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Abstract

In this work, microsized zeolite NaY was synthesized using a hydrothermal method with sodium
silicate as the silicone source without the organic template. The chemical composition of reaction
gel was determined, preparation of the precursor and the reaction conditions for hydrothermal
reaction were studied and optimized. The reason for the production of side product Na-P1 was

proposed and discussed.

As a promising desiccant for wide applications, the water adsorption behavior of NaY and
commercial Y type zeolite was investigated. Proton solid-state NMR spectra were used to
investigate the bonding in the framework for different hydration standards of zeolite samples.
Neutron images were taken to explore the hydration and dehydration pattern and diffusion style of
bulk zeolite samples. The dehydration of the commercial and synthesized NaY zeolites was also
explored. Finally, the composites of NaY zeolite and other types of materials, glass and
polyurethane were designed and investigated, and could potentially be used for reproducible water

adsorption process and work as energy-conserving material.
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Chapter 1 Zeolite Faujasite hydrothermal synthesis

1.1 Introduction

Alex Fredrik Cronstedt, a Swedish mineralogist, first identified zeolite as a mineral in 1756
when he collected several crystals from a copper mine. He discovered that fast heating the
substance stilbite will generate a large volume of steam from water and the steam is absorbed
by the material. Because of its capacity to froth when heated to roughly 200 °C, he named
the substance zeolite, which comes from Greek words meaning "boiling stones."' Natural
zeolites are formed when alkaline groundwater reacts with volcanic rocks and ash deposits.
Zeolites can also form in post depositional environments over timescales from thousands to
millions of years in shallow oceanic basins. However, natural zeolites are rarely pure, they
are easily contaminated to different degrees by other minerals, metals, crystalline silica, and
other substances.? Therefore, naturally formed zeolites are omitted from various important

commercial applications which requires uniformity and pureness.

Zeolite is defined by Coombs et al. as a crystalline aluminosilicate substance with a
tetrahedral framework linked structure, each contains four oxygen atoms encompassing a
cation.® This framework contains open cavities formed by various channels and cages.
Cavities can be occupied by water molecules. The channels’ size is large enough to let

external molecules to pass through and can also be suitable to hold molecules.

Zeolites were first successfully synthesized by Barrer in the 1940s. There are around 50
different types of zeolites identified and more types were being synthesized and investigated.
The morphological features, crystal structure, chemical composition, pore and channel
diameter, natural occurrence, etc. have all been used to classify zeolites. One of the most

essential features of zeolite is Silicon/Aluminum ratio. The Si/Al ratio is straight proportional to



the thermostability but conversely proportional to the cation content. Moreover, with the
development of zeolite applications in industries and labs for catalysis, ion exchange, separations
and adsorptions, the pore and channel structure of zeolite has public appeal and been studied in

recent years.

The zeolite Faujasite (FAU) has one of the most open silicate frameworks among the known
zeolites currently and it has a wide range of Si/Al ratio. As shown in Figure 1.1, the Faujasite
framework structure has 1.3 nm diameter supercages which is bridged by twelve-membered
silicate rings. Each unit cell is composed of 8 supercages, 16 double six-membered rings (D6R),
16 twelve-membered ring, 32 single six-membered rings (S6R) and 8 sodalite cavities.* Up to 260
water molecules per unit cell can be held in this open framework, varying based on the Si/Al ratio
and potential cation sites, which shows the large internal space capacity.” More detailed
information about zeolite crystalline structures can be found at the International Zeolite

Association database.

Faujasite is classified into Faujasite X and Y based on their Si/Al ratio, generally, except the
dealuminated Faujasite, X has the Si/Al ratio <1.5 and Y is >1.5, high silica Y has the ratio >3.0,
the conversion of X to Y modification can happen at a Si/Al ratio of 1.5. The framework has neutral
SiO; groups and negative charges groups AlO>  , which are balanced by the positive charged
cations such as Na®, NH4", Li*, K*, Ca?", and so on in the non-framework positions. This enable

the Faujasite to be a popular ion-exchange medium and also works as a catalyst and absorbent.
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Figurel.l. Faujasite zeolite stylized framework and its cation sites. The structure is distinguished
by its supercages, hexagonal prism and sodalite cavity.* Reproduced with permission from J. M.

Lee.

Zeolite Faujasite A and X was industrial manufactured by Milton in 1959, © then Breck successfully
synthesized Y zeolite in 1964.7 The synthesis of Faujasite NaY had appealed a lot attention in
recent years because it plays a crucial role in petrochemistry area. Also, many efforts have been
devoted to the applications of NaY, and it’s been reported that NaY can be used in antibacterial
studies, ® waste treatment, ° photocatalytic reactions,'” anticancer therapies,!! etc. Possessing high
surface-to-atom ratio and large surface area, microsized NaY has attracted a great deal of attention
due to its applications in the abovementioned studies and many other exploitable areas. Previous
investigations on factors affecting zeolite formation indicates that the chemical composition of
reaction mixture, preparation of precursor solution, mixing of precursor and reaction solution,

aging condition of precursor solution and hydrothermal reaction temperature and time will all
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affect the crystallization of microsized NaY.!? The use of organic templates to drive the synthesis
of microsized zeolites is common in many synthesis routes, though the majority of organic
templates need to be calcinated at high temperature to be fully removed which requires a lot of
time and energy.' At the same time, the toxic and volatile organic template will produce harmful
exhaust gas which is incompatible with green chemistry. Thus, the investigation of inorganic
precursor solution to provide nuclei for zeolite synthesis is necessary. Therefore, to make the
syntheses more convenient and economic, less expensive inorganic silica sources has been

explored and used in current NaY syntheses.!'*

In this work, microsized zeolite NaY was synthesized with sodium silicate as the silicone source
without organic template using hydrothermal method. The chemical composition of reaction
mixture was determined, preparation of the precursor and reaction mixture and the reaction
conditions for hydrothermal reaction was optimized. Pure Zeolite P was also synthesized by

coincidence when investigating the aging condition of the precursor solution.

1.2 Experimental

1.2.1 Materials and synthesis

The silicone source used for Faujasite NaY synthesis were reagent grade sodium silicate solution
(Naz20, ~10.6%; SiO2, ~26.5%, Sigma-Aldrich). Sodium hydroxide (Fisher Scientific), sodium
aluminate (technical, anhydrous, Sigma-Aldrich) and deionized water were also used in the

syntheses of NaY zeolite.

The synthesis mixture molar composition was modified based on bibliography.'*> To make the

precursor mixture, sodium hydroxide was dissolved in deionized water, then sodium aluminate



was added. Above solution was added to sodium silicate solution under room temperature with
stirring. The precursor solution was aged at different temperature for different duration until the
solution converted to white translucent gel. The precursor solution was prepared by the

composition of 16.0 NaxO: 1.0 Al,Os3: 14.0 Si02: 300 H2O.

Afterwards, anhydrous sodium aluminate was dissolved in deionized water and added into sodium
silicate solution under vigorous mechanical stirring quickly. Then a certain amount of precursor
gel was added to the mixture subsequently. The mixture was transferred to a Teflon autoclave until
the mixture became viscous and uniform and the composition for the final gel was 66.5 Na,O: 1.0
ALO3: 150 Si02: 3200 H2O. The autoclave was put in an oven preheated to 373 K and heated for
24 h. The reaction was stopped by cold water quenching and the samples were collected by

filtration and wash with deionized water. The filtrate was tested until reach pH = 8.
1.2.2 Characterization

Powder samples were obtained by grinding using mortar and pestle followed by drying in the
furnace under temperature >473 K overnight. The crystalline structures of synthesized dried
samples were determined by X-ray powder diffraction (XRD, Bruker D8 Eco) with Cu Ka
radiation (A = 1.5418 A) operated at 40 kV and 25 mA. The samples were mounted on a zero-
background holder and diffraction patterns were scanned over the range of 2—50° in 26 scale with
a step size increment of 0.02°. The average size and solid morphology of the zeolite particles was
confirmed by scanning electron microscopy (SEM, FEI Scios 2 DualBeam) equipped with an
energy dispersion spectroscopy (EDS). The silicone to aluminum ratio was measured using EDS.

Samples for SEM and EDS were prepared, images were acquired by Dr. Jennifer Lien.



1.3 Results and discussion

The hydrothermal synthesis of Faujasite NaY is an inorganic reaction process, the purity and
morphology of the product is controlled by the preparation of precursor, reaction conditions of
reaction gel and hydrothermal crystallization temperature. For the same composition of the
precursor and final reaction gel, above mentioned factors can lead to different product size and

crystallinity.

The precursors, or structure directing agents (SDA) are used for facilitating the formation of
channels and pores for the synthesis of zeolite. Various SDA have been applied for the synthesis
of microsized Faujasite NaY. Organic SDA, also known as organic template, such as
Tetrabutylammonium hydroxide (TBAOH)!¢ and Tetraethylammonium hydroxide (TEAOH)!’
have been used for nanosized sized NaY synthesis. Organic template can also increase the Si/Al
ratio which will further stabilize the NaY.!® However, the post-synthesis calcination which cost a
lot of time and energy and produce pollutant is becoming the main drawback of the use of organic
SDA. Inspired by W. Bo,!” an easy-to-make precursor gel was prepared in this experiment and the
aging time and temperature effects was investigated for NaY formation. For aging time, 5 min, 1
h, 24 h, and 48 h was applied for the preparation of the inorganic precursor with same composition
of 16.0 Na2O: 1.0 Al,03: 14.0 Si02: 300 H2O. As shown in Figure 1.2, pure zeolite particles were
made with the shortest aging time of 5 min. The Si/Al ratio was confirmed by SEM-EDS which is
1.69. Compared to Figure 1.3 and Figure 1.4, it is obvious that the zeolite particle morphologies
are quite different, as well as the bulk sample status in Figure S6 which mainly due to the various
size of the particles. It shows a spherical morphology in Figure 1.2 which is quite differ from
Faujasite morphology, while it shows an irregular morphology which is consistent with Faujasite

morphology in Figure 1.4 with the aging time of 24 h and 48 h. The blend of two morphologies is



observed in Figure 1.3 with the aging time of 1 h. The morphology change of the particles in the
Figures indicates a trend of phase transformation from spherical to irregular as the aging time
increased. When 5 min of aging time was applied, it turned out to be Na-P1, which is one of the
members of the Gismondine group and is also known as another category of zeolite. The
morphology of zeolite P made is consistent with the literature as shown in Figure S2.!° To further
confirm the composition of the particle, powder X-ray diffraction pattern was compared with the
literature (Figure S2, S4). The synthesized Na-P1 particles have peaks at {1 10}, {200}, {211},

{310}, {321}, {431}, which agrees with the XRD pattern of literature and IZA zeolite database.

det mode 0 dwell HFW mag B WD — L] 11—

16nA |ETD SE 1 M 1lpus 259pum 8000x 12.3 mm label

Figure 1.2. SEM image of synthesized zeolite particle using the SDA aged for 5 min under room

temperature. The average size of zeolite particle is 4 + 0.2 ym.
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Figure 1.3. SEM image of synthesized zeolite particle using the SDA aged for 1 h under room
temperature. The average size of zeolite P particle is 3 + 0.2 um, average size of zeolite Faujasite

is 1.5+ 0.8 um.

det curr |mag O HV

29 pm | ETD 0.10nA | 25000x 10.00 kv | SE

Figure 1.4. SEM images of synthesized zeolite NaY particles. Left: the synthesized particles with
the SDA aged for 24 h, right: the particles with the aging time of 48 h. The scale bar for both

images is 5 um, and the particle size in left image is 350 nm, in right is 150 nm.



140
120

100

Intensity
3 8
1 2 1 L

N
o
1 L

N
o
1 L

o
]

-

0 10 20 30 40 50
26 (°)

Figure 1.5. The powder X-ray diffraction pattern of zeolite NaY made by SDA with the aging time

of 24 h.

For the 24 h aging particle sample, powder XRD pattern was obtained in Figure 1.5 to be compared
with the literature (Figure S1). It can be noticed both patterns have the characteristic peaks at {1 1
0},{220},{311},{331},{440}, {533},{642} and {555}, which can help to confirm the
composition of 24 h aging zeolite particles is Faujasite. SEM image in Figure 1.4 is also strong
evidence for the existence of Faujasite, and the EDS results shows Si/Al ratio is 2.3, which meets
the criterial of Faujasite Y that Silicone to Aluminum ratio larger than 1.5. Get back to shorter
aging time, Figure S5 shows the quick scan of powder XRD pattern of the 1 h aging sample. There
is evidence of mixing peaks indicating the presence of two type of zeolite particles. There are
peaks at {1 1 1}, {220}, {110}, {33 1},{211}, {310} and {53 3} which belong to the
characteristic peaks of above mentioned two types of zeolites, which indicates the sample is the

mixture of NaY and zeolite P. The mixing of spherical and irregular morphology in Figure 1.3



validates the blending of NaY and zeolite P. It has been reported in the literature that the
transformation of zeolite P to NaY can happen when hydrothermal crystallization temperature
changed.!® Zeolite P can also be formed as a side product when there is an absence of silica during
Faujasite synthesis®° or the sodium to aluminum ratio is increased.?! Though the mechanism of the
transformation hasn’t been fully understood and there’s no solid theory about the conversion and
transformation, there is a possibility that zeolite P and Faujasite can be the side product for each
other when changing the reaction condition. The aging time of SDA in this experiment, could be
one of the factors affecting the conversion among these two zeolites. During the aging of SDA,
the silicone source and aluminum source will form polymeric aluminosilicate species,?? the
oligomers formed will be the nuclei, or to say, “seeds” that to guide and facilitate crystal growth
and formation. It has been verified by Thompson?® and co-workers>* that seeds formed offers sites
for the secondary nucleation, and related study proved that there is monomer and dimer formed
during the Faujasite NaX gel aging, higher oligomers (may up to Sizg) exist during the synthesis
of siliceous Faujasite NaY.?> Therefore, it can be proposed that when shorten the aging time, the
formation of nuclei hasn’t been started so there’s no polymeric or even no monomer and dimer to
support the nucleation of Faujasite that only Na-P1 is formed. When increasing the aging time to
1 h, part of the nuclei formed to guide the formation of Faujasite. While when becomes to 24 h,
the nucleation of the original silicone and aluminum source is complete to an extent so there’s no
zeolite P formed as the side product. More aging time dependent synthesis and the design of
separating gel and seed physically can be done for studying the mechanism and transformation

time point.

When aging time of SDA becomes longer, which is 48 h in the experiment, NaY is still formed

confirmed by the powder XRD pattern, only the size of the zeolite particle formed decreased from
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350 nm to 150 nm. As stated above, the seed crystals work as nucleation center will form during
the aging of SDA. More small crystallites may be released from the seed crystals during the grow
of the seed crystals, which promote the complete nucleation of the SDA and the formation of
smaller nuclei, thus leads to the smaller size particles formed after crystallization. Further studies

can be done in the direction of aging time elongation and nanosized Faujasite synthesis.

It also been noticed that aging temperature is a factor that affecting the status of SDA and
subsequent product formed. Three aging temperatures, 18 °C, 25 °C (room temperature) and 30 °C
were used for the NaY synthesis. It turned out the SDA aged well under 25 °C and 30 °C, it
transferred from a clear liquid to a viscous and semifluid gel as shown in Figure S7. Aging under
18 °C could be too low for the NaY synthesis since the gel stayed clear and the final product after
crystallization is not unsized according to the SEM image in Figure 1.6. Presumably the
temperature could be not high enough, so the growth of nuclei was slow and vary in speed which
cause the size inconsistency. A rough microscope image was also taking for the SDA samples aged
at 18 °C and 30 °C by using the lab made microscope as shown in Figure S8. Different areas were
detected, and they indicate 18 °C aging results in numerous small different sized nuclei while 30 °C

aging results in less and large sized nuclei, which may affect the subsequent crystallization.

Hydrothermal crystallization temperature was also investigated based on bibliography.!'>* Two
temperatures 90 °C, and 100 °C were duplicated and applied for the hydrothermal reaction. As
expected, the crystal size decreased to 200 nm under 90 °C compared to 350 nm under 100 °C

which due to the slower speed of crystallization under lower temperature.
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Figure 1.6. SEM image of synthesized zeolite particle using the SDA aged for 24 h under 18 °C.

Overall, aging duration and aging temperature of the structure directing agent can control the
formation of Faujasite NaY and zeolite P efficiently. Microsized pure NaY was successfully
synthesized using SDA aged for 24 h under room temperature during hydrothermal reaction under
373 K heating for 24 h. Decrease the aging duration can facilitate the presence of side product in
the form of zeolite P. The mechanism hasn’t been clearly understood based on the current study
and literature, related future work can enhance the understanding of hydrothermal synthesis
mechanism with seeding method. And the decrease of the aging temperature reduces the number
of nuclei formed and hydrothermal reaction temperature slow down the growth of NaY crystals,

which can be further investigated for nanosized zeolite synthesis.
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Appendix
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Figure S1. Powder X-ray diffraction patterns of Faujasite from the Database of Zeolite structures

from the Structure Commission of the International Zeolite Association (IZA-SC).

Figure S2. Scanning electron micrograph of synthesized zeolite P from literature. !° Reproduced

with permission from S. N. Azizi.

13


http://www.iza-structure.org/

Pyyp Y p

o, P SR P ™ {d)
P

()

P pP
—-——JL‘M&.#

P
P p P p
N S VA

] P P P

Counts
|

20 (deg)

Figure S3. Powder X-ray diffraction patterns of synthesized zeolite P and zeolite Y with various

Si/Al ratios from literature. ' Reproduced with permission from S. N. Azizi.
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Figure S4. The quick scan of powder X-ray diffraction pattern of synthesized zeolite P with 5 min

aging time.
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Figure S5. The quick scan of powder X-ray diffraction pattern of synthesized zeolite mixture with

1 h aging time.

Figure S6. The photo of dried bulk synthesized zeolite particles without grinding. A: zeolite P with

1 h aging time of SDA; B: zeolite NaY with 24 h aging time; C: zeolite NaY with 48 h aging time.
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Figure S7. Photos of structure directing agent before (left) aging and after (right) 24 h aging.

Figure S8. Pictures of structure directing agent aged at 18 °C and 30 °C by using the lab build

microscope.
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Chapter 2 Zeolite NaY water absorption properties and behaviors

2.1 Introduction

Water adsorption, or alternatively, dehydration is a common and crucial process in daily life and
numerous industrial fields. For instance, in pharmaceutical industries, dehydration technology has
a significant impact during manufacture process as it can remove water from the medicine thus
promote stability and prolong the shelf life for some valued proteins and antibiotics.! Vapor
removal is also an essential step in natural gas puriflication in energy industries.”> More generally,
the primary reason of the perishability of fruits and vegetables is the high-water content, a variety
of desiccants have been explored and used for food preservation. Therefore, the research on
dehydration materials is required to meet industrial demand and to conserve energy and economic

cost.

Zeolite (“molecular sieve”, in other words), silica gel, and clay mineral are traditional commonly
used desiccant in industries and heat pump/cooling systems. Silica gel, the granular porous silicon
dioxide made from sodium silicate, is the most widely used desiccants in everyday life. It works
like the sponge, which can absorb water into internal pores. It has an excellent capacity to absorb
about 35-40 % water weight of its own dry mass. It can desorb the trapped water when heated to
82 °C. However, the water adsorption ability is poor under low relative humidity (RH), and it will
lose some of its dehydration capacity. The water uptake of silica gel can decrease drastically as
temperature increases, as shown in the Figure 2.1.32 A more detailed comparison of the common
desiccants is listed in Table 2.1.* Due to the original difference in the chemical structures, which
zeolites have special sized channels, pores and cages, other absorbents do not have size selectivity
and have lower absorption speed, and all of them have some drawbacks when then relative

humidity and temperature varies except zeolite. Moreover, in Figure 2.2,° desiccants water
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absorption capacity under relative vapor pressure has been investigated. The amount of water
absorbed is plotted for various absorbents as the relative vapor pressure p/p° increased. Zeolites
and silica gel shows initial parts of the isothermal shapes which are consistent with Henry’s law,
though silica gel exhibits a much lower Henry’s law K constant, indicating the poor adsorption
ability at lower relative vapor pressure. The lack of selectivity and poor adsorption capacities at
some cases make silica gel and clay to be less preferable for lots of industry process. Whereas, in
general, the interaction of water's persistent and large dipole moment with a zeolite cation causes
the extremely high and fast water adsorption on zeolites,” which make zeolite behaves steep uptake
of water in isothermal graphs and it becomes one of the most efficient and popular traditional

desiccants for practical use.

Table 2.1. Properties comparison of different type of absorbents*

Molecular Silica Montmorillonite

Property CaO CasOq4
Sieve Gel Clay
Adsorptive Capacity at low
Excellent Poor Fair Excellent Good
H>0O Concentrations
Rate of Adsorption Excellent Good Good Poor Good
Capacity for Water at
High High Medium High Low
77°F, 40% RH
Separation by Molecular
Yes No No No No
Sizes
Adsorptive Capacity at
Excellent Poor Poor Good Good

Elevated Temperatures
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Figure 2.1. Equilibrium H>O uptake capacity of different desiccants (zeolite, silica gel, activated

carbon, composite) by temperature.>> Reproduced with permission.
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relative vapor pressure. > Reproduced with permission from Sircar.
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Besides, there are various novel absorbents that have been explored for water absorption. Metal—
organic frameworks (MOFs) have been studied and developed in recent years because of the
possible applications especially in gas separation and adsorption areas. For instance, new
zirconium MOFs, MOF-801-P and MOF-841° exhibit promising water absorption abilities and can
be designed and applied in thermal batteries and more specially, MOF-841 can be used to catch
and release ambient water in the air in secluded desert areas. MIL-100(Fe),” another one of the
most famous MOFs, synthesized dry gel conversion, shows the water moisture adsorption ability
of 0.75 g/g and promising desorption capacity compared to traditional zeolites. Moreover,
synthesized pure double-walled carbon nanotube® can adsorb water molecules via its interstitial
and interbundle nanopores. Novel hygroscopic materials, for example, LiCl, MgCl,, and CaCl,
with deliquescent liquid sorbents have impressive water absorption capacity.’ Even so, almost all
the above-mentioned innovational absorbents are at the stage of laboratory research, some of the
techniques are not mature enough for practical use. Additionally, the particularity of the water
adsorption capacity limits the possibility of being applied for wide applications and techniques.
And it is noted that the high energy and economy cost for desorption and regeneration of the
material is one of the fundamental challenges of the new absorbents,’ especially for some materials
that have poor hydrothermal stability. The future investigation and optimization of novel
absorbents is promising but it is still a long way before applied into practical manufacturing.
Taking all the factors into consideration, zeolites become a powerful competitor in all the
absorbents, since they have the steep water uptake even at relative low humidity and can stay its

structure integrity, and have low economic cost to be synthesized, manufactured, and regenerated.
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During recent decades, lots of efforts have been devoted to evaluating and promoting the water
adsorption capacities of multiple type of zeolites. In general, the adsorption ability is defined using

the equation below.

Mass of water adsorbed

Water absorption capacity =
p p Y Mass of absorbent

The water adsorption upper limits of various zeolites and their ion-exchanged forms have been
explored. Gismondine (GIS) type zeolite, or so-called P zeolites, have the same framework and
pores structures though the Si/Al could be different.!! It has the most amazing water absorption
capability among all the studied zeolites. For P7 zeolite'? with the Si/Al ratio of 2.11, the maximum
water amount it can adsorb is 1.39 g/g. P6 zeolite'? with Si/Al ratio of 2.34 has capacity of 1.30
g/g, P4 is 0.97 g/g and P5 is 0.64 g/g. Given the fact that one of the most commonly used
laboratories desiccant 4A zeolite,'? has the water adsorption capacity of 0.25 g/g, P type zeolites
upper limit is more than 5-fold larger compared to 4A zeolite. NaA has the water adsorption
capability of 0.29 g/g, > 13X and LTAss have the value of 0.26 g/g, ' Faujasite NaY has the value
of 0.33 g/g,'* yet all of them are much weaker than the P type of zeolites based on the numbers.
However, the main drawback of P type of zeolite is the poor water uptake at relative low pressure
as shown in Figure 2.3.!* Compared with Faujasite and LTA zeolites which are highly
hydrophilic,'® synthesized P type zeolites exhibit the poor hydrophilicity characteristics of their
structures though the maximum uptake is surprising high. According to the existing feature that
restrict the practical use of P type zeolites, it is not wise to generalize the use of P zeolites for non-
ideal efficiency and unpracticality. Among all the discussed various zeolites, NaY with 0.33 g/g

water adsorption capacity becomes an ideal desiccant.
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Figure 2.3. Water adsorption and desorption isotherm graph of P7 zeolite, and its framework. '

Reproduced with permission from Wang and LeVan.

The hydrophilicity of zeolites mainly relies on the Si/Al ratio of the framework, structure type and
extra-framework cations produced by ion exchange. It has been reported that steam treatment or
acid/base chemical method'® can lead to the dealumination of zeolite, which gives rise to a higher
Si/Al ratio by pulling out Al from the tetrahedral framework and leaving over cavities. The
dealuminated Y zeolite, according to studies, has less strong adsorption sites and weaker
hydrophilic properties.!” Thus, it is unnecessary to modify and reduce the Si/Al ratio of the

framework. Moi"se et al. explored the water vapor adsorption capacities on barium exchanged

Faujasite zeolites (BaX and BaY) using thermogravimetry and calorimetry method given
isothermal or isobaric conditions.!® The Ba exchanged Y zeolites exhibit a better water adsorption
affinity comparing to NaY type zeolite. Though the overall water adsorption capacities and the
reusability of BaY is still weaker than NaY zeolite. Moreover, the ion-exchange process will
increase the basis cost of producing Y type zeolites. Given the fact that the inexpensive commercial

NaY has been used for industrial process in recent decades mainly in petroleum refining, catalytic
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reactions and gas separations, the investigation and optimization of NaY water adsorption
capacities can contribute to the desiccant field and the engineered material can be employed for

industrial dehumidification technique and manufacturing.

Besides, dehydration of hydrated zeolites is one of the essential steps in industrial desiccation
process. The dehydration is the sustainable utilization of zeolite materials, and sustainability will
put the positive effect on economy, ecology, and energy conservation. Given the fact that estimated
98,000 tons of natural zeolites were produced in the United States for one year, which rose more
than sixfold in recent three decades,?! the reuse and recycle of zeolites is the topic worthy of study.
The volumetric and structural impacts of heating zeolites were separated into three general groups
by Alberti and Vezzalini.?” The first type has the reversible dehydration property with little or no
modification of the framework or unit-cell volume, in some cases accompanied by rearrangement
of extra framework cations and residual water molecules; second is complete or almost complete
invertible dehydration with a huge distortion of the framework and a significant decrease in unit-
cell volume; last one has the reversible dehydration property at low temperature, usually
accompanied by significant modifications of the framework, followed by irreversible changes
owing to T-O-T (tetrahedral cation-oxygen-tetrahedral cation) breaking. For Faujasite zeolite,
which has good thermal stability, won’t be collapse until reaching 800 °C, the temperature can be
fluctuate based on the Si/Al ratio. Rare earth introduced NaY has the collapse temperature reach
up to nearly 1000 °C.?8 Thus, heating under temperature from 100 °C to 800 °C is the most common
and traditional way to dehydrate zeolites in industries and labs. However, the desorption of zeolites
usually achieved through two steps, first is for the water molecules condensed in the channels and
pores and be physically adsorbed on the surface, they would be removed first, then chemically

bounded water would be removed later. Hot air, at these low temperatures, only interact with the
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surface layer of the zeolite, making it less efficient to remove water. If the temperature is not high
enough, for instance, the recent study shows chemically bonded water cannot be removed from
SOD type of zeolite unless reach the temperature of 190 °C.?° Only when after enough heating can
the temperature reach close to 200 °C, at which most water can be desorbed, and diffusion is easy
in zeolites, making dehydration a quick process. At this temperature, even the most tightly bound
water to Na in sodalite cages can be desorbed, though flowing vacuum or dehumidified air may
need to be applied to avoid re-adsorption of water when cooling down the zeolite. In this way, it’s
not quite worth to consume a large amount of energy and time to recycle and dehydrate the used
zeolite on account of the low manufacture cost of zeolite synthesis. However, in recent years,
microwave has become an alternative way of traditional heating. Microwave assisted dehydration
has become one preferable tool to get the reusable materials though there’s not enough study based
on drying zeolite. Various types of ceramics and other inorganic compounds, including zeolite,
can be heated by the household microwave (2.45 GHz) oven.*® It has been proposed that the main
mechanism of microwave heating is owing to dipole orientation and ionic conduction, adsorbed
water plays a crucial function in preheating the zeolite during the early stage of microwave
dehydration and zeolite won’t be “activated” without water inside the framework.>! Here, the
dehydration patterns of commercial zeolite NaY have been measured using hot nitrogen heating

and microwave heating for comparison.

In Figure 2.4, it shows the schematic drawing of a zeolite particle of the commercial zeolite beads,
the gas molecule transport route during the adsorption or desorption process is represented as
well.!” The binder material such as clay can occupy 10-20 wt. % by the pellet mass, which cause
the lower water adsorption efficiency and block some of the pores and channels of zeolites. To

evaluate and promote the water adsorption behavior of Faujasite Y, the commercial Y type zeolites
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and as-synthesized NaY water adsorption capacities were tested and compared, ' H solid-state
NMR spectra were measured to examine and explain the relationship of water content change and
different bonding in the framework. Furthermore, the hydration and dehydration pattern of bulk
zeolite samples were determined by neutron image. The dehydration or dehumidification of the
commercial and lab-made Y zeolites were also explored.

Zeolite _
Micropores Binder

Meso-macropores
in Binder

geome —»\O O

Skin

Pellet Skin

Figure 2.4. Schematic drawing of one zeolite bead with binder inside. ! Reproduced with

permission from S. M. Auerbach.

2.2 Experimental

2.2.1 Materials and methods

NaY zeolite with Si/Al ratio of 1.69 was synthesized as stated in the previous part. Commercial
NaY pellets Na-Y-Pe were purchased from ACS Material, LLC. The diameter of the pellet is
around 2~3 mm, with the unit cell size of 2.465-2.472 nm, the average size of the particle is <6

um. NaY pellets samples were also grinded for >2 hours manually using mortar and pestle to be
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compared with synthesized NaY powder. The morphologies of NaY pellets and pellet powder were

shown in Figure 2.16.

Dry zeolite samples were obtained by heating in the furnace under >200 °C overnight. For the
subsequent water adsorption test, room temperature deionized water in the petri dish was used the
water vapor source. Zeolite samples were put into the weighing boat or scintillation vial. The
hygrometer was placed in between the petri dish and samples. The humidity was monitored by the
hygrometer, for the water vapor adsorption in this experiment, the humidity is controlled at 98-
100 % relative humidity under 25.0 -25.3 °C. The schematic drawing of the water adsorption test
was shown in Figure 2.5. Mass change of zeolite samples were measured using microbalance. All
the tests were repeated for the consistency. For water desorption measurement using hot air and

microwave, the setup is showed in Figure 2.16.

Hygrometer

' | Zeolite sample

\_/

H

Figure 2.5. Schematic diagram of water adsorption test setup. A rubber sheet is placed under the

inverted tank to ensure the air tightness.

Synthesized NaY zeolite samples were dried in the furnace >200 °C overnight first, then put into
the aluminum containers with PTFE caps and prepared for various dehydration and hydration

levels for the neutron images.
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2.2.2 Characterization

X-ray powder diffraction (XRD, Bruker D8 Eco) of the grinded commercial NaY pellets powder
and synthesized samples were obtained using Powder X-ray diffractometer with Cu Ka radiation
(L =1.5418 A) operated at 40 kV and 25 mA. The samples were mounted on a zero-background
holder and diffraction patterns were scanned over the range of 2-50 ° in 26 scale with a step size
increment of 0.02°. Scanning electron microscopy (SEM, FEI Scios 2 DualBeam) images were
acquired by Dr. Lien. Samples were prepared in lab, and neutron images were taken at The
McClellan Nuclear Research Center (Sacramento, the United States) by Dr. Wesley Frey and his
co-workers. The contrast was adjusted to reveal the water penetration and diffusion. 'H solid-state
nuclear magnetic resonance spectroscopy (ssNMR, Bruker, 500 MHz Avance Solids NMR) was
used to characterize the structural interactions of water molecules bond to synthesized NaY zeolite
samples. Theoretical 'H solid-state NMR calculations and simulations were done by our

collaborator Donadio’s lab.

2.3 Results and discussion

To confirm the reliability of the comparison between synthesized NaY and commercial NaY
pellets, Y pellets were grinded to fine powder as stated. Figure 2.6 shows the XRD pattern of Y
pellet powder, which is consistent with synthesized NaY. The differences in the baseline and some
of the peaks mainly due to the presence of the binder in commercial Y zeolite, which possibly
could be one or several types of clay. Figure 2.7 represents the SEM morphologies of grinded NaY

pellets.

In order to eliminate the effects of different sample morphologies, first, the water adsorption
abilities were examined using 1.0 g of Y pellet and pellet powder under p/p° =1.0 under room

temperature 25.0 -25.3 °C, as shown in Figure 2.8 (left). The trend and the water adsorption rate
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performed almost the same, and it reached the plateau and the water adsorption weight percent

kept constant after 120 h.
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Figure 2.6. Powder X-ray diffraction patterns of dried commercial Na-Y-Pe powder (top) and

synthesized NaY zeolite powder (bottom).

Figure 2.7. SEM images of grinded commercial NaY pellets powder.
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Figure 2.8. Water vapor adsorption curves under p/p° =1.0 and 298 K. Left: 1.2 g of NaY pellets
and NaY pellets powder, which shows similar adsorption rate and trend. Right: 1.2 g of NaY pellets

powder and synthesized NaY powder, syn-Y powder shows a steeper adsorption rate.

Then, 1.2 g of commercial Y powder and lab-made 1.0 g NaY samples were also evaluated in
Figure 2.8 (right). The much milder adsorption rate can ascribe to the much large particle size of
commercial NaY (avg <6 um) compared to the sized of synthesized particles (avg = 350 nm) and
the existence of binders which is assumed 10 ~20 wt.% of the whole mass of pellets which can
block the vapor transfer. The higher silicone to aluminum ratio of Y pellet which is > 2.5 and the
slightly lower crystallinity >88% may also cause the less steep adsorption rate. Meanwhile, the
upper limit, in other words, the maximum water vapor adsorption capacity of two tested samples
is same. The largest percent weight of water absorbed for commercial sample is 32.5 ~ 33.5% and
for synthesized sample is 34.5 ~ 35.5%. The numbers obtained were in agreement with the

literature value of NaY which is 0.33 g/g.'*

The thickness of the sample loaded in the container may also affect the water vapor transfer. To

prove it, 0.5, 1.0, and 2.5 g of dried zeolite was prepared and loaded in 20 mL scintillation vials
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and used for water vapor adsorption test under p/p° =1.0 at room temperature. As shown in Figure
2.9, 0.5 g and 1.0 g of synthesized NaY sample have similar trend, and both of them reach the
plateau of 34.5 ~35.5% maximum water uptake after 27 hours. However, for 2.5 g sample loaded
in the sample container with larger sample thickness, it shows a less steep water uptake rate. The
rate difference meets the expectation; for bulk sample with thinner thickness, there are spaces and
cavities in the powder by which water vapor can pass through can diffuse; for thick bulk sample,
the bottom layers desiccant cannot contact outside water vapor easily so that reduce the adsorption
speed. Nevertheless, the overall water uptake capacities are the same, the blue curve in the Figure
suggests it can reach the almost the same maximum adsorption percentage 34.53% but after 102
hours. On the other hand, previous studies proved that maximum water uptake of zeolites would

decrease as the relative humidity decreases.?’

The above water adsorption kinetics of various amount zeolites provokes the consideration that
when the situation converted to micro-level, for instance, the water adsorption rate of 10 um
thickness of zeolite should be much larger than the bulk samples which have the thickness > 0.5
cm. And this assumption is based on the manner that water molecules diffuse into the desiccants
from contact surface into interior layers. It has been studied that water movement is primarily
driven by capillary absorption and diffusion, the diffusion which also called osmosis is the main
way water pass through the desiccants. The growth in entropy produced by the movement of free
water molecules is the driving power of water diffusing in hydrophilic zeolites. The process that
dried zeolite being hydrated and saturated is supposed to be started with the top layer then water
molecules will transfer to deeper layers of zeolite particles. There could be two possible patterns
that water molecules gradually saturating the zeolite particles, one is water saturate the top layers

of dried zeolite particle first, then go to the subsequent lower layers, the bottom layer would be
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saturated in the end; the other way is water molecules pass through all the layers of particles until
reach the bottom layer and saturate from the bottom to the top, and the top layer would be the last
saturated layer. The investigation of the saturation pattern and dehydration of molecules in zeolite
can improve the using efficiency and minimizing the waste of zeolites as desiccant in many areas.
Neutron imaging has been used to reveal the internal plant water dynamics?! and to observe the
adsorption of water by commercial zeolite 13X beads.?> X-ray imaging is not applicable in this
case because hydrogen is almost invisible to the x-rays while neutron cross section of hydrogen is
much larger. To monitor the water diffusion process without using the embedded hygrometer that
may impact the motions of water molecules, neutron imaging was used as the tool in this
experiment to exhibit the real picture of zeolites with different levels of hydration as shown in
Figure 2.10 and Table 2.2. Neutrons have a relative weak interaction with varied materials, in this
experiment, the aluminum sample containers were designed so that the strong neutron beam can
directly penetrate the container walls and still sensitive to the water inside the container. The
dehydrated NaY samples were put into the container and hydrated to different level then capped
with compact PTFE caps to avoid further hydration or dehydration. In Figure 2.10, after calibration
of the background and increase the contrast, the dynamic of water molecules diffusion is
represented. Sample #1 and #2 were hydrated under ambient environment (RH 33%) for 4 days
and 2 days. Sample #3 and #4 were hydrated under relative humidity 66% for 4 days and 2 days.
Given the fact the brighter area means higher water content in the neutron images, the top layers
of all the 4 samples are hydrated first, then water molecules moved down gradually, and it wouldn’t
hydrate the next layer until above layer is fully hydrated, which is consistent with the first type
diffusion type we proposed. It is obvious in sample #5 and #6 as well, which is fully hydrated and

hydrated to 9.7% under RH 100%. And according to the integrated densities in Table 2.2, sample
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#5 has the highest density which corresponding to the highest hydration level. Samples #7 and 8
are fully hydrated samples dried at 100 °C for 20 and 40 min. Uniform water distribution is
observed in these two samples, especially in #8 when the image is not saturated, which indicates
the desorption under heat is intense and uniform, there’s no spatial difference for desorption
process of the water molecules. The investigation of adsorption and desorption pattern help to
understand the motion of water molecules and can be utilized to improve the technological design

1n industries.
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Figure 2.9. Kinetics of water vapor adsorption curves of dried synthesized NaY samples under
p/p° =1.0 at 298 K. Black: 0.5 g of NaY sample, reach plateau at around 27 h. Middle: 1.0 g of
NaY sample, reach plateau at around 27 h. Right: 2.5 g of NaY of NaY sample, reach plateau at

around 102 h.
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Figure 2.10. Neutron imaging of hydration of zeolites in aluminum containers. Brighter areas mean

high water content in the sample. Totally eight samples were imaged, 1 - 8 from left to right.

Samples #2, 4 and 6 are hydrated zeolites from fully dehydrated zeolites filled in the aluminum

cylinders with PTFE caps.

Table 2.2 Neutron imaging of various hydration and dehydration levels of NaY zeolites.

Area Mean Max Integrated Density
1 6148  40.554 91 249325
2 6148  41.512 83 255214
3 6148  47.061 130 289333
4 6148  40.109 75 246593
5 6148  62.947 172 387000
6 6148  40.027 81 246084
7 6148  54.019 148 332106
8 6148  52.136 125 320531

Besides, the interior mechanism of adsorption and desorption, to be specific, which sites water

molecules are situated is another essential question. Nuclear magnetic resonance (NMR)
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spectroscopy is one primary way in the study of solids, and the solid-state NMR has been used as
a modern experimental method to characterize the structures of zeolites.”> The chemical shift
caused by the interaction of the nuclear spin with the magnetic fields induced by the electronic
environment can offer the evidence of chemical interactions or bonding in the zeolite structures.
From previous studies, 2°Si magic angle spinning (MAS) NMR spectra can be used to calculated
Si/Al ratio of the zeolite framework and the distribution of Si and Al can be determined, °C MAS
NMR can be used to identify interactions between organic molecules and zeolite.>* Moreover, 'H
one-dimensional (1D) solid-state NMR spectra were examined for different dehydrated levels of
Kanemite,? also been measured for the investigation of benzene adsorption on dried NaY zeolite.?
Figure 2.12 shows the 'TH MAS NMR spectra of zeolite NaY with different hydration/dehydration
levels. For the blue curve, which is the hydrated NaY, has the peak at downfield and has the highest
intensity. Generally, hydrogen bonds exhibit a downfield chemical shift since the electrostatic
polarization caused by the de-shielding of protons. Here, adsorption of H>O molecules
demonstrates that the peak at 4.7 ppm originated from the Bronsted acid sites of the zeolite
framework. The chemical shift for mildly dehydrated sample (100 °C) and regular dehydrated
sample (250 °C) is 4.0 ppm and 1.8 ppm, also the intensities are much lower. The chemical shifts
exhibited are much lower than the literature values of H-ZSM-5,%* which is consistent with their
higher acidity. Theoretical simulations (Table 2.3) were done by our collaborators, using Gauge-
Including Projector Augmented-Wave method and Gaussian and Augmented Plane Wave Method.
When Al content is constant, 29% was used for the calculations, as number of water molecules
accommodated in the framework increases, the chemical shift increases. The trend that more water
adsorption in the zeolite framework causes the downfield shift has been revealed in both

experimental data and theoretical data. Moreover, NMR data can be used to identify binding sites
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in zeolites that interact with water molecules and there are generally three types of sites. As shown
in Figure 2.11 and Figure 2.12, the strongest interactions are between water molecules and sodium
ions in the sodalite cages, which is 1.8 ppm in the experimental data and manifested by the peak
at 2.0 ppm in the simulation results. The medium interactions are between water and aluminum
sites or between water and oxygen next to aluminum sites, as indicates at the peak 4.0 ppm. This
conclusion is confirmed by energetic theoretical simulations in Figure 2.13, which shows the
binding energy of water in zeolites is higher when more aluminum is added. The most fragile
interactions are between water and silicon sites or between water and oxygen next to silicon, as
shown by the peak at 4.7 ppm. The interactions found out are the mechanism basis for NaY water

adsorption and desorption technique.
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Figure 2.11. Theoretical simulation of 'TH MAS NMR results for different amount of water

molecules in NaY framework under 303 K (left) and 473 K (right).
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Table 2.3. Theoretical calculations of chemical shift and adsorbed energy change for different

number of water molecules in the framework.

Ads. Energy (KJ/mol)

Number of H2O Chemical Shifts (ppm)
(Sodalite-cage, [Al]=29%, 14 Al, 14 Na)

1 -100.58 £13.67 4.57 +1.92
2 -87.74 + 3.93 5.17 + 1.03
3 -87.21 £ 7.01 5.46 + 0.64
4 -84.89 + 6.78 6.30 + 0.34
5 -67.93 + 12.27 7.52 + 0.38
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Figure 2.12. '"H MAS NMR of synthesized zeolite NaY with

levels. Red: sample is prepared by dehydration under 373 K.
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Figure 2.13. Binding energy or heat of formation of the water-Faujasite system as a function of
Al (in atomic %). The heat of formation increases by around 40% as 40% of Al is added into the

zeolite framework.
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Figure 2.14. Comparison of dehydration of fully hydrated commercial millimeter-sized zeolite
particles by hot N> (black) and microwaves (red). Hot N2 is heat by electricity. Both the hot N>

and microwave device are powered by 250-350 W 110 V AC.
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Figure 2.15. Pictures and schematic diagram of the apparatuses. The top-left shows the microwave
heating chamber in the microwave oven and the top-right the hot air device. The sample chamber
is the same, which is a home-made glassware with laser-drilled holes at the bottom to allow air
flow through. The microwave device is a modified commercial microwave reactor, and the hot air
device is a home-made device with a heating element. The hot air reactor is thermally insulated.
The bottom panel shows the improved microwave device used to study microwave drying of
zeolites. The samples are places in an identical glass container in the cavity shown here (right

above the scale).
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Figure 2.16. The picture of morphologies of grinded commercial NaY pellets powder and NaY

pellets.
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Figure 2.17. Quantum chemistry simulation of energized (left 360 K, right 440 K) water in zeolites.
The results suggest that energized water passes its energy to the zeolite host within picoseconds,

which implies that zeolites heat up quickly by the absorbed water.

To corroborate and evaluate the assumption that the more efficient way to dehumidify the zeolite
is using microwave heating, two setups were designed and built as displayed in Figure 2.16. For a
5-min drying, microwave heating is over 11.6-fold as efficient as hot N2 drying. When the heating
times are long enough, the difference between the two decreases. At 30 min, the difference is still
3-fold. Based on the reality that fully dehydrated zeolite is not necessary for industrial use, zeolite

that dehydrated >90% can be good for most of the drying technologies and other applications,
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microwave is at least 3-fold efficient than hot N2, which reveals the powerful potential of fast
microwave heating on zeolite dehydration. This also motivate the investigation on water
adsorption and microwave dehydration of micrometer-thickness zeolites, for instance, if the
thickness decreases from 8 um to 800 nm, we assume the time consumed for hydration and
dehydration would be reduced by at least several order of magnitudes. Though it is hard to be
proved experimentally, simulations were done by our collaborator to offer the evidence on how
fast the water molecules can transfer its energy to zeolite under 360 K and 440 K, which are all at

picoseconds level (Figure 2.17).

Overall, the water adsorption and desorption of zeolite NaY has been explored from various
aspects. The kinetics of the water adsorption shows NaY is an excellent desiccant though
commercial binders in the NaY pellets affect the initial adsorption rate greatly. Neutron images
were taken to reveal the spatial water diffusion and adsorption/desorption pattern, the
consideration arises that as the thickness of NaY particles decrease greatly (e.g., to micrometer
level), the water adsorption and desorption can happen at an extremely high speed, which is time
and energy saving and can be utilized in industry techniques. Also, solid-state NMR spectra were
measured to show the interactions of water molecules and zeolite framework. And there is an
agreement with the theoretical calculations and simulations. Microwave and hot N> heating were
evaluated as conventional and novel way for zeolite dehydration. The exploration of the hydration
and dehydration process can optimize the applications of zeolite in industries. At the same time, it
inspires the study on the modification of synthesized NaY for the goal of time and energy

conserving, especially for industry techniques and devices.
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Chapter 3 Exploration of composites combining zeolite NaY with other type of materials

3.1 Introduction

In today’s research, engineering micro arrangements of pure substances and composite materials
is becoming increasingly important not only in the development of elaborate water adsorption
materials, but also in novel molecular level electrical, optical, catalytic, and magnetic devices. One
attracted topic is assembling microlevel structures to various substrate or templates. Many
approaches have been explored to create the novel composites and applied for a variety of reactions
and applications. According to previous studies, silicon nanoparticles dispersed uniformly between
two layers of graphene sheets has been developed using the electrostatic attraction directed self-
assembly method, the synthesized Si-NP@graphene nanocomposite shows improved performance
for lithium-ion batteries.! Labeling Gold nanoparticles (AuNPs) utilizing single stranded DNA
(ssDNA) could be applied to build multimeric networks and chain-like forms through with
sequence-specific DNA hybridization.>* This approach has been used for the linear assembling of
AuNPs which have controlled spatial arrangement.® Moreover, using self-assembly method, the
assembled composite of ZnO nanoparticles in mesostructured SnO; was obtained by preparing
ZnO nanoparticles in the pores of mesostructured SnO», and it was found the photoluminescence
intensity of the composite is more than fivefold of the nanometer ZnO in green and ultraviolet
range.* Recently, hybrid poly (methyl methacrylate) (PMMA) / reduced graphene oxide/Fe,O;3
nanocomposites was obtained using in-situ polymerization fabrication, the outstanding thermal
conductivity, dielectric, and mechanical properties were exhibited.’ Co/ZSM-5@§Silicalite-1
composites were made using zeolite ZSM-5 as support and Co as the core, zeolite silicate-1 was
fabricated as the shell covered on the top.® Analysis was done based on the pivotal functions of

zeolite in fuel chemistry, Co/ZSM-5@Silicalite-1 shows high gasoline selectivity. Fe based
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nanoparticles-zeolite composites were found as an efficient material for the cesium removal from

liquid, possibly can be applied for wastewater treatment.’

In the past two decades, the fabrication of aluminosilicate or zeolite with other type of substrates
to form composites has been explored for various applications. Polypropylene—zeolite composites
were made with different zeolite mass loading (6-40 wt.%) for water adsorption test.® Maghemite-
zeolite Y magnetic composites exhibits adsorption ability of chromate, which can be utilized in
sewage treatment and environmental protection applications.” Chemical approaches for
assembling zeolite thin films on substrates can be divided into two categories: direct growth and
post synthetic crystal attachment.!®!"12 The direct growth usually done by the in situ zeolite
particles growth on the substrates which are immersed in the synthesis gel. The first example of
oriented zeolite particle in situ growth attachment was done by S. Feng and T. Bein, who
successfully combined zinco-phosphate zeolite with the organophosphate multilayer films
modified gold substrates.!® The catalytic functions of trans alkylation and alkylation of benzene
reactions were evaluated using variformed alumina supports coated MFI and BEA type of zeolite
particles, in which the in situ growth was studied and applied.'* Specially, high-silica zeolite UTD-
1 were oriented onto polished silicon wafers by pulsed laser ablation followed by hydrothermal
treatment immersing in the UTD-1 synthesis gel.'> As stated, in most cases, the substrates or films
are chemically prepared or modified using colloidal seeding gel for better coating. While for post
synthetic attachment, zeolite particles would be chemically assembled to the substrate or film
through hydrogen bonding, covalent bonding, and ionic bonding using various bridging organic

molecules.

Polyamines were used as powerful molecular ligament to assemble monolayer zeolite crystals onto

glass using dendritic polyamine (DPA) and polyethyleneimine (PEI) as the linkage.!® Zeolite A

46



and ZSM-5 monolayers were assembled to glass surface by using aminopropyl silyl tethered to
zeolite surface and [3-(2,3-epoxypropoxy) propyl] trimethoxy silane tethered to glass surface in

t.!7 Fullerene was also used as the covalent bridging molecule to assemble zeolite

toluene solven
particles on glass surface.'® Additionally, trimethyl propylammonium iodide tethered zeolite ZSM-
5 and sodium butyrate tethered glass was combined through ionic bonding.!” ZSM-5 and zeolite
A monolayers were attached to glass via adenine-thymine hydrogen bonding.?° Various linkages
have been collected and reported by Yoon group,?! as shown in Figure 3.1. Glass plates are ideal
substrate for zeolite particle attachment for their smooth surface and liability to be modified. In
addition, using glass as the substrate has good feasibility, since the microwave would be a potential
novel way for zeolite dehydration and recycle based on previous discussion. Given the dielectric
constant of vacuum was set to 1.0, generally the dielectric constant of common glass is lower than
10, which is exceedingly low compared to 80 of water and almost infinite of metals. Furthermore,
the attachment of zeolite NaY to glass hasn’t been studied a lot because of the less symmetry of
NaY structure. Based on bibliography of the ultrasound assisted assembly of silicalite crystals onto

3-halopropyl tethered glass plates reported by Yoon group,? the attachment of synthesized zeolite

NaY onto glass slides was explored in this experiment.
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Figure 3.1. Zeolite assembled on glass using different types of molecular linkages.?! Reproduced

Besides, it is reported that zeolite particles can also be assembled onto glass surface based on
physical adsorption. Convective assembly of zeolite ZSM-2 by evaporation aided withdrawal
coating to hexagonal nanoplates was achieved by Tsapatsis Group.?® Using dip-coating method,
zeolite particles with homogeneous nucleation were attached to glass substrates.?*?> Related

investigations are provoked that if zeolite NaY can be attached to other type of commonly used




material use dip-coating method and if the dip-coating method can be further modified to meet

common applications.

Polyurethanes (PU) were developed in 1930-1940s by Otto Bayer,?® which is made by combining
di-isocyanates and polyols and has become one of the most popular plastic polymers in recent
decades. It has wide applications in daily and industrial use, ranging from insulations in the freezer
and buildings, to the coatings on the furniture and aero planes. The recent work on composites of
PU and various particles/crystals shows the wide potential of PU composites. TiO:
nanoparticle/polyurethane (TPU) composite was synthesized and used as the substrate to be
modified with tetradecyl amine (TDA)-amidated graphene oxide (GO-TDA), the final composite
TPU-GO-TDA foam exhibits excellent performance in oil spill cleanup,?” which could benefit
water treatment and marine pollution. Hydroxyapatite/silver nanoparticles coated polyurethane
scaffold composite was obtained and it shows antibacterial properties.?® Variety of reinforced PU
composite also been reported in the past two decades. The fumed SiO» particle filled PU foam was
synthesized and it has improved compressive strength.?’ Calcium copper titanate/polyurethane
composite film was obtained, and it extremely exhibits flexibility and high dielectric constant.*’
However, there is few studies on zeolite and PU composite. Zeolite beta has been used to improve
mechanical properties of PU.?! Different weight percent of zeolite 13X also been fabricated to
form PU/zeolite 13X nanocomposite films which has promoted mechanical and thermal
properties.*? Though, zeolite particles mainly were used as the filler for PU structure, and there’s
no previous work has been done on incorporating Faujasite particles to PU. The composite of
NaY/PU has been synthesized and it could possibly be used for various areas including water

adsorption because of the relatively low dielectric constant of PU materials.
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3.2 Experimental

NaY-Glass attachment

The procedures for zeolite NaY (average size 350 nm) synthesis can be found in the first part. 3-
Chloropropyltrimethoxysilane (CP-TMS, Sigma-Aldrich) was used as received without further
purification. Glass slides (round cover glass) were cleaned and hydroxylated by freshly made
piranha solution for 1 h. Then, the glass surface was cleaned by deionized water followed by drying
under argon. Glass slides were immersed in the 20 mL of toluene (anhydrous, 99.8%, Sigma-
Aldrich) solution of CP-TMS (0.1 M) and refluxed under argon for at least 4 h. The CP-TMS
tethered glass plates mounted on the lab made PTFE support and the crystals of dried zeolite were
introduced into toluene (20 mL) in a 50 mL beaker. The solution was sonicated for 2 min. Samples
were analyzed by scanning electron microscopy (SEM, Scios 2 DualBeam). Images were acquired

by Dr. Lien.
NaY-PU attachment

The synthesis of Polyurethane foam was modified based on bibliography.** Polycaprolactone triol
(PCLt, average Mn ~300, Sigma-Aldrich) and Polyethylene glycol (PEG, Sigma-Aldrich) were
mixed into a polypropylene beaker under 55°C water bath with mechanical stirring. Then, silicone
oil (Sigma-Aldrich), N, N-dimethyl benzylamine (Fisher Scientific), dibutyltin dilaurate (for
synthesis level, Sigma-Aldrich) and deionized water were added after few minutes.
Hexamethylene diisocyanate was (for synthesis level, Sigma-Aldrich) was added to the above
mixture under vigorous stirring. The mixture reached the polymer cream time after 20 seconds of
stirring. The stirring was stopped and removed; the foam would form in few seconds. Then the

foam was cured under 55 °C for 1h and under room temperature for 24 h to remove toxicity. The
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molar composition of synthesis mixture was PCLt: PEG: silicone oil: N, N-dimethyl benzylamine:

dibutyltin dilaurate: water: hexamethylene diisocyanate = 50: 50: 1.9: 0.3: 0.8: 10: 119.

Then, the freshly made PU and 0.1 M (3-Aminopropyl) triethoxysilane (APTES, >99%, Sigma-
Aldrich) was put into the container with ethanol as solvent. The reaction was set under room
temperature for 24 h. Then, 100 mg of 200 °C dried as-synthesized zeolite NaY particles was
sonicated in ethanol solution until no aggregation. The modified PU pieces were washed with
ethanol and then transferred into NaY solution and react for 1 h under room temperature. Control
experiment was done without APTES modification. Samples were analyzed using scanning

electron microscopy (SEM, Scios 2 DualBeam). And images were acquired by Dr. Lien.

NaY-PU-Fiberglass attachment

Household fiberglass with 80% openness was purchased from Home Vibes company. Physical
attachment of NaY particle was obtained by dip coating. NaY particles was sonicated in ethanol
until the solution is uniform. Cleaned fiberglass pieces were immediately dip in the solution and

dried. Then the dip coating process was repeated for 4 times.

“Pseudo dip coating” was done by using PU film prepared by dissolving Poly [4,4’-methylene bis
(phenyl isocyanate)-alt-1,4-butanediol/di (propylene glycol)/polycaprolactone] pellets (Sigma-
Aldrich) in anhydrous tetrahydrofuran (THF, Sigma-Aldrich) under room temperature for at least
24 h. Then, cleaned fiberglass screens were dip in PU solution and take out. Before the PU foam
is completely formed, the PU-film coated fiberglass was dip in the freshly sonicated zeolite NaY
particles in THF solvent again. Then the NaY-PU-Fiberglass composite were cured for 24 h under
room temperature. Samples were analyzed by scanning electron microscopy (SEM, Scios 2

DualBeam). Images were acquired by Dr. Lien.
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3.3 Results and discussion

NaY-Glass attachment

The NaY-Glass composite was obtained using CP-TMS as the linking molecule, trimethyl group
bonded glass could link to hydroxyl bonded zeolite by a direct nucleophilic substitution of terminal
chloride. Pictures of bare glass slides and NaY coated glass slides were took as shown in Figure
3.2, in which the huge difference of before and after modification was noticed. Degree of coverage
(DOC) has been used to evaluate the coating on the substrate. SEM images were took as shown in
Figure 3.3, the DOC around 90% was obtained in our experiment using sonication aided reaction,
the monolayer attachment was observed. The traditional heating and reflux procedure which took
at least 4 h also been used to replace the sonication step, though a lower coverage (60%) was
observed, as shown in Figure 3.4. Longer reaction time might be needed for a better attachment
for NaY particles, though it’s not preferable due to the large energy and time consumption. Thus,
the sonication aided method can assist to get better zeolite particle coverage efficiently in 2 min,
and the first reported Faujasite NaY particle attached glass NaY-Glass was successfully obtained
in this experiment. Moreover, the glass material is microwavable, which means NaY-Glass
materials can be dehydrated through microwave after hydration. Though the kinetics of adsorption
is hard to measure without well-designed instrument since the energy transfer of water with
monolayer NaY will happen in picoseconds, still NaY-Glass is a promising dehydration composite
with excellent reusability, also it may be applied in catalytic reactions and insulation use with

further study.
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Figure 3.2. Left: the comparison of bare round glass slide and NaY coated glass. Right: Lab

designed PTFE mount to hold the glass slides under sonication.
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Figure 3.3. SEM images of sonication aided NaY-Glass attachment samples.

NaY-PU attachment

Fiberglass is considered as an ideal substrate due to its low cost and wide applications, in addition,
it is non-magnetic, non-conductive, and transparent to electromagnetic radiation, which make it a
promising material for microwave substrate. To mount NaY particles onto a piece of fiberglass,
the physical attachment was achieved by using dip coating method as mentioned. A good
attachment can be observed, and the 20 wt.% mass increases can be noticed. Based on the

microwave safety of fiberglass, this composite can be used as a reusable multifunctional air filter
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for water adsorption, gas separation, waste treatment and some catalytic reactions. However, the

physical attached particles may fall off easily when other substances pass through, which limits

the utility of the composite.
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Figure 3.4. SEM images of NaY-Glass attachment samples using reflux and heating procedure, a

less coverage 60+ 5 % was observed.
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Figure 3.5. Pictures of NaY attached fiberglass(left) and bare fiberglass(right).

To solve this problem, a polymeric substrate PU foam was used to replace the fiberglass, APTES

was used as the binder between PU and NaY crystals. Zeolite contained polymer usually exhibits
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better mechanical and thermal properties. APTES can combine polyurethane structure with NaY
particles through covalent bonding which is stabler than physical attachment. And to confirm the
function of APTES, a control experiment was done without silane as the bridging molecule, Figure
3.6 shows the comparison of two types of samples. For the reaction with APTES added, a
multilayer coverage larger than 80% was obtained. The coverage was low for the control
experiment, and there’s only few particles attached, which is mainly due to the hydrogen bonding.
In Figure 3.7, the possible bonding between PU and zeolite particles was proposed by previous
literature®* for the zeolite SAPO-5 filled polyurethane membrane. The NCO group and hydroxyl
group of PU can attach hydroxyl bonded zeolite mainly via hydrogen bonding. The comparison
suggests APTES can elevate the attachment greatly, however, the coverage is not uniform, and a
bumpy surface was noted. This might attribute to the fast aggregation of zeolite particles and the
surface, which is not smooth enough, other smoother substrate or the alleviation of agglomeration,

can possibly solve the problem.

B
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Figure 3.6. SEM images of NaY-PU sample use APTES (left) as the linkage and control

experiment sample without APTES.
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Figure 3.7. Proposed hydrogen bonding in the SAPO-5 filled polyurethane

Reproduced with permission from Nicolais, lannace and Alfani.

membrane.*

Figure 3.8. SEM images of NaY-PU-Fiberglass samples.
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NaY-PU-Fiberglass attachment

To explore more possibilities of composites containing NaY particles, PU film was made as
mentioned to serve as a binder between fiberglass and zeolite. The experiment was inspired by the
previous study’ that doctor-blade method was utilized to make MOF (ZIF-8)-PU composite.
Though in this experiment, doctor-blade method is not applicable owing to the unsmooth surface.
Instead, a pseudo dip-coating procedure was designed to create a close packed NaY particles
coating through PU film. As stated, the fiberglass was immersed in the PU solution and then set
for vaporization, then a viscous PU film would form. And it has the affinity to coat on another
substrate surface, the PU film enfold the fiberglass tightly. The PU-Fiberglass was immersed in
the sonicated zeolite solution subsequently, and the hydrogen bonding between PU membrane and
zeolite particles would grasp the zeolite onto the PU membrane. SEM images in Figure 3.8 show
the good coverage and close packing of zeolite particles and indicate the linkage between PU
membrane and zeolite. Because of the microwave safety of PU membrane and fiberglass, the NaY-
PU-Fiberglass composite could be used as a reusable drying filter, the humid air can pass through
the screen while the water would be adsorbed quickly by the multi-layer zeolite attached. Besides,
due to the viscosity of PU film before fully dried, PU film can be used to coat zeolite onto variety
type of substrates such as PTFE, carbon nanotube and metal surface. The methodologies we
designed can be utilized into extended energy-conserving materials and applications, which

deserve more investigations.
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