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Abstract

Separation preesses account for 5% of US energy consumption. A large fraction of

that energy is consumed by eneiggfficient thermal separation processes like

distillation. If membranes could perform these separations, up to 90% of that energy
could be saved. Zé&tes have ideal properties for separations, which include their high
thermal and chemical stability. However, there are currently very few examples of
industrial zeolite membrane separation processes. This is due to the high cost associated
with their mamifacture, industrially unattractive throughput and lack of membrane
separation experiments at industrially relevant conditions. This dissertation aims to make
progress on some of these fronts. The recent advances in zeolite membranes are
reviewed, with aremphasis on industrial applications. A membrane fabrication procedure
using3.2nmt hi ck MFI zeolite fAnanos Hexarndhigh i s r ep
separation efficiency membranes. High performance membrane separations at
industrially relevant enditions have also been achieved for the first time. Moreover,
further progress towards synthesis of even thinner films and membranes has been made.
The discovery of a novel deposition technique enables the transfer of monolayers of
nanosheets to silicomafers. By intergrowing them, the thinnester MFI films have

been synthesized. In future, this technique could be extended to fabricate even higher
flux membranes. An application of zeolite films on silicon wafers as alielgctric

constant material iglso described. Superior insulating properties and mechanical

strength compared to previously reported MFI films is achieved. Such a film could save

energy and promote the development of the next generation of computer chips.
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Chapter 1

Introduction

Zeolites are porous, crystalline aluminosilicates which are used in a wide variety of
industrial application&:? So far, 232 zeolite frameworks have been discovered, each
denoted by a different-[gétter code, and each with a unique structure and pore
geometry>4 The common structural feature among them is a regular arrangement of
tetrah@ral silicon or aluminum atoms, each bonded to four oxygen atoms. Based on the
arrangement, zeolite pore sizes can vary from 0.3 to 2 nm, which creates a vast network

of channels and cages.

The charge on a zeolite framework can be varied through ther&iiél The lower the

ratio, the more negatively charged the framework, and greater the number of acid sites.
Thus, a major industrial application of zeolites is in cataly'Sisin addition, the negative
charge on the framework must be balanced by a positively charged eomtesually
sodium or potassium. This endows charged zeolites witexchange properties, with an

important application being water purificatigh!l



Neutral zeolites ( Sidllicalzeolites,End,to ba thydraphokicaaAh wn
number of applications have been proposed for them, including membrane

separation&? 15 Another application that has been proposddvk dielectric materials

in electronic circuit$t®*” Such materials could help preverdkage current in computer

chips as the feature sizes reduce and would significantly aid in the effort to achieve

higher computing power.

Of all the frameworks, the zeolite MFI is one of the most widely studied in the literature.
It consists of straight chaels with a pore opening of 0.54 nm x 0.56 nm along the
crystallographid-axis and sinusoidal channels with a pore opening of 0.51 nm x 0.55 nm

along the crystallographi-axis!*®*® The structure of MFI is shown Figure 1-1.

0.54x0.56 nm

hOh-  0.51x0.55 nm

Figure 1-1: 3-dimensional schematic of the MFI framework topology. Straight
channels are shown along the-bxis while sinusoidal channels are shown along the
a-axis. The corresponding 2dimensional projections along the aand b-axes are

alsoshown.Adapted from ref.[20]
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Zeolites like MFI have long been reported foeit application in membrane separations.
Such separation processes are essential today when industrial separation accounts for 10
15% of US energy consumption, with energy intensive thermal separation processes like
distillation consuming almost 80% ofisrenergy?t! Membranes have been shown to
consume 90% ks energy than distillation. Thus, if some of these distillab@ased

separation processes can be replaced with membranes, it would result in significant
energy savings. This is especially important with the current threat from climate change

and concernabout energy securi§???!

An important industrial separation in which MFI zeolite membranes have extensively
been studied is the separation of xylene isofief8.Xylene isomers are aromatic
molecules typically obtained from the naphtha cut of a caiid#stillation column. The

most widely used of these isomers is paykene p-xylene), with a global market of $33
billion in 2015 and a CAGR of 798! The majority of pxylene is used as a raw material

in the manufacture of polyethylenedphthalate (PET), a commodity polymer used for

the production of packaging material, insulation, plastic bottles etc. Currently, separation
of xylene isomers is carried out either through adsorption or fractional

crystallization(262"]

Another application of MFI membranes is in separatiomtofitane fronmiso-butanen-
butane is a widely used fuel gas, used in domestic heating and transportatiasoxhile
butane is a common refrigerant and is also used in manufacture of high density
polyethylend?®3% The demand for butanes is driven by developing countries like India

and China, where-butane in the form of LPG (liquefied petroleum gas) is widely used



due to lower pollution associated with its combusti®riThe global butane market is
expected to increase to about $203 billion by 2020 at a CAGR of about 4%, with LPG
accounting for 66% of the markét! Currently, separation of butane isomers is done
through an energy intensive distillation process. High capital and operating costs are
required because of the cleiseiling nature of butane isome?é.

Despite these applications having been widélyglied, an industrial application of MFI
membranes has not been realized. There are three main reasons for this:

1. MFI membranes are usually made as a film on top of a porous stpp8ithe
most stable support materials compatible with the MFI hydrothermal growth
conditions have been ceramics like alumina. Due to the brittle raftaezamics
and their high manufacturing cost, typical cerasupported zeolite membranes
cost >$5000/rh3% which is more than 20 times higher than polyimer
membranes like polydimethylsiloxane (PDM¥) Though polymeisupported
zeolite membranes have been repottéé’] inherentincompatiblity at the
zeolitepolymer interface still remains an issue.

2. Given the high cost, if the flux of permeating molecules can be increased, this
would make zeolite membranes industriallyaattive. One strategy is to decrease
the thickness of the selective zeolite layer. However, it has been estimated that the
zeolite thickness needs to be ~50 nm for feasibility of application in industrial
membrane processB8.This is a challenging task, given that defects are bound to
increase with a decrease in film thickness. This isialpossible to achieve with

conventional microtsized zeolite seeds.



3. Very little data exists on the actual operation of zeolite membranes at industrial
conditions. Especially for xylene separations, high separation performance for
MFI membranes has been damstrated at low temperature (<200°C) and low
pressure of xylene (~500 Pa partial pressd?é}! However, for industrial
applications, separation performance at high partial pressures of xylene (50 kPa or
higher) is necessary. Such data is currently very linffed.
This dissertation aims to focus on points 2 and 3, while point 1 is currently being
addressed byoeworkerst®® With regard to progress towards uitran MFI films, there
have been significant developmentghis area in the past few years. There have been
several attempts to reduce the size of the seed particles in order to reduce the final film
thickness. By modifying the synthesis conditions, nsized seed crystals have been
developed*? A substantial breakthrough came about in 2009 when Ryoo awdr@rs
developed stacked multilamellar sheets of MFI by using a modified structure directing
agent (SDAJ® Following this, the Tsapatsis group exfoliated this material to obtain MFI
nanosheets which are just 1.5 unit cells (~3.2 nm) in thicknesFifaee 1-2).43 By
using nanosheets, the thickness of the selective layer was reducedl@@suh, and has
consequently resulted mxylene permeance >3xI0nolm-?s'Pal, a large improvement

over previous reporté-44l



Multilamellar MFI

Twin screw /\N\/
extruder Nanocomposite — exfoliated

Polystyrene (PS) nanosheets in PS matrix
b 250 - 300 nm

ivgcivicicd

e bod
ot ~4 3
Pore size:
0.54 - 0.56 nm

Thickness: ~3.0 nm

Figure 1-2. a. Schematic of exfoliation of multlamellar MFI by polymer melt
compounding andb. schematic of an exfoliated MFI nanosheet, showing thickness,
lateral size and crystal structure down the baxis.

The secondary growth methdd which the support surface is first seeded and then seeds

are further induced to grow, is currently the most preferred method for synthesis of thin
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films of MFI with a specfic orientation. Several advances in secondary growth have been
made recently.tlhas been reported previously that modification of the structure of the
SDA can result in MFI crystals of different morpholodigg® Other researchers have
replaced the TPAwith other SDAs like tetraethylammonium hydroxide (TEAo0

promote faster iplane growth compared to eat-plane growtt*64"Yoon and ce
workershave ecent | y d efvredecopdarggroath fechmdue where the
silica source for growth comes from the substfdt&! This prevents wastage of
chemicals which typically happens in sof getbased secondary growth. Recently, the
Tsapatsis group has utilized this technique to synthesizethiitr MFI films on porous

and norporous supporté!+°

Further progress towards achieving the goals of an industrial application of zeolite thin
films and membranes is demonstrated in this dissertation. It is organized as follows:

In Chapter 2 a new peedure for deposition of singlayer coatings of MFI nanosheets is
reported?? First, MFI nanosheets were chemically teshwith acids to partially remove
some of the SDA which makes them hydrophobic. These partially hydrophilic nanosheets
were then dispersed on the surface of water in a Langmuir trough, and could be
transferred layeby-layer to noRporous substrates likdison wafers. After secondary
growth, the thinnestver MFI films were obtained. It could be possible in future to
extend this procedure, known as the Langmahaefer (LS) method, to form uktiain
zeolite membranes by deposition on porous suppértshas also been demonstrated
that the LS method can be made into a continuous process for fabricategrizag

films.51:52]



In Chapter 3, an applicatiaf MFI thin films on norporous supports is demonstrat&d.

As mentioned earlier, pwglica zeolites are good candidates fordbwaterials in

electronic circuits. Previous reports have used-spated zeolite films on silicon wafers

for low-k application The resulting porous films have low dielectric constant but also

low mechanical strength. We have shown here thatsalometer thin films of MFI can

be synthesized on goltbated substrates with dielectric constant and elastic modulus

close to the vales predicted for singlerystal MF|(4

In Chapter 4, the recent literature in zeolite membranes is reviewed. There is emphasis on
developments in seeding techniques, includiragnual assembly and Langmuir trough
coating. Recent advances in slijpm membranes and polymsupported membranes are
discussed. There is also a discussion on developments in permeation modeling of zeolite
membranes. Finally, the current industrial aggtiions of zeolite membranes are

presented.

In Chapter 5, the recent developments in tthia MFI membranes from nanosheet seeds
are reported. The focus is on the progress towards application of these membranes in
industrial xylene separation. This invek fabrication of stronger supports and better

sealing techniques to enable permeation testing at high temperature and high pressure
conditions. High temperature, high pressure xylene separation results are reported. A high
separation factor and flux dtese conditions is achieved for the first time. Results on

xylene separation by another type of high performance MFI membrane (made from

bottomup dC5 nanosheet seeds) is also repdited.



Chapter 2

Monolayer Depositionand Secondary Growth of

2-Dimensional MF| Zeolite Nanosheet§

q’ortions of this chapter appear in the following

N. Rangnekar, M. Sheté&, K. V. Agrawal, B. Topuz, P. Kumar, Q. Guo, I. Ismail, A. Alyoubi, S. Basahel,
K. Narasimharao, C. W. Macosko, K. A. Mkhoyan, S:TAlabaiti, B. Stottrup, M. Tsapatsi&ngew.
Chemie Int. Ed2015 54, 65716575

*Equally contributing authors

Reproduced with permission from John Wiley and Sons.

2.1.Chapter overview

In this chapter, a novel coating procedure for monolayer transfer of nanosheets is
described. First,table suspensions of zeolite nanosheets (3 nm thick MFI layers)
prepared in ethanol following acid treatment, which partially removed the associated
organic structur@irecting agentFurther characterization revealed that their crystal
structure was preservedanosheets frorthese suspensions wetispersed atie air

water interface and transferred to silicon wafers using Langmuir Schaefer deposition.
Using layerby-layer depositioncontrol on coating thickness ssdemonstrated. iplane
X-ray diffraction (XRD) revealed that the deposited nanosheets cont@cttafcinatio
similar to bulk MFI crystals. The monolayer coatings were then induced to intergrow
through different secondary growth techniqu@stfree resulted in suth2 nm thick MFI

films T the thinnest ever reported. Finally, it was demonstratedthealcination, there



was no contraction detectable byglane XRD, indicating welintergrown MFI films

that are strongly attached to the substrate.

2.2. Introduction

2D zeolites, nanosheets with thickness comparable to thealkh@timensions of the
corresponding structure type (see http://wwwondine.org)>®! open exciting

opportunities for traditional uses in catalysis anuasation&-°" 3 and hold promise for
emerging applications of zeolite films as membraffekw didectric constant
materiald}®64 anti-corrosion coatings, ettf! Fabrication of thin films of 2D zeolites

relies on: (i) the availability of suspensions that exhibit colloidal stability, and are free of
amorphous and neexfoliated contaminants; and (ii) development of deposition
techniques Y which the suspended zeolite nanosheets can be quantitatively transferred

on various supports to form oriented thin coatings.

Following the discovery of muHiamellar MFI zeolite by Ryoo and asorkers®’! we

used a polymemelt-compounding technique (for exfoliation) combined with density
gradient centrifugation (for purification) to prepare suspensions of exfoliated 2D MFI
nanosheets in toluene and octdfd*! In previous reportsthe octanol and toluene
suspensions were used to form nanosheet deposits on porougssbgittration43l44l
Deposition by filtration ensured transfer of all zeolite nanosheets fronusperssion to

the surface of the support. Such quantitative transfer from suspension to support, without
nanosheet loss, is essential because high quality 2D zeolites cannot be obtained currently
in large quantities. However, the filtration approach is aplylicable to porous supports.
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Furthermore, a uniform coating with thickness on the order of a dangge of
nanosheets is not possible by this technique. To overcome these drawbacks, the
LangmuirSchaefer (LS) deposition techniqéier the formation ofMFI nanosheet

coatings, is described in this chapter.

Deposition from Langmuir trough is a wddhown method used to obtain monolayers of
surfactant molecul&8'¢"land it has been uséad deposit particles including zeolit?$®

" and various 2D neazeolitic material$’>"3! To employ the LS deposition, a nanosheet
suspension in octanalasprepared according @previously reported procedufé! The
nanosheets were then transferred to ethanol and subjected to an acid treatment procedure,
reported earlier by Corma and-emrkers for the removalf@rganic structuralirecting

agern (SDA) from zeolites’ This acid treatment resulted in partial remasfahe long

chain SDA used in the synthesis of midtmellar MFI and allowed for the formation of
stable suspensions in ethanol. Nanosheets could then be introduced aivtterair
interface, and transferred to silicon wafers by using the LangBulaéer horizontal

lifting techniquel®® Secondary growth of these monolayers resulted in intergrown,
preferentially oriented, sub2 nm films, which were firmly attached to the support and
did not show irplane contraction upon calcination. On the other hanajmergrown
multi-layers, could slide and contract upon calcination. LS provides the opportunity to
coat monolayers of 2D zeolites such as MFI and MWW nanosheets. Secondary growth
can allow formation of suth2 nm, crackree, intergrown zeolite films, afhich to the

best of ouknowledge, there are no previous reports.
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2.3. Experimental
2.31. Acid treatment of MFI nanosheets

MFI nanosheet suspensions in octanol were prepared according to the previously reported
proceduré*! The octanol suspension was then centrifuged (Beckman Coulter, Model:
Avanti J20 XP equipped with JA25.50 rotor) at 40000 g for 3 hours and the supernatant
was discardd. The resulting cake was dispersed in approximately 50 mL filtered ethanol
(200 proof, Decon Labs). The dispersion was centrifuged at 40000 g for 3 hours and the
supernatant was discarded. This ethanol washing step was repeated two more times. The
final cake was dispersed in 20 mL of filtered ethanol by vortexing (Fisher Scientific

vortex mixer). For the first step of acid treatment, 0.098 g.8Cx (98%, EMD

Chemicals) was taken in a 50 mL glass reaction vial. The nanosheet dispersion in ethanol
was th@& added to it. The vial was sealed and placed in an oil bath sétGd@0L6

hours under stirring.

Following this, the vial was cooled and uncapped. The contents were centrifuged at
40000 g for 3 hours and the supernatant was discarded. This was followed by an ethanol
washing step, as before. Further, 7.89 g (10 mL)teféd ethanol was added to the cake

and dispersed by vortexing. 1.5 g of HCI solution in water (1 M, Sigldach) was

taken in a 50 mL glass vial followed by the addition of the nanosheet suspension. 10 mL
of filtered heptane (anhydrous 99%, SigAldrich) was then added to the vial. The vial

was capped and placed in an oil bath &Cofor 16 hours under stirring.

On completion of this step, the vial was cooled and the contents were centrifuged at

40000 g for 3 hours. The supernatant was discarded and 40 mL ethanol was added to the
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cake followed by vortexing. A drop of the resultingspension was deposited on a holey

carbon grid for analysis by TEM.

2.3.2 Langmuir-Schaefer deposition (LS)

Commercially available-4hch Si wafers (Silicon Quest International, Inc.) in <100>
orientation were used as substrates . They were either upedchgased or after

subjecting them to thermal oxidation. For the latter, the Si wafers were heated at 900
1000«C in oxygen atmosphere in a Tylan tubular furnace in order to grow 50 nm oxide.
The wafers were then cut into 1 cm x 1 cm squares using a wafer saw (Disco DAD
2H/6T) equipped with a diamond blade (Disco NBB2030-SE). The substrates were
sonicated in Divater (generated by EMD Millipore Elix 5 water purifier) in a bath
sonicator (Branson 55160BTH, 135 Watts) for about 5 min, dried at ambient
temperature and used for LS experiments.

In a typical LS experiment, 1.5 mL of nanosheet suspension in ethanoawedislly
deposited on the awater interface in a Langmuir barrier trougdtirha Liquid-Liquid

trough with 1U4 interface and Nima LB dipping mechanisnaximum area 120 &n
minimum area 23 cf) using a micropipette. After the deposition was completes, t
trough was left without disturbance for 30 min to allow the ethanol to evaporate.
Following this, the trough was set to attain a specific surface pressure and the trough
barriers were compressed such that the trough area reduced at a speed?6hB0 cm
Once the desired pressure was attained, a previously prepared Si substrate, mounted

horizontally on the dipper (NIMA), was lowered at a speed of 1 cm/min until it just

13



touched the aiwater interface. Once contact was made, the Si substrate was lifted
upwards at the same speed. The substrate was detached from the dipper and left to dry.
Following the coating process, the surface pressure dropped®yh/m. The barriers
were further compressed to compensate for this. The coating process was thed repeate
using another substrate. Multilayer coatings were obtained by repeating the coating
procedure on the same substrate for the desired number of cycles.

In order to collect surface pressur@ea isotherms, the barriers were compressed and
expanded betweeghe limits of maximum and minimum area for multiple cycles, without

taking coatings.

2.3.3. Secondary growth

Prior to secondary growth, the nanoshested substrates were first calcined atx®00
for 6 hoursin 150 mL/min air flow taremove theSDA.

a. TPA-silica sotbased growth

Clear sol secondary growth was performed according to a previously reported
procedurd’® The growth solution was prepared by sequentially adding
tetrapropylammonium hydroxide (TPAOH, 1M Sigma Aldrich), tetraethylorthosilicate
(TEOS, 98% reagent grade Sigma Aldrich) to distilled water imlamctomposition of
5TEOS:1TPAOH:1000kD. The solution was hydrolyzed at room temperature for 15

hours under stirring. After hydrolysis, it was filled in a-elEaned Teflon liner, sealed in

a stainlessteel autoclave and placed in an oven set taQ 5@ 2 hours. This pretreated
solution was filtered using a 0.2 em GHP
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HF-cleaned Teflon lined autoclave. Calcined nanosheet coating deposited on as
purchased silicon wafer was placed vertically in the salutiging a Teflon holder and
secondary growth was carried out ak®@or 5 hours. The autoclave was then cooled and
the substrate was removed, washed f8rr2in with DI water, dried at ambient

conditions in air and characterized.

b. TEAOH gel growth

Gel growth was carried out according to a previously reported procEéiurae gel
composition used was 4TEOS:1.92TEAOH:0.36¢NHiFs:40H0 (molar ratios). The

gel was prepared by mixing 2/3 of the total amount of TEAOH (35% w/w Alfa Aesar)
and DI water, follved by the addition of TEOS (98%, Sigma Aldrich) to the mixture

and stirring with a magnetic stirrer for 30 min. In a separate container, the remaining
TEAOH, DI water and (NkK).SiFs (Sigma Aldrich) were mixed until complete

dissolution of (NH).SiFs, abou 30 min. The contents of the second container were
quickly added to the first under vigorous stirring. After the mixture solidified, it was left
for 6 hours under static conditions for aging. 100 g of the mixture was then blended in a
500 mL glass beakavith a handheld food blender (KitchenAid) for about 10min.
Approximately 10 g of the blended mixture was loaded into the bottom of a Teflon liner.
Calcined nanosheet coating osmschased silicon wafer was inserted vertically into the
gel. The liner wasealed in a stainlesieel autoclave and placed in an oven akC30r

6 hours. The autoclave was then removed from the oven and cooled. The substrate was
removed from the liner and thoroughly washed with DI water to remove any adhering
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gel. Following tlis, the substrate was soaked in 0.2 M aqueous solution 4% [8igma
Aldrich) for 6 hours to remove amorphous silica from the surface. It was then removed,

washed with DI water, dried at ambient conditions in air and characterized.

c. Gelless growth

Gekless growth was done according to a previously reported prodédiiee calcined
nanosheet coating on silicon wafer with 50 nm thermgibwn oxide was sphgoated

with 0.005 M TPAOH aqueous solution (peepd from 1 M TPAOH solution, Sigma
Aldrich) and then placed horizontally on a Teflon holder in a Telfiloed stainless steel
autoclave. 0.2 g of 0.005 M TPAOH was added to the bottom of the liner. The autoclave
was sealed and placed in a convection ®matrio 228C for 72 hoursunder static

conditions. At the end of this period, the autoclave was removed from the oven and

cooled. The substrate was then removed from the liner and characterized.

2.3.4. Characterization

TEM samples were prepared by dregsting suspensions of nanosheets in octanol and
acidtreated nanosheets in ethanol on TEM grids (ultrathin carbon film on holey carbon
support film, 400 mesh Cu, Ted Pella). The grid was dried at room temperature and
imaged. Bight-field conventional transission electron microscopy (BETEM) was
performed on a FEI Tecnai G2 F30 (S)TEM with TWIN pole piece, a Schottky field
emission electron gun operating at 300 kV and equipped with a Gatan 4k x 4k Ultrascan

CCD. High angle annular dark field, scanning trarssion electron microscopy
16



(HAADF-STEM) was performedt 300kV with an incident seraconvergent angle of 19
mrad and detector collection anglesof 42® 0 mr ad on ani3BEI Titanl
scanning transmission electron microscope (STHM)esolve thenystal structure of
MFI-zeolite nanosheets, we performed-B8FEM and high angle annular ddikld

scanning transmission electron microscopy (HAABDHEM) imaging. Data was

collected using low dose of electrons to avoid beam damage of these nanosheets, thus
resulting in low signal to noise ratio (SNR) in the images. In order to improve structural
visibility, BF-CTEM images weredigitally processed using periodic Bragg filtering to
reduce the noise and resolve geicture of MFinanosheets.

TGA analysis waperformed using a PerkinEIm&GA-7 analyzer to estimate ti8DA
content of nanosheets before acid treatment. This was compared with weight loss from
nanosheets before acid treatméhtAnalysis was carried out by heating a few mg of the
nanosheet cake obtained after centrifugation in air flow (100 mL/min) from 130 %G 550
(heating rate of XC/min) and holding the sample at %&0for 8 hours.

Scanning electron microscopy (SEM) images of the nanosheet films were acquired using
JEOL 6700 microscope operating at 1.5 kV.

For the preparation of atomic force microscopy (AFMg@mens, nanosheet coating was
made by LS at 25 mN/m surface pressure on a thermally oxidized silicon wafer. The
sample was calcined in air flow at 5@Dfor 6 hours to remove th8DA from the pores

and surface of the nanosheets. AFM was carried out pmngponode in the repulsive

regime using a Bruker Nanoscope V Multimode 8 AFM. Analysis of AFM images was

done using Gwiddion 2.31 software. In order to calibrate the AFM height data, freshly
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cleaved muscovite mica was etched in 50% hydrofluoric acid fooufs to produce 2.0

nm steps on micd’! These steps were used as the calibration standard.

FTIR spectra were recorded in transmission mode on a Thermo Scientific Nicolet iS50

FT-IR spectrometer equipped with a liquid nitrogen cooledMietector. The

spectrometer was purged with dry air and the spectra were acquired in the range of 4000

650 cm® and averaged over 16 scans. The data analysis was performed using Omnic

software.

X-ray diffraction scans were performed using a PanalycalPer t Pr o di f fr ac:
in-plane mode. The incident beam optics consisted ofray lens with crosslit

collimator with beam in point focus. The diffracted beam optics consisted of a parallel

plate collimator (PPC). The-¥ay wavelengthusedwasima | y Cu KU1. Cu KU:
stripping was done using MEJlade 2010 software. Scans were done-plame mode

with 2° varying from 22.%to 24.5%with a step size of 0.6&nd dwell time of 150 s.

Secondary grown MFI layer deposited on a silicon substrate wasdoedh a 150 nm

gold layer before performing focused ion beam (FIB) milling. This gold coated layer was

further coated with platinum (Fig. S6 a) to perform thinning experiments using a dual

beam FEI Quanta 200 3D FHBEM instrument. Thinning was done ugia GaAs ion

beam. The thinned sample was analyzed in an aberration correctéddrEl

transmission electron microscope (TEM). High angle annular dark field scanning TEM
(HAADF-STEM) imaging was done at <30 pA electron beam current at 17 mrad

convergencangle (Fig. S6 b, c). Spatially resolved STEM energy dispersiray X
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imagingwasperformed on a 150 nm x 250 nm sectidins not possible to distinguish

between Si@and MFI zeolite since the elemental composition of both layers is same.

2.4. Resultsand Discussion

2.4.1. Acid treatment of nanosheets

Following acid treatment, removal 8DA (C22Has-N*(CHs)2-CsH12-N*(CHs)2-
CeH13.(20H)) was quanfied by thermogravimetric analysis (TGA) of zeolite
nanosheets. Specifically, the nanosheet cake recovemhlrifugation was analyzed by
TGA after acid treatment and compared with TGA from nanosheet cake prior to acid

treatment Figure 2-1).

Before acid treatment, the zeolite nanosheets contain ~29 wt% SDA, the majority of
which is expected to reside insitheir straight pore channéfé! After acid treatment, the
amount of SDA reduces to less than ~8 wt%. The partial remo&Afis also

indicated by a color change of the nanosheet cake from yellow to white. We believe that
the acid treatment procedure reduces the lipophilicity of nanosheets and allows for their

transfer out of octanol to form a stable suspension in ethanol.

Figures 22a and 2-2e show transmission electron microscopy (TEM) images of
nanosheets, deposited on carbon coated copper TEM grids, before and after acid
treatment, respectively. Nanosheets deposited from both octanol and ethanol suspensions
appeared well dispersed. dontrast, nanosheets suspended in ethanol without acid

treatment formed agglomerates (not shown).
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Figure 2-1. TGA analysis of assynthesized nanosheets without acid treatment
(obtained from Ref. 1) and acidtreated nanosheets. Acidreated nanosheets she a

weight loss of about 8% compared with about 29% for asynthesized nanosheets.

High-resolution TEM imagesHigure 2-2b and 22f) and electron diffraction patterns
(Figure 2-2c and 22g) show that the acid treatment process does not alter their crystal
structure More detailed crystallographic investigatsmegarding the structural integrity

and thickness of the nanosheets were performed by diffraction tilting experiments in the
TEM.[® The experimental and simulation data showRigures 22d and 22h,

confirmed that the nanosheets wirg unit cells thick (which corresponds to
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approximately 3 nm) and further confirm that the crystalline structure of MFI was

preserved.

Although a major fraction of the SDA was removed, the remai8D§ appears to be
occluded in the micropores as-Adrption measurements failed to detect any
microporosity (data not shown). Moreover, the presence of the remaining SDA makes the

nanosheets retain some hydrophobicity which prohibits their dispersion in water.
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Figure 2-2. Top row: MFI nanosheets before aid treatment (deposited from
octanol); Bottom row: MFI nanosheets after acid treatment (deposited from
ethanol). (a),(e)L.ow magnification HAADF -STEM images of MFI nanosheets
supported on a ultrathin carbon films showing uniform thickness of nanosheets;
sale bars: 500 nm;(b),(f) High resolution Bragg filtered CTEM images of MFI
nanosheets; scale bars: 2 nm; (c),(g) [010] zone axis diffraction pattern with the red
circles highlighting (101) and ¢10-1) spot; scale bars: 1 nn (d),(h) Multi -slice
simulated modulation of encircled diffraction spots in (c),(g) with tilting for
nanosheets of different thickness (solid lines) and corresponding experimental
scatter data (solid circles) confirming that the nanosheets are 1.5 unit cells thick.
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2.4.2. LangmuirSchaefer deposition

The dispersed nanosheets in ethaveretransferred to the awater interface by simply
adding droplets of the suspension on the surface of water. Ethanol evaporates or dissolves

in water leaving behind the nanosheets which spreadeosuttiace of water.

The surface pressure isotherm obtained during a typical LS experiment is shown in

Figure 2-3a. At large trough areas, the isotherms remained horizontal until, at a certain
area a rapid increase in surface pressure was observed ceedogdet of interactions

between adjacent particles. When a certain minimum trough area (i.e., maximum surface
pressure) was reached, the barriers were expanded, and a decrease in surface pressure is
observed, which did not follow the surface pressuranea curve obtained during
compression. The slower increase and sharper decline of surface pressure during
compression and expansion, respectively, may indicate loss of particles to the water
subphase and/or irreversible aggregation of the nanosheetsid this, nanosheet

coatings were madmn silicon wafers during the first compression.
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Figure 2-3. (a) Surface pressure isotherm from the first compressicexpansion
cycle obtained during a typical LS experiment; (bj(d) Coatings made at 15, 20 and
25 mN/m surface pressure on thermally oxidized silicon substrates showing that

packing of nanosheets increases with surface pressure, eventually resulting in
overlapped coatings; scale bars: 400 nm.

23



Silicon wafers, apurchased or with a ~50 nm thermadjsown oxide layer were used as

the substrates for nanosheet coatifggures 2-3b to 2-3d show scanning electron
microscopy (SEM) images of the coatings made on thermally oxidized silicon wafers at
various surface pressures. Surface coverage by nanosheess@tcwith increasing

surface pressure. Closely packed monolayers were obtained at 20 and 25 mN/m surface
pressureLow-magnification SEM images iRigure 2-4a and 24b show that there is

uniformity in the coatings over large areas.

Figure 2-4. (a), (b Low magnification SEM images of calcined nanosheet coating

made by LS showing uniformity over large areas and absence of crack&calebar in

(a): 5((riumand
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At even higher surface pressures the onset of nanosheet overldpgurg 2-5) was
observedThis is undesirable for fabricating ultthin films. For further experiments, we

made coatings at the conditions corresponding to the filfRgyure 2-3c and 23d.

Figure 2-5. SEM image of nanosheet coating on thermally oxidized Si wafer,
obtained by LS at 30 mN/m surface pressure. It reveals that considerable overlap of
nanosheets occurs at high surface pressure. Bending of some nanosheets is also

evident in areas of bright contrast. Scale bar: 400 nm.

The thickness of a monolayer coatinghahosheets was confirmed by atomic force
microscopy (AFM), as shown figures 2-6a and 2-6b. The coating imaged by AFM

was deposited at 25 mN/m surface pressure on a thermally oxidized silicon wafer (similar
to the coating shown iRigure 2-3d). Line prdiles across three randomly chosen

nanosheets are shownkigure 2-6b. The average thickness is measured to be 2.9 + 0.09
25



nm. Almost all the nanosheets seeffrigure 2-6a have similar contrast, which indicates
uniform thickness of the coating. A few olagped regions are present (seen as bright

spots inFigure 2-6a) but mostly there is monolayer coverage of nanosheets on the

substrate.

. b ;s
/\2-57 T
z 3
= 2
e
215 1
I
05!
0 01 0.2 0.3

' Length (um)

Figure 2-6. (a) AFM image of nanosheets deposited on silicon substrate using LS;
scale bar: 500 nm and (b) the corrggonding height profiles showing that nanosheets
are approximately 3 nm in thickness. Calibration was done using 2.0 nm steps on
HF-etched mical?’]

The surface coverage of nanosheets could be increased by repeating LS several times on
the same substratés seen irFigure 2-7c¢, some curling was observaéter 10 cycles of
deposition. However, the films exhibited high coverage on the silicon substrate,

compared to the singlayer coating shown iRigure 2-7a. Infrared spectroscopy (IR)

was used to detedte¢ presence of SDA-{gures 2-7b and 2-7d). As expected, peaks
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corresponding to the-& stretching mode of SDA were observed in the region from
2800-3000 cm' for asdeposited singkayer and multiayer films, while no IR signal

correspondingtotheSD#&kas det ect ed after calcination e

Multi-layer coatings of nanosheets were analyzed {pfane XRD, as seen Figures 2-

7e and2-7f. Such an analysis could not be done for shi@jer coatings due to the low
signatto-noise ratio obtained by the-house diffractometer used. The deposited
nanosheets were not intergrown but remained in contact through weakwveadant
bonding interactions (e.g., van der Waals and hydrogen bonding). It was, therefore,
expected that they can slide with respect tthezther. Indeed, #plane XRD revealed
significant differences in the crystallographic dimensions of the deposited nanosheets

before and after calcination, as showrrigure 2-7f.

Shifts in the (501) and (303) Bragg peaks indicateglame contractionf the lattice.
The observed iplane contraction of the nanosheets is comparable to that expected from
bulk silicalite 1 upon SDA removalTable 2-1).27% No crack formation was detectable

by SEM (igure 2-4).

27



W

N
w

N
ik

Transmittance (%)

Calcined

=
©

N
2

2.8 29 3 3.1
Wavenumber (x 10° cm'1)

o
s
©
©

Uncalcined

w
©
(o)

o
©
D

Transmittance (%)

Calcined

2.7 2.8 2.9 3 31
Wavenumber (x 10° cm'1)

Calcined

-

Uncalcined

o
()}

Intensity (x 10 3 counts)

225 23 24 24.5

23.5
20 (degrees)

Figure 2-7. (a), (c) Single and multilayer nanosheet films made by LS; scale bars:
1mm; (b), (d) FT-IR spectra obtained from nanosheet films similar to those shown in
(a) and (c) respectively, showing hhat the peaks corresponding t&&DA are absent
after calcination; (e) Schematic of inplane X-ray diffraction, where ai is the angle

of incidence and 2 is the angle between the incident beam and the detector; (f)-In

plane X-ray diffrac tion patterns obtained from a multi-layer nanosheet film
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showing that there is inplane contraction of the cystalline framework caused by

SDA removal on calcination.

Table 2-1. (501) and (303) espacings (in A) obtained from Xray diffraction on
multilayer LS coatings of nanosheets (see Figu&7f) and from bulk silicalite-1

(from www.iza-online.org).

Multilayer LS coating Bulk silicalite-1
" Uncalcined Calcined Uncalcined Calcined
501 3.85 3.82 3.84 3.80
303 3.71 3.69 3.71 3.68

2.4.3. Secondgrgrowth

After calcination, the deposited monolayers were subjected to secondary growth to obtain
intergrown films. Depending on the secondary growth procedure and conditions, distinct
microstructures were obtaindgigures 2-8a and 2-8b show SEM images diims after

secondary growth, carried out with the nanosheet coating in direct contact with a TPA

silica sol’>81(5TEOS:1TPAOH:1000kD) and a TEAOHkilica gel*®
(4TEOS:1.92TROH:0.36(NH:)2SiFs:40H:0), respectively. In both cases, the substrates

used were apurchased silicon wafers. In the case of secondary growth using the TPA
silica sol, after hydrolysis and pretreatm
thesoland heated to 90 C in a sealed autocl av

obtained but some twinning was seen, a common occurrence fesilléZAsotbased
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secondary growth procedures. Specificaltgreented twins are visible iRigure 2-8a as

thin protruding plates on the otherwiseoliented film (see alsbigure 2-93).

For secondary growth using the TEAOH gel method, the solid gel was aged and then

mi xed by a blender. Nanosheet coating was
sealed autoalve. The morphology obtained after 6 hours is shoviguare 2-8b.

Incomplete intergrowth was observed due to fast@tane growth along theaxis (see
alsoFigure 2-9d). Further optimization of the secondary growth conditions in order to

obtain thin ad b-oriented films should be possible.

We also t-teedotmethgdl in which growth of M
wafer with oxide coating in the presence of TRans[*%*€I Here, the silica source is not

externally introduced but comes from the substrate. Nanosheet coatings deposited on

silicon substrates with a 50 nm theriyiagrown oxide (which acts as the silica source)

are spircoated with a very dilute TPAOH solution and heated to a high temperature

(220 C) f Egure Z8 shbows a topsview SEM image of a representative film

after gelless secondary growtAn intergrown zeolite layer is obtained, which remains

crackfree upon calcinatiorzigure 2-10 shows additional SEM images from such films.
Figure 2-8d showsinpl ane XRD of the same film before
Unlike the multilayer asdeposied films of similar thickness (séégure 2-7f), the

intergrown MFI films do not exhibit changes in theiglane crystallographic

dimensions. This is probably a result of strong attachment to the support and to the
neighboring grains by Sb-Si bonds. Aparently, these films are under compressive

strain but remain crack free.
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Figure 2-8. Secondary growth of singldayer nanosheet films using: (a) TPAsilica
sol, (b) TEAOH silica gel and (c) geless growth using TPAOH; scale bars: dm. (d)
In-plane X-ray diffraction before and after calcination at 500 C obtained from the

film shown in (c), indicating that there is no detectable ifplane crystallographic
change caused by calcination.
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Figure 2-9. (a) Magnified image of film grown usihg TPA-silica sotbased method.

Arrows indicate a-oriented twins. () Low magnification image of film grown using
TEAOH silica gel method. Scale bag:1 ¢ m.
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5

Figure 2-10. (a), (b), (c) and (d) Low
magnification images of film made by gel
less method shoimg continuity and absence

of cracks:; scal e bar s:

magnification image of the same film; scale
bar: 500 nm.
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2.4.4. Thickness determination osecondarygrown films

To determine the thickness of the films afterigsk growth, we preparetoss sections
using focused ion beam (FIB) milling. The region containing Si and O is determined to
be approximately 50nn{gure 2-11d). This is comparable to the thickness of the;SiO
thermal oxide layer, which was determined to be 48.8 £ 0.3 nmipgathetry.lt was

not possible to discriminate what part of this layer is;%iQ what part is zeolite, most
likely due to amorphization of the zeolite layer by the FIB. Therefore, this technique is
inconclusive in determining the exact thickness of #ite layer but it indicates that

the film cannot be thicker than 50nm.

s HAADF TMEEMo
30 nm g

30.nm
P

Figure 2-11. (a) lon beam image showing a platinum and gold coated film before
thinning by a focused ion beam. (b) HAADFSTEM image of a ~70 nm thin section
shown in (a). Heavier &omic number (Z) elements appear brighter in the STEM
image. (c) HAADFSTEM image of a 150 nm x 250 nm section from (b). (d)
Spatially resolved STEM EDX composite map showing the distribution of elements

in the section shown in (c). The thickness of the @:+ MFI layer is ~50 nm.
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To resolve the issue of zeolite film thickness, we have used sparse monolayers by
depositing them at low pressures (Begure 2-3b). When these layers wegrown using
getless secondary growth conditions identical to thodeéiguire 2-8c, they do not cover

the entire substrate allowing one to measure the thickness of the intergrown regions by
reference to the neday exposed substrate surface. From these measurements, we

determine the thickness to be less than 12Figu(e 2-12).

Height (nm)
(o)
w

0 0.1 0.3

0.2
Length (um)

Figure 2-12. (a) Low magnification AFM image of gelless secondary grown film.

The initial seed layer was sparse resulting in gaps where substrate is visible. Scale

bar: 1 em. (b) Magnified image of area sho
profiles corresponding to the lines in (b) show that the film thickness does not

exceed 12 nm.
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25. Conclusions

In this chapter, thacid treatment of MFI nanosheéias been described fécilitated

partial removal of the SDA without altering the zemtrystal structure and thickness.

This allowed for nanosheets to be dispersed in ethanol and subsequently transferred to the
air-wate interface. Using the Langmechaefer deposition technique, nanosheets could

be transferred to solid substrates toxfanonolayer coatings ranging from sparse to
closepacked. Successive depositions resulted in oriented-taydti films with control

over their thickness, while secondary growth of monolayers yielded intergrown, oriented
films with suk12 nm thickness. T unprecedented control over thickness and

orientation uniformity of zeolite films may open new opportunities for investigating

adsorption, transport, dielectric and mechanical properties of zeolites.
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Chapter 3

Sub-Micron Zeolite Films for Lo w-Dielectric Constant
Applications®

cl]-f’ortions of this chapter appear in the following

R. Tiriolo*, N. Rangnekar*H. Zhang, M Shete, PBai, J Nelson, E Karapetrova, J. Siepmann, E
Lamanna, ALavanoandM. TsapatsisAdv. Func. Mater.Accepted

*Equally contributing authors

3.1. Chapter overview

In this chapter, a low temperature process for fabricatiob-aiented MFI films on
gold-coated silicon wafers for loielectric constant applications is described. Seeds of
the zeolite MFI were assdiied by a manual assembly process and subjected to
optimized secondary growth conditionghat do not causecorrosion of thegold
underlayer, whilestronglypromoting irplane growth. The traditional calcination process
was replaced with a netermal photohemical activatiorto ensure preservation of an
intact gold layerThe dielectric constank), obtainedthrough measurement of electrical
capacitance in a metaisulatormetal configuration, highlights the ulttew k ~ 1.7 of

the synthetized films, wbh isamongthe lowest valugreported for an MFI film. There

is large improvement in elastic modulus of the filen~ 54 GPa) over previous reports.

The values ok and E are close to the theoretically predicted values for siogistal
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MFI. These resud#t couldpotentialy allow for integration into silien wafer processing

technology.

3.2. Introduction

As transistor sizes in semiconductor integrated circuitsgt€peing reducedow-k
dielectric materials are required to insulate different comporetprevent leakage
current which can compromise performaHéé&Y Such materials must satisfywo major
requirement$'®82 (1) Dielectric constantj smaller than that of silicon dioxidk £

3.9) which is the currently used lekvmaterialand(2) elastic modulusk) as high as
possible, wih E > 6 GPa preferable to allow the film to withstand the abrasive polishing
processes in IC manufaciuog.

All -silica zolites are good candidates for napplications because their porosity gives
them a dielectric constasignificantly lower thartha of silicon dioxide k = 3.9)[8% and
their elastic modulugan bevery high (5660 GPain singlecrystal zeolites$* However,
the previously reported zeolite film fabrication techniqueshanitations for lowk
applicationsTwo different processes have been previously used to prepatezielite
films: in situ crystallizatiorf*84871 and spiron®® °¢! depositionof zeolite crystalsin situ
crystallization allows for the fabricatiasf high mechanicaktrength zeolite films

However, the hydrothermal syntheaisd postsynthesis calcination temperatures often
exceed the-130°C limit forsilicon-based IC$" Moreover, for sensing applications,

high temperatures can lead to rearrangement of the metal underlayer, increased surface

roughness and decredseonductivity®®°® |n the case of spion films, the fabrication
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process can be moeasily integrated with IC manufacturing technol6§yHowever, an
increase in the porosity of the film results in reductiorhefrnechanical strengtf® 102
For silicalite1 (puresilica form of MFI) films, there have been recent advances in
synthesis procedures, which allow for fabrication of thin and higtdsiented films. A
process called manual assembly has previously been used to dbt@ilested seed
monolayerl®¥ Secondary growth of these seed layers when brought in contact with
silicate gels containing the structure directing agent (SDA) tetraethyl ammonium
hydroxide (TEAOH) has been shown to result in hightyriented, continuous filmig®l
Recently, this approach has been extended tadowperature secondary growth of MFI

nanosheets using clear TEAOH silicate S615 .

In this chapterwe show that these techniques fgnthesis osubmicron, b-oriented

MFI filmson goldcoated silicon wafers for low applications. The mild conditions used
prevent damage to theldgdilm. Further, detemplation was performed by mild ultraviolet
(UV) treatment instead of thermal calcination, to further reduce substrate damage. The
dielectric constant and elastic modulus of these films show large improvements over

those reported eael.

3.3. Experimental
3.3 1. Materials

Tetraethyl orthosilicate with chemical formula Si(§1z)4 (TEOS, 98%, Sigm&ldrich),

tetrapropylammonium hydroxide (TPAOH, 1 M in water, Sighidrich),
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tetraethylammonium hydroxide (TEAOH, 35 wt% in water, Alfes&g,deionized (DI)

water, silicon wafers (orientation: (10@3ed as purchased from Minnesota Nano Center.

3.32. Characterization

Scanningglectronmicroscopy (SEM) was performed using a JEOL 6700 scanning
electron microscope at 1.5 kV and 10 mA emissurrent.Crosssectional preparation
and imaging was carried out in an FEI Quanta 200 3D focused ion beam SEM. High
resolution synchrotroX-ray diffraction (XRD) wasperformed at beamline 38M-C at
Argonne National Laboratory, with a monochromaticay beam of wavelength 0.7847

A. Attenuatedotal reflectancéFouriertransforminfrared spectroscopy (AFRTIR)
measurements wereade by using a Nicolet Ses Il MagnalR System 750 FTIR. The
zeolite film supported on the silicon wafer was directly @thon the IR window, with

the film surface exposed to the IR beam. The elastic modulus was measured using an

MTS NanoXP using a Continuous Stiffness Method.

3.3.3. Fabrication of goldcoated semiconductor supports

The silicalitel films were firstly depated and synthesized directly gold-coated

silicon wafersThemetal coating on silicon substrate wesformed bysputtering of
different metals using an AJ2 Sputter RFDC deposition system (model number: ATC
2200).First, the wafer was coated wiHayer of50 nm thick chromiunto form an

adhesion layebetweergold and silicon wafer surface. Following this, the metated
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wafer was coated with 50 nm thick laygold. Si (100) wafers were used dgained

from the manufacturer.

3.34. Synthesis oMFI seed crystals

MFI seedcrystals withlengths along the-, b- andc-axisof approximatelyl.0,0.5and

1.4 pm, respectivelywere synthesized accordinganestablished methd#! In brief,

TEOS, TPAOH and DI water were combined in a molar ratio of 6:1.28:620 in a beaker
under stirring. The mixture converted to a clear sol after stifon@4 hourslt wasthen

filtered using a Whatman 0.2 um GHP syringe filter into Teflord autoclaves. The
autoclaves were placed in an oven set to £58nd continuously rotated. After 12 hours,

the autoclaves were removed, cooled and the contemésagntrifuged to obtain théFI
zeolitepowder. The cake was washed with DI water and centrifuged 3 times to reduce the
pH to neutral. The powder was then dried atG@nd calcined at 55€ under air flow

of 150 sccmFinally, the powder was characieed by SEMto image the crystal size and

morphology and XRD to verify that the crystals are MFI.

3.35. Manual assembly of boriented zeolite crystals on silicon wafer

TheMFI powder was manually assembled on the surface of thecgaked Si wafer
accoding to a method that has previously bdescribed*®1°4 A small amount of
powder was placed on the gatdated sid of the wafer and rubbed using a gloved finger

(latex or nitrile glove) The rubbing was done until the surface of the wafer appeared
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shiny to the eye and excess powder had been removed. The assembled zeolite film was

characterized by SEKb image the pagng and orientation of the film.

3.36. Secondary growth to form a continuous foriented zeolite film

The assembled zeolite film on Si wafer was placed at the bottom of a-Tieéidn

autoclave with the zeoliteoated side facing ufthe composition fothe gel was
1TEOSO0.48TEAOH :0.09NH4)2SiFs:yH20 and for clear solution it was
1TEOS:0.2TEAOH:100kD. Secondary growthel/solwas made ecording to a

previously described methdtbr gelwe used the procedure fGel2 preparatiornn

ref[*6l and for clear sol we used the procedure described feffter several trials,

we concluded that the gel caused etching andgféef the gold lagr in most cases

while the sol did not lead to damage of the gold layer. Here, we describe only the process

for sokbased secondary growth.

TEAOH and watemwere combined underiging in a beaker. TEOS was added slowly to

it and the mixture was left undstirring at room temperaturéfter 24 hours of

hydrolysis, the solution was filtered through a Whatman 0.2 um GHP syringe filter into
the Teflonlined autoclave in which the zeolite film had been placed. The autockse w
placed in an oven set to 120 in static condition for different duratisnFollowing this,

the autoclave was cooled and the Si wafer was removed, washed with DI water and dried
at 70 C. The combinatiosiof synthesidime andy are shown in Tabl&-1. In order to
ensurecompleteintergowth of the crystals and eliminate gaps, the secondary growth

procedure was repeated one more time.
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The film was then chracterized using SEM (to image film morphology), AFRIR (to
characterize SDA content of film before and after UV treatment), symohr¥RD (to
characterize the orientation and change in crystallographic dimensions on SDA removal)

and focused ion beam SEM (to measure film thickness).

3.37. UV-ozone activation of zeolite film

Thefilm surface waexposed to UV light for different pieds of time with the aim to
removethe organic structure directing agent (SDA) molecules occluded in the pores
order to compare the effects of both photochemical and thatightion, each sample
was cut into two pieces. One of the two pgwas cécined by a traditional procedure
according to whiclsamples are heatéal500°C with a heating rate 1°C/mend kept at
500°C for six hours. The other piece of the sample was exposeghotosensitized
oxidation processes by using a Jelight Udl@ane, (Ultraviolet light ranging from 185
nm and 254 mm coupled with ozone) for 12 h, 24 h, 36 h,&& 72 h.

The removal of the occlude&®DA species was investigated by AR IR, analyzing

each sample both &gnthetized and after UV treatment or therrmalcination

3.3.8. Parallel plate capacitor and vacuum chamber setup for dielectric constant

measurement

To measure the electrical capacitance of the fibmzarallel plateapacitor configuration
(metatinsulatormetal)was used (seleigure 3-4b). Prior to the deposition of the

precursor layer, a small region of the gold coated substrate was wrapped with Teflon tape
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to prevent zeolite deposition in that region. After the secondary growth of the precursor
layer the tape was removed and the sample wasdiwith DI water. Cistal growth was
notobserved in the space covered by Teflon and it hasuidieed as one of the two
capacitor plates. Six hm aluminum dots were deposited by metal sputtering on the
zeolite films through a shadow mask, in ordeobtain the top parallel plate. The
capacitance of the zeolite films was measured inside a glass vacuum chamber connected
to an electrical pump. The grid of the chamber was fabricated with conductive material
and equipped with a Faraday cage and twi omicro-positioners. The micro

positioners were drawn by Rhinoceros, fabricated-By@inter and equipped with

sliding supports, scrubs and sws in order to obtain very sensitidesplacements of the
probes. Two gola&coated and roundgtineedles werfixed on the tipof the two micre
positioners. Two cables connected fitobes to a voltage generator. Theyefixed on

the chamber cap through a hatethe glass and then linked to a Hewlett Packard 4284A
LCR (inductancecapacitanceesistanceineter.The setting of the LCR meter are shown

in Table S3. In order to obtain a reliablmeasurement, theapacitance was meaesd

inside thechamber afipressure of 1®Torr, to prevent alteration of zeolite film
capacitance due tmdsorption ofvaterandorganics.Capacitance was measured at all 6
aluminum dots on each film and then averaged.

The dielectric constant was calculated by the equation:

k=2 (1)

&pd
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WhereC is themeasured capacitance (H)s the filmthickness (m)Ais thearea of 1
mm metal dot (7.85 x 10m?) and( is the vacuum permittivity d.854 x 10> m* kg

1stAZ

3.3.9. Measurement of elastic modulus

As described previoush?®! nanoindentation was used to meaghsselastic modulus

(E), whichwas @lculated dynamically as a function of indentation delptta was

collected with the MTS NanoXP using a Continuous Stiffness Method first described by
Oliver and PharmMultiple (>10)indentations were made on each specimen with a
Berkovitch diamond (Zided pyramid). Total depth of each was 500 nm but only the data
from 2550 nm vereutilized. Data from below 25 nm @reunreliable due to calibration
limitations. Above 50 nm the effect of the stiffer substrate became notice@bée.

values between 25 ai nm were averaged for each indent and then those averages

were averaged for all irshts on a particular specimen.

3.3.10. Simulation of dielectric constants for MFI

We have also probed the relative permittivity of an MFI single crystal with empty pores
using density functional perturbation thedf:1°/ I Table S2 summarizes computed

high- and lowfrequency dielectric constants. At the higbquency limit, the framework
nuclei are assumed to be immobile and unable to regpafthnges in the external

electric fields. A value of 1.96 was found for an empty MFI zeolite along-theection
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(with similar values for tha andc directions), which agrees well with the experimental
result of 1.71 measured fobeaoriented MFI filn at a voltage frequency of 1 MHz.
Dielectric constants were calculated via density functional perturbation #é4for

an empty MFI zeolite. The Vienna Ab initio Simulation Package, version™874%!

was used to perform the periodic KeBham DFT calculations using the PBE exchange
correlation function&l®?, PAW pseudopotentidt§®, and a planevave basis set with a

kinetic energy cutoff at 400 eV.

3.4. Results and Discussion
3.4.1. Deposition of seed layers on goetmbated silicon wafers

MFI seedcrystalswere obtainedby usinga previously reportedydrothermal growth
proceduré’® As seerfrom Figure 3-S13 the average cryal dimensions along the b

andc crystallographic axes wefie0 x 0.5 x 1.4 um, respectively. The substrate used

was a silicon wafer coated with a metal adhesion layer (nickel, titanium, or chromium) on
top of which a gold film was sputtered. After impization, it was found that the
gold/chromium combination, with thickness of each layer being 50 nm, had the best

adhesion and resistance to corrosion during hydrothermal secondary growth.

The assembly of monolayersMfI crystals on golecoated silicorwafer substrates was
performed through the direct attachment by hand (rubBih) without using solvents,
chemical treatments @dhesive layers to promdbéending to the substraté small part

of the substrate was covered with Teftape prior to manual assembly, in order to

prevent the attachment of zeolite crystals in this area. After the film synthesis this
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uncoated area was usesiome of the electrodes for capacitance measuremeisedksin
Figure 3-S1b, the crystals are highly-oriented and clospacked. Despite the simplicity
of this deposition technique, the rubbed precursor films show good adhesion to the

substrate.

3.4.2. Secondary growth

In order to intergrow the film and form a continuous layer, hydrothermal secondary
growthwas performedA strategy that has been shown earlier for obtaibingented

MFI films is to replace the commonly used SDA tetrapropyl ammonium hydroxide
(TPAOH) with tetraethyl ammonium hydroxide (TEAQ¥P This approach avoids the
formation of twhned crystals, which usually form during growth with TPAOH, and leads
to a highlyb-oriented film. However, this approach is not applicable here. Some of the
attempted combinations of such growth are given in Taldle Buring secondary growth
with TEAOH gel (ITEOS0.48TEAOH:0.09NH4).SiFs:yH20, withy = 50 or less), at a
temperature of 120°@tching, pel-off and corrosion phenomena were evident, along
with incomplete growth in certain areas (§&égure 3-S2). Clearly, a different approach

is required irorder to avoid damaging the gold layer.

Recently, it was shown that secondary growth using dilute TEAOH clear sols with
temperatures ranging from 1:1@0°C can result in faster-plane (compared to ouwif-
plane) growth for MFI#71 These conditions, when attempted on the -golated silicon
substrates, led to little to no damageite gold layer. After some trials, we determined

that a sol with composition 1TEOS:0.2TEAOH:1Q0Hand a hydrothermal growth
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temperature of 120°C led to highly intergrown créigle films. Sincehie growth rate is

slow at lower temperatures, two cyclelssecondary growth were performed. The first
growth was carried out for 5 days and a subsequent growth with fresh sol was carried out
for 3 days. Acontinuous and defeftee, b-orientedMFI film was obtainedas shown in

Figure 3-1a Thethickness of theynthesized filmsvasdetermined followingocused

ion beam (FIB) crossectioning The FIB image Figure 3-1b) indicates thathe

thickness othe MFIfilm synthesized on gold/chromium coated silicon wafer, below an

aluminum dot deposited on the top oé fim, is0.55+0.1 pm

Al

Zeolite layer

Au + Cr

Figure 3-1. Scanning electron microscopy (SEM) images of: a. top surface MFlI
film after secondary growth of the seed layer and b. cross section (made by focused
ion beam (FIB)) of the film shown in (a) demonstrating that the titkness of zeolite

layer is ~550 nm.

3.4.3. UMozone treatment for SDA decomposition
Unlike earlier reports on zeolite film fabrication, calcination is not suitable in this case,

because itan lead to rearrangement of the sputtered gold film and indresseurface
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roughnes$!? In addition,after calcination the film can suffer from crack formation due
to thermal expansion mismatch between film and substtaié?We have avoided the
use of calcinabn, by carrying out UVozone treatment, which has been previously
shown to be successfidr SDA decompositioff**13UV-ozoneallows for
decomposition of SDAtlow temperature through phoetoduced chemical reactions, in
which the organic species are disintegrated by ozonetamidcaoxygen geerated by

UV radiation.Figure 3-2a shows theattenuated total reflection Fourier transform
infrared ATR-FTIR) spectrum of the film asynthesized compared withose obtained
after 72 h UVozone treatmendr afterthermal calmation. Theinset highlights théhree
bands centereat 2980 crit, 2942 cmt and 2880 cm, assigned to the meth{#lCHs),
methykne(i CH.i' ) and methynei(CH) stretching vibrationsrespectively, associated
with the presence of the SDA* These bands are nptesenin the spectra of the UV
treated andhe calcined samplesdhe comparison of UNtreatedand calcined spectra
indicatesthat the removal 08DA achieved through U\bzone treatment is comparable
to thermal calcinatiorf-igure 3-2b shows the spectra obtained fréime samdilm after
12, 24, 48and 72 UV exposure. Tese resuls show that théntensity of the peaks
assigned t&DA C-H stretchingvibrations decrease witkexposure timgand become

undetectablafter 72 hours of UMbzone treatment.
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Figure 3-2. a. ATR-FTIR spectra of zeolite films: Assynthesized, after 72 h UV
ozone treatment and thermally calcined, b. Decreasing IR bands assignedSDA
after 12, 24, 48, and 72 h U\bzone exposure.

3.4.4. Characterization of films by synchrotron Xray diffraction

In addition to ATRFTIR, synchrotrorX-ray diffraction (XRD) was used to characterize
the filmsbefore and after SDA removal. This teaue which has been previously used
to determine calcinatiemduced crystallographic changes in a theefriented MFI

membrané''® We have also recently used XRD to monitor calcination inducethine
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(parallel to substrate) contraction of MFI nanosheets before and after secondary

growth 49!

Here, performedysichrotronXRD on secondargrown filmsin both inplane and out
of-plane mods was performedAs illustrated inFigure 3-3a, in-plane peak shiftare
absent indicatinghat the filmis strongly bound to the substrate and does not undergo
contracton after calcination. This finding agrees with our previous results for secondary
grown films! 9 In Figure 3-3b, only theb-out-of-plane peaks are visihlee. (020),

(040), (060), (080) and (0100). Thpatterndemonstrates the highbyoriented nature of
the synthesized filmdn contrast with the absenceddtectable changes in theptane
XRD, in the outof-plane XRD patterns obtained from the detemplated fithespeak
positions shift to slightly higher angles compared to the positions fresyrdisesized
films. This shift corresponds to a detemplatioduced decreas# the b-axis dimension
from 19.85 A to 19.83 A. The FTIR and XRD results demonstrate that the SDA
molecules can be removed by tdz¢one treatment without causingptane
crystallographic changes. Only a small contraction of the MFI filthéndirection

perpendicular to the substrate is detectable after calcination.
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Figure 3-3. Synchrotron X-ray diffraction pattern s of assynthesized (red) and
detemplated (blue) MFI films. a. In-plane X-ray diffraction patterns. Inset shows
that there are no peak shifts, indicating that the film does not expand or contract in
the in-plane direction. b. Out-of-plane X-ray diffraction patterns of the same films.

Inset shows that during calcination the fim contracts slightly in the b-direction.

3.4.5. Measwement of dielectric constant and elastic modulus dghtergrown films
Following synthesis and characterization of the filrmedatinsulatormetal

configuration aimed at measuring the electrical capacitance of the zeolite film was
achievedHere, the expged gold substrate is connected to one electrode, while an
aluminum dot on the surface of the zeolite film is connected to the other electrode. This
configuration allows for direct measurement of the true capacitance of the zeolite layer,

unlike previouslyreported methods which included the silicon substrate in the
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measurement®1¢ By eliminating the sbstrate from the measurement, we eliminate its
effect on the capacitance along with any associated measurement uncertainties (e.qg.,
caused by the doping of the silicon wafer). The differences between the current
configuration enabled by the gold layer @hd previously used one are illustrated in
Figures 3-4b and 3-S3

The measurements were performed inside a chamber equippeghémitance
measuremeninder vacuum conditionsvith the aim oforevening humidity and
contaminatiorwith organic vapor# order to evaluate the intrinsielative permittivity

of thefilms. An averagek valueof 1.71+0.08 measured foB films at a voltage
frequency of 1 MHz, was obtainethis is among the lowektvalues ever reported for a
MFI film and is close to the comprd value corresponding to a perfectsilica MFI
singlecrystal (sed-igure 3-4aandTable 3-S2).

The mechanical integrity of the films is another major requirement feklapplication,
and it can be assessed through measurememe elfaistic modulusThiswasdoneusing
the previously established procedurenahoindentatiof*1%% The averagevalue ofthe
elastic modulusbtained from measurements Bfilmsis 54+6 GPaThis elastic
modulusis much higher thathosepreviouslyreported forsynthesized lovk spin-on
zeolite films,and is again close to the value obtained by simulations for a ingtal

of MFI (seeFigure 3-4a). The combination of low dielectric constamnidahigh elastic
modulus makes theubmicron MFI films produced heran excellentpotential candidate
for low-k application in an integrated circukuture work should involveeduction in

film thickness (to <100 nm) to obtain films suited for lavapplications. Moreover, the
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in situdielectric response of these films to adsorbates could be studied as a way towards

sensing applications.
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Figure 3-4. a. Elastic modulus (GPa) vs. dielectric constant, comparing this work to
prior reports on zeolite films for low-k applications. The values found here are
comparable to the simulated values for singlerystal MFI (blue square). The
dielectric constant is close to the lowest value obtained for MFI films. Color code for
zeolite type used Blue: MFI, Red: MEL, Bl ack: FER, Green: BEA, Orange: CHA,
Yellow: LTA. Square symbols correspond to the simulated values & and k for
zeolite singlecrystals with different framework structures.®¥ b. Configuration for
capacitance measurement (top right) with the equivalent circuit shown (bottom
right).

3.5. Conclusions

In this chapter, we have descriltbéé fabrication of a metainsulatormetal configuration
by depositing a 550 nm, wahitergrovn, b-out-of-plane oriented, alilica MFI zeolite
film on goldcoated silicon wafar Thezeolite film deposition method consists of an

oriented seed deposition step, and a novel combination of a secondary growth step using
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a clear silica tetraethylammioim sol, and a UMWzone activation step that removes
occluded organic molecules. TkandE achieved are close to the theoretically predicted
values for singlecrystal MFI, and constitute a significant improvement over previous
reports. As the feature siof computer chips reduces further, d&fiims such as these

could potentially play an important role in energy efficiency.

3.6. Supporting Information

Figure 3-S1. SEM images of: a. asynthesizedVFI seed crystalsand b. MFI

crystals on goldcoatedsilicon wafer after manual assembly.
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Figure 3-S2. SEM images showing a. film cracks (sample 1), b. pesf of gold layer
(sample 3), c. film peebff (sample 2), and d. incomplete film growth (sample 4).

Refer to Table S1 for growth conditions of therespective samples.

Zeolite

Gold/Chromium metal coating
¥ Silicon wafer
B Aluminum dot

== #1V
_L cleo
V= Csilicon Resiticon
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Figure 3-S3. Schematic of previously reportef4 capacitance measurement

configuration (top) and the equivalent circuit (bottom).

Table 3-S1. Secondary growth conditions with different combinations of secondary
growth time, DI water to TEOS ratio (y), and result obtained after the growth.

Temperature was 120 °C in all cases.

Sample No. Growth time y Result
(days)
1 3 10 Au etching / film cracks
2 5 20 Au etching / film peebff
3 3+5 50 Defects / Au peebff
4 3 100 Partial growth
5 5 100 90% surface coverage /
defects
6 5+3 100 Full coverage / no defects
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Table 3-S2. Calculated dielectric constants for zeolite MFI with an empty
framework at the high- and low-frequency limits.

Direction Dielectric constant
High Low
a 1.97 3.41
b 1.96 3.35
c 1.94 3.29

Table 3-S3. LCR parameters for capacitance measurements.

Parameter Set value
Startirg voltage 1LvV; 15V
Stopping voltage +1V; +5V
Voltage step size 0.05V
Step delay time 0.01 sec
Maximum leakage current 0.1 mA
Voltage frequency 1 MHz
Terminal contact surface area 0.00785 crh
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Chapter 4

A Review ofAdvances in Zeolite Membranes®

%eproduced fronN. Rangnekar, N. Mittal, B. Elyassi, J. Caro and M. Tsapa@$ism. Soc. Re2015
44, 71287154 with permissiorfrom The Royal Society of Chemistry.

4.1 Chapter overview

This chapter describes the recent advances in zeolite membranes. First, progress in
fabrication techniques is presented, which includes synthesis of seed crystals, coating
techniques for seed deposition and secondary growth methods. The recent developments
in sub1 um membranes and polymer membranes are highlightetjor constrainfor
industrial application of zeolite membraness been the low flux and high cost, which

make the required membrane area economically unviable. With an order of magnitude
reduction in zeolite membrane thicknes&l by using less expensive polymer supports

there are now new opportunities for industrial applicationte currenindustrial

applicationsof zeolite membranes are revieweddrbthermal stabilityf zeolitesand

modeling of permation through zeolite membranes are some other topics that are

coveredn this chapter.
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4.2. Progress in seeding techniques

Since seHsupporting thin zeolite layers cannot be handled, mainly because of mechanical
problems, the molecular sieve layer (zeolite, MOR) gis usually directly grown on a

porous ceramic or mdtaupport. However, zeolite nucleation and subsequent crystal
growth on the surface of such supports is difficult to control. A-esthblished method

for the growth of thin and defefitee molecular sieve layers is based on seeding and
secondary growtlSeed crystallites of the desired zeolite or MOF are synthesizsitiu

In a second step these seed crystallites are brought by different techniques using
electrostatic forces (zeta potential differences), covalent chemical anchoring or capillary
forces diring dip or spin coating to the support surface. Finally, these seed crystallites

can growin situto a homogeneous thin film.

There have been significant developments in the formation of seed layers through the use
of techniques such as manual assgHfband Langmuir trough depositiétf! Further,
secondary growth of these seed layers has advanced through novel methods such as gel
free growt#® and minimization of twinninét? These and other developments have

enabled the formation of stbpm zeolite mmbraned!” Recent reports of 16200 nm

zeolite membranes are promising advances f&ir tommercial viability#44!

4.2.1. Synthesis of zeolite seeds

Traditionally, zeolite seeds have been synthesized by direct (batipsynthesis

strategies. For aBilica or highsilica zeolites, this typically involves hydrothermal
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treatment of a sol containindisa/alumina source, organic structure directing agent
(SDA) and water. SDAree synthesis of certain zeolites is also pos&iBl&here are
several reports on shape conwbkeolite seeds, i.e. favoring growth along certain
crystalline directions and suppressing growth along otf®er$:11%This is usually done

by changing the SDA structure or the growth conditions. There exist several studies on
the influence of these conditions on zeolite nucleation and growth, which are summarized
in a review article3®!

The topdown approach for seed synthesis, in which a parent mlatefirst synthesized
and then broken down or modified in order to yield seeds, has been considerably
advanced. In one approach thimensionally ordered mesoporous zeolites are
synthesized within carbon templates. They can be disassembled to gineasphe
nanoparticles precisely sized in the3®nm range, which is not readily accessible by
direct synthesi829122l Another approach involves exfoliation of layered zedfitg&*4

and has beenistussed recently in a perspectitf&@ Although zeolite exfoliation was
reported in 199! only recently MFl and MWW suspensions containing exfoliated
nanosheets at sufficient quantity and quality for membrane application were réfbrted.
It was further shown that nanosheeatsild be coated on alumina supports and secondary
grown to form selective membranes. For this approach, it is important to develop
methods to remove large, unexfoliated particles which can compromise membrane
performancé*¥ The exfoliated MFI nanosheets were coated using vacuum filtration to
form an 80 nnthick seed layer, which was secondary grown to give a 20thiuk

membrane. In a recemork, it was shown that the ggke secondary growth method
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(seeSection 1.3 can be used in combination with nanosheet seeding to obtain MFI
membranes of 100200 nm thickness which are highly selective for xylene and butane

isomer separatiofi!

4.2.2. Techniques for seed assembly

4.2.2.1. Manual and selassembly

Manualand selfassembly of seed monolayers was studied extensively by Yoon-and co
workers and it has been reviewed in 266% According toone version of this technique,
zeolite seeds are manually rubbed on a substrate. Either ionic bonding or hydrogen
bonding was found to be responsible for the assembly. For example, ionic bonding could
be induced between trimethylpropylammonium groupsilarakte-1 and butyrate groups
tethered to glass. Hydrogen bonding occurred by direct bonding of hydroxyl group on
silicalite-1 crystals and those on glass or mediated by poly(ethyleneirAigiect

covalent bonding between the support and the seethlsrgan be established by using
watersoluble bidentate additives like dsocyanates as proposed by YéBH.In a first

step, the OH groups of the support react with an isocyanate group and in a sggond st
the OH groups of the seed crystals react with the other isocyanate group which results in
a strong attachment of the seed crystals to the sujpjigute 4-1 shows the attachment

of seeds to an oxidic support surface using the bidentigedlianate anker.['28l

Another way for the attachment of seed crystals is the treatment of the ceramic support

with aminopropyitriethoxy-silane (APTES) before synthes&i€) The ethoxy groups
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react with surface hydroxyl groups of the support resulting in an amino group anchored to
the support with a positive zeta potential.

The reversal in charge from a negativafpositive can be also obtained by van der

Waals adsorptionf positively charged macromoleculé¥!

In subsequent studies, this method has been used to obtain conginalddoriented

MFI films by manually assembling the seeds followed by secondary gihitha

recent work, a 200 nm thickdriented MFI membrane on porous silica support was
obtained by manual assembly followed by-fyek secondary growtf! Figures 42a

and 4-2b show the seed layer generated by manual asseRiblyes 42c and 42d

show the final membrane obtained by secondary growth usidgegetecondary growth

(seeSection 4.3.

Supported LTA crystal
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0_{:/ o=c / /O
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Figure 4-1. Covalent attachment of seed crystals to aecamic surface by di
isocyanate as bidentate linker between seed crystallite and suppd&d!

Other groups have also successfully adapted the Yoon technigue in recefarybars
synthesis of zeolite films or membrant€d.¥1 Re@ntly, Hedlund and covorkers

extended the manual assembly technique to nanocrystals by controlling the humidity of
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the environment during the coating procé¥8 The authors proposed, as shown in

Figure 4-2, that for hydrophilic substrates like hydroxylpropyl cellulose (HPC), dt hig
relative humidity, assembly is mediated by hydrogen bonding with water molecules from
the vapor phasd-{g. 4-2¢). At lower humidity, the hydroxyl groups on the substrates
prefer to bond with each other and nanocrystal assembly is not as strongly {&wgpred
4-29). For less hydrophilic substrates like poly(methylmethacrylate) (PMMA), high
humidity causes the hydroxyl groups to be converted to epoxy groups andrystad

assembly is not favoured. Low humidity allows favorable contact between thalsryst

and the surface~{gs. 42f and 4-2h).

Nano-crystal f Nano-crystal

Nano-crystal

OH OH O

Figure 4-2. (a) Topview of rubbed MFI seeds on silica fiber support, (b) Cross

sectional view of the same seed layer, (c) Toflew of MFI membrane after gelfree
secondary growth, (d) Crosssectional view of the same membrane (from ref40])
(e), (), (9), (h) Influence of humidity on nanecrystal assembly on two different
substrates(HPC and PMMA). (e), (f) Assembly at 60% relative humidity; (g), (h)
assembly at 10% relative humidity (from ref.[138l),




Manual assembly has been adapted as a facile seeding techniquestaidéabfforts. An
important point to note regarding rubbing by hand is that gloves must be used due to
safety considerations. Although manaasembly is not currently scalable for large area
membrane fabrication, it could be scaled up by automation of the rubbing process.
Rubbing by a rotating or lateral polishing device could be envisioned for large scale
application of this technique. Moreaysonication assisted deposition could also offer a

route towards scalable implementatibil

4.2.2.2. Langmuir trough assmbly

Langmuir trough deposition has been typically used in the past to obtain monolayers of
surfactant molecules and other rreolitic materiald®> 6”73 A recent review

summarizes the current state of thiecdithis techniqué*® Its use to obia coatings of
zeolites is a more recent development. Following an initial report in 2002, in which a
commercial microrsized zeolite was deposited from thewaater interface onto a silicon
wafer[® there have been several attempts to obtain thin films of zeolite particles on
substrates. In 2007, it was shown that 500 nm thick intergrown filsifiaalite-1 could

be obtained on silicon wafers by deposition of 95 nm seeds followed by secondary
gowth™ 1 n t he same year, monolayer films of
and 180 nm) were also obtained on silicon wafé&Fhe following year, 100 nm

silicalite-1 seeds were depositad monolayers using the LangmBiodgett (LB)
techniqué’Y Deposition was followed by secondary growth, resulting in @0 thick

intergrown zeolite film. Recently ™ILB was
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while an attempt was made to extend the approach to porous siwitts the goal of
obtaining zeolite membranes.

Moreover, the LangmuiBlodgett and Langmui§chaefer techniques were used to

deposit 3 nm thick MFI nanosheet seeds (previously discussedjoon silaferd*?! This
advancement allowed the formation of an ultrathin seed layer which can be subjected to
secondary growtto obtain a continuous film. The final film thickness is-dizonm,

which is the thinnest intergrown MFI film reported.

Although intergrowth of seed layers prepared by the LangBioulgett deposition

method has been demonstrated, there is no evideneetwoscopic continuity. From

our experience, using LB to form coatings with uniform packing over hundreds of
micrometers reproducibly can be challenging. Therefore, although continuous LB
deposition can be realized we remain sceptical regarding theipbtérihis approach

for large scale zeolite membrane manufacturing. The approach appears better suited to
metal organic framework (MOF) films and membranes made by stepwise deposition of

reactants, liquid phase epitaxy and other ldyelayer assembly ggoache$/2142 148l

4.2.2.3. Varying temperature hot dip coating

In the recent literatre, there are reports of practical significance with respect to scalable
production of zeolite membranes based on a varying temperature fouiadipg

(VTHDC) method!*®**%which is capable of making seed layers while also plugging
defects on the support. In this technique aular support (for example, alumina) is

inserted into a solutioncontaim g | arge zeolite seeds at
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removal of the superfluous crystals by rubbing, the support is dipped into a suspension
containing smaller seeds at a | ower temper
method is reported to allofor reproducible membrane manufacturing of relatively thick

films on coarse supports.

4.3. Secondary growth developments

After seeding of the support, a hydrothermal growth step is usually required in order to
induce secondary growth of zeolite seeds@asde gaps, which are detrimental to
membrane performance. Synthesis of a selective membrane without the use of secondary
growth has so far not been achieved for zeolites but it has been achieved in other
materials, including graphene oxittél and MOF41%2 Development of large aspect ratio
nanosheets may enable selective seed layers even in the case of zeolites, by enabling
good overlap of nanosheets and minimizing gaps. However, up to now, secguatety
remains a necessary, albeit undesirable step from the large scale production standpoint.
A very important development in secondary growth of zeolite membranes was achieved
by Pham et al. recentl§! They reported a gdtee method of secondary growth which

uses a small quantity of structure directing agent but circumvents the use of a gel for
growth. Instead, the silica source for secondary growth comes from the support. A
precursor version of such aggess was published by Chaikittisilp et8.who showed

that the amoripous silica layer on a silicon wafer could be transformed into MFI by
steaming in the presence of TRAn the technique of Pham et al., a silica support, coated
with a layer of 50 nm silica particles was seeded witiiented MFI crystals using the

methal of rubbing*®1%4 The support was then impregnated with a solution of
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tetrapropylammonium hydroxide (TPAOH) andréethylammonium hydroxide

(TEAOH), which can act as structure directing agents for MFI. The-Bi0é&n support

was then sealed in an autoclave and pl aced
for several hours, the supported membrane was removed, dalcined and subjected to
permeation testing. As shownhigure 4-3, the silica source for the growth of the zeolite

seeds to form a continuous film is provided by the underlying silica nanoparticles. As the
authors mention, this method is simple,esghemicals and most importantly, preserves

the orientation and can be scaled up. It is important to note that this method has so far

been demonstrated only for silica supports andildia zeolite MFI. It should be

possible though to extend it to alurosilicate zeolites, including zeolite A, by use of the

appropriate underlayer asdpport.

Zeolite crystals

Silica
nanoparticles
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Figure 4-3. Schematic of gefree secondary growth mechanism (adapted from ref.
[40)

4.3.1. Conventional secondary growth and efforts to avoid twinning

Li et al. discovered that accurate control of SDA concentration during scldse
secondary growth promotes{iane growth of MFI crystals and prevents twinnfig.
b-oriented MFI seed layers were first prepared using manual assérabgecondary
growth solutions of composition 1 TEOS: XTPAOH: 168K 0<x<0.005 was found to
result in eaxis elongated crystals which did not fully intergrow, whereas x>0.1 resulted
in a large number of-ariented twins. At intermediate TPAOH concentratiomostly b
oriented intergrown films of about 400 nm thickness were obtained.

A similar approach to secondary growth was extended to the synthesis of MFI
membranes on porous alumina suppbftét was proposed that twin crystals could be
responsible for membrane defects. Thus the TBiAatio was optimized to 0.05 for
preventing formation of twin crystals. This resultegmEtOH/water selective

membrane.

Other developments are the use of microwave heating for aging of growth solution and
for secondary growth>*%911t is hypothesized that the rapid heating rate by microwave
causes a nucleation bottleneck, allowing a compact film to form within 60 minutes
without twin formation. For conventional heating, nucleation occurs around 60 minutes,
whereas, it requires arounddBinutes or more for formation of a compact film. This

leads to twin formation.
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Although numerous reports exist on twin suppression in-bRged MFI film growth,
fundamental understanding is lacking. Also, reproducibility and robustness have not been
proven. Secondary growth depends on several factors, including the solution
composition, temperature and aging time. Also, the growth procedure has been found to
vary based on the type of seed used. For example, tiagetl growth method first

reported by Pam et d*®! was used for secondary growth of MFI nanosheet Eaers

made by Langmuir trough depositiBf.However, nanosheets do not grow in the same

way as that reported for largalk MFI crystals. Growth does not uniformly occur with
nanosheets, leading to some of the nanosheets growing very fast and others growing very
slowly or not at all. This results in a discontinuous film. The same approach when applied
to large MFI seeds gés nicely oriented and intergrown films. However, Shete et al
recently reported that use of the SDA tetraethylammonium ions {JTiRAlilute clear

solutions, led to mainly iplane secondary growth of MFI nanoshé&isThe

disadvantage here is that secondary growth with such dilute solutions is very slow and
difficult to use for a pactical membrane application.

The recent work by Lupulescu ett&f! indicates that growth of silicalite takes place
according to a combination of both classical and-classical mechanisms. Classical

growth mechanisms suggest that growth takes place by the addition of atoms and
moleculesas opposed to neclassical mechanisms which hypothesize that growth

occurs through attachment of nanoparticles or aggreg2feBy in-situ AFM imaging,
Lupulescu et al. have conclusively shown that initially the increase in height of a

silicalite-1 crystal perpendicular to the <010> face happemsily, in accordance with
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the addition of molecules. However, after a certain time has elapsed, there is a step
change in the height, which corresponds to nanopatrticle attachment. This work may help
settle the debate regarding silicalitggrowth mechanims and identify conditions for
twin-free MFI growth and could be extended towards elucidating the growth mechanisms

of other classes of hydrothermally grown zeolites.

4.3.2. Secondary growth at neutral pH

During membrane synthesis using alumina supposes of alkaline environment

generally causes leaching offAlons and may lead to membrane deactivation. To
circumvent this, there have been several reports of using HF to obtain a neutral pH during
secondary growtH36581However, use of HF is undesirable due to the hazmssisciated

with it. Very recently, Peng et al. overcame this by using TPABr as SDA and fumed

silica as silica source for secondary groWtP.The growth is carried out afteubbing

MFI seed crystals on glass substrates. The use of glass is crucial because dissolution of
NaO from glass creates a local mild alkaline environment, allowing growth to proceed.
Also, use of TPABr is beneficial as it is inexpensive compared toaimeentionally used

TPAOH.

4.3.3. SDAfree secondary growth

In order to further minimize the use of SDA, several groups have explored the possibility
of a seeebssisted synthesis procedure. Some recent reviews summarize the progress

towards synthesis aeolites by such a procedut®’ 6% Here, seeds are first synthesized
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using SDA and further used for zeolite growth from a sol that is devoid of SDA. There

are significant advantages to using an Sfipg% synthesis procedure. For lexgrale

zeolite production, there will be some environmental and economic benefits from

eliminating the use of organic SDAs. Most importantly, an Si&& synthesis approach

when applied to membranes will circumvent the final calcination step, whichrie fyo

crack formation due to zeolite shrinkage upon SDA removal. Previously, Xie et al. and

other research groups have reported the temfrieesynthesis of betzeolite!64 16¢]

This procedure has been extended tewogeolites, including levyne, EMT and ZSM

5 [160i 174]

For membrane applications, this technique has been used to obtain zeolite films on

porous supports. Tang et al. synthesized MFme mb r aatumisa sapportsivithout

using SDA™® A H,/SFs separation factor of 1700 and permeance of 3x1bmolm?s

'Palat room temperature was obtainee. Wang e
me mbr anes -AlsOsspppart®ooaed With a YSrrier layer (to prevent

leaching of aluminum."8 Zhu et al. synthesized templdtee ZSM5 membranes

which showed high water perselectivity™™ "1 A H,O/IPA separation factor of 3100 was

obtained during pervaporation aflOwt.% HO/ | PA mi xtur e at 70 C. R
technique was used to obtain supported growth of zeolitd*6®Beedinduced
hydrothermal syntheh®liosi easeldt et AR mMbmank
supports. Pervaporation of a 10wt.% THEB h a n o | mi xture at 30 C r

of 1.58 kgn?ht and an ethanel IPB separation factor of 320.
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44Sublem membrane synthesis

High capital investment and thus long payback times for zeolite membrane separation

processes have prevented their large scale implementation. Tsapatsis estimates that one

way to reduce the membrane cost to economically vielsds could be by reducing the

zeolite membrane thickness to ~50 BthHowever, ultratim membranes, i.e., stbh & m

thickness of the selective layer, has been an elusive goal for some time in the zeolite

community.
As mentioned earlier, Agrawal et al. recently obtained2@® nmthick MFI

membranes by gdfee secondary growth of 80 nthick seed layers consisting of

nanosheetsgure 4-4a, b).*Y For 10 membnaes made by this method, the permeance

for p-xylene varied between :3.6x10’ molm?s!Pal with a maximum pxylene/e

Xyl ene separation factor of 185 at 150

C.

separating fbutane and-butane, achieving a separation factor of 60 at room temperature

with an nbutane permeance of 4.3x1olm?s?Pal. Athi gher temper atur es

the permeance ofbutane went as high as ~13x1dolm?s'Pat but the separation

factor dropped to 15. The permeances are consistent with the previous report or 200 nm

thick MFI membranes made from nanosheet seeds, but greiwg conventional
solutionbased growtf*! However, the earlier separation factor of&5for pxylene/o
xylene is greatly improved (t8100) by use of gefree secondary growth. Other efforts
for ultrathin MFI membranes are discussed below.

Recent devel opments by Sj~ be rngcroeMFI al

zeolite membranes. A 0.7 &em t HCOJfrem théF |
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synthesis gas (or syngas) derived from black liquor, a byproduct of the paper processing
industry*” Typically, syrgas from black liquor has high G@nd HS and must be
Asweetenedd by removal of these gases. T
ma s k i n-§l.0¢ flatesuppbrts. The masking process results in impregnation of the
support with wax and prevernts/asion of the synthesis solution into the support pores

and subsequent leachiRf). The masked supports were seeded armigndwn to form a

0.7 em MFI film. The wuse of ;petmedncepfdl.On f i
x 107 molm?sPat at 2.25 MPa feed pressure and 0.3 MPa permeate pressure at room
temperature. However, the ¢@ermeance reduces to almost hal§ talue after 10

hours of testing, due to competitive adsorption ¢ Hrhis also causes the &B»

separation factor to decrease from 10.4 to 5.0. Thus these membranes are only suitable
for feed with small quantities of23.

In another recent work!™ a similar method to the one described above was used for
synthesis of 0.5 em thick MFI membranes
pervaporationKigure 4-4c, d. The fluxes obtained for separation of 3wt.% n
butanol/water and 10wt.% ethanol/watextares were the highest reported in the

literature. However, the alcohol/water separation factors were l&v)(4 at 30 C.
attributed to the support favoring the transport of water due to Knudsen diffusion. The
separation factor for the membranera was calculated to be almost 50% higher. The
authors conclude that to improve both flux and selectivity, the support resistance needs to
be reduced a general challenge for achieving high flux membranes from thin zeolite

films.
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Figure 4-4 (a): Top view SEM image of 250 nm MFI membrane made by gelless

secondary growth, (b): crosssectional SEM image of membrane shown in (a). (c):
Top view SEM image of 0.5 mm MFI membrane made by the masking method
followed by secondary growth, (d): crossectional SEMimage of membrane shown
in (c). (a), (b) reprinted from ref. “1 with permission from Wiley-VCH. (c), (d)
reprinted from D. Korelskiy, T. Leppajarvi, H. Zhou, M. Grahn, J. Tanskanen, J.
Hedlund, J. Membr. Sci2013,427, 381.(ref. 117]). Copyright 2013, with permission

from Elsevier.

The same group also investigated the separatiorbatanol and water in vapor phase by

using a hydrophobic MFI membrahi&’! The supports were first seeded (without
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masking) and intergrown using a synthesis solution containing TPAOH and HF. The final
membr ane t hickness wa sronfetoyexpatimeants usinggn 0. 5 € m.
hexane indicated that the defects in this membrane were almost half that of the membrane
synthesized using conventional synthesis sol. For separation of 50/50 mol% n

butanol/water, the hydrophobic MFI membrane had-bBntanol grmeance of 7 x 10

molm?s!Pal, whi ch was half that of the convent.i
However, the separation factor (8.3) of the former was twice that of the latter. The lower
permeance and higher separation factor of these membranes was attributed to higher
hydrophobicity ad lower defect density.

The use of hydrophobic MFI membranes was further extended #thigahd CQ/CO

separation83®l In thiscase aswell®@. 5 & m membr ane was obtaine
confirmed to be foriented by xray diffraction. The orientation as well as the use of HF

for synthesis served to reduce defects even further to 0.13% of membrane are#dA CO
separation factor of 100 was obtaingd3a5 C and it decreased witdt
temperature. C&CO separation factor was 20-at5 C. Ppdrmeancdd remained

very high, in the range of 5680 x 10’ molm?s*Pa.

As selective zeolite films become very thin, a number of challenges emeagspdrt

may be dominated by pore entry resistance rather than intracrystalline transport and this

may alter the transport behavior compared to that of thicker membranes. Also, the

development of supports that offer low resistance to permeation is required
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4.5. Polymersupported membranes

Since the overall cost of membranes is determined in large part by the support cost, it is
desirable to develop inexpensive polymeric supports. This would overcome the current
limitations of ceramic membranes, includitiigir high failure rate and cost of

manufacture. In addition to being less expensive per unit area, membranes supported on
polymeric hollow fibers would also be able to pack better, giving higher membrane area
per unit volumé!®!!

Mixed matrix membranes combininglpmers with zeolites have long been studied
extensively aiming at loweost, highperformance membran&82 1% However, the

inherent incompatibility between zeals and polymers still remains a limitation, while
performance of these membranes has remained low to modest at best.

MOFs, generally, appear to have better compatibility with polymers in mixed matrix
membranes compared to zeolit€$.1% However, performance gains have been

similarly modest. Even if compatibility is resolved there areoitsues like the flux

matching requirement which allow only a small fraction of the zeolite/MOF selectivity to
be harvested in a mixed matrix settlitj! For this reason, deposition of a continuous
zeolite deposit on or in a porous support igergesirable.

Following this approach, Wang, Yan andworkers have fabricated higlhux composite
hollow fibers (CHF) consisting of zeolite NaA and polyethersulfone (F£5Two

di fferent sizes (4.0 em and 1.5 e€m) of zeo
solution in different concentrations and extruded through a spinneret. Zeolite membranes

were prepared on the external support of the CHFs by a hydrothermalspiboes
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found that increasing the loading of zeolite in CHF led to more void spaces and
agglomeration of crystals, thus increasing the CHF porosity. The larger zeolite particles
led to CHFs with lower porosity. At 85wt.% zeolite loading the differentedsn the

two particle sizes becomes small and dense zeolite coverage is obtained. At this loading,
4-5 hours of growth time gives a high flux membrane for watkanol separation. For
pervaporation of 90wt.% EtOH,O f eed at 70 C?lisobtdidediwith of > 1
a HO/EtOH separation factor of >10000.

These types of membranes were further improved by having the membrane on the inner
surface of zeolite/PEBI hollow fibers!*°®! The addition of PI (polyamide) gives added
temperature resistance and mechanical strength. Membrane on the inner surface helps to
prevent damage to the selective zeolite layer. Similar Et@Bifp€rvaporation

performance was obtained as in the previousrteplowever, the fibers with higher
mechanical and bending strength and with membrane on the inner surface are significant
improvements, which could enable commercialization of this technology in the future.
Synthesis of zeolite membranes on flat polymstipports was also reported recefily.
Faujasite membrane was synthesized on PES supports supported on a polyester backing.
A continuous FAU membrane with a thickness of 300 nm was fabricated using just 1

hour of hydrothenal growth on seeded PES supports. The synthesis was further

improved so that a 300 nm thick FAU membrane could be obtained on flat PES
supportg®® After elimination of intercrystalline defects by using a PDMS coating (see

Section 4.6, CO/N2 selectivities of ~72 could be obtained.
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4.6. Postsynthesis modification

There are several reports on psghthess techniques for improving membrane
performance. It has been shown early on thatggsthetic coking of MFI membranes

by impregnating and then pyrolyzing TIPB, can be used to plug macro voids and defects
between zeolite crystaf®’! This causes a remarkable iease in the #butanefibutane
selectivity but causes reduction in permeance. In some cases, membranes have been
subjected to a UV or thermal treatment, to either cause-tintgsg of the polymer

matrix in composite membranes or to seal defects in tHitezkyer!*%81%|n other

cases, membranes have been-ggathetically treated with chemicalgch as oxalic

acid, which causes the membrane selectivity to inctédbe.

CVD modification is another widely used pasbdification technique. Nomura et al.

applied the counter diffusion CVD technique in whichOEand ozone cause amorphous
silica to deposit on the membraf®:2°2 This plugs the intercrystalline defects without
completely plugging the zeolite pores as TEOS is too large ¢o r@m. A similar

TEOS/Q system was used recently for plugging of defects in porous silica membranes of
pore size ~1 nrit%!

Lin and ceworkers have used the CVD technique for gysithesis modification of MFI

and DDRtype membranel$’6:29420¢1 For small noradsorbing molecules likeAdnd

CO, the transport is governed by Knudsen diffusion. Thus, plugging of large
intercrystalline defects by CVD usingy@lecule like methyldiethoxysilane (MDES) or
TEOS increases theoHC O, separation factor. However, this is true only for membranes

with good initial quality, i.e. those lacking large intercrystalline voids.
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Apart from CVD, catalytic cracking deposition (OLof MDES was also used in order

to reduce the pore size of MFI and effect better separation afitHCQ.[*"® CCD

causes depositian the pores of zeolite and thus reducegpermeance of a ZSM

membrane by an order of magnitude (from 2.2%00.6x10’ molm?s'Pa'at 450 C) .
However, the HCO, separation factor increases from about 5 to 19.1. Tang et al.

improved on this work bgbtaining H/CO,s epar ati on factor | arger
and 1.5 bar feed pressi#¥! CCD of MDES only causes a dtigdecrease in the H2

permeance (from 3.75x¥0@o 2.2x10" molm?s'Pal).

However, the limitations of CVD and CCD pdstatment are the expensive equipment

and difficulty in scaling up. Moreover, amorphous silica deposits are known to undergo
densificaion upon prolonged heating especially in the presence of water ¥%por.

Therefore, the long term stability of these membranes is uncertain.

An alternative approach is the use of a permeable polymer like polydimethyl siloxane
(PDMS) to seal membrane defeB8!CO/N2s epar ati on factors of >
reported after application of a 150 nm PDMS top layer to silica and zeolite Y membranes.
Theonly | imitation of wusing PDMS is that t he
Fluoropolymers or other temperature resistant polymers may be able to overcome this
limitation, provided that they can be made sufficiently permeable.

A postsynthesis moditation that improves the hydrophobic properties of the

membranes is using silylation. It is known that treatment of zeolites or silica surfaces

with triethoxyfluorosilane (TEFS) converts surface silanol groups-to@oups, thus

increasing the hydrophatity.?1>2''Use of TEFS is advantageous over carbased
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silanes due to decomposition of the latter leading-fonmaation of silanol groups on
calcination?*? Recently, Kosinov et al. showed that treatment of high silica MFI and

MEL membranes (Si/Al ~ 100) improves the ethanol/water separation perforifighce.

The best performing membrane had an EtOH/water separation factor of 34 and a flux of 1
kgm?h'! after treatment with TEFS twice. There is only a marginal reduction of flux (1.5
kgm?htinitially) indicating that TEFS mainly modifsethe membrane surface and

retains the porosity.

4.7.Modeling permeation through zeolite membranes

The MaxweltStefan approach provides a fundamental description of-cartponent

diffusion. Krishna and cavorkers have extended this approach to formulete

generalized MaxwelStefanmodel for surface diffusion of adsorbed species in a zeolite
membrané?'4 2% permeation through a zeolite membrane is a combined effect of
adsorption and diffusion characteristics. The influence of adsorption is taken into account
through the fractional loading at the surface and the thermodynamic factors while the
mobility is determined by the two kinds of diffusion coefficiehthe corrected

diffusivity which is also known as Maxwe8tefan diffusivity and the exchange

coefficients. One of the advantages of using these equations is that the mixture adsorption
anddiffusion parameters, for most of the cases, can be obtained using only pure

component datg!’!
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4.7.1. Adsorption

The pure component adsorption isotherm is most commonly modeled using dual site
Langmuir model?2°221 Other forms of isotherm e.g. Toth, Langm8ip, Langmui¢
Freundlich have also been us&d.??Y The mixture isotherm can be predicted, from pure
component isotherm, by implementing appropriate mixture Rffé$lowever, the use of
mixture rules is only moderately successful arldesmodynamically consistent model,
known as ldeal Adsorption Solution (IAS) theéf§l is widely used for predicting

mixture isotherm from pure component ddtmure 4-5a shows that the prediction of

IAS theory for mixture of alkanes is in excellent agreement with simulation r&8(lits.
One of the drawbacks of IAS theory is the assumption that the system behaves like an
ideal solution and therefore it is inadequate to describe multicomponent adsonption fo

non-ideal mixtures. The existence of nmealities in the mixture is either due to
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Figure 4-5. Molecular simulation results and IAST prediction for multicomponent
adsorption on MFI crystals: (a) success of IAST for methanethane mixture
(adapted from ref. 2271, (b) failure of IAST for water-ethanol mixture (adapted from
ref.[230),



energetic or surface heterogeneity or due to aideal mixture itself. Energetic

heterogeneity arises due to varying heat of adsorption for different sites whileesurfac
heterogeneity is caused due to different surface area (sites) available for adsorption of
differentspecies. Various extensions of IAS theory have been described to account for
these nofidealities; heterogeneous IAS theory has been used to accounefgetc
heterogeneif§?® and surface area corrected IAS (SKS) theory has been used to

account for surface heterogenéffy!

The presence of nedealities in the mixture can also lead to failure of IAS theory as
shown inFigure 4-5b for waterethanol mixture in MFI zeolit&2°! nornrideal behavior

arises due to hydrogen bonding between the moleculels.dgw@tions from ideality are
captured by using a more general theory than IAS, known as real adsorption solution
(RAS) theory??8l The RAS theory makes use of the activity coefficients to account for
these deviations; these coefficients are, in general, functions of temperature, composition
and spreading pressure but the dependence on spreading pressure is often neglected due
to complexities. Thus the activity coefficient models such as UNIQUAC, NRTL and
Wilson, which are used to describe vapquid equilibrium are often applied with good
accuracy to the mixture adsorption as Wéll 235 The parameters are obtained by fitting

the experimental or simulation data.

4.7.2. Diffusion

The corrected diffusion coefficient accounts for sodsaident interactions and exhibit

different kinds of loading dependency. Various models have been used to predict this
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loading dependency. The most commonly used are the weak confirssaeatio and

the strong confinement scenario which are based upon the vacancy factor and the
repulsion factoP?*®! The vacancy factor accounts for the probability of the adjacent
adsorbing site being vacant and decreases with loading while the repulsion factor
accounts for intemolecular repulsion andéneases with loading. However, these are the
ideal scenarios and the actual dependency varies between the two scenafigsi(see

in ref. 149). Another model, based upon the gahsmical approach of Reed and Ehrlich
also accounts for the reductioneafergy barrier for diffusion with increased loading and
is also widely use#3"2%81Since the corrected diffusivity is interpreted in terms of
hopping form one adsorbed site to anathiee loading dependence is strongly influenced
by adsorption thermodynamics. It has been shown that the corrected diffusivity is
inversely proportional to the thermodynarfactor which signifies the change in

fractional loading with respect to a changdugacity and can be calculated from the
adsorption isotherm (séggure 3-5in ref. 152)23% 241 The corrected diffusion

coeflicient of a species in a mixture is usually taken equal to that of the pure component
at the same total loading.

The exchange coefficients account for sorisatebate interactions and capture the effect
that a faster moving molecule is slowed down in presef slower moving species and
vice-versa?*? The incorporation of the exchange coefficients in the Max@tdfan
equations leads to computational difficulties and thus are often neglected; this scenario is
known as the Facile exchang®:>*®However, these effects have been shown to be

significant and various models have been proposed for their incorpdfétitfilVignes
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correlation for species with similar loading and Sholl correlation for species with variable
loading are the two most commonly used mo#étsSince the exchange coefficients
capture the sorbatorbate interactions, it has also beemfbthat there is a dependence

of the exchange coefficients on the corresponding fluid phase diffusivity; the
proportionality factor depends upon the degree of confinement and the correlation effect
increases with the degree of confinenléfit.The factor is often linearly dependent upon
the degree of confinement, however, other expressions such as Dg&enterpolation

and Vignestype interpolation have also been propdd&d.

4.7.3. Predictions

The MaxweltStefan approach using the above discussed models for adsorption and
diffusion have proven to be very useful in predicting the separation performance of
zeolite membranes and also verified agagxgterimental and molecular simulation
results?*6'248 The key to success for the Maxw8llefan model is the accurate
determination of mulkcomponent adsorption and diffusion characteristics of the
permeating gecies. Though these equations have provided a deep insight into the
permeation through zeolite membranes, there are cases for which the Mabefaat
model fails to interpret the experimental results. This is either due to the fact that the
assumptionssed for predicting muktomponent adsorption and diffusion characteristics
are not adequate or due to some other factors which are discussed next.

One of the examples where the Maxw@&iefan model fails to provide quantitative

agreement with the experimial results is the xylene isomer separation using MFI zeolite
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membrane. The adsorption and diffusion characteristicsxgfgme and exylene in MFI
crystals have been extensively studied and the adsorption parameters and the diffusion
coefficients have é&en extracted from the experimental resétf&>? The permeation of
xylene isomers was also studied using Max:@#ifan equations. Though the permeance
of p-xylene has been observed to be of the same magnitude, theeNA&xefan model
predicts much higher-gylene permeance as compared to the experiment§ipae 5

in ref. 164). This discrepancy may be attributed to surface resistances in zeolite crystals
or to the changes in crystal structure on adsorptionxylene?5:-2%3|t can also be due

to the fact that the diffusiocoefficient used in the MaxweBtefan equations was

measured for a flexible zeolite crystal while an intergrown supported membrane is
constrained by a support and does not permit flexibility, as in the case of a free crystal.
Another phenomenon whereetMaxwellStefan approach fails is the intersection
blocking?>*! It is usually observed when branched or cyclic hydrocarbons are present in
the mixture along with linear hydrocarbons in MFI. The branched hydrocarbon
preferentially adsorbs at the intersection of MFI membrane which causes blocking of the
pore and severely reduces the diffusivity of the normal alkkdHén geneal, the tardy
species slows down the fast moving species and the effects are captured by the exchange
coefficients but this effect is more severe and can cause the diffusiviglkédume to

reduce nearly to zero. The effect of intersection blocking &thane in presence of i

butane is shown iRigure 4-6a; the reduction in diffusivity is more severe as compared

to methane/butane mixture which does not have intersection blodkfigSimilarly,
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the MaxweltStefan equations fail to interpret the experimental results for permeation of
n-hexane/amethylpentane across a MFl membrafté!

In mixtures governed by hydrogen bonding or molacualustering effects, the adsorption
and diffusion coefficients cannot be obtained by using only the pure componéttata.
As already discussed, IAS theory leads to a higher separation factor foialcatsol
separation as the adsorbed alcohol molecules also bring the water molecules into the
zeolite due to hydrogen bondiKg” The correctediiffusion coefficient for such systems

also depend upon the mixture composition along with the total loading as shown in

Figure 4-6b.[224.257]
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Figure 4-6. (a) Effect of intersection blocking: diffusivity of methane (linear alkane)
decreases more steeply in presence dbutane (branched alkane) as compared to-n
butane (linear alkane) in MFI (adapted from ref254), (b) Corrected diffusivity of
water-methanol mixture in FAU at 300 K obtained through MD simulations
(adapted from ref. [224]),
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The correlation effects are also stronger than Vignes interpolation. One peculiar
characteristic of such mixtures is the mutual slowing down of both permeating
specied?®®?5IThus, using the pure component data to predict the separation performance

will lead to higher flux and higher separation factét%262

4.7.4. Effect of impurities

Another concern for indsirial application of zeolite membranes is the presence of
impurities. It has been shown that a strongly adsorbed component, even present in small
guantity, can suppress the flux of other component and affect the separation
performancé?®®! Similar degradatioin the separation performance of CHA zeolite
membranes has been observed when propane is introduced in separatiefCéi,@ad

N2/CHz mixtures!?64

4.7.5. Other factors

Apart from these challenges, some external factors can significantly affect the separation
performance of the membranes. These include the effect of porous support, sweep gas
and concentration polarization.

The zeolite membranes are usually supported on a porous support. The support layer is
usually neglected in most of the modeling studiesvéieer, it has been shown that the
support can play a significant role especially for thin or 4iigh membrane&%°>2¢1The
significant mass transfer resistance in the support adversely affected the separation
performance of MFI and FAU membranes for ethiamater separatioli1”?6/1 The effect
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is more prominent for strongly adsorbing species as showrnpfGseparation where

the pressure drop for GOver the support was quite large and influenced the separation
performancé?®® Thus, flux and selectivity for high flux membranes can be increased by
preparing less resistive supports and it is essential to incorporate the effects due to the
support layer in the model. The models proposed in the literature are well established and
incorporate flux through the Knudsen and bulk diffusion and viscoust67%:270!

The sweep gas is introduced to drive away the species on the permeate side and th
increase the driving force for permeation. In most of the modeling studies, the effect of
sweep gas is incorporated by assuming zero partial pressure of the species on the
permeate side. However, it has been shown that the rate of flow of sweep gks/@an
significant role?”! The sweep gas increases the idgvorce for the permeating species
and enhances the separation performance; this effect has been shown for methane/ethane
separatio?’? A negative effect on the permeation can occur due to the counter flux of
the sweep gas. A higher pressure of helium on thegute side increases its counter flux
and thus decreases the permeance of ethghe.

Selective permeation usually shifts the adsorption equilibrium at the membrane surface
and thus reduces the separation faléférThis effect is known as concentration
polarization and is depicted through a schematkigunre 4-7a. Though not many

modeling studies of zeolite membesnconsider concentration polarization effects, it can
play a significant rol&’>27811t has been shown that the @OH, selectivity increased by
180% and CQflux by 80% when measures were taken to reduce the external boundary

layer resistance for a SAP8 membrane, as shownfigure 4-7b.27 The effects of
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concentration polarization are more prominent for pervaporation as compared to gas
permeation since diffusion coefficient is higher for gases. Various sbdegk been
proposed in the literature to include its effect by introducing a mass transfer
coefficient?68277:278lgr solving the full concentration profile in the boundary 18§/&re%
The effectan be suppressed by introduction of sweep gas, mixing and making flow

turbulent.

Another common assumption in modeling zeolite membranes is that it is defect free.
However, it has been illustrated that the defects can significantly #feeseparation
performance in HCO, separatior?® xylene and butane isomer separatf§H.it has

also been shown that defects can be induced and shrink or expand during adsorption and
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Figure 4-7. (a) Schematic of concentration polarization for permeation through a

zeolite membrane, (b) Effect of concentration polarization: C@flux through a
SAPO-34 membrane foran equimolar mixture of CO2/CH4 at 295 K (adapted

from ref. [276]),
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affect the permeatio®®! Permporometry, flux of molecules larger than zeolite pores,
ratio of single gas permeance and other methods have been used to characterize the
defectd?8228% These effects have been incorporated in sontieeofnodeling studies by
determining the permeation through the defects as a combination of Knudsen diffusion
and Poiseuille flow?2871A general pore network model has also been developed to

account for the flux through intercrystalline pot&é.

4.7.6. High throughput computational screening of zeolite structures

By using this technique, ldrary of structures consisting of several thousands of

structures can be rapidly screened based on desirable attributes. These could include pore
size, adsorption properties and gas separation performance. A recent review summarizes
the work that has lem done so far on high throughput screening of MOF strudtifes.

Two important factors for the characterization of porous networks are the largest cavity
diameter (LCD) and the pore limiting diater (PLD). The LCD gives an estimates of

whether two molecules of different species can pass each other within the structure. This
is useful for separations. I f a mol ecul eds
through the network. If nothere is a significant energy energy barrier towards diffusion.
Haldoupis et al. characterized >250,000 hypothetical zeolite frameworks based on their
PLD and LCDI?°% First et al. characterized the existing zeolite frameworks with respect

to the accessible pore volumes, surface areas, PLDs an&1*CD.

First et al. also screened 196 zeolite frameworks and 1690 MOF frameworks to find

candidate structures for gas separations such afNg,@Qy/CH4, CO/H2 and
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hydrocarbons such as propane/propylene and ethane/eti§téf@The screening was
based on the calculation of the shape selectivity of the framework for the gases of interest
using a minimurrenergy pathway approach.

Martin et al. developed a method for computational screening of zeolite sésutdur
adsorptiorbased separations such as@R.2°4 The Henry coefficient (K) and heat of
adsorption (KH) were computed through Monte Carlo simulations for about 140,000
structures. Those with the highesi &d H for CO, were screened as possible
candidates for C&N> separation. This tedique of selection was a large improvement
(60-70 fold enrichment of possible structures) over the previous random selection or
bruteforce approaches.

Kim et al. screened the experimentally verified I1ZA structures and 30,000 hypothetical
structures for ¢tane/ethene separatiBfr! They found about 30 potentially high
performing structures for this separation. Other studies have used computational
screening to identify possible candidates for(0Bls, CO/N2 separatior?®® natural gas
purification?®”! ethanol purification from fermentation broths and hydroisomerizatfo

alkaned’!

4.8. Progress in industrial application of zeolite membranes

The eview by Gascon et al. highlights the progress made on synthesis and application of
zeolitic membranes and coatingsring the last few yedf€®l. However, so far only one

type of zeolite membrane has been commercialized. LTA membranes are used in the
dehydration of different solvents because of their sthoymayophilicity and suitable pore

size. There is still no gas separation process worldwide in operation using zeolite
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membranes. Ambitious aims for the development of an industrial process for xylene
isomer&€4 and butene isoméf&’ separation using MFI membranes could not be realized
yet Despite excellent lab test results and successful-spaleork, the industrial

installation of SAP@84 and DD3R membranes in the £XCH4 separation could not be
realized eithg (3001302

The established technology for the production of dry (bio) ethanol is the pressure swing
adsorption (PSA) using 3 A zeolite {éxchanged LTAE®-34polymers are of interest

for replacing PSA by a membrane technology, since they have advantages over inorganic
membranes such as lower production cossy emnufacture and scale §¥! Especially
polyimides and polyamidemides turned out to be promising pervaporation membrane
materials because of high separation performance, low swelling>asiieat thermal,
chemical and mechanical stabif#fij 208,

A pioneering role in the development of zeolite INBA zeolite membranes for the
dehydration obio-ethanolwas played byussan Nanotech Research Institute Inc.
(BNRI), Japan, a Member of the Mitsui Holdjnghich developed a procefs the
production of fuelgrade ethanol by hybrid distillation/vapor peation proces$??31
Further milestongin the development of commercial LTA membranes fewdtering

of different liquids by pervaporation are the advancements of Bil{RInocermic

GmbH, Germany (ethari®?), Smart Chemical Companygtitano'® and
tetrahydrofurali'4), Nanjing Jiusi Hi.Tech Co. (different solvents), and a 100% daughter
of Dalian Institute of Chemical Physics working thangsu Xinhua Chemical Co. Ltd.

(mainly i-propanol, but also other solventsy!
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In this review, the Chinese activities will be highlighted sineeNlanjing and Dalian

teams have so far establisheaer 50 plants for dehydration of industrial solvents from
chemical and pharmaceutical industry in China. The separation systems concern
methanol, ethanol, isopropanatetonitrile tetrahydrofuranMTBE, ethylene glycol etc
Recently, the more stable zeolite T (eriowféretite) membrané®®3/lcame into the
focus.

A combined seeding method by using ballled seeds was developed at Nanjing
University of Technology for the synthesis of LTA zeolite membranes, which could
improve reproducibility and reduce synthesis time significd?tf/ln 2011, the Jiangsu
Nine Heaven Higflech Co. Ltd. was founded as a spif to promote the commercial
application of the LTA membrane dehydration technique. A production line of LTA
zeolite membranesith the productivity of 10,000 fyear has also been established. The
NaA zeolite membranes are prepared on the outer surfaces ofhadee80 cm long
mullite supports.

Figure 4-8 shows an industrial apparatus for the dehydration of ethanol (1,500e@ar)s/y
from 93wt.% to 99.5 wt.9%1% It has 7 membrane modules connected in series with each
module having a membrane area of 3 Tihe apparatus is operated under vapor
permeation mde. A significant reduction (over 50%) in the separation cost was achieved
for the membrane technique instead of extractive distillation with salt. The lifetime for
the membranes used in the system is more than two Yguse 4-8 also shows an
apparatugor dehydration of acetonitrile (15,000 tons/year) from 80 wt.% to 99 wt.%.

The apparatus has 20 membrane modules f€ach) with total membrane area of 200
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m?. The membrane dehydration technique can save more than 50% steam consumption

for production ® acetonitrile compared with rectification under vacuum.
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Figure 4-8. Apparatus for dehydration of ethanol (1,500 tons/year) left,
apparatus for dehydration of acetonitrile (15,000 tons/year) right, above, and
membrane modules for dehydration, right below at Jiangsu Nine Heaven High
Tech Co. Ltd 31

In 2012, Dalian Institute of Chemical Physics (DICP) installetiaatgsu Xinhua

Chemical Co. Ltd.an LTA zeolite membrane unit f@ropanol dewatering with a

capacity of 50,000 tons/year. Theagation unit consists of 35 modules with a total
permeation area of about 358 (Rigure 4-9) which is the largest zeolite membrane

facility in the world®?° This progress of the researchers at DICP is mainly due to the use
of microwave heatin§?Y32° Microwave heatig does not only reduce synthesis time,

but it also appears to reduce the formation ofpewlitic defect pores in comparison

with conventional heating?®
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Figure 4-9. DICP plant with LTA zeolit e membrane units for a capacity of 50,000
t/year for i-propanol dewatering for Jiangsu Xinhua Chemicals Co. Ltd. The
membrane unit (in the green frame) replaces the distillation column (in red frame)

achieving a remarkable reduction in energy consumptiof°!

4.9. Zeolite membrane reactors for the intensification fochemical processes

During the last 5 years, a few comprehensive reviews on zeolite membrane reactors
appeared?’328lMembrane reactors are one of the concepts for intensified chemical
processeB?9. A (catalytic) membrane reactor combines a chemical reaction with an

situ separation in one urlt? 332 Catalytic membrane reactors daa classified

according to their function into (i) Extracto(ii) Distributor-, and (iii) Contactotype
reactors. The extractor mode especially requires a high separation selectivity, which can
be provided by zeolitic molecular sieve membranes. Intiaddio their molecular sieving

function, zeolite membranes are relatively stable at the temperatures of most chemical
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reactions and they are stable against solvents in comparison with organic polymer
membranes. In the past, there were numerous examplesedse in yield of a
dehydrogenation or esterification reaction if the product molecules, hydrogen or water,
respectively, could be removed selectivehder equilibriuracontrolled reaction

conditions from the product mixtuf&3!

Here, the progress after 2010 is reviewlutkere are increasing activities to develop
hydrophilic waterselective membranes which are more stable than LTA. ZeoliteiSOD
hydrophilic like LTA, but with a higher framework density of 17.2T/1080fshows a
higher chemical and thermal stability compared with zeolite LTA (12.9T/1¢)d¢A

The smadlpore size of the-8ing of HSOD (2.65 A) allows molecular sieving, i.e. the
selective permeation of small molecules likgDHwith kinetic diameters of 2.6 A.
Therefore, due to their hydrophilicity and molecular sieving properties, SOD membranes
can accmplish the removal of steam under harsh reaction condii@ri¥’ and could b
used in the synthesis of methanol (MeOH, eq.1), dimethylether (DME, eg.2) and
dimethylcarbonate (DMC, eq.3) in catalytic membrane reactors with carbon dioxide,
hydrogen or methanol as reagefté:

CO;+3 HD CH:OH + HO (1)

2CQO:+6 H.D CH:OCHs + 3 HO 2)

CO; + 2 MeOHD CHz0COOCH + H.O  (3)

The separation performances of SOD membranes for equimolar mixtures of steam with
H2, CO,, MeOH, DME or DMC, were evaluated in the temperature range from 125 to

200°C. The mixture separation factors for steam from DME and DMC through the SOD
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membrane wertound to be higher than 200 and 1000, respectively. To increase the
hydrothermal stability of SOD membranes, SOD can be doped with stiphur.

MFI membranes modified by catalytic cracgideposition (CCD) have been successfully
evaluated in catalytic higtemperature wategas shift (WGS) reactof&'%l Despite the
relatively modest hydrogen selectivitiegfico? 31, an2co® 25), the CO conversion

could be increased over the thermodynamic limit. MFI membranes modified by CCD
coking have been also successfully evaluated intéomperature WGS reaction to

overcome the equilibrium constrain&dure 4-10).34Y For the applications mentioned

above, long term thermal and hydrothermal stability are important and they are addressed

next.

CO+H,0 CO,
il s 4 LT-WGS reaction
i

Fi |
2

Geolite membrane) i -
Sweep gas Sweep gas+H,

Figure 4-10. Schema of a membrane supported wategas shift reaction: In an

extractor-type membrane reactor, hydrogen is selectively removed through an
MFI membrane modified by coking ®*Y Reproduced with permission from

Elsevier.
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4.10. Hydrothermal stability of zeolite membranes

Water vapor at temperatures higher than ~20€ presenin many industrially important
reactions (e.g. water gas shift (WGS), steam methane reforming (SMR), methanol
synthesis, FischefFropsch (FT)). This makes steam stability of membranes of immense
importance for the realization of membranes in chemicaistrg. Research in this area

has primarily been focused on the effect of steam on catalytic activity of zeolites for use
in catalysis. In general, steaming can cause dealumination via hydrolysi©@ISi

bonds and formation of extfeamework aluminium gide or hydroxide specié¢¥?l

While these studies can provide some insights for the initial screening of zeolites for use
in membrane fabrication, the concept of steam stability in membrane scienicesrequ
different standards. Furthermore-silica zeolites, being intrinsically hydrophobic but

not very active catalytically, are of particular interest for membrane studies in-steam
containing environments. In this context, detailed staortl longterm steaming effect on

the structure, morphology, fiksupport interaction, and grain boundaries need to be
addressed. In practice, the effect of steam on membranes rather than powders can serve as
a low-cost bullet proof test of membrane applicability for ittended process. In this
section, we briefly cover the steam stability of zeolites followed by permeation studies in
zeolite membranes involving high temperature steam.

Steaming of zeolite Y has been widely used to form ultrastable Y (USY) catalysé for
petroleum industry. Stability comes from partial dealumination of aluminum framework
and incorporation of silica, by migration from other parts, into the generated

vacancie$#!
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Kennedy et af*434land Ma et a?*®l studied the effect of water vapor on MG22 at

850 C for 8 h and 450

enhanced the spectral resolutiorfii solid state MAS NMR, pointing to the reduction

and

550 C for

of defects in the framework. It has bemuggested that a minimum lifetime eB3/ears

2

is required for membranes to keep up with periodic turnarounds for maintenance in

industry(347]

Recently, the longerm steam stability of MWW framework zeolites (MCA2 with

Si/Al=40 and alisilica ITQ-1) was investigated*®l MCM-22, ITQ-1, and SiCf-treated

ITQ-1 were steamed (95 mol%@®, 5 mol% N) a't

temperatures

(4)
-105 -110 -115 -120
& (ppm from TMS)

Amarphoussilica

-100 -110 -120 -130 -140
8 (ppm from TMS)

Figure 4-11. 29Si MAS NMR (a, b) and CP/MAS NMR( a Nj

-125

and

b Nj)

MCM -22 (left): before (bottom) and after (top) 84days of steaming at 350°C and

10barg (95% H20, 5% N2), respectively( @) i s

t he

the experimental spectrum (b) and the resulting fit is shown in the soliced

line. Projection of the MWW unit cell viewed along the b axis with eight

crystallographically unequivalent tetrahedral sitesis shown on the right side (from

ref. (3481,

100

S
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under 10 barg pressure for 84 days. Under
zeolites underwent significant morphological changes exhibiting cavity formation in the
crystals and significant loss of microporosijowever, at the lower steaming

temper at ur e -22fandBi&4areated ITQ tdined 70% and 60% of
microporosity, respectively. Consistent with the studies of Ma et al. and Kennedy et al.,
steaming enhanced the short range ordering of the cripstaésiucing the structural

defects (se€igure 4-11). It was also found that defects in the structure can significantly
lower the steam stability of zeolites. It was concluded that any efforts for application of
zeolite membranes under such steaming ¢mmdi require eliminating (or minimizing)

the structural defects. This can be achieved by methods such as fluoride synthesis or post
synthesis techniques (Sidteatment}34®!

In the following, ssne membrane permeation studies under water vapor at high
temperatures are highlighted. While some of these reports are not directly aimed at
investigating the longerm steam stability of membranes, they can provide valuable
insights on the performance difference zeolite membranes under steam conditions.
Sato et a***investigated the performance of FAype zeolite membranes for

application in methanol synthesis. It was shown FABmbranes can separate water and
methanol from watemethanolhydrogen mixtures at temperatures and pressures as high
as18(C and 5 MPa, respectively. The authors attributed membrane selectivity to the
preferential adsorption of water and methanol onto the zeolite.

Sawamura et &% investigated the performance of mordenite membrane for water

methanolhydrogen vapor mixtures in the temperatures range o8I and pressures
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up to 0.7 MPa. The water permeance was 1.8xa6In?s'Pa’ while the separation
factors for HO/H; and HO/CH:ZOH at 250 C were 50 and 75,
absence of water in the feed, membrane lost its selectivity. The authors speculated that
the zeolite water loss, in the absence of water in the feed at temperatures higher than
230 C, causedlutbyerachrmbatonane f ai

Sadat Rezai et &Y investigated the performance of MFI zeolites (silicalitend ZSM

5) membranes in ternary.8/H./n-hexane (in balance He) vapor mixture in the
temperature range of ZZB(C and at atmospheric pressure. Membranes showed the
highest HO/H. separadbn factors of 15 and 20 at 25 for silicalite 1 and ZSM5,
respectively. However, at temperatures higher thaACL8@e separation factor

approached 1. The loss of selectivity was attributed to the reduced water adsorption at
higher temperatures. No ndiya effect of water on the zeolite structure or zeolite
membrane integrity was reported in this study.

Masuda et df>? proposedtatalytic cracking of silanes (CCS) to reduce the effective

pore siz of MFI zeolite. The idea was to deposit silanes inside the pores (as opposed to
outside as a film) for separating small molecules for which MFI zeolite is otherwise not
very selective (seBection 4.§. Highly hydrogen permselective MFI membranes were
made at the cost of one order of magnitude reduction inpermedarcen g 6 s gr oup
extensively studidéP® and enhanced this method by developing

an onstream catalytic cracking deposition (COdcess using methyldiethoxysilane
(MDES). The modified MFI membranes were hydrogen permselectt/€Qdideal

selectivity as high as 19 and permeance of 1.5x10molm?s'Pal) in the temperature
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rangeof406 50 C. Furt her , t hectivepalthdughéhaerevgas r e mai ne
some loss in permeance and selectivity, under water gas shift reaction conditions after

1800 h ((1100 h wet + 700 h dry) of testing, as showrainle 4-1.

Bernal et al*® investigated the effect of water vapor on the performance of-Z3kd

composite mordenite/ZSM/chabazitenembranes in the temperature range 6235C

at atmospheric pressure. ZS\membrane was stable for ~60 h of testindeurabout 4

kPa of water vapor.

Li n 6 sBE®gnvestigated ZSMb and silicalitel membranes urd dry and wet

mixture of B-COz in the temperature range4®05 50 C and pressures uf
They showed water can have suppression effect on the permeance of both hydrogen and
carbon dioxide at these high temperatures. This effect was attributeslitdrinsic

hydrophilicity of ZSM5 and silanol groups in silicalite. The membranes showed a low

H2/CO, selectivity of about 3.5, however, no crack formation was reported. Guinther et

al % reported hydrothermally stableS®OD (sulfurdoped sodalite) membranes for

H2/CO, separation. They indicatedthatSSOD i s st abl e at 270 C anc
presence of 30 wt.% water.

It follows from the above, that zeolites are not the thermodynamically most stable

product. They can rerystallize into dense phases or even becomepmas, but the

energy barrier of these transformations is relatively high in comparison with MOFs. For

MOFs, stability is a major issue. As an example, MEXdfecomposes at room

temperature in atmospheric air by hydrolysis. In some recent reviews by Carmdvet

Burtch, the limits and promises of the MOF stability towards water are tré2t&dlIn a
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previous pioneering paper by Low, a good overview on the steam stability of MOFs as a
function of temperature is givéii®l In many studies on steam stability of MOF
membranes, the tests have been carried out onghtot periods of time (2 days) and

it is hard to make conclusions on the lgegm stabilityt35%-36]

Table 4-1. Gas permeage (Pni, 10 ‘molm?s'Pat) and H: selectivity for the modified

MFI membrane. Reproduced from ref.25 with permission from ACS.

Fresh after _
o After operating for 1800 hat>4 0 0
modification

T ( Property H2 CO2 H2 CO2 H20 N2 CO

Pm,® 1.20 0.08 0.83 0.09 0.31 0.06 0.07

Prizi 14.2 923 264 127 126
400 P, 0.85 009 062 0.08

Chizi 9.76 7.47

P, 125 0.08 090 0.09 033 006 0.07
450 Uhi2i® 15.6 103 277 142 125

P, 0.93 0.09 064 0.08

Chizi 10.9 7.79

P, 133 007 1.03 009 034 0.06 007
500 Prizi 18.1 11.4 299 161 143

P, 0.99 009 065 0.08

Uhizi 11.1 8.28

P, 145 0.07 103 008 035 007 0.07
£50 Uhizi 18.8 122 295 159 145

P, 101 009 066 0.08

Uhizi 11.3 8.6
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4.11. Conclusionsnd outlook

There has been significant progress in the development of supported zeolite membranes.
Though there are senat industrial processes for dewateringpoganic liquidsusing

LTA membranesthere is still nandustrial process fagas separation using zeolite
membranesA major impediment ishte relatively high costs of teemembraneslue to

the use of gradeckeramic suppod Multi-channel monoliths or temperattstable

hollow-fiber polymer spports could be viable substitutes for ceramic supports.

The scale up of supported zeoktedmembranes will remain a challendee to the

current discontinuous synthegiocessesMembrane formation by continuous proeEss

(e.g. extrusion, spinning, coatiigised) should be the technological focus. Well
characterized membrane microstructures (e.g. preferred orientation, designed interfaces,
grain boundary control), empia on reproducibility and stability of performance under
industrially relevant conditions (high temperature, pressure and multicomponent
mixtures)should remain the focus of fundamental studiés next chapter describes

progress towards achieving sonfdlese goals.
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Chapter 5

Ultra -Thin Zeolite Membranes for Gas Separations:

Progress Towards Industrial Applications®

q’ortions of this chapter appear in the following

K. V. Agrawal, B. Topuz, T. C. T. Pham, T. H. Nguyen, N. Sauer, N. Rangndkdhang, K.
Narasimharao, S. Basahel, L. F. Francis, C. W. Macosko,-Bhathaiti, M. Tsapatsis, K. B. YOoAdv.
Mater.2015 27, 3243 (Reproduced with permission from John Wiley and Sons).

M. Y. Jeon, D. Kim, P. Kumar, P. S. Lee, N. Rangnekar, P. Bai, M. Shete, B. Elyassi, H. S. Lee, K.
Narasimharao, 3\. Basahel, S. Athabaiti, W. Xu, H. J. Cho, E. O. Fetisov, R. Thyagarajan, R. F. Dejaco,
W. Fan, K. A. Mkhoyan, J. |. Siepmann, M. TsapatSisture 2017 543, 696694. (Reproduced with
permission from the Nare Publishing Group).

5.1. Chapter overview

In this chapter, the recent results on high performance zeolite rmeesbare described.
Ultra-thin MFI membranes were synthesized from nanosheet seedgyasfree

secondary growth. Previously, these membranes have shown good performance for
separation of xylene isomers. However, they had not been applied for sepafration
xylene isomers at industrially relevant conditions. Here, we show that by increasing the
support strength and using an appropriate sealing technique, high temperature and high
pressure xylene isomer separation data can be obtained. For the firsighrfeyhand
separation factor is obtained under these conditions, which is promising for potential
industrial applications. High performance for separation of butane isomers was also

demonstrated by these membrarténally, xylene isomer separatiperfaomance of
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membranes synthesized from bottomdC5 MFI nanosheets is presented. Such

nanosheets can enable scalable production ofthlinazeolite membranes.

5.2. Introduction

Zeolite membranes is an area of research that has been consistently goowieggst
decade. A search for the terms fnzeolite+me]
yielded over 4,500 results over the past 20 years. The past five years have seen a very

large output of academic research in this area, with more than 300 gotibleshied each

year (sed-igure 5-1).

Even though there has been considerable academic work in this field, the industrial
applications of zeolite membranes are few, as discussed in Chapter 4. Tiseddege
applications consist of LTA zeolite membraresdewatering of organic liquids like
ethanol and isopropan&f® No industrial application exists for gas separation using

zeolite membranes.
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Figure 5-1 . Number of publicati olhistesmgmr@arand®so

the Web of Science database.
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The MFI framework is a good candidate for largelecule gas separations, due to its 5.5
A straightchannel pores along theaxis. The pore size is such that MFI can differentiate
between aromatic (e.g. »erte) and aliphatic (e.g. butane) isomers. As mentioned in

Chapter 1, separation pfxylene from its isomers is industrially very important because
p-xylene is an essential raw material for manufacture of polyethylene terephthalate, a

widely used commoditpolymer.

Earlier reports of MFI membrane fabrication techniques consistedsitiin

crystallization on porous suppoHRS&Y 2631 In this method, the support is immersed in a sol

or gel containing the silica source, structure directing agent (SDA) and water. However,
this method allowed for little controalver the microstructure, thickness and sealing of
defects. At dilute xylene permeation conditions (partial pressure of component ~ 0.3 kPa)
and a temperature of 1259&xylene permeance of ~£0nolm?s'Pal andp-xyleneb-

xylene separation factor (S)faf ~100 could be achievé§

Subsequent reports improved on these results by making use of secondary growth, where
a seeded support was induced to grow into a continuou&%itfi 371 With this

technique, the film thickness could be reduced and a desired orientation could be
achieved. Membranes of 500 nm thickness showed aphigtene permeance (6x¥0
molnm?sPal), howeverp-xyleneb-xylene S.F. of only 3.2 could be achieved, at

conditions similar to those mentioned ab&JEThis indicates that while there was

reduction in membrane thickness, defects could not be completely eliminated. Lai et al.

later reported @-xylene permeance of 81 molm?stPal and ap-xyleneb-xylene S.F.
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between 40600 for a 1 prrthick b-oriented MFI membran&®2°% This was achieved by
modification of SDA structure (use of trim@PAOH instead of monom&rPAOH), in

order to obtain a mostly defeftee boriented MFI membrane.

Further improvements in separation performance came about as a result of modifying
secondary growth conditions. Pham et al. reported the use of a tetraethyl ammonium
(TEA") SDA-based gel growth methdt§! Use of TEA prevents twinning during
secondary growth and leads to perfectigriented films p-xyleneb-xylene SF. as high

as 1000 was achieved, howeyexkylene permeance kept decreasing from 2xt@Inm
’s1Pal to 0.5x10" molm?s*Pat after 400 hours. This decrease has been attributed to
gradual adsorption akxylene leading to channel blocking. Later impgowents by the
same group led to the development of afgeg secondary growth technique, in which
the silica source for secondary growth comes from the supdssing this method, 200
nm thick MFI membranewere synthesized, withpaxylene permeance of 1.2x10
molm?s!Pat and S.F. ~ 1000. Here, the drop in permeance with time is not observed,

possibly due to the short channel length.

The Tsapatsis group has reported on the reduction in membrane thittkoesgh the use
of MFI nanosheets, which are 1.5 unit cell thick sheets of fi£1 Recently, 10200

nm thick MFI membranes were fabricated through the usambsheet seeds, with
secondary growth done using the-free method*] Some of the results from this work,
including support fabrication andbutane/is-butane separation, are described in this

chapter.
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Despite the above developments in the field of MFI membranes, there have been no
examples of scalap of MFI membranes facylene separations at industrial scale. As
mentioned in Chapter 1, one way to increase the flpoglene, to make membrane
separations industrially attractive, is to carry out permeation measurements at high

pressure conditions.

5.21. Motivation for high temperature, high pressure xylene separations

So far, almost all reports of MFI membranes for xylene separation have used very dilute
feed mixturesg-xylene partial pressure ~ 500 Pa or less). Under such conditions, even
with ap-xylene permeance 81 mol m?s!Pat, the effective flux op-xylene will be on

the order of 18 molm?s?, or ~4x10° kg m?hr1.l Even if we assume an area of 350

m?2, which is the largest zeolite membrane facility in the wBfflithe maximum

production that can be achieved is ~1.3 Rgdr 12 Tons/year. The capacity of a typical
plant forp-xylene production is on the order of 300,000 tons/year or hitjfleso the

flux of the zeolite membrane must be increased by sevetais of magnitude.

One way to do this is to test with high pressure feed mixtures. By incrgasyigne

feed concentration by a few orders of magnitude (from 0.5 kPa to >50 kPa), the

membr ane can be operated at theiragidiotfeedgast age
that permeates the membrane. At higher stage cut, flux is expected to increase
proportionally. To our knowledge, only one report exists so far of high pressure xylene

separation testing with MFI membran&$The relevant data from this report is shown in
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Table 5-1. Here, the temperature has to be raised in order to avoid saturation of MFI by

p-xylene at high partial pressures.

Table 5-1. High temperature, high pressure xylene separation data from r&fl.

Temperature for both data points is 400°C.

Total feed Feed hydrocarbon p-x feed partial p-X permeance p-x/m-x

pressure partial pressure pressure selectivity
(kPa) (kPa) (kPa) (10" molm2stPal)
200 100 25 1.1 13
1800 500 125 0.275 5

Note- Feed composition: 65%xylene, 25%p-xylene, 5% ethylbenzene, 5% 1,3,5

trimethylbenzene> balance.

As seen ifTable 5-1, ap-x permeance of >10mol m?s®Pat can be achieved even with
p-xylene partial pressure 50 times higher than in the typical dilute feed conditions. This
implies that a flux of about 2xTamol m?s! is achievedtwo orders of magnitude higher
than the flux typically measured at dilute conditions. However, as Table 1 shows, the
selectivity forp-xylene is low. In fact, even at dilute conditions, the highest selectivity

reported in this paper is 16.

With recent impovements in zeolite membranes, including achievement ofgaigiene
permeance and selectivity, there is a large scope to improve on the results reported in
refi!l, However, in order to successfully test at these conditions, the support should be
able to withstand the high therrmaald mechanical stresses. In addition, the sealing
technigue must ensure that there are no leaks, the likelihood of which is increased due to

high temperature and pressure conditions.
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Such experiments are also valuable from a fundamental transport peespetep-
xylene adsorption isotherms at these temperatures do not exist in the literature. Thus, the

behavior of MFI membranes at these conditions is currently hard to predict.

In this chapter, we describe the fabrication of &8F (sintered silica fier with silicon
carbide) supports, which have higher mechanical strength than previously used sintered
silica fiber (SSF) support&! Sealing with different types akrings is described, in order

to evaluate the best sealing method. We then describe dilute-Wédlembach xylene

isomer separation and high temperature, pigtssure xylene separation for membranes
synthesized from MFI nanosheet seeds. For the first time, we shopwjlaneb-

xylene high flux and S.F. can be achieved at 300°C and 100 kPa full xylene feed. A high
stage cut obtained implies that most of thedf gas permeates through the membrane. We
further describe {butane/is-butane separation results, which shows much higher
permeance and separation factor compared to previously reported results. Finally, the
xylene permeation results for a new type @hhperformance membrane, made from

AdC5 nanosheeto seeds, is descri bed.

5.3. Experimental
5.3.1. Membrane fabrication

The membrane fabrication procedure was the same as that reported prétidicsly.
summarize, the membrane support was made by crushing commercially obtained silica
fibers (Technical Glass Productgminal fiker length 4um) in a stainless steel die at a

load of 4 tons for 1 minute. This results in a silica fiber powder. According to the
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previous metho#f!! 1.7 g of powder was mixed with 402 drops of a 0.5 wt% PVA
solution in water. This mixture was then pressed in a stainless steel die at a load of 4 tons
for 1 minute. The resutig ~22 mm fiber compact was sintered at 1230°C for 3 hours,

with a heating ramp rate of 1.6°C/min and a cooling ramp rate of 4°C/min.

To make stronger supports that can withstand the high pressure and temperature
conditions, the above procedure was slightbdified. First, 1.9 g of silica fiber powder

was used per support, which gives a thicker support. Second, instead of using PVA
solution, 0.5 ml of a silicon carbide precursor (StarPC$8W, StarFire Systems) in
hexane (precursor:hexane=1:4 by volunvay used. The precursor mixture was made in

a glove box to prevent exposure of the silicon carbide precursor to the atmosphere. The
rest of the procedure for support fabrication was the same as above, except that the
compacts were sintered at 1100°C fdrodirs (at a heating and cooling ramp rate of

4°C/min) under a nitrogen flow of 50 sccm.

The supports were then characterized to estimate single gas permeance and mechanical
strength. Single gas permeance was measured by sealing the support in a mestibrane ¢
with Viton o-rings and pressurizing one side of the cell with a gas (either HEQ or

H>). At different gas pressures, the flow rate of permeate was measured through a bubble
flow meter. Permeance was calculated as the gas flux divided by préstrence

across the membrane cell.

Strength measurements of various supports were carried out using the biaxial flexural
test. In a typical ringon-ring test, a support disk (diameter ~r@gn) was sandwiched

between twa-rings (supportand loadinging). The suppofting outer diameter (OD)
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and inner diameter (ID) were 18mm and 14mm, respectiwglye the loadinging OD

and ID were 10mm and 6mm, respectivelyjwgkmalforce was applied on the loading

ring by aflat stainlesssteel platen (MTS Bioristeel compression platen)athed to a
mechanical strengttesting instrument (MTS Qtest Q10). The compression force that is
required to break the support disk was measured by ecklhdvhich was attached to the

platen. The biaxial flexural strengtbfthe disks were calculated usii§:

. 3P R |
Biaxial flexural strength = 2(1+19)1n(§)+(1—® (= = ) 666666666 (1)
T

Where, P = load causing fracture a = radius of the supipgrb = radius of the loading
rng R =radiusofthegpci men h = thickness of the speci

for silica)

Following support fabrication, the supports were polished on both sides with a 600 Grit
Carbimet abrasive paper (Buehler) and sonicated in DI water for 2 minutes. One side of
the we support was then smoothened by manual assembly of ~500 nm diameter Stober
silica spheres. The support was coated with the dry powder of Stober silica and then
rubbed with a gloved finger covered by Teflon tape, until the surface visually appeared
smoothand uniform. The support was then sintered at 1100°C for 3 hours with a heating

ramp rate of 2°C/min and a cooling ramp rate of 4°C/min.

The manual assembly procedure was repeated until the silica fibers from the support were
no longer visible by SEM & times). The 500 nm Stober silica layer was then coated
with 50 nm diameter Stdber silica spheres, which act as the silica source dufireg gel

secondary growth. A similar manual assembly process was used to coat the 50 nm silica
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particles. The coated spiprt was sintered at 400°C for 6 hours with heating and cooling

ramp rates of 1°C/min.

The Stober silica&oated support was coated with a seed layer of MFI nanosheets. A
suspension of MFI nanosheets in octanol was prepared according to a previously
descrited proceduré* The support was coated with 0.1 g of the suspension, diluted with
5 g of octanol using a vacuuassisted coating procéés*! The coatd support was

dried at 150°C and sintered at 400°C for 6 hours with heating and cooling ramp rates of
1°C/min. This coating process was repeatddidnes until the flow rate of octanol

through the support reduced considerably (i.e. >24 h for 5 g octapetineate through

the support).

The nanosheeatoated support was intergrown using afge¢ secondary growth
process®* The support was soaked in an aqueous 0.025 M TPAOH solution for 5
minutes. The excess solution was removed by blotting onwaifa The soaked support
was loaded into an autoclave with the nanosheated side f@ing upwards. The

autoclave was placed in a static oven maintained at 200°C for 24 hours.

Following secondary growth, the support was calcined at 55°0C for 8 h with heating and

cooling ramp rates of 0.5°C/min and under air flow of 150 sccm.

For measuremesit on me mbr anes made from AdC5 nanos

were obtained courtesy of Dr. Donghun Kim.
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5.3.2. Membrane sealing

Membr anes were sealed in a modified 10 VCR
four holes were drilled, for the feed, retatet, permeate and sweep lines (Sigeire 5

23a). Membranes were initially sealed in the cell using Wi#tirez AS568 0-rings

(DuPont Performance Elastomers), pretreated at 250°C for 4 hours in Helium atmosphere

to prevent outgassing of carbonaceous meteduring membrane testirithe cell was

tightened using a torque wrench to a preset val@® &¢m, in order to get a

reproducible cell tightness every time.

G75H Perlast perfluoroelastomer (Precision Polymer Engineering Ltd.) was another type
of o-ring that was used for sealing and is rated to 320°C. Tdresgs were used as
obtained from the manufacturer with no pretreatment required. Dhasgs were used

in the module shown iRigure 5-2a.

Grafoil o-rings (Mercer Gasket and Shim) were also useddaling in a modified cell
designed by ExxonMob{seeFigure 5-2b). In this cell, the feed is split into four

streams, for more uniform distribution to the membrane surface. The graiiogs

consist of flexible graphite sheets that are compactezthteginto aro-ring and are rated

for high temperature >400°C. The cell was tightened gradually turning six screws, which

applied pressure on the grafoitings and caused them to seal.
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Figure 5-2. Different cell designs used for membrane sealirggy modified VCR fitting
for sealing with polymer o-rings, b. flangetype module for sealing with grafoilo-

rings.

5.3.3. WickeKallenbach permeation measurements

The experimental setup at UMN for permeation testing consisted of sealing the
membrane in atginlesssteel cell Figure 5-2) and flowing the gases in Wicke
Kallenbach mod&° as seen ifffigure 5-3. The total pressures of feed and permeate
were maintained at atmospheric pressiihe xylene feed stream was generated by
bubbling a 70 sccm flow of helium through a liquid xylene mixture in a glass bubbler

which was heated using a water jacket. All lines following the bubbler were heated using
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heating tapes to prevent xylene condeios. For Rbutane/is-butane permeation, equal
flow rates of the gases were introduced as feed to the membrane. The membrane cell was

placed in a convection oven to maintain a uniform temperature.

The feed was introduced near the surface ofrtambranesealed in a membrane cell

The species that pass through the membrane were sent to a gas chromatograph with the
assistance of a helium sweep strgfow rate: 20 sccm)The composition of permeate

(as well as feedyasdeterminedisinga gas chromatogragleC, Agilent, 7890B)

equipped with a flame ionization detector (FID) and a capillary column\WZ2etr,
Chrometech)A small quantity of methane (10 sccm) was added to the permeate or feed
stream sent to the GC in order to serve as an internal stanttavdakes of all streams

were measured using a bubble flow metére permeance is definedthe flux divided

by partialpressure gradient. The separation factor is defined as the molar ratio of isomers

in the permeate divided by the molar ratio of isarnerthe feed.
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Figure 5-3. Schematic of permeation testing in Wickéallenbach mode.

5.3.4. High pressure xylene permeation measurements

The experimental setup at ExxonMobil for high pressure xylene permeation
measurements is g@vn inFigure 5-4. This setup can either run in Wickallenbach

mode as described above or in full vapor mode. In the latter case, a syringe pump (ISCO,
model number 500D) was used to send a constant flow rate (0.1 mL/min) of a liquid
xylene mixture (47.% p-xylene, 47.5%0-xylene and 5% trimethyl benzene) to the
membrane cell. The feed pressure was varied through the syringe pump. The feed was
passed through a preheater, which vaporized it, prior to being fed to the membrane. The
permeate side was maimad under vacuum (~92 kPa permeate side pressure) to
increase the driving force for diffusion. In addition, a helium sweep stream could also be
used. The retentate and permeate compositions were determined through online GC
sampling. The flux was deterngd by weighing the permeate, which was collected in a

series of condensers, over a known period of time.
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Figure 5-4. High temperature, high pressure xylene testing system at ExxonMobil.
Picture of system (top) and schematic (bottom). Legend:TlLiquid xylene mixture,
271 ISCO pumps for feed delivery, 3 Sparger for dilute vapor delivery, 41 Sight-
glass, 5° MFCs and gas handling for dilute vapor, 6 Feed preheat for
saturated/superheated vapor testing, ¥ Heated membrane oven, 8 Automated
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online GC analysis of feed, permeate and retentate, 9.iquid product collection
(retentate and permeate), 10 Vacuum pump

5.4. Results and Discussion
5.4.1. Support improvements

Alumina has traditionally been the support of choice for zeolite membfAfR#s®?!

Since it is a high strengtteramic support, it can withstand the high thermal and
mechanical stresses, as seen in the xylene separation tests doriéinHefvever, the
disadvantage with alumina is that when immersed in highly basic secondary growth
solutions, the aluminum ions can leach out of the stipiF>*"? This can cause reduction
in membrane performance and decrease in support strength. Also-treegecondary

growth method is not possible with alumina supfott.

As an alternative to alumina, the Yoon group showed the use of sintered Stober silica
spheres for support fabricatiéffl. A mixture of 350 nm and 550 nm diameter Stéber

silica spheres were mechanically pressed and sintered to form the support. Finally, it was
coated with 50 nm diameter Stober silica spheres which act as the silica source for
secondary growth. Though the 2004timck MFI membranes synthesized on such

supports have relatively high permeance (~1.2xh0l m?s'Pal) andp-xyleneb-

xylene S.F. > 1000, these supports have some disadvantages: 1) the use of Stdber silica
spheress very expensive for the purposes of scalipg?2) the mechanical strength

offered by such supports is quite low and are easily broken by hand; 3) support
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permeance is low and offers additional resistance to flow and 4) support quality is not

easily reprducible.

We have recently shown that by using sintered silica fiber (SSF) supports, high
performance MFI membranes can be made througfrgelsecondary growtf?41!
Commercially obtained silica fibers offer a low cost and high strength alternative t
Stober silica spheres. In order to smoothen the support surface, a thin layer of Stéber
silica spheres can be coated either by manual assembly (rubbing}casding (see

Figure 5-5).

Figure 5-5. Scanning electron micrographs of SSF support fabration process: a.
Bare SSF support with quartz fibers visible, b. support surface after manual
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