of molar
composition 1 Al,O3: 2 P20s5: 0.6 SiO,: 2 TEA20: 75 H,O was treated at 180 °C
(heating rate of 32 °C min™ for a duration of 7.25 h). The obtained particles had
an average particle diameter of 100 nm based on DLS (Pdl = 0.090) and no AEI
impurities were detected in the XRD pattern (not shown). This particle diameter
is exceptionally small for (silico)aluminophosphate systems.®®! SEM images

(Figure 3-4 f) show particles with a homogeneous cube-like morphology.
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Furthermore, a large fraction of the powder consists of particles with diameters

around 100 nm.

mass (%)
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Figure 3-7. Thermogravimetric (a) and differential scanning calorimetric (b) data of
samples 180 4 1to 180 _4 5.

3.4.7 Sorption properties
To evaluate the effect of crystal size on the sorption properties of the nanosized

crystals, a reference material according to the original work by Lok et al.
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(Example 35) was prepared." The resulting sample synthesized from a
conventional gel was highly crystalline and had particle sizes above 1 um.
Figure 3-8 shows the argon physisorption isotherms of sample 180_2 MW in
comparison with the reference sample. In this case, argon was used as the
probe molecule (diameter: 3.42 A"y as the CHA structure has pore openings
of 3.8 A. The graphs (logarithmic scale, right image in Figure 3-8) show that the
micropores of both materials are starting to be filled at a relative pressure of
1-10° and the process is completed at 1-10™ p/po. This exceptionally steep
loading curve is typical for CHA and AEI (silico)aluminophosphates (and also for

other adsorptives, e.g., water).
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Figure 3-8. Argon physisorption isotherms of sample 180_2_ MW (black) and a micron-
sized reference sample (grey). Left: linear scale; right: logarithmic scale. Inset: SEM
image of the reference sample with magnification of 15000.

As expected, the nano- and micronsized samples show the same micropore
volume, as both are fully crystalline. At higher relative pressure, adsorption in
the interparticle voids of the material takes place (left image). The degree of

textural porosity is much larger in the nanosized samples and another
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125 cm® g’ (43 % of total adsorbed amount of argon, 34 % for the reference

sample) are adsorbed.

3.5 Conclusion

The use of colloidal precursor solutions made it possible to synthesize SAPO-
34 particles with diameters smaller than 300 nm. By means of microwave
hydrothermal treatment the diameter was further reduced to 100 nm, and the
resultant material was fully crystalline with a well-defined cube-like morphology.
All investigated products showed narrow particle distributions and the resultant
suspensions could be electrostatically stabilized in basic media. In the precursor
solutions, tetraethylammonium hydroxide was used as the structure-directing
agent and the final chemical composition was varied in the following range:
1ALO3:2—-4Py05:0.6—-18Si02:2-4TEAO:75-147 H,O. The kinetic
study suggests the following mechanism of crystallization: upon heating of the
clear precursor mixtures the dissolved Al-, P- and Si — sources start to react and
form precursor species until a certain degree of supersaturation is reached,
which is dependent on composition and temperature of heating. Subsequently,
nucleation of primary particles takes place within the amorphous species. These
particles grow by further addition of nutrients from the synthesis solution until
they reach their final size. Additionally, at a relatively later stage of heating,
aggregation and condensation of secondary particles or Ostwald ripening may

take place.
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4 AIPO-18 nanocrystals synthesized under microwave

irradiation

This chapter is based on a publication in the “Journal of Materials Chemistry”,

published by the Royal Society of Chemistry (RSC).['**]

4.1 Introduction

There is a growing interest in nanosized molecular sieves due to the fact that
the reduction of particle size from the micrometer to the nanometer scale leads
to substantial changes in the properties of the materials.®® As the particle size
decreases the external surface area increases. A high number of external acid
sites, reduced diffusion pathways and an improved access to the internal pore
volume are the consequences. In the past decade a number of zeolites in the
nanosized range were prepared, e.g.,, FAU,100: 134 1761811 | TAI101, 182, 183]
BEA.['33 134184185 However, only a small number of nanosized microporous
aluminophosphate materials have been reported. For instance, AIPO-11
nanocrystals with AEL-type structure (crystal size: 65 nm) have been
synthesized by heating of gel systems in conventional ovens,!"®® nanosized
AIPO-5 (AFI1) was obtained from gel systems!'®”! (crystal size: 500 — 800 nm) or
clear precursor solutions!'®! (crystal size: 100 — 600 nm) in microwave ovens.
Recently, we reported the synthesis of colloidal AIPO-18 (AEl) from

aluminophosphate solutions under conventional heating.!'** '%°!
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The framework topology of the latter aluminophosphate is characterized by a
three-dimensional pore system possessing eight-membered intersecting
channnels with a diameter of 3.8 A.['®! The framework density (14.8 T/1000 A®)
of the AEI topology is among the lowest in the family of aluminophosphate
microporous materials.'®” The high hydrophilicity of this molecular sieve
accounts for exceptionally high water sorption capacities (27.8 wt.% at 22 °C
and 24 mbar),"® which make the material particularly interesting for heat
storage, heat exchange and humidity sensing applications. Heat curves and
sorption isotherms of the AIPO-18 system were earlier reported for conventional

AIPO-18 crystals synthesized from aluminophosphate gels.!"*" 1]

In order to induce fast and homogeneous crystallization of aluminosilicate and
aluminophosphate species, the replacement of conventional ovens by
microwave systems is of growing interest. Various studies have demonstrated
that the synthesis of molecular sieves can be significantly improved and
extended when microwave energy is employed.l'® In most cases, the time for
synthesis is extremely reduced and some products can be obtained in more
uniform dimensions and element distributions. Additionally, products with more
variable compositions can be produced. The reasons for these “microwave
effects” are not well understood yet. However, many different factors seem to
influence the results. Among them are the used microwave frequency (most
often 2.45 GHz), the pH, the permittivity of the synthesis solution and the

reactor design. A comprehensive review concerned with the synthesis of
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zeolites, mixed oxide and mesoporous molecular sieves by employing

microwave energy has recently been published by Tompsett et al.['**!

This chapter focuses on the microwave synthesis of nanosized AIPO-18
crystals, their morphological appearance and their stabilization in aqueous
suspensions by adjusting the pH. In addition the sorption properties of the
AIPO-18 nanocrystals in comparison to micron-sized crystals obtained from

conventional heating of gel precursors have been investigated.
4.2 Experimental

4.2.1 Synthesis of AIPO-18 nanosized crystals

Clear precursor solutions for the synthesis of nanosized AIPO-18 crystals were
prepared with the following molar composition: 1 Al,O; : 3.16 P2Os

3.16 (TEA),O : 186 H,O. Aluminium-sec.-butoxide (5.0 g, 20 mmol, Aldrich),
tetraethylammonium hydroxide (26.7 g, 63 mmol, 35 wt.%, Aldrich) and water
(13.4 g, 741 mmol) were mixed under vigorous stirring for 20 min and then the
phosphoric acid (7.3 g, 63 mmol, 85 wt.%, Aldrich) was added in a drop-wise
fashion in order to avoid the formation of dense gels. The resulting solution was
stirred for an additional hour at ambient temperature. Prior to heating, the
solution was filtered with a 450 nm PTFE filter to remove bigger amorphous
particles and ensure a monomodal particle size distribution in the amorphous
precursor solution. For the hydrothermal (HT) treatment, 20 g of the precursor
solution were filled in a 100 ml teflon lined microwave autoclave, and then

heated at 130 °C in a QWave 3000 microwave oven (Questron Technologies
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Corp.). Crystallization times were varied from 5 to 60 min in 5 min steps. After
the synthesis, the suspensions containing nanosized crystals were purified in a
series of three steps consisting of high-speed centrifugation (19 000 rpm,
20 min), removal of the supernatent and re-dispersion in water using an
ultrasonic (US) bath. For the investigation of the stability of the colloidal
suspensions, pre-defined amounts of diluted hydrochloric acid and sodium
hydroxide were added to the purified samples and checked with a pH-meter
prior to the measurements. A part of the samples was freeze-dried and then
calcined in air at 550 °C for 6 h with a heating rate of 15 °C min ™' for further

characterization.

4.2.2 Synthesis of AIPO-18 micron-sized crystals

The synthesis of micron-sized AIPO-18 crystals was performed following the
method of Wendelbo et al."®! The molar composition of the gel system was:
1ALO3 : 1P,05 : 0.9 (TEA)O : 60 H20. Aluminium-iso-propoxide (13.3 g,
65 mmol, Aldrich), phosphoric acid (7.5 g, 65 mmol, 85 wt.%, Aldrich) and water
(18.2g, 1 mol) were mixed and shaken vigorously for 1 min and then
tetraethylammonium hydroxide (24.5 g, 58 mmol, 35 wt.%, Aldrich) was added.
The mixture was shaken additional 5 min to produce a uniform gel. For the HT
treatment, 60 g of the precursor gel were loaded into 100 ml teflon-lined
stainless steel autoclaves, aged at ambient temperature for 6 h and heated in a
conventional oven at 215 °C for 69 h. The solid product was freeze-dried and
calcined according to the procedure described above for the nanosized

aluminophosphates.
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4.3 Characterization

The crystallinity of the AIPO-18 crystals was examined by X-ray diffractometry
(XRD) using a Stoe StadiP diffractometer (transmission mode, CuKa radiation).
To confirm the phase purity, the powder patterns were compared with literature
data."® Dynamic light scattering (DLS) and zeta potential investigations of
AIPO-18 suspensions were performed with a Malvern Zetasizer Nano-ZS. The
morphologies of the nano- and microcrystalline powders were examined using a
transmission (TEM, JEOL JEM 2011) and a scanning electron microscope
(SEM, JEOL JSM-6500F). Thermogravimetric (TG) investigations were
performed with a Netzsch STA 440 C Jupiter thermobalance. Prior to the TG
measurements, all samples were stored in a descicator over saturated
ammoniumchloride solution for 2 days. For all measurements, samples (10 mg)
were heated in a stream of synthetic air (50 ml min') with a heating rate of
10 K min™ in an alumina crucible. The sorption isotherms for N, and H,O were
collected on a Quantachrome Autosorb-1 MP instrument equipped with a vapor
sorption facility. The bath temperatures were kept at 77 K and 293 K for

nitrogen and water sorption, respectively.
4.4 Results and discussion

4.4.1 Nano- and micron-sized AIPO-18

In conventional ovens AIPO-18 crystals are usually synthesized at temperatures
over 150 °C." |n the present study the syntheses were performed in a

microwave oven at 130 °C in order to ensure controlled nucleation in a
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precursor solution with minimal temperature gradients. The crystallization time
was varied from 5 to 60 min in 5 min steps (see Experimental section). Up to
25 min heating no crystallites could be recovered from the mother liquor. After
that period, crystallization of AIPO-18 propagated very fast. AIPO-18
nanocrystals with an average particle diameter of 265 nm were recovered from
solutions heated for 30 min. The size of the suspended particles was

determined by DLS (Figure 4-1) and confirmed with TEM (Figure 4-2).
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Figure 4-1. Volume-weighted dynamic light scattering (DLS) data of purified AIPO-18
nanocrystals in aqueous suspension.

Further increase of the synthesis time up to 60 min did neither change the mean
size of the particles nor the total crystalline yield (~45 %). A similar observation
was already reported for HT treatment of AEI type molecular sieve in
conventional ovens.!"*® According to X-ray analysis, the product obtained after

30 min MW treatment is crystalline and exhibits the typical AEl-type XRD
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pattern (Figure 4-3). Neither other crystalline phases nor amorphous material

were detected at this stage of crystallization in the clear precursor solutions.

Figure 4-2. Transmission electron micrographs of nanosized AIPO-18 crystals: (A)
Scale bar = 500 nm and (B) scale bar = 20 nm.

For comparison, AIPO-18 crystals were synthesized by heating of precursor gel
systems in a conventional oven at 215 °C (see Experimental section). Heating
of the precursor gel at lower temperatures, for instance 130 °C, did not lead to
the formation of crystalline material. Therefore the recipe provided in
reference!'® was followed literally. The XRD pattern of AIPO-18 micron-sized

samples is identical with that of the nanosized products (Figure 4-3).
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Figure 4-3. Powder diffraction patterns of (A) nanosized and (B) micronsized AIPO-18
molecular sieves.

4.4.2 Size and morphology

The morphological features of the nanosized AIPO-18 differ substantially from
those of the micron-sized crystals. The nanocrystals generally appear as well-
shaped single crystals with narrow particle size distributions (Figure 4-1 and
Figure 4-4), whereas crystals from gel precursors vary in size over a broad
range, i.e., 0.3 — 3 um (Figure 4-4). The size distributions of nanosized
aluminophosphates are typically not as narrow as for zeolitic nanoparticles.!"®”
'] The TEM images (Figure 4-2) reveal that the AIPO-18 nanoparticles are
growing as thin elongated hexagons with average sizes of 265 x 85 nm and
well-developed faces. Crystal fringes observed in the TEM images confirm the
crystalline structure of the aluminophosphate particles, and demonstrate the

formation of single crystals since no penetration and misalignment between

different fringes is visible. The morphology of micron-sized crystals obtained
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from conventional aluminophosphate gels is typically not that well-defined.
Square-shaped plate-like crystals were observed predominantly in the samples,

in combination with smaller particles forming aggregates (Figure 4-4b).

Figure 4-4. Scanning electron micrographs of (A) nanosized and (B) micronsized
AIPO-18 crystals.

4.4.3 AIPO-18 nanocrystals stabilized in water suspensions

The stability of nanosized particles with respect to aggregation depends on the
balance between attractive London-Van der Waals and repulsive electrostatic
forces."®! The electrostatic repulsion depends on the ionic strength and on the
surface potential (Nernst potential), which can be altered by adjusting the pH
value of the suspension. While the Nernst potential is experimentally not
accessible, the electrokinetic potential at the shear plane, the zeta ({) potential,
can be monitored. Dispersions are typically regarded to be stable when the zeta
potential is higher than ca. |30 mV|, whereas particles tend to form aggregates
near the isoelectric point (IEP), which is defined as the pH at which the zeta
potential is zero. Therefore, the zeta potential measurements in suspensions

containing nanosized AIPO-18 crystals were investigated at controlled pH
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values (Figure 4-5). The S-shaped curve for AIPO-18 nanocrystals in aqueous
suspension demonstrates that effective stabilization by adjustment of the pH
with diluted hydrochloric acid to pH < 4 can be achieved. Typically, the
suspensions of aluminophosphate nanocrystals show pH ~ 5 after purification.
The stabilized AIPO-18 suspensions showed no sedimentation for at least two
weeks, which allows further applications and the formation of 3D and 2D

constructs.

Clear colloidal solutions showing a Tyndall-effect could not be obtained as the
particles are too large. The micron-sized crystals could not be stabilized

electrostatically and were not studied in that manner.
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Figure 4-5. Effect of pH on the zeta potential of purified non-calcined AIPO-18
nanocrystals in water suspensions.
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4.4.4 Sorption properties

For an estimation of the AIPO-18 nanocrystal capacity towards water, all
samples were stored in high humidity atmosphere (see Experimental section)
and subsequently subjected to TG analysis (Figure 4-6). For comparison, the
micron-sized AIPO-18 crystals and also commercial samples of zeolite X and Y
were investigated. The high water capacity of the latter molecular sieves is well
known, and therefore they have been chosen as references in the current study.
The TG curves for the AIPO-18 samples show a steeper loss of water at
100 °C, in comparison with zeolites X and Y. Moreover, the H,O was desorbed
more slowly and up to 250 °C in the reference samples. The nature of the
water-framework-interaction is different due to the more polar, but neutral AIPO
framework, the very small pore diameters, and the possibility of forming five-

and six-coordinated AI**

atoms. Moreover, AIPO-18 shows greater weight-
losses: Nanosized AIPO-18 crystals loose up to 26 wt.%, which is 5 wt.% more

than micron-sized AIPO-18 crystals.
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Figure 4-6. Thermogravimetric analyses of (A) commercial zeolite X (UOP, USA), (B)
zeolite Y (Grace, USA), (C) micron-sized AIPO-18 and (D) nanosized AIPO-18 stored
under high humidity atmosphere for 48 h prior to measurements.

In addition to the TG analysis, nitrogen and water sorption experiments on the

same samples were performed (Figure 4-7 and Figure 4-8).
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Figure 4-7. Nitrogen adsorption isotherms of (A) nanosized and (B) micronsized AIPO-
18 molecular sieve.
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Nitrogen sorption isotherms typical for microporous molecular sieves were
obtained for both types of AIPO-18 crystals. Nanosized AIPO-18 crystals
possess a higher accessible pore volume compared to micron-sized crystals (t-
plot: AV = 35cm® STM g™). This observation is attributed to the more perfect
crystal morphology of the nanocrystals in comparison with the micron-sized
AIPO-18. In the latter case, fault planes, intergrowth, and amorphous deposits
can contribute to the lower accessible pore volume. The difference in pore
volume is even more pronounced when water is used as the probe molecule
(Figure 4-8). The water sorption curves showed typical characteristics of small
pore microporous hydrophilic molecular sieves. The desorption of water at
20 °C is kinetically inhibited, leading to non-equilibrated sorption measurement
for both nano- and micron-sized powders. An increase of equilibrium

temperature is not possible in the used setup.
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Figure 4-8. Water sorption curves of (A) nanosized and (B) micron-sized AIPO-18
molecular sieve (full symbols: adsorption, open symbols: desorption).
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4.5 Conclusion

The work presented in this chapter reports on a fast and efficient route for the
synthesis of AIPO-18 nanocrystals by utilization of microwave energy. At 130 °C
the crystallization process was completed in 30 min and a further increase of
the synthesis time up to 60 min did not alter size, morphology and yield of the
final crystalline product. The plate-like nanosized particles had an average size
of 265 x 85 nm. After purification, suspensions containing AIPO-18 nanocrystals
could be stabilized for several weeks by adjusting the pH of the suspensions to
pH < 4. A stabilization above pH = 7 is difficult due to aggregation and
sedimentation of the nanoparticles near the isoelectric point. The accessible
pore volume in nanosized AIPO-18 crystals is larger compared to conventional
micron-sized crystals. Therefore they can adsorb larger amounts of nitrogen
and especially water, which confirms the high water capacity of nanosized

AIPO-18 hydrophilic material.
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5 Kinetics of water adsorption in thick aluminophosphate

layers

5.1 Introduction

Adsorption heat pumps utilizing waste heat or solar energy can be based on
various solid-vapor working pairs. The three combinations that have received
the most attention during the last decade are zeolite/water, activated
carbon/ammonia and silica gel/methanol. A comprehensive review of the
various concepts for regenerative adsorption systems was given by Lambert et
al"®  Solid/vapor adsorptive systems are very promising for heat
transformation applications as they can utilize efficiently solar energy or waste
heat as driving force and they can render the burning of fossil fuels for heating
much more effective compared to modern condensing boiler heating
systems.["""! Therefore, a significant amount of environmental pollution could be
avoided. Additionally, non-polluting working media (e.g. water) can be used and
the machines are nearly noiseless, as they contain no moving parts (except
valves). The core of the machine is the adsorber unit, which is composed of the
adsorbent and a heat exchanger. To work efficiently, the heat released during
adsorption must be quickly transported to the exchanger to ensure minimum
cycle times. If the released heat leads to increased temperatures of the
adsorbent, its capacity is decreased.'®® Therefore, the design of the adsorber
unit is of crucial importance to guarantee fast mass and heat transport. Three

different concepts can be distinguished:
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e fine powders distributed in exchangers with large metal surface

areas
e consolidated powders
e compact layers prepared on the heat exchanger walls

The first method has a major drawback, as extra material is included in the
design, and that leads to an extra thermal capacity. Consolidated grains
contribute to good vapor transport, but the heat transport is limited due to the
point contacts between the individual grains and the heat exchanger wall. The
thermal conductivity of the grains themselves can be enhanced by the addition
of conductive components. Coating methods improve the heat transfer between
the adsorbent and the metal support to a great extent. However, the resistivity
within the layer is comparable to consolidated grains and the mass transport is
dependent on the structure of the layer. Another problem is the mechanical

stability of the coatings, and cracking is observed very frequently.
Two concepts used for the preparation of thick layers on metal supports are:

e the metal support is directly immersed in a synthesis solution thus
leading to direct growthl'9202

e the material is synthesized in a separate step prior to coating?®”!

In the latter case the use of additional compounds, e.g., a binder component is
necessary in order to enhance adhesion between the particles and the support.
However, coating methods offer advantages over growth methods. The

adsorbent can be calcined prior to coating to remove the pore-forming organic
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template. Calcination of grown layers at temperature around 500 — 600 °C can
again lead to cracking, as the support and the adsorbent layer generally
possess different thermal expansion coefficients. Additionally, grown layers are
limited in thickness as the material-specific synthesis solution only contains a
limited amount of nutrients. Futhermore, coating techniques can be easily
transferred to larger scale industrial processes, as various methods are known
from other surface treatment industries, e.g., spray- or dip-coating.

Various adsorbent materials can be used in heat exchanger applications. Most
commonly, molecular sieves, in particularly zeolites such as zeolite A (LTA),!"%®
201, 202, 204, 2091 y (FAU)2% or ZSM-5 (MF1)?° are employed. These materials
are commercially available and their sorption characteristics can be tuned by
controlling the Si/Al — ratio and by post-synthesis ion exchange However,
(silico)aluminophosphates, e.g., SAPO-34 or AIPO-18, show superior sorption
behavior, which is depending on their composition and morphology. They have
improved effective water vapor capacities as the temperature/pressure
difference needed for adsorption/desorption is lower.">® #1142 Other promising
materials include supported salt hydrates!?’?'? and metal-organic frameworks.
In addition to the improved sorption properties, the stability of the used material
under process conditions is of importance. The BMBF project mentioned in the
Introduction chapter was focused on closed adsorber units working with water
as refrigerant. In order to enhance the COP (coefficient of performance) as well
as the power density of state-of-the-art systems both thermodynamic and

kinetic parameters of the materials have been investigated. One of the most
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promising adsorbent materials in terms of equilibrium data was found to be the
microporous aluminophosphate AIPO-18 (AEI structure type code).**! Under
relatively mild conditions, e.g., adsorption at 35 °C (1.23 kPa) and desorption at
90 °C (5.67 kPa), it shows useful loadings of up to 28 wt.% depending on the
synthesis procedure.?'® Besides equilibrium data kinetics play a crucial role for
the overall performance of the adsorber unit. As discussed above, there can be
various limiting factors to achievable cycle times. Therefore, we aimed at the
preparation of compact layers of various molecular sieves which should reduce
limitations due to heat transport to a great extent. Experimental and theoretical
investigations concerning kinetics of adsorptive materials for energy
applications have been carried out by Knoche and coworkers?® and other
authors. They investigated compact layers of zeolite A and achieved improved
mass transfer by addition of melamine as a pore-forming agent. Erdem-
Senatalar, Tatlier and coworkers developed an improved method for direct
synthesis of zeolite A and ZSM-5 on metal surfaces!'?® 290 202 214 3pq glso
investigated the diffusivities in layers having different thicknesses.[?%": 204 209
Aristov and coworkers worked on the kinetics of water adsorption on
impregnated silica gel pellets.l2°7-2%% 211. 2131 \aior efforts have been extended

on modeling various kinetic effects, mainly in adsorber beds of pelletized

n,[216-21 8] t[21 9-222]

zeolites. Among others, the groups of Ruthve Kas and
Mersmann'??® 224 have simulated the effects of mass and heat resistances as

well as non-isothermal adsorption processes. Models for layered geometries
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were presented by Knoche and coworkers,?*® Tatlier et al.??® and Dawoud et

511198, 215]

Kinetic measurements with different adsorptive composite samples were
performed at the Fraunhofer Institute for Solar Energy Systems. Composite
samples are combinations of adsorbent and metal layer, joined together by
different technologies. The experimental characterization of composite samples
therefore gave information not only about the heat and mass transfer
characteristics of the adsorbent layer, but also about the heat transfer
resistance between adsorbent layer and metal layer. Thus, a realistic evaluation
for heat exchanger applications becomes possible. A one-dimensional model
has been developed in order to describe properly the behavior of the used

experimental setup.??!

This chapter reports on the experimental data concerning sorption kinetics of
water vapor in microporous aluminophosphate (AIPO-18) material deposited in

the form of thick layers on aluminum supports.

5.2 Theoretical comments

The overall process of water vapor adsorption in thick layers of microporous
adsorbents can be divided into several non-independent processes. For the
described applications adsorption is initiated by pressure gradients between a
vapor source and a desorbed, empty adsorber unit. The final pressure of the
adsorption is defined by the evaporation pressure and the adsorber

temperature, which define the final loading. The initial loading of the sample at a



116 _Kinetics of water adsorption in thick aluminophosphate layers

given temperature defines the initial pressure of the adsorbent layer and, in
combination with the vapor pressure, the maximal pressure difference. Starting
the adsorption by connecting evaporator and adsorber, the vapor
instantaneously flows to the layer surface. Then the vapor needs to be
transported to the adsorption sites within the microporous crystals. Generally,
the composite matrix of microporous crystals, polymeric binder and void volume
is considered to represent an idealized macroporous system. This is a critical
simplification as the investigated systems are generally not ordered. However, a
more or less monomodal distribution of pore diameters with upper limits in the
range of the crystal dimensions is assumed. In this model the walls of the
system consist of the microporous AIPO-18 crystals. After vapor transport to the
pores, diffusion within the channels of the AIPO-18 takes place. Finally, the
adsorption process leads to the release of the corresponding heat of adsorption.
In the ideal isothermal case this heat is quickly dissipated to the boundary of the
individual crystal, then to the adjacent particle and finally to the heat exchanger
wall, i.e. the metal support. For a mathematical description the whole system is
normally seen as a network of capacities and resistances. Additionally, one
needs to describe the type of diffusion processes at different stages. In the

following, the contributing processes are qualitatively described.

5.2.1 Macropore diffusion

The structure of an amorphous network of macropore channels generated
during the coating process is difficult to investigate. Sometimes mercury

intrusion is used, but standard data interpretation normally assumes bundles of
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straight capillaries, which is a rather strong simplification. Additionally, SEM
data can serve for a rough estimation of pore diameter and porous structure.
Most often the diameter of the pores lies in the macroporous range (> 50 nm)
and does not exceed the diameter of the crystals. At 17 mbar the free path

length A for water is 7.6 pym resulting in a Knudsen number (Eq. 5-1):

Kn = A/dmap =~ 7.6 — 76 (5-1)
Kn Knudsen number
A free path length
Omap macropore diameter

for pores with diameters of 0.1 — 1 ym. If Kn > 10, the determining mechanism
of mass transfer is Knudsen diffusion.’?”! Hence, for the investigated samples,
free diffusion (described by Fick’s law) should only play a minor role (only for
the largest macropores at the highest total pressures). The mass flow is then

given by (Eq. 5-2):120% 2271

dm/dt = -Amap:Dkn/ timap-dp/ds (5-2)

with Egs. 5-3 and 5-4:
Amap = A rnap (5-3)
Din = 4/3-0imapN(Mg/27RT) (5-4)

dm/dt mass flow

Amap macropore cross sectional area
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Dkn Knudsen diffusion coefficient
Hmap tortuosity factor

dp/ds pressure gradient

A sample surface area

Frnap macropore porosity

My molecular weight

R gas constant

T temperature

The mass flow is proportional to the pressure gradient, the cross-sectional area
(constant for the investigated samples), the macropore diameter and the
structure of the macropore system described by the tortuosity factor (Umap). The
pressure gradient generally is a function of position, temperature, loading and

absolute pressure, which are dependent on the thermodynamic equilibrium.

5.2.2 Micropore diffusion

The diffusion coefficient for intracrystalline diffusion of water (molecule
diameter: ~2.75 A) in CHA type zeolites (AIPO-18: same pore size) is in the
order of 10® — 107 m? s "7 2281 whereas diffusion coefficients for macropore
diffusion in pores with diameter of 107 — 10® m range between 10* m?s™ and
10 m?s™.122% However, distances to be covered in micropores are far shorter
than those in macropores. The ratio of diffusion times g can serve as an

estimation for the relevance of micropore diffusion:
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g = tmap/tmip = (Drmip/Dkn)(S7/5%) (5-5)
tmap macropore diffusion time
tmip micropore diffusion time
Dmip micropore diffusion coefficient
S macropore length
S micropore length

A value g > 1 indicates fast micropore diffusion and limitation by macropore
diffusion. Equation 5-5 does not take the tortuosity of the macropores into
consideration. If one uses the lowest realistic micropore diffusion coefficient (10
®m?s7), the highest macropore diffusion coefficient (10°m?s™”) and a
maximum micropore length of 1 um (the maximum crystal size in the
investigated samples), micropore diffusion can be a limiting mechanism for thin
layers below 300 um. Tatlier et al. have shown that macropore diffusion
dominates mass transport for grown coatings of zeolite 4A above a thickness of

~100 pm.[?o"

From molecular dynamics simulations it is known that the effect of loading on
the effective diffusion coefficient for small molecules in chabazite-related
structures is low.'"™ Additionally, the effect of absolute pressure on
thermodynamics and kinetics of the adsorption process of an individual water
molecule is negligible above the saturation limit for AIPO-18. This limit is
~0.1 p/po (~7.4 mbar at 40 °C). This can be deduced from measurements on

AIPO-18 powders (see Results and Discussion section).
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5.2.3 Non-isothermal effects

If the thermal conductivity between a single microporous crystal and the
external heat sink (e.g. the metal support) is poor, non-isothermal effects will be
observed, ie. the crystals heat up during adsorption.?'*?'®l Higher
temperatures lead to lower values of equilibrium loading which results in slower
overall kinetics. For many detailed investigations this effect plays a dominant
role, especially in packed bed geometries and in compact zeolite layers of
relatively high masses and at high pressure. However, for thin layers it is
sometimes negligible and the layers become exclusively diffusion limited.?%*
Generally, the thermal conductivity of a microporous (zeolite) layer decreases
with increasing thickness and void volume. Additionally, the contact area
between the microporous crystals, which is dependent on size and morphology
of the particles, and the three-dimensional structure of the whole matrix affect
the conductivity to a great extent. The non-isothermal effect is often
underestimated and can have drastic consequences, e.g., preferential loading
of the layer starting at those regions close to the metal surface as was shown

by simulation analysis.?*?!
5.3 Experimental

5.3.1 Aluminophosphate AIPO-18 synthesis

Nanosized AIPO-18 crystals were prepared from clear precursor solutions by

the use of microwave energy. For the synthesis of micron-sized materials
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conventional gel syntheses were employed. All powders were calcined in air at

550 °C for 15 h. The two synthesis procedures are described in Chapter 4.

5.3.2 Layer preparation

The calcined AIPO-18 powders were suspended in doubly distilled water;
polyvinyl alcohol (PVOH, MW 85000 — 124000, 6 wt.% aqueous solution,
Aldrich) was added as binder to the AIPO-18 mixture. The final mixtures were
stirred overnight to give homogeneous suspensions with a final composition of
16 wt.% AIPO-18 and 1.6 wt.% PVOH. The 50 x 50 x 0.5 mm aluminum plates
(AIMg3 alloy, Al > 94 wt.%) were pre-etched in 2N sodium hydroxide solution for
2 min and rinsed with water. Increasing amounts of the coating suspensions
were deposited manually with a pipette on the aluminum plates for the two
different AIPO-18 materials. Drying was performed at ambient temperature for 1

to5h.

5.4 Characterization

5.4.1 Aluminophosphate powders and layers

Characterization of the AIPO-18 powders was presented in Chapter 4.

The dry layer mass of AIPO-18 layers was determined after heating the
samples to 120 °C for 1 h. The average thickness of the layers was calculated
based on micrometer screw measurements carried out at four different spots.
Additionally, the sample surfaces were investigated by scanning electron

microscopy using a JEOL JSM-6500F instrument.
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5.4.2 Setup for adsorption kinetic measurements

All AIPO-18 layers were investigated in a standardized procedure in a specially

designed measuring setup described below (Figure 5-1 and Figure 5-2).

water vapour transport

heat transfer |

adsorbent

metal layer 1

metal layer 2 L

constant temperature coldplate

Figure 5-1. Measuring geometry for the kinetic adsorption measurements on AIPO-18
layers.

For the kinetic measurements, AIPO-18 layers on aluminum plates (0.5 mm)
were coupled with a special double adhesive tape (3M) to a standardized
sample holder, which guarantees a planar surface and a well-defined thermal
connection to a cold plate (see Figure 5-1). The thermal connection is ensured
with heat-conductive paste. Between the sample holder and cold plate a heat
flux sensor is situated (not shown). Figure 5-2 shows the experimental setup

used for the kinetic measurements with water.
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Figure 5-2. Scheme of the kinetic measurement setup.

A measuring chamber working at constant temperature contains the AIPO-18
layers and is connected to a water vapor reservoir. The latter is fed from the
water vapor source that is heated to a defined temperature leading to a defined
equilibrium pressure. Upon closing this connection (valve 2), the total mass of
water vapor in the reservoir can be estimated by the ideal gas law. Prior to
measurements, the measuring cell with the sample is heated to 95 °C and
connected to a vacuum pump for performing the desorption process. When
pressure, temperature and heat flux signal are constant the cold plate is cooled
to 40 °C. Parallel to the desorption procedure, the water source is kept at 9 or
15 °C (open valve 2), which corresponds to a vapor pressure of 11.5 or
17 mbar, respectively. Subsequently two different measuring modes, canonical
or isobaric, can be performed (in this study, only canonical measurements were
made). For the canonical measurements, valve 2 is closed, thus leading to a

constant number of gas molecules in the system. After opening the valve
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between the measuring chamber and the reservoir (valve 1), the sample
instantaneously starts to adsorb, and consequently a decrease in pressure is
measured. Since the total volume is known and both vapor pressure and
temperature are recorded, the decrease in pressure can be used to calculate
the increasing water loading of the adsorber matrix. Besides pressure and
temperature, the heat flux between sample and cold plate is measured, and this
provides an independent signal to determine the adsorption rate. Data logging
runs until the pressure and the heat flux signals become constant. In a
subsequent data processing step the amount of water loading is calculated from
the measured values of pressures and temperatures and the known volume of

the whole device.
5.5 Results and discussion

5.5.1 AIPO-18 powders and layers

The two types of AIPO-18 powders differ substantially in their morphological
features.!" The nanosized powders posses elongated hexagonal plate-like
morphology. The monomodal particle size distribution shows an average
particle diameter of 250 nm corresponding to the long axis of the non-spherical
particles. The powders obtained from gel syntheses show less defined
morphologies, most often of cubic plate-like form. The particle sizes vary from
~0.3 um to 3 um. The micron-sized crystals show decreased micropore

volumes attributed to a less perfect crystal morphology (see Chapter 4).
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The layer thicknesses and the corresponding densities of the investigated
samples are summarized in Table 5-1. Layers containing nanosized crystals
(“type N”) are denoted as N1 — N4, whereas those containing micron-sized
crystals (“type M”) are denoted as M1 — M4. Due to the manual coating process
the layers show relatively high degrees of surface roughness of up to 10 %.
However, all layers were homogenous over the whole sample area. The two
thinnest “type M” layers show increased densities (see Table 5-1). This is
attributed to the mechanism of drying under the applied conditions. The coating
suspensions “type M” show decreased stabilities with regard to sedimentation.
This can lead to an increasing degree of segregation of larger particles from
lighter components that deposit on top of the film, i.e. smaller particles and
dissolved binder. The effect is expected to be more pronounced when longer
drying times are used, i.e. in the case of thicker samples. As a homogeneous
particle size distribution leads to a more loose packing of crystals, a higher

degree of separation is expected to have the same effect.
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Table 5-1. Characteristics of the investigated AIPO-18 layers (per 25 cm?).

Sample Dry layer Effective Layer Layer 90 % 90 % heat

name weight AIPO-18 thickness density loading transfer
Img mass /mg /mm Img mm? /min Imin

M1 110 99 0.08 0.55 0.45 1.05

M2 150 135 0.10 0.60 0.65 1.20

M3 350 315 0.44 0.32 3.30 3.50

M4 530 477 0.62 0.34 9.00 9.05

N1 160 144 0.18 0.36 0.65 1.35

N2 370 333 0.44 0.34 2.90 3.15

N3 500 450 0.60 0.33 4.95 5.30

N4 640 576 0.76 0.34 7.95 8.25

SEM images of the layer surfaces are shown in Figure 5-3. Obviously, the
interparticle voids or “macropores” are inhomogenenous in size, shape and
structure. This fact is not adequately described in the known mathematical
models (see the above section). The macropore diameter estimated from the
SEM images is 0.1 — 1 ym for both “type N” and “type M” layers. However, “type
N” layers tend to form aggregates of nanocrystals during the drying process
resulting in relatively large voids between them. “Type M” layers do not show
aggregation to the same extent but a rather homogeneous surface. These
differences are expected to have an effect on heat and mass transport within

the layers.
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NONE Si 4.0kV X5,000 Tum

Figure 5-3. SEM images of a) “type N” and b) “type M” AIPO-18 layers (Scale bar:
1 um).

5.5.2 Kinetic measurements

All statements in the discussion of the kinetic curves account for the varying
total adsorbent masses of layers containing nano-/micron-sized AIPO-18
crystals. Layers of comparable total layer masses are plotted in the same color

for clarity.

5.5.3 Progression of pressure and mass

Figure 5-4 shows the changes of the vapor pressure within the measuring

chamber for the 17 mbar starting pressure.
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Figure 5-4. Kinetic curves of the pressure
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With increasing adsorbent masses, the pressure decrease is generally higher

for all samples due to the canonical measuring conditions (constant amount of

vapor). The increase of the corresponding mass per surface area of the sample

is plotted in Figure 5-5. The “type N” layers of comparable masses (same

drawing style in the graphs) show larger pressure decreases at 17 mbar than

“type M’ layers, and therefore higher loadings. This is in a good agreement with

the equilibrium sorption data of the corresponding powder samples.
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In Figure 5-6 the water loading is normalized to the corresponding layer masses
resulting in equilibrium loadings of 275 mg g”' and 250 mg g for “type N” and
“type M” layers, respectively. The water capacities are exceptionally high for
microporous molecular sieve materials, thus rendering AIPO-18 a highly
interesting compound for heat transformation and storage applications.
Additionally, the curves depicted in Figure 5-6 approach the same equilibrium
value for all individual materials showing that all films approach saturation under

the measuring conditions.
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Figure 5-6. Kinetic curves of H,O mass loading per mass of the aluminophosphate
layers. a) “type N”, b) “type M”.

To evaluate the differences in kinetics between the individual samples, one has
to account for the differences in adsorbent mass, as the measurements shown
here were conducted under canonical conditions. Based on the pressure
reached at the end of each measurement, one can calculate the corresponding
points in time during the progression of the measurements, where the pressure
was 90 % of the final value. These experimental points in time are summarized

in Table 5-1, and explicitly shown in Figure 5-7. Based on these 90 % values
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one can calculate an average mass and heat flow (although the flows change
significantly during the measurement cycles — see slopes in Figure 5-6). The

mass and heat flows are plotted against layer mass in Figure 5-7.
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Figure 5-7. a) Average mass flow (blue) at the point in time where 90 % decrease of
the final pressure is reached and the corresponding heat flow (red) b) the same 90 %
times versus layer mass.

It is found that the water mass flow into the sorbent-binder-matrix decreases
significantly with increasing layer thickness. The “type N” layers show higher
mass flows than “type M” with comparable masses. A more detailed analysis of
the initial stages of the measurements gives rise to the assumption that different
layer structures are present in the two types of layers. The pressure decrease of
“type N” layers proceeds along decay curves of exponential type until a certain
degree of saturation is reached. Hence, the limiting mechanism (most probably
heat transport) controls the process to the same degree at the same time
intervals. This is in agreement with the assumption that the layers of “type N”
with different thicknesses have similar heat transfer characteristics. In contrast,
“type M’ layers show decreased rates (corresponding to the derivative of

pressure, not shown here) with increasing layer masses at the same measuring
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times. As discussed in the introduction section, the heat transport is greatly
dependent on the structure of the layers, i.e., the porosity, the total number and
area of contacts between the single crystals, and the tortuosity of their three-
dimensional structure. We attribute the differences in the macropore structure of
the two type layers to a variation in the structure of the corresponding coating
suspensions. It is found that “type M” suspensions show decreased stabilities
on the drying time scale (typically 1 — 4 h) compared to “type N” suspensions
due to the smaller crystal dimensions in the latter. As a result, this probably
leads to an increased sedimentation rate of larger crystals and a separation of
lighter components, e.g., polymeric binder and small crystals, to the upper
regions of the layer. The described de-mixing effect is more pronounced for
higher sorbent masses as the drying time is increased. Therefore thicker layers
are more inhomogeneous along the layer normal axis than the thinner layers.
As the “type N” coating suspensions are stable during the time of drying, the
resulting layers posses a homogeneous distribution of microporous crystals and
macroporous binder matrix. The above considerations strongly suggest that
both AIPO-18 crystal size and morphology as well as the overall film
morphology have a significant effect on the heat transfer in the films. Of these
films, the “type N” samples based on nanoscale AIPO-18 show the best heat

transfer, however, the precise origin of this trend is still not understood.

To examine the nature of the limiting mechanism (either Knudsen diffusion or
non-isothermal effects/heat transfer limitation) for the thicker layers we

performed measurements on ground powders obtained by scratching the layers
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off the aluminum support. It is expected that the Knudsen diffusion should be
accelerated and heat transfer retarded in these samples. The results for layer

M4 are shown in Figure 5-8.
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Figure 5-8. Kinetics of water adsorption on layer M4 compared to the same sample in
powdered form: a) mass weighted loading curve and b) temperature dependent curve.

The powdered sample reaches the 90 % loading level within 18 min in
comparison to 9 min for the corresponding AIPO-18 layer (sample M4). This
indicates that non-isothermal effects play a dominant role for the powdered
sample. Based on these data, it cannot be estimated how strongly they affect
the corresponding compact layer. Therefore, both mass- and heat transfer
effects have to be taken into consideration. Additionally, the two effects might
change their significance from the start of adsorption until full saturation is
reached, which can be seen from the surface temperature curves. It was
demonstrated that layered systems might not get loaded continuously from the
surface to the bottom due to that reason.”®! It is assumed that after reaching
the temperature maximum, the limiting resistance is the heat transport. The

material must release heat, and additional water is adsorbed corresponding to
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the temperature-dependent equilibrium. Further, we propose that the samples
showing nearly symmetrical heating and cooling curves are not controlled by
heat transport (Figure 5-9). This is the case for the thin layers (N1, M1-M2). For

all other samples the temperature curves featuring a plateau-like decay suggest

heat transport limitation.
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Figure 5-9. Kinetic curves of the temperature near the surface of the
aluminophosphate layers: a) “type N” and b) “type M”.

As the two effects might change their relative importance during the whole
process, additionally the average mass flow for 20 %, 50 % and 70 % and 90 %
water loading was calculated (Figure 5-10). The 20 % limit was chosen since
the samples approximately reach their heat flux maximum at that time, and the

heat transport limitation therefore should be low.
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Figure 5-10. Average mass flows for a) ,type N” and b) “type M” layers after 20 %,
50 %, 70 % and 90 % water loading.

With increasing the loading limit, the heat flux limitation increases and the mass
flow curves are expected to change their shape. Indeed, the decrease in mass
flow is nearly linear with layer mass at the 20 % level due to either mass or heat
transport limitation (see below). With increasing the loading, the curves show
increasing non-linear behavior as heavier layers evolve a larger total heat of

adsorption, and are therefore more strongly affected by heat flow limitation.

Comparing the two AIPO-18 crystalline samples, the decrease of mass flow with
increasing layer mass and loading limit is more pronounced for “type M’
samples. At the 20 % limit, the relatively thin layers M1 and M2 show a higher
average mass flow than the corresponding layer N1. This is in agreement with
their higher density (see above) and the associated higher heat conductivity. It
is suggestive that the heat transport is the limiting mechanism even at 20 %
loading as a limiting mass transport should be negatively affected by a higher

density. The stronger non-linear behavior of the “type M” layers compared to the
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“type N” samples at higher loading levels is attributed to the different three-

dimensional structures of the adsorbent matrix (see above).

5.56.4 Progression of temperature and heat flux

Figure 5-9 shows the temperature development within the measuring chamber
at a short distance to the sample surface (see Experimental section). The
change in the heat flow from the aluminum supports to the constant
temperature cold plate is plotted in Figure 5-11. Additionally, the average heat
flow at the 90 % time (integral under the heat flow curve divided by time) is
shown in Figure 5-7. These curves are a result of the combined effects of mass
transport to the microporous crystals, the release of the heat of adsorption and
the heat transport to the cold-plate. The different heat transfer resistances
during the transport process cannot be separated in the used measuring setup.
It can be assumed from the literature data (see Introduction) that the dominant
resistance is the transport within the layer rather than intra-crystalline- or metal-
metal-transport. The thermal conductivity of the layer generally decreases with
increasing layer thickness and macropore volume as discussed before. The
temperature above the sample surface rises with increasing sorbent mass for
both “type N” and “type M” layers. Obviously, none of the layers shows ideal
isothermal behavior (which would be reflected in no temperature change upon
adsorption). Relatively thin layers (N1, M1, M2) show fast mass transport. In
this case heat transfer, although it is also fast, must be the limiting step for the
overall performance. This becomes obvious from the 90 % thresholds for mass

and heat transfer dependencies shown in Figure 5-7. For these layers, 90 %
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heat transfer is reached within 0.5 min after 90 % mass transfer. As complete
loading is established quickly, the heat of adsorption is also released after
relatively short times (Figure 5-11) and the temperature goes down to the cold
plate level (Figure 5-9). Especially, layer M2 shows efficient transport properties
as the temperature at the surface stays relatively low and the heat signal is
large. For thicker layers the time difference between 90 % mass and heat
transfer is much shorter probably due to decreased capacitive effects of the
metal support. These effects result from the weight ratio of adsorbing and non-
adsorbing material in the investigated samples. In the thinner samples, the
contribution of the metal support to the total specific heat capacity of the system
is larger rendering the measuring setup more isothermal. Heavier layers are
connected to a relatively lower mass of aluminum which needs to be heated

before heat dissipation to the cold plate takes place.

25 25
a) — 160 mg b) 110 mg
[ —— 150 mg
20k 20 —— 350 mg
530 mg

15F

power [ W
power / W

1,0k

05}

0,0H T

6 7 8 9 101112 13 14 15 6 7 8 9 101112 13 14 15
time / min time / min

o
N
M-
w -
.
o

Figure 5-11. Kinetic curves of the heat dissipation from the aluminophosphate layers:
a) “type N” and b) “type M”.
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5.6 Conclusion

Compact, mechanically stable layers of AIPO-18 on aluminum supports were
prepared by using polyvinyl alcohol as a binder. The active adsorbent (AIPO-18)
was stabilized in an aqueous solution of PVOH to form a homogeneous coating
suspension. Two different morphologies, micron-sized crystals from a
conventional gel and nanosized crystals, obtained from clear precursor

solutions were employed for the preparation of layers.

The mass and heat transfer kinetics of the AIPO-18 layers with different
thicknesses were investigated. The results show that the adsorption for layers
<200 um thickness reaches promising values in terms of fast heat and mass
transfer characteristics. For layers > 200 um the thermal output and adsorption
rate decreased and the overall process proceeded in more than 2 min.
Additionally, layers comprising nanosized AIPO-18 crystals show faster kinetics
than the corresponding layers containing micron-sized crystals (for thin layers
both crystal sizes show nearly identical kinetics). To account for these
differences, most probably non-isothermal effects must be taken into
consideration and the degree of transfer limitations also increases with layer
thickness. The faster adsorption rates in films based on nanosized crystals are
attributed to different layer structures resulting in faster heat transport.
Limitation due to micropore diffusion cannot explain the differences in kinetics
with increasing film thickness as this limitation is independent from layer
thickness. Especially, it was observed that there is nearly no difference in

adsorption kinetics in the thin samples. Measurements on AIPO-18 powders of
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identical chemical compositions showed that heat transport limitation is much
stronger in non-layered geometries. Therefore, layered composite concepts are
the first choice to establish efficient mass and heat transport in heat exchanger
systems. It is important to note that the binder PVOH does not adsorb

significant amounts of water.

The AIPO-18 microporous molecular sieve is a promising material for heat
exchanger applications as the useful loading under relatively mild conditions
exceeds 25 wt.% and the adsorption kinetics are fast for compact layers up to
~200 um thickness. For thicker layers attempts have to be undertaken to
improve both mass and heat transfer in the composites. A promising adsorber
geometry for this purpose is the use of relatively thin coatings in the voids of

metal foams.[??"
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6 Template substitution in the synthesis of AIPO-18

6.1 Introduction

Zeolites and (silico)aluminophosphates are important materials for many
industrial applications, e.g., as catalysts or adsorbents. This is mainly due to
their superior properties regarding shape selectivity, large surface area and
tunable acidity. However, only a relatively small number of different zeolites is
used in large-scale industrial applications, as many synthetic zeolites can only
be obtained from expensive synthesis procedures. Cost factors for zeolite
synthesis include the use of discontinuously working high-pressure reactors,
high-priced reactants, and the need for removing organic templates at high
temperatures. Therefore, zeolites that can be synthesized at low temperature
and without the addition of expensive organic molecules are industrially
preferred. In each specific case production costs have to be balanced by the
added value for the industrial application. Therefore, high-priced zeolites are
only interesting in those cases where they outperform every other applicable
cheaper material. Commercially available molecular sieves comprise the
Zeolites A, P, X, Y, B, TS-1, ZSM-5, and SAPO-34, which is used in the UOP /

Hydro MTO process.['*!

Low-temperature syntheses can be conveniently designed in a continuous
process as no sealed high-pressure reactors are needed. With respect to
reactant costs, many attempts have been made to substitute expensive Al- and

Si-sources, and organic templates, by low-cost chemicals. For example,
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tetraethylorthosilicate (TEOS) was effectively substituted by naturally occurring
silica sources, e.g., kaolinite®*” or rice ash.[?®*'* However, for many zeolite
syntheses the price for the organic template (or structure-directing agent, SDA)
by far exceeds all other reagent prices. Template substitution is generally a
highly demanding task, especially if a high template-specificity is observed. The
possibility for substitution depends on the framework-template interaction, which
is often not fully understood. However, some general trends should be
considered. In zeolitic frameworks, the Si/Al-ratio governs the degree of
framework charge and bond polarity. Highly charged frameworks are often
found to be templated by SDAs with a high charge density (=charge/molecular
volume). Therefore, zeolites with low Si/Al-ratios can often be synthesized in
purely inorganic media, and hydrated alkali cations can act as SDAs in these
systems. Especially, MFI, LTA, and FAU structures have been synthesized

without organic additives.?34241l

For low-charge frameworks, especially
aluminophosphates with an Al/P-ratio of ~1, or similar SAPO frameworks,
inorganic cations are not known to act as SDAs. Additionally, template-
framework interactions are stronger with decreasing channel/pore diameter.
The aluminophosphate AIPO-5 with a pore diameter of 7.3 A can be
synthesized with a variety of over 25 different organic molecules, whereas

AIPO-18 (3.8 A) so far could only be synthesized in the presence of

tetraethylammonium ions.

Various strategies can be followed in order to decrease the cost-influence of the

template for a specific molecular sieve synthesis. For zeolites, the use of
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inorganic cations such as potassium is desirable. If that is not possible, a
substitution of the SDA by a less expensive organic molecule can be attempted.
Additionally, a decrease in template concentration or the re-use of non-reacted
template are possible approaches.**? Sometimes it is possible to reduce the
template concentration if seed crystals of the desired phase are added to the
mixtures. Synthesis optimization experiments are generally time-consuming.
The complex mechanisms involved in zeolite synthesis are not fully understood,
and therefore, a large number of trial-and-error experiments are often needed.
Such a large number of experiments can be advantageously performed with

high-throughput methodology.

The microporous aluminophosphate AIPO-18 (AEI structure type code) is
interesting due to its excellent water sorption properties, which make it a
possible material for the use in adsorption heat exchanger and storage
applications. The framework topology is characterized by a three-dimensional
pore system possessing eight-membered intersecting channels with a diameter
of 3.8 A" The framework density (14.8 T/1000 A%) of the AEI topology is
among the lowest in the family of zeolitic materials.['*” Various recipes for the
synthesis of AIPO-18 can be found in the literature.['3> 136 139, 189, 194]
Interestingly, the material can be synthesized from acidic and basic precursor
gels. However, to our best knowledge all published recipes utilize
tetraethylammonium hydroxide as the structure-directing agent, which leads to

high costs for the synthesis. Vanadium- and cobalt-substituted forms of AIPO-

18 have been prepared using N,N — diisopropylethylamine.?**! On the basis of
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our experience concerning the competitive crystallization of AIPO-5 (AFI) and
AIPO-18 (AEIl) in tetraethylammonium-containing synthesis systems (see
Chapter 7) we were interested in a new strategy for the synthesis of AIPO-18.
As the AFI structure readily forms from triethylamine-containing synthesis
mixtures, and this SDA has a geometry similar to the TEA" ion, we were
interested in synthesizing AIPO-18 (AEIl) directly with triethylamine as the

template.

The goal of this study was to substitute the tetraethylammonium ion in the
synthesis of AIPO-18 by triethylamine. Such a substitution gives rise to a
decrease in synthesis costs of roughly two orders of magnitude (based on lab
scale chemicals prices). In order to cover a broad range of synthesis
compositions in a relatively short period, high-throughput methods developed in

our laboratory were employed.

6.2 Experimental

The high-throughput setup used in this study is described in detail in the
Methods section of this thesis (Chapter 2). Prior to hydrothermal treatment, the
precursor gels were mixed in 21 mL closed polypropylene bottles. The reactants
were mixed in the following order. Catapal B (Vista) alumina was added to half
of the used amount of water and the suspensions were stirred parallel on a
multi-stirrer system and only removed from the stirrer for addition of the
subsequent reactant. Water, phosphoric acid (85 wt.%, Aldrich), and

triethylamine (99 %, Aldrich) were mixed in 8 mL polypropylene bottles and then
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added to the alumina suspension. The compositions of the different high-
throughput experiments are included in the Results and discussion section
below. The time needed for mixing of the chemicals of all experiments was
typically ~3 h. The gels were then stirred for another 60 min. Prior to the filling
of the multiclave with 1500 pL of each mixture, the pH values of the individual
gels were measured. Afterwards, the multiclaves were sealed and heated at
different temperatures in a conventional oven. The high-throughput experiments
were hydrothermally treated for three different synthesis times. After synthesis,
the experiments were quenched to room temperature and checked for mass
consistency. After measurement of the post-synthesis pH, the individual
experiments were transferred to a filter block. After filtration, the samples were
washed twice with doubly distilled H,O and dried at 60 °C overnight. Some of
the as-synthesized samples were calcined for further characterization. For this
purpose, they were heated to 550 °C (heating rate 50 °C h™) and held at this

temperature for additional 5 h in a stream of air (150 mL min™).

6.3 Characterization

After drying, all samples were transferred to a high-throughput XRD holder and
the patterns were measured automatically using a Stoe StadiP diffractometer
(transmission mode, CuKa radiation). Data processing was performed using a
specially developed script for the Origin Pro7 software (OriginLab Corp.).
Selected samples were subject to further characterization. Scanning electron
microscopy (SEM) images were recorded using a JEOL JSM-6500F

microscope. Thermogravimetric analyses (TGA) and Differential Scanning
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Calorimetry (DSC) were performed with a Netzsch STA 440 C Jupiter
thermobalance. In these measurements, the samples (10 mg) were heated in a
stream of synthetic air (50 ml min™") with a heating rate of 10 °C min™ in an

alumina crucible in the temperature range 25 — 900 °C.

6.4 Results and discussion

A high-throughput setup (HT 6.1) was used in order to find suitable
crystallization conditions for AIPO-18 (AEIl) under the conditions mentioned
above. The molar fractions of triethylamine (NEt;) and H,O were varied from 1.0
- 1.5 - 2.0 and 50 — 100, respectively. Two different aluminum sources,
boehmite and aluminum hydroxide were used. Additionally, half of the
experiments were manipulated after mixing of the reactants by either adjusting
the pH to 3 — 4 with HCI, or by addition of seed crystals. The individual
compositions are summarized in Table 6-1. The experiments covered a broad
range of compositions, and the multiclaves were hydrothermally treated for 1, 4,

and 12 days.
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All products were characterized by XRD and the corresponding patterns can be
found in the appendix. The analysis of the obtained phases can be summarized
as follows. AIPO-5 (AEIl) was the major product phase from 1 to 4 days of
hydrothermal treatment under all investigated synthesis conditions. Concerning
the formation of AIPO-18 (AEIl), experiment no. 18 is of special interest. This
experiment with molar composition 1 Al,O3 : 1 P2Os5 : 2 NEt3 : 100 H,O yielded a
1:1-mixture of AIPO-5 (AFl) and AIPO-18 (AEl) after 1 and 4 days of
hydrothermal treatment, respectively. The precursor gel had a relatively high
NEt3/Al,O3 — ratio. Additionally, the starting pH of the mixture (pH = 5.6) was
relatively neutral compared to all other experiments. However, with a starting
pH of 6.1 in the corresponding experiment using aluminum hydroxide (no. 6)
pure AIPO-5 was found. Obviously, the crystallization field for AIPO-18 is very
narrow in triethylamine-containing systems. Only a small change in peak
intensities was found in the XRD patterns of experiment no. 18 from 1 to 4days
(Figure 6-1), indicating that no significant re-crystallization (see Chapter 7, HT
7.1) proceeded in this system. However, after an elongated synthesis time of 12
days, complete re-crystallization to another AIPO phase was observed. The
same phase was found in nearly all other experiments of the high-throughput
setup, but could not be identified by database matching. However, for
NEt3/Al, O3 = 1 and HyO/AILO; = 100, AFlI was found after 12 days of
hydrothermal treatment. The reflection intensity ratio for the unidentified phase
was identical in all corresponding products indicating phase purity. The most

intense XRD reflection is found at 6.7 20. Some experiments showed different
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reflection intensities due to a preferred orientation of the crystals in the used

XRD setup (see appendix), which could be removed by grinding the products.

intensity (a.u.)

20°

Figure 6-1. XRD patterns of a) simulated AFI, b) hydrated AEI reference, Experiment
no. 18 afterc) 1d,d)4d, and e) 12 d.

Figure 6-2 shows SEM images of the three different products obtained in
experiment no. 18. The phase mixtures obtained after 1 and 4 days consist of
large crystals of elongated hexagonal morphologies, typical for AIPO-5, and
flattened hexagonal crystals, which are commonly found for AIPO-18 materials.
The unidentified phase obtained after 12 days contained thin (~100 nm) plate-
like crystals with diameters of several microns. No crystal suitable for single-

crystal X-ray analysis could be found in the corresponding samples.
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Figure 6-2. Morphologies of the three different phases obtained from a synthesis
mixture of molar composition 1 Al,O3; : 1 P,Os : 2 NEt3 : 100 H,O aftera—b) 1 d, and c)
12 d.

The thermogravimetric analysis of the same phase is shown in Figure 6-3. A
large weight loss of 14 wt.% between 300 — 500 °C together with two unusual

endothermic DSC peaks at 384 and 400 °C was observed.
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Figure 6-3. Thermogravimetric analyis (TGA) and differential scanning calorimetricy
(DSC) data of experiment no. 18 after 12 d of hydrothermal treatment.

To evaluate the stability and potential porosity of the unknown material, the as-
synthesized product was calcined in air for 20 h at 400 °C and 500 °C,
respectively. The corresponding XRD patterns after calcinations are shown in

Figure 6-4. After calcination at 400 °C a gradual decrease in crystallinity and the



Template substitution in the synthesis of AIPO-18 149

transformation to another unidentified phase was observed. The decomposition

of the phase at 500 °C led to an X-ray amorphous product.

intensity (a.u.)
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Figure 6-4. XRD patterns of experiment no. 18: a) as-synthesized, b) after calcination
at 400 °C, c) after calcination at 500 °C.

The reflection at low 20 angles, the plate-like morphology, and the
decomposition upon thermal removing of the organic template are indicative for
a layered AIPO-NEt; structure. No further attempts concerning the

determination of the crystal structure were undertaken.

Based on experiment no. 18 (HT 6.1), which resulted in the formation of a
AFI/AEI mixture, the influence of the molar amount of template, pH, overall
concentration, and synthesis temperature was investigated in more detail. It
was assumed that triethylamine can only function as SDA for the AEI structure
in its protonated ammonium form. Additionally, a relatively low pH and a low

molar amount of template were observed to result in AFl as the preferred
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product in the previous experiments. Therefore, the H3;PO4/NEts-ratio was
varied in a relatively narrow range from 0.75 to 1.25. A molar ratio NEt3/Al,O3 of
2 and 4 was used, respectively. Additionally, the total concentration of the
reactants in water was varied from H>O/Al,O3 = 80 - 140. Two identical sets of
reagent mixtures were used and hydrothermally treated at 170 °C and 150 °C,
respectively. The composition of the individual experiments of the
corresponding high-throughput setup (HT 6.2) and the resulting products are
summarized in Table 6-2 for the experiments conducted at 170 °C. The product
phases obtained at 150 °C in experiment HT 6.3 can be found in Table 6-3. The

samples were hydrothermally treated for 1, 3, and 5 days.
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The analysis of the resulting phases of experiment HT 6.2 (treated at 170 °C)
can be summarized as follows. A strong dependence on the pH of the precursor
gels was observed. All samples starting at pH < 5.3 yielded pure AIPO-5 (AFI)
after 1 day of hydrothermal treatment, irrespective of the molar amount of
template or water, and with increasing synthesis time (up to 5 days) no change
in the XRD patterns was observed. In contrast, all samples with starting pH >
6.5 did not result in any crystalline product, and the XRD pattern of the nearly
amorphous boehmite precursor was observed. Presumably, the solubility of this
precursor is too low at this pH leading to either no or extremely slow reaction
kinetics. In the region 5.3 < pH <6.5 AIPO-18 (AEI) was found as the preferred
product. Apparently, the lower pH value represents a sharp border between the
stability regions of the two different phases. AEl was obtained in a phase-pure
form in the experiments no. 4, 10, 15, and 22. These experiments were based
on a molar ratio NEt3/Al,O3 of 4/1. Similarly, those experiments with a molar
ratio NEt3/Al,O3 of 2/1 (no. 8, 14, and 20) yielded nearly phase pure AIPO-18
(AEI) with a small AFI impurity (<10 %). The amount of the impurity was much
larger (~1/1) at the highest total concentration (H,O/Al,O3; = 80). Apparently, a
NEt3/Al,O3 — ratio of 2/1 represents a lower threshold for the preferred formation
of AIPO-18 over AIPO-5. Additionally, it was observed that the reaction kinetics

were slower with increasing pH as the solubility of AIO(OH) is decreased.

The XRD patterns of experiment no. 4 after a synthesis time of 5 days, and
those of a reference sample synthesized with tetraethylammonium as the SDA,

are shown in Figure 6-5.
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Figure 6-5. XRD patterns of a) AIPO-18 (AEl) synthesized with
tetraethylammonium,!"**! and b) with triethylamine (HT 6.2 experiment no. 4 after 5 d of
hydrothermal treatment) as the structure-directing agent.

In the experiments no. 10 and 18 (NEts/Al,03 = 4/1, H,O/AI,O3 = 100,120/1) it
was observed that the phase pure AIPO-18 products obtained after 3 days had
undergone further reactions after 5 days of hydrothermal treatment. Experiment
no. 10 yielded pure AIPO-5 and experiment no. 16 an amorphous product. Re-
crystallization processes are very common in aluminophosphate chemistry.

However, the reason in the special cases of this study is not clear yet.

Additionally, the crystallinity of the AIPO-18 products was estimated by
comparison to a 100 % crystalline gibbsite (Al(OH)s) sample. It was found that
the sample synthesized in the most concentrated gel (no. 4) was 100 %
crystalline after 5 days of hydrothermal treatment, and the crystallinity at this

time decreased gradually with decreasing concentration. The samples with
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H,O/AlI,03 = 140/1 showed ~60 % crystallinity. It was not investigated if the

latter show full crystallinity after elongated synthesis times.

The thermogravimetric analysis data of sample no. 4 and of an AIPO-18 sample
synthesized with the tetraethylammonium ion as the structure-directing
agent™® are shown in Figure 6-6. The samples loose 6 % and 3 % of water
upon heating to 100 °C, respectively. The triethylamine occluded in sample b) is
removed between 170 °C and 300 °C leading to a weight loss of 14 %.
Similarly, the removal of tetraethylammonium in sample a) gives rise to a weight
loss of 15 %. However, the latter is removed at much higher temperature (300 —

600 °C).
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Figure 6-6. Thermogravimetric analysis (TGA) of AIPO-18 (AEIl) synthesized with a)
tetraethylammonium, and b) with triethylamine as the structure-directing agent.

Apparently, the template-framework interaction is significantly different in the

two materials. This could be due to the smaller size of the triethylammonium ion



Template substitution in the synthesis of AIPO-18 155

compared to the tetraethylammonium ion. Furthermore, deprotonation at
elevated temperature in the presence of a charge-balancing anion could lead to
a more facile removal of the resulting triethylamine in comparison with the

charged tetraethylammonium ion.

Figure 6-7 shows SEM images of sample no. 4 (HT 6.2). A large fraction of the
material consists of crystals with flattened hexagonal shape. This morphology is
typically found for AIPO-18 synthesized with TEA® as the structure-directing
agent. However, the aspect ratio of the long and short axes is increased for the
samples synthesized in this study, compared to the morphologies most often

found using TEA".

SEl 50kV  X15000 1pm WD 9.9mm

Figure 6-7. SEM images of AIPO-18 (AEIl) synthesized with triethylamine as the
structure-directing agent (Magnification: a) 4000x, b) 15000x).

Calcined samples were subjected to nitrogen and krypton physisorption to gain
information on the porosity of the materials. Figure 6-8 shows typical type |
isotherms for both the reference sample (a: TEAOH) and sample no. 4 (b:
NEts;). The micropore volume estimated by the t-plot method is 0.254 cm® g’

and 0.246 cm?® g, respectively. The reference sample shows a slightly larger
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slope of the nitrogen isotherm after filling of the micropores, indicating a higher
external surface area (attributed to a smaller average particle diameter). In the
krypton isotherms (logarithmic scale, desorption not shown) the NEt; sample
shows slightly higher adsorbed volumes than the reference (the adsorbed
volumes (at standard conditions) of krypton are only about one third of those

obtained with nitrogen due to the threefold density of Krypton).
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Figure 6-8. Nitrogen (left) and krypton (right) physisorption data at 77 K of a) AIPO-18
synthesized with tetraethylammonium, and b) with triethylamine as the structure-
directing agent. Full symbols: adsorption, empty symbols: desorption.

Another high-throughput setup (HT 6.3) was heated at 150 °C for 1, 3, and 5
days using the identical precursor gels as those used in experiment HT 6.2. All
corresponding XRD patterns can be found in the appendix and the structure

type codes of the obtained products can be found in Table 6-3.
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Table 6-3. pH values and obtained phases in experiment HT 6.3 (150 °C, am =

amorphous, AFI = AIPO-5, AEI = AIPO-18, APC = AIPO-H3).

Molar oxide ratio pH Product phase(s)

No. AlO; P05 NEt; H20 1d 3d 5d
1 1.00 0.75 2.00 80.00 6.68 am am am
2 1.00 1.00 2.00 80.00 5.34 am am am
3 1.00 1.25 2.00 80.00 3.42 AFI AFI AFI
4 1.00 1.75 4.00 80.00 6.18 am am am
5 1.00 2.00 4.00 80.00 5.18 am am am
6 1.00 2.25 4.00 80.00 4.02 AFI/APC AFI/APC APC
7 1.00 0.75 2.00 100.00 6.58 am am am
8 1.00 1.00 2.00 100.00 5.33 am am am
9 1.00 1.25 2.00 100.00 3.33 AFI AFI AFI
10 1.00 1.75 4.00 100.00 6.10 am am am
11 1.00 2.00 4.00 100.00 5.11 am am AFI
12 1.00 2.25 4.00 100.00 3.88 AFI/APC AFI/APC APC
13 1.00 0.75 2.00 120.00 6.59 am am am
14 1.00 1.00 2.00 120.00 5.34 am am am
15 1.00 1.25 2.00 120.00 3.29 AFI AFI AFI
16 1.00 1.75 4.00 120.00 6.06 am am am
17 1.00 2.00 4.00 120.00 5.15 am am AEI/AFI
18 1.00 2.25 4.00 120.00 3.81 AFI/APC AFI/APC APC
19 1.00 0.75 2.00 140.00 6.57 am am am
20 1.00 1.00 2.00 140.00 5.37 am am am
21 1.00 1.25 2.00 140.00 3.21 AFI AFI AFI
22 1.00 1.75 4.00 140.00 6.06 am am am
23 1.00 2.00 4.00 140.00 5.09 am AEI AEI/AFI
24 1.00 2.25 4.00 140.00 3.73 AFI AFI AFI

The analysis of the structural phases can be summarized as follows. Similarly to

the gels treated at 170 °C, a strong dependence on the pH of the precursor

compositions was observed. As the solubility of the boehmite reagent is further

reduced at this temperature, amorphous products were obtained for all

experiments that had yielded either amorphous material or AIPO-18 (AEI) at

170 °C. However, AIPO-18 was obtained in experiments no. 17 and no. 23 after

3 and 5 days, together with an AIPO-5 (AFI) impurity of approximately 25 %.
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These experiments represent a pH range of 5.1 to 5.2, which is even narrower
and slightly lower than the region yielding AIPO-18 at 170 °C. These findings
provide strong support for the assumption that a low concentration of aluminum
in the precursor solutions leads to the preferred formation of AIPO-18.
Additionally, a H,O/Al,O3 ratio lower than 120 did not lead to the formation of
AIPO-18 (at 170 °C: lower than 100). Similar to the experiments treated at
higher temperature, the experiments showing low pH (<4) prior to the synthesis
did not yield AIPO-18, but AIPO-5 (for NEt3/Al,O3 = 2) and/or AIPO-H3 (APC, for

NEt3/A|203 = 4)

6.5 Conclusion

High-throughput synthesis and characterization methods (a total number of 216
experiments) were performed in order to find suitable synthesis conditions for
the preparation of AIPO-18 (AEI) without using tetraethylammonium hydroxide.
In a first set of reactions, a broad range of gel compositions was investigated,
and the desired phase was only obtained in a single experiment as a 1:1-
mixture with AIPO-5, the typical crystallization product under these conditions.
After prolonged synthesis times, complete re-crystallization to an unidentified
phase (presumably a layered triethylamine-aluminophosphate) proceeded in
most experiments of the same high-throughput setup. When using a focussed
parameter field of compositions at different temperatures (150 °C and 170 °C)
and synthesis times (1 to 5 days), AIPO-18 was synthesized with high purity
within a narrow range of gel compositions. A strong dependence on pH was

observed, and AIPO-18 crystallized only within the range 5.3 < pH <6.5 at
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170 °C. Additionally, a relatively high NEt3/Al,O3 ratio of at least 2/1 and a low
total concentration (H2O/Al,O3 > 100) were found to be critical to obtain pure
AIPO-18. Similar results for the experiments treated at 150 °C suggest that a
low solubility of aluminum leads to the preferred formation of AIPO-18 over

AIPO-5.

The resulting AIPO-18 powders show morphologies similar to those obtained
from known synthesis procedures utilizing tetraethylammonium hydroxide.
However, the removal of NEt; from the materials proceeds at much lower
temperatures and the calcined samples show micropore volumes comparable to

those of conventionally synthesized AIPO-18.






Strateqies for the cost-efficient synthesis of aluminophosphates 161

7 Strategies for the cost-efficient synthesis of alumino-

phosphates

7.1 Introduction

In addition to the studies described in Chapter 6 other concepts for the cost-
efficient synthesis of aluminophosphates were followed within the scope of this
thesis. Two strategies, namely template reduction and template substitution by
extra-ordinary and/or cheap types of templates, were employed. The results of

these investigations are discussed in this chapter.

7.2 Experimental

In order to cover a broad range of synthesis compositions the high-throughput
methodology described in Chapter 2.8 was used. The preparation of the
synthesis gels was performed analogous to the experiments discussed in
Chapter 6. The order of mixing was H,O, H3sPO,4, NaOH/HCI, template, and Al-
source, if not otherwise stated. The sealed high-throughput autoclaves were

hydrothermally treated at 150 °C for different synthesis times.

7.3 Characterization

All  products were characterized using the same methods/instruments
mentioned in Chapter 6. Additionally, Raman spectra were recorded using a
Horiba Jobin Yvon LabRAM-HR or a Bruker Equinox 55 & FRA Raman module

106 /S.
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7.4 Results and Discussion

7.4.1 Cost reduction by decrease of template concentration

A high-throughput setup (HT 7.1) was used in order to find synthesis conditions
leading to AEI as the major product phase including a minimum amount of
tetraethylammonium hydroxide in the precursor mixture. As a starting point the
method described by Simmen et al. was used.!"® This method is the most cost-
efficient among the AIPO-18 recipes known in the literature, as it uses boehmite
as aluminum source, and the molar composition: 1 Al,O3 : 1 P20Os5 : 0.67 TEAO
: 0.33 HCI : 35 H,O. Additionally, the precursor mixture is highly concentrated
leading to large volumetric yields. In the setup, the molar ratio of TEA,O/Al,O3
was reduced stepwise to 0.20. Half of the experiments were conducted without
adjusting the pH by HCI addition, leading to a relatively broad range of starting
pH values. Additionally, half of the experiments were used to investigate the
effect of an addition of AEI seeds (2 wt.%) to the mentioned compositions.
Details of the individual experiments and the structure type codes of the
products can be found in Table 7-1. The reagent mixtures were treated at
150 °C, the time of hydrothermal synthesis was varied in three steps, and the
experiments were quenched after 1, 2, and 3 days, respectively. All resulting
products were characterized by means of XRD, and the corresponding powder
patterns can be found in the appendix. The most important experimental

observations are discussed here.



Strateqies for the cost-efficient synthesis of aluminophosphates 163

14V 4V 14V G¢ 0100 986'% 980°¢C ¢06°0 9eC’L 9.0 S8'vE 0c0 001 00)L e
14V 4V Idv  G°C 0L00 042G Pl Lce’l Liv'L GeL'0 0v'9E 0e0 €21 001 ¢€¢
14V E) Idv 0€ 0L00 G.6v vOV'l 904°} vl ¢cl'0 vL'vE oo /60 00}V ¢¢
14V 4V Idv €€ L1100 66y S80°L G.0¢ ocL’L 80L°0 €GVE 6’0 860 00} I¢C
1IAv 1dv/13v 1dv/I3v. 9°€ 0L00 0.6 8810 cive 680°} ¢89°0 LLVE 090 860 00V O0¢
1av I3v 1dv/IAv 8¢ Cl00 €869 88GC Sv9'¢ 180°1 €990 /889 190 L0k 001 61
14V 4V I4v  G'L 0L00 6¥6'¥ <¢S6°L .10 G980 90¢’L €620 ¢9vE €€0 6L'0 860 00} 8l
14V E) we 0¢ LL00O S66'v 0L9°L 291°0 ciel SLL°L L€L0 96VE €€0 0e0 660 00} ZI
14V E) Idv  €¢C 1100 LE0'S ¥8C'L 691°0 S0L'L 121 0220 0L'vE€ ¥E€0 oy'0 860 00} 9I
14V 4V Idv  9°¢ 0100 €00G /L.60 ¢slo 0S0°¢ ocL’t €690 68'vE €0 0s'0 00V 00} GI
14V we Idv  0°€ 0100 896'% ¥89°0 ¥S1°0 6.¢€°¢ 6.0} €90 08'vE €€°0 090 860 00} ¥I
14v/13v 4V Idv 8¢ 0100 vE€C'S 98¥°0 cvlo Gl9¢ 6¢¢’L ¢990 G6'GE 1E0 /90 €21 00} €l
14V 4V v vc £L00°G 90l¢ €06°0 €ec’t G9/.°0 ¥6'vE 0c0 660 00} <l
14V E) Idv  6°¢ 8G1°'G G88'L €Le’l 6lc’t b0 67'9€ 0€0 L0k 00°L LI
14V 4V Idv  6°¢C L66'V ¥6EL ccl’t 0sL'L 9¢/'0 19V oo /60 00} Ol
14V 4V I4v L€ €86’y ¥80°L v.0°C Gcl'l 0040 G8'VvE 050 660 00} 6
1av we IV  G'€ €¢0'G ¥8L°0 1S¥°¢C 00L'L ¢89'0 01°GE 190 660 001 8
we we I L€ 186V <8G90 Sv9'¢ 160°1L 6990 28'vE /90 001 00} L
Tu Tu Ty gy G2¢'S GS6'l 0410 680 1251 €G/°0 08'GE €€°0 00 6L'L 00} 9
14V 4V v 8L 196V L09°L ¢LL’0 96¢’| a9l L€L0 08VE +EO 0€0 860 00} S
14V 4V v €¢ Y96’V 6.C°1 991°0 €9} SeL’l LLL0 ¢LvE vEO oy'0 860 00} 4
14V 4V v g¢ c9e's v.6°0 6510 c¢ble LvEL 0690 80°LE €£°0 ¥5°0 0C'L 00} €
14V 4V Idv  6¢ v.6'v G190 1S1°0 06€C 640} €90 08'vE PE0 090 860 00} 4
13v  14v/13v Idv € l66y ¢8¥°0 6510 144K 990°} 1990 L6'vE VEO /90 660 00} I
Pe PC Pl 6 6 O%H % L€ ‘IOH % S€ ‘HOVAL % S8 7Od*H gledejed O?H IOH 0O%3AL ¢0°%d fO4V 'ON

(s)aseyd jonpoud

Hd

pass

| ssew | ssew

lejoL

6/ ssepy

oljel apIxo Jejo

‘(paynuspl 10U = “I'U ‘gL-OdIV =
13V ‘S-OdIV = |3V ‘shoydiowe = we ‘D, 0S1) L°Z LH dnas indybnoayi-ybiy ayy ui sjab Josinoalud ayy jo suonisodwod) "L-2 a|qeL



164 Strateqies for the cost-efficient synthesis of aluminophosphates

From the XRD data it can be concluded that AIPO-5 represents the preferred
product in all experiments containing TEA,O in molar fractions lower than 0.6. It
was obtained in the corresponding experiments after 1, 2, and 3 days of
hydrothermal treatment. All experiments containing a molar fraction of TEA,O of
0.7 (Exp. 1, 7, 13, 19) yielded AIPO-18 (AEIl) after 3 days of hydrothermal
treatment. Interestingly, the same synthesis mixtures yielded AIPO-5 (AFI) after
1 day, and a steady re-crystallization process with increasing synthesis time
could be observed. The corresponding XRD patterns of the products obtained
from experiment 1 of the high-throughput setup are shown in Figure 7-1. No
other side phases were detected in this experiment, and in all other products of

the same high-throughput setup.

intensity (a.u.)
o

20/°

Figure 7-1. Re-crystallization process in synthesis mixtures containing TEAOH: a)
simulated XRD pattern of AFI, b) reference XRD pattern of hydrated AEI, Experiment
no. 1 after c) 1d, d) 2d, and e) 3 d of hydrothermal treatment at 150 °C. Molar oxide
ratio: 1 Al,O3: 1 P,Os5: 0.67 TEAO : 0.33 HCI : 35 H,0.
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A similar re-crystallization behavior was observed when a molar fraction of
TEA,O of 0.6 was used. The corresponding XRD patterns for experiment 8 are
shown in Figure 7-2. However, at this concentration it proceeded only if no
hydrochloric acid was added to the synthesis gels, resulting in a pre-
experimental pH of >3.5. At higher TEAOH concentration, AEI was formed

down to a pH of 2.8 in experiment 13.

intensity (a.u.)
o

20/°

Figure 7-2. Re-crystallization process in synthesis mixtures containing TEAOH: a)
simulated XRD pattern of AFI, b) reference XRD pattern of hydrated AEI, Experiment
no. 8 after c) 1d, d) 2d, and e) 3 d of hydrothermal treatment at 150 °C. Molar oxide
ratio: 1 A|203 1 P205 :0.60 TEAzO 135 H20

Re-crystallization in the reaction system 1 Al,O; : 1P,05 : 0.67 TEAO :
0.33 HCI : 35 H,0O was previously observed by Huang et al.?** However, the
study contains no conclusion concerning the formation mechanism of the two
phases. XRD and *'P/’Al MAS NMR suggested that the AF| phase is the
kinetically favored product, whereas AEI represents the thermodynamically

favored phase. This is in agreement with our results as XRD reflections
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corresponding to AEI are detected only after fully crystalline AFI has formed.
Re-crystallization from one molecular sieve phase to another is known in some
aluminosilicate systems, including MOR / ANA to MFI,?**! ANA to KF|,[®4 246 247]
FAU to GIS, and LTA to FAU. Supposedly, the majority of zeolite-zeolite-
transformations proceeds via a solution-mediated process,**® and the rate
limiting step is assumed to be the nucleation of the secondary phase. Such a
mechanism is in agreement with our findings, i.e., the metastable AFI phase is
only transformed to AEI if the surrounding synthesis solution can provoke
nucleation of the structure. The two most important properties of the solution
were found to be pH and TEA" concentration. The pH of all synthesis gels was
measured before and after hydrothermal treatment. Re-crystallization occurred
only if the pH reached values >7 (with TEA,O : Al,O3 = 0.67 : 1) and >7.5 (with
TEA,O : Al,O3 = 0.60 : 1) after 2 days of hydrothermal treatment. In addition, a
TEA,O molar fraction of 20.6 is essential for nucleation of the AEI phase,
whereas AFI can be formed in solutions containing much lower concentrations.
The pore structure of the two phases can serve as an explanation for the large
difference in suitable template concentrations. AIPO-5 (AFI) contains parallel
aligned 1-dimensional channels built from 12-membered rings (diameter: 7.3 A),
whereas AIPO-18 (AEI) has a 3-dimensional channel system containing cavities
separated by 8-membered rings (3.8 A). The latter structure gives rise to a
lower framework density, and therefore larger amounts of template must be
occluded. Additionally, the smaller ring diameter leads to the template being

occluded solely in the cavities (and not in channels). This leads to a low
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tolerance concerning template geometry compared to the AFI structure. In fact,
AIPO-5 can be formed using over 25 different organic molecules. Additionally,
water is assumed to be a suitable pore filling agent, and it was found that water
can act in this way in other large-pore aluminophosphates, especially for VPI-5
(VFI), a molecular sieve with 18-membered ring channels.***! A higher degree
of water incorporation and the lower degree of template incorporation is also
found for the as-synthesized AFI products of the investigated systems. The
thermogravimetric analysis of the two different pure phases obtained from

experiment 8 after 1 or 3 days of hydrothermal treatment is shown in Figure 7-3.
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Figure 7-3. Thermogravimetric analysis (TGA) of experiment 8 after a) 3 d (AEI) and b)
1 d (AFI) of hydrothermal treatment at 150 °C.

The AFI phase (b) looses 3 % H,O at 100 °C, whereas the weight loss at the
same temperature corresponds to 1 % in case of the AEI phase (b). At higher
temperatures AIPO-5 (AFI) looses another 13 % of its initial weight during the

removal of the occluded template. AIPO-18 (AEI) looses 17 %, and the template
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removal proceeds within a more narrow temperature range from 300 — 550 °C
(a: 200 — 550 °C). Differences in template-framework-interaction can also be
investigated by means of Raman spectroscopy, as the vibrational modes of the
template change due to the confined space within the pores of the molecular
sieve. Raman spectra of the TEA" ion within the channels of zeolite beta (BEA)
have been analyzed by Mihailova et al.”*” The results of the corresponding
measurements of the aluminophosphates obtained in the high throughput setup

are shown in Figure 7-4.
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Figure 7-4. Raman spectra of a) TEAOH 35 wt.% in H,0O, as-synthesized product of
experiment 8 after b) 1 and ¢) 3 d of hydrothermal treatment at 150 °C. The inset
corresponds to the spectral range generated by C-H bond stretching vibrations. The
dashed lines trace positions of the peaks in the TEAOH spectrum that have a
detectable red-shift.

The three-dimensional confinement of the TEA" ion within the cages of the AEI
structure (c) leads to a change in the intensity ratio between the peaks at 664

and 674 cm™, whereas this ratio becomes close to zero in the AFI spectrum (b).
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Additionally, the intensity ratio for the two peaks at 890 and 903 cm™ changes
contrarily. Most probably, the Raman scattering at 890 cm™ arises from the
asymmetrical C-N bond stretching modes of TEA®, whereas the Raman
scattering at 660 — 680 cm™ is generated by stretching modes of the whole C-
C-N chain. Further, there is a detectable red-shift of the peak at 1003 cm™,
related to CH, modes, as well as splitting and a red-shift of the band at
2952 cm™, which originates from a C-H bond stretching mode. These lower-
energy shifts are due to the interactions of the H atoms from TEA" with the

surrounding framework atoms.

The addition of seeds to the experiments 13 — 24 resulted in an enhancement of
product formation kinetics in those mixtures yielding AEI (experiments 13, 19,
20). No effect was observed at TEA,O molar fractions below 0.6. Apparently,
the relatively low pH resulting from the reduced amount of base in these
experiments leads to dissolution of the seed crystals, rather than to

heterogeneous nucleation on the surface of the added material.

Apart from the observed re-crystallization trend, an interesting feature
concerning the morphology of the synthesized AIPO-5 (AFl) phase was
observed in the high-throughput setup. Most frequently, AIPO-5 forms crystals
of elongated hexagonal form with sizes of 1 — 100 um. However, the
morphology is strongly dependent on the type of SDA and other synthesis
conditions. Most often, triethylamine or tri-iso-propylamine are used in order to
obtain large single crystals which are suited for optical applications.?*'?*3 The

systems in this study differ from most other investigated AIPO-5 gels with
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respect to their high reactant concentration. Therefore, high growth rates and
relatively small crystal dimensions are expected. SEM images of the samples
obtained from the experiments 8 -12 after 1 day of hydrothermal treatment are
shown in Figure 7-5. The corresponding experiments differ with respect to the
template content (TEA,O molar fraction: 0.6 — 0.2) used for the precursor gel.
Accordingly, the pH of the starting gel decreases from experiment 8 — 12 from
3.5 — 2.4. According to XRD, the products contain pure and highly crystalline
AIPO-5 (AFI, not shown). It was found that there is an increasing tendency to
form spherical agglomerates with decreasing TEAOH content. Both the fraction
of the spheres within the sample, and the diameter (~10 — 34 pym) increase in
the same direction. SEM images of the interior of these spheres (not shown)
reveal a homogeneous aluminophosphate matrix. On the outer surface a
mosaic of single crystals with sizes of several microns is found. Therefore, the
spheres consist of inter-grown agglomerates, rather than loosely connected
aggregates. Apparently, after a certain phase of crystal growth the single
crystalline particles aggregate to form spheres, and further growth leads to the

final agglomerates.
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Figure 7-5. SEM images of the experiments 8 (a), 10 (b), 11 (c), and 12 (d) after 1 d of
hydrothermal treatment at 150 °C. The images on the left were taken at a magnification
of x150 (scale bar: 100 um, a: x300), images on the right-hand side at a magnification
of x3000 (scale bar: 1 um). The crystalline phase is AFl in each case.
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The reason for the aggregation could be the gradual neutralization of pH during
the growth phase, and the subsequent decrease of surface charge. When a pH
close to the isoelectric point of the material is reached, the particles aggregate
to minimize the total surface energy. The degree of aggregation can be lowered
sterically by larger amounts of template adsorbed on the particle surface. The
effect is assumed to proceed especially in highly concentrated systems as the

inter-particle distances within the synthesis mixture are smaller.

7.4.2 Cost reduction by template substitution

Another approach for the establishment of cost-efficient aluminophosphate
syntheses is the utilization of organic molecules with a potentially structure-
directing effect, which are relatively inexpensive, and/or more or less
uncommon in molecular sieve synthesis. In this study, the following molecules
were envisaged: triethylamine, morpholine, ammonia, urea, e-caprolactam, and
the tetraammine copper(ll)—cation. These compounds were chosen because of
their charge-volume-ratio and/or their price. Triethylamine and morpholine are
commonly used for molecular sieve synthesis and known to act as templates for
AIPO-5 /| ZSM-48 and AIPO-34 / ZSM-39, respectively. A detailed study on the
use of triethylamine for the synthesis of AIPO-18 is described in Chapter 6.
Ammonia is a small-volume molecule known to produce AIPO-15, ECR-5 or
phillipsite. Urea and ¢-caprolactam are amides (not amines), and were
previously not used in aluminophosphate syntheses. The tetraammine
copper(ll)-complex was investigated as previous experiments in our workgroup

yielded porous aluminosilicates with this SDA,** and its effect on
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aluminophosphate synthesis was of potential interest. For a screening of the
template effect of the mentioned molecules a high-throughput experiment with a
broad variation of template content was designed (HT 7.2). The molar fraction
of the SDA was varied between 0.2 — 1.6 for the six different systems. The
compositions of the individual experiments are summarized in Table 7-2. The

setup was heated at 150 °C for 1, 3, and 7 d.

All samples were subjected to XRD analyses, and all powder patterns can be
found in the appendix. Concerning the structural analysis of the obtained

phases, the results can be summarized as follows.

Triethylamine

The experiments using triethylamine as the template led to the formation of
AIPO-5 (AFIl) in all 4 different template concentrations after 1 day of
hydrothermal treatment. Samples 13 and 19 (R = 0.8, 0.2) contained AIPO-H3
(APC) as an impurity, and the ratio of the two phases did not change with
increasing synthesis time. At higher template concentrations (R = 1.6, 1.2)
complete re-crystallization to AIPO-H3 was observed between a synthesis time
of 3 and 7 days. As discussed above, the formation of AIPO-5 (AFI) from NEt;
containing mixtures is known for certain synthesis conditions, but other phases

were reported as well.[2°°2%7]
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AIPO-H3 is a common impurity in many molecular sieve syntheses as it can be
formed from synthesis mixtures containing no organic additives. Therefore, the
formation of the structure in NEts;-containing systems is assumed to be non-
specific. The framework consists of PO4 alternating with AlO, tetrahedra and
AlO4(H20), octahedra. Two-dimensional sheets composed of six-membered
rings and two-dimensional sheets of four- and eight-membered rings alternate
in the structure.®®® This gives rise to a two-dimensional channel system, and
AIPO-H3 was shown to have a reasonable water adsorption capacity. However,
the material is thermally unstable above ~250 °C where it transforms into

different dense phases.?*% 2>l

Morpholine

The use of morpholine under the investigated synthesis conditions did not lead
to the formation of porous aluminophosphates, but christobalite and tridymite
analog aluminophosphate phases were formed. At low morpholine
concentrations AIPO-H3 (APC) was obtained as an impurity. No change in
product composition was observed with increasing synthesis time, as

christobalite represents a thermodynamically stable dense phase.

Ammonia and tetraammine copper(ll) complex

At template concentrations of 20.8 pure AIPO-15 was obtained after 1 day of
hydrothermal treatment, and the powder patterns did not change with increasing
synthesis times. At the lowest template concentration of 0.2 the tridymite analog

AIPO was formed after 1 to 7 days. The structure of AIPO-15 consists of
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columns of Al-centered corner- and edge-shared octahedra, linked via PO4
tetrahedra to provide channels approximately parallel to the b axis.*®%
Ammonium cations occupy the channels and are hydrogen-bonded to
framework oxygen atoms and water molecules. The structure collapses upon
heating to ~200 °C. AIPO-15 is known to crystallize from NHs-containing gels

between 150 — 200 °C within several hours to days, and seems to be the only

stable crystallization product in the investigated NH;3; system.

The same phases obtained with NH; as SDA resulted from the corresponding
experiments employing Cu®* and NHs after 3 to 7 days, indicating that the
tetraammine copper(ll) complex was not stable in the synthesis mixture or did
not act as a structure-directing agent. This was expected, as the complex has a
relatively low volume/charge ratio, which is unfavorable for the interaction with

near neutral aluminophosphate frameworks.

e-Caprolactam

From the e-caprolactam-containing synthesis gels the tridymite analog AIPO
phase was obtained in all 4 different mixtures together with variable amounts of
AIPO-H3 (APC). No change in product composition was observed with
increasing synthesis time, as tridymite represents a thermodynamical stable

dense phase.

Urea

The experiments containing urea led to the formation of amorphous AIPO

phases together with varying amounts of tridymite AIPOs for template molar
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fractions <1.2. No change in product composition was observed with increasing

synthesis time.

At a molar fraction of urea of 1.6 (no. 4) the evolution of XRD peaks
corresponding to an unknown AIPO phase was observed, and a fully crystalline

material was obtained after 7 days of hydrothermal treatment.

7.4.3 Urea as structure-directing agent

Based on the latter experiment (no. 4), a high-throughput setup was designed in
order to investigate suitable synthesis conditions for the newly found material. In
experiment HT 7.3 the molar fraction of urea was varied from 1.6 to 4.8.
Additionally, the water content and the aluminum source were varied stepwise.
The individual synthesis mixtures are summarized in Table 7-3. The reagent

mixtures were heated at 150 °C for 1, 3, and 6 days, respectively.
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All products were characterized by means of XRD, and the powder patterns can
be found in the appendix. Under nearly all investigated synthesis conditions the
previously mentioned unknown phase was obtained. At low template
concentrations (R/Al,O3; = 1.6, H,O/AI,O3 = 90 — 120) AIPO-15 was obtained
after 6 days of hydrothermal treatment. In these experiments the ammonium ion
(and not the urea molecule) was found to act as the template for AIPO-15
formation (proven by single crystal X-ray analysis, not shown). Ammonium is
known to be a decomposition product of the urea molecule. The powder pattern
of the unidentified phase is shown in Figure 7-6. It shows a reflection at 7.6 °
20, corresponding to a d-value of 11.7 A. The crystals have plate-like
morphologies with undefined geometries (Figure 7-7). The crystal sizes range

between 1 and several microns, and intergrowth is observed very frequently.

intensity (a.u.)

1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45
207

Figure 7-6. XRD pattern of the unidentified phase obtained by using urea as the
structure-directing agent (shown: experiment no. 13 of HT 6.1).
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No crystals suitable for single crystal X-ray analysis were found in the various

products showing the above XRD pattern.

NONE SEI 10.0k¥  X3,000 1pem ~ WD 10.2mm NONE SEI 100KV X15,00 Tpm WD 10.2mm

Figure 7-7. SEM images of the unidentified phase obtained by using urea as the
structure-directing agent (shown: experiment no. 19 of HT 6.1).

TGA / DSC data are shown in Figure 7-8. A large weight loss of 22 % is
observed between ~100 — 400 °C, accompanied by two distinct endothermic

peaks in the DSC curve.

,Bu pw £ 0sa

100 200 300 400 500 600 700 800 900

temperature / °C

Figure 7-8. TGA / DSC data of the unidentified phase obtained by using urea as the
structure-directing agent (shown: experiment no. 19 of HT 6.1).
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Upon heating to >400 °C the compound decomposes yielding an X-ray
amorphous material. The results of the XRD, SEM, and TG/DSC analyses

suggest a layered AIPO4-x Ry H,O structure.

To investigate the nature of R within the compound Raman spectroscopy was
performed (Figure 7-9). Urea shows a very strong peak at 1012 cm™, assigned
to the symmetric C-N-stretching vibration,?®"! whereas the compound shows
two broad peaks at 1015cm™ and 1042 cm™. However, these peaks are
unlikely to result from the incorporation of urea, as all other urea-specific peaks

were not observed for the unknown compound.

intensity (a.u.)

L 1 n " i L 1 1 L n 1 "
1500 1000 500

Raman shift / cm™

Figure 7-9. Raman spectra of a) solid urea, b) unidentified phase (no. 19/ HT 6.1), ¢)
AIPO-15.

The assignments of the Raman bands for the urea molecule can be found in
Table 7-4. Additionally, phosphate groups give rise to one or two bands in the

same region (1000 — 1030 cm™). Therefore, it seems more likely that ammonia
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or another decomposition product of urea is present in the structure. In the "°N-
MAS NMR (not shown) a peak at -356 ppm, indicative of an amine group, is
found. Urea can form different decomposition products upon hydrothermal

treatment, e.g., ammonia and cyanic acid or CO,.1?*

Table 7-4. Assignments of the Raman bands of urea.l®"!

Raman bands Assignment
(wavenumbers/cm™)

3434 Vas (NH2)
3359 Vs (NHy)
3246 Os (NH2)
1649 Bas (NHy)
1624 Bas (NH2)
1580 v (CO)
1542 v (CO)
1466 Vas (CN)
1177 Ps (NHy)
1012 Vs (CN)
548 5 (CN)

As AIPO-15 was found as a secondary product in experiment 20, after primary
crystallization of the unidentified phase, a structural relationship between the
two phases is assumed. As the structure collapses upon calcination, no further

attempts for the structure determination have been carried out.

7.5 Conclusion

The results of the high-throughput experiment HT 7.1 can be summarized as

follows. In the system Al,O3 : P2Os : TEA2O : HCI : H,O a small reduction of the



Strateqies for the cost-efficient synthesis of aluminophosphates 183

molar fraction of TEA,O to 0.6 is possible whereas a larger reduction leads to
crystallization of phase pure AIPO-5. The addition of HCI for pH tuning is not
essential. The primary product in all experiments was AIPO-5, and AIPO-18
only appears as a re-crystallization product. With decreasing amounts of
template an increased tendency for AIPO-5 to form agglomerated spheres was
found, which is attributed to a decreased sterical stabilization by adsorbed

template molecules.

In high-throughput experiment HT 7.2, the structure-directing effect of different
low-priced templates was investigated. Morpholine and e-caprolactam did not
lead to the formation of porous structures, but the AIPO-analog phases of
christobalite and tridymite were formed under all conditions, indicating no
templating effect in the investigated systems. The use of ammonia led to AIPO-
15 under all conditions, and this phase was previously known to crystallize in
such systems. Similarly, the tetraammine copper(ll) complex cation led to the
formation of AIPO-15, indicating that only the present ammonia could serve as a
template. Upon addition of urea to the synthesis mixtures, an unidentified phase

with the 100 % XRD reflection at 7.6 ° 20 was obtained.

High-throughput experiment HT 7.3 was designed to investigate the synthetic
parameters that lead to crystalline AIPO phases when large amounts of urea
are present. The unidentified phase was found to crystallize under most
investigated conditions. Based on XRD, SEM and TGA data, it seems likely that

the phase has a layered AIPO-R structure. At the lowest urea concentrations



184 Strateqies for the cost-efficient synthesis of aluminophosphates

(R/AI,03 = 1.6) AIPO-15 was formed under the templating effect of NH,4" ions,

which result from urea decomposition.
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8 General conclusions

The synthesis conditions, leading to nanocrystals of the two
(silico)aluminophosphates SAPO-34 and AIPO-18, which are interesting for
adsorption  heat transformation, were investigated. @SAPO-34, a
silicoaluminophosphate, which is commercially used as a catalyst for the
methanol-to-olefin reaction, was synthesized from clear precursor mixtures. The
influence of precursor composition, synthesis temperature, and synthesis time
on crystallite size was studied. The products were characterized by means of
XRD, SEM, DLS, TGA, IR/Raman, and Argon physisorption. The smallest
crystals (<180 nm), having perfect cubic morphology, were obtained from a
relatively concentrated mixture at 180 °C using microwave energy for
hydrothermal treatment. In order to obtain nanocrystals, a high supersaturation
and a high homogeneity of composition and temperature in the synthesis
mixture is crucial. After nucleation the remaining nutrients are consumed by
crystal growth, and if the system is too concentrated, this process leads to large
crystals. Additionally, further processes like agglomeration and Ostwald ripening
can proceed. Similarly, the microporous aluminophosphate AIPO-18 was
synthesized from colloidal precursor solutions utilizing microwave energy for
hydrothermal treatment. Thereby, perfect single-crystalline nanoparticles with
plate-like morphology with sizes <260 nm were obtained. The material was
characterized by means of X-ray diffraction, electron microscopy,

thermogravimetric analysis, and sorption measurements. An increased
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micropore volume, compared to AIPO-18 materials from conventional gel
syntheses was observed for both nitrogen and water as the probe molecule.
This increase is attributed to the more perfect morphology and the avoidance of

fault planes and intergrowth.

The suitability of AIPO-18 for heat exchanger applications was tested by
preparation of films of increasing thickness (80 — 750 um) on aluminum
supports. Therefore, nanosized and micron-sized AIPO-18 powders were
calcined and mixed with polyvinyl alcohol as a binder in aqueous suspensions.
Afterwards, the films were prepared by coating and drying at room temperature.
The layers were homogeneous and mechanically stable during repeated
adsorption/desorption. The kinetics of water adsorption was tested in a specially
designed measuring setup, which allowed for both canonical and isobaric
measuring modes. The canonical measurements at a starting pressure of
17 mbar showed that the adsorption process is slower with increasing film
thickness. Additionally, the kinetics is faster for the nanosized AIPO-18
powders. The averaged mass and heat flow data are indicative for restricted
heat flow as the major resistance in the films. Obviously, the larger external
crystal surface and differences in the macroprous layer matrix account for

increased heat flows when nanocrystals are used.

In order to make AIPO-18 (AEI) applicable for a potential commercial use,
synthesis costs, especially those of the tetraethyl ammonium (TEAOH) template
have to be decreased. Therefore, high-throughput studies were performed

using different strategies, especially template exchange by triethylamine. The
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use of this molecule is highly economic as it is produced in large scale industrial
production for many organic reactions. It was found that AIPO-18 can be
synthesized with triethylamine as the template in a narrow range of synthesis
conditions. Most importantly, the pH of the precursor gels needs to be
accurately adjusted to a range 5.3 < pH <6.5 (at 170 °C). On the one hand, this
leads to the template being in its protonated ammonium form. On the other
hand, it gives rise to an optimum solubility of the aluminum source.
Consequently, amorphous products were obtained at higher pH, and AIPO-5
was formed at pH < 5. Additionally, the use of a relatively large template molar
ratio (NEts/Al,O3 > 2), a low total reactant concentration (H,O/Al,O3; > 100), and
a high synthesis temperature (T > 170 °C) were found to favor the formation of
AIPO-18 over AIPO-5. The obtained material was highly crystalline and porous

(after calcination).

Further experiments concerning the reduction of costs for aluminophosphate
syntheses were reported in Chapter 7. Reduced amounts of TEAOH led to the
formation of AIPO-5 (AFI). At relatively high template concentrations, re-
crystallization from the AFI structure to AEI was observed, indicating that high
template amounts are crucial for nucleation of AEI. Other investigated templates
did not lead to the formation of AIPO-18, but other porous or dense
aluminophosphates were obtained. However, the use of urea led to the
formation of an unidentified phase, which is assumed to have a layered

structure.
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10 Appendix

List of abbreviations

AIPO aluminophsophate

BMBF Bundesministerium fur Bildung und Forschung
DFT density functional theory

DLS dynamic light scattering

DSC differential scanning calorimetry

HT hydrothermal

ICP/AAS inductively coupled plasma / atomic absorption spectroscopy
IR infrared

IUPAC international union of pure and applied chemistry
MW microwave

NMR nuclear magnetic resonance

PVOH polyvinyl alcohol

RT room temperature

SAM self-assembled monolayer

SAPO silicoaluminophosphate

SDA structure-directing agent

SEM scanning electron microscopy
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TEAOH tetraethylammonium hydroxide

TEM transmission electron microscopy
TGA thermogravimetric analysis
TrEA triethylamine

XRD X-ray diffraction
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XRD patterns of high-throughput experiment HT 6.2
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XRD patterns of high-throughput experiment HT 6.3
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