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Inorganic membranes offer a means for chemical separations in a variety of
applications including chemical processing, drug delivery systems, battery separators and
fuel cells. There is currently a “pore size gap” in silica membranes between 1-2 nanometers.
Synthesizing membranes with a fine control of the pore size and distribution within that
gap is a significant challenge. This thesis reports findings on using atomic and molecular
layer deposition as new synthesis approaches to controlling pore size and chemical
functionality of silica membranes. Mesoporous silica membranes, prepared using
surfactant-templates with pore diameters ~4nm, were modified using atomic layer
deposition and molecular layer deposition. Atomic layer deposition was carried out using
trimethyl aluminum and water as precursors and molecular layer deposition used trimethyl
aluminum and oxalic and o-phthalic acid. These methods involved a separate pulse/purge
sequence for each reactant that resulted in surface-limited film growth within the pores.

It was determined that the growth rate of atomic layer deposition of alumina within

mesoporous silica membranes was not linear, with a higher growth rate during the first 7

cycles and a lower rate afterwards. Alumina deposition was favored in larger pores within



the pore size distribution of the support. The He/N; selectivity of the membrane was
improved by removing defects, although still in the Knudsen range. In preliminary work,
the hydrothermal stability of the membrane increased as a result of the addition of alumina
into the silica pore network.

In the molecular layer deposition study, higher growth rates were observed when
using oxalic acid as a precursor. Both oxalic and o-phthalic acid were able to increase the
selectivity of the membrane above the He/N; Knudsen value. Analysis of the permeance of
several light gases suggested that pore size reduction occurred and that the modification

was confined to a small layer within the support.
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CHAPTER 1
INTRODUCTION
1.1 Motivation for Research

Separating gases and liquids is a necessary means for production of chemicals and
gases today. These separations range from air separation into pure forms of nitrogen and
oxygen, to purification of chemicals such as gasoline and ethanol. Chemical separations are
costly, typically a result of the large energy costs required to achieve the desired products.
For example, distillation is a workhorse in chemical separations throughout the chemical
process industries, however, it is an energy intensive process. Therefore, it is prudent to
investigate alternative technologies that do not rely heavily on energy to achieve the
desired separations.

Membranes provide an alternative to distillation for chemical separation. Unlike
distillation, which separates chemicals based on boiling point differences and
thermodynamic equilibrium, membranes separate based on the transport of molecules
through a sieve. This latter separation is based on molecular size and affinity for the
membrane surface, and can often provide superior separation relative to distillation.
Membrane separations are relatively energy efficient, but the cost scales linearly with
throughput. For most separations, distillation will continue to be used for large
throughputs, but membranes are the economical choice for lower throughputs. In addition,
membranes have unique applications beyond chemical processing that are highly relevant
today, including applications in drug delivery, battery technology, and fuel cell technology,
among others.

Membrane technologies can be divided into two different types: inorganic and
organic membranes. Organic membranes are typically polymer membranes and have been

studied extensively. The drawbacks for polymer membranes are their sensitivity to high



temperature and chemical instability. Inorganic membranes are more chemically and
thermally stable, but have not been studied or implemented as extensively as polymer
membranes. In this thesis, the focus is on inorganic membranes.

An ideal membrane will have a thin, uniform separation layer to permit a high
throughput, a uniform pore size to increase molecular sieving effects, and a tailored surface
chemistry to enhance surface adsorption of one chemical species relative to another. This
presents a great challenge to the membrane research community. In addition, there exists a
pore size gap in one class of inorganic membranes, silica membranes, between 1 and 2 nm,
which has not been adequately addressed and is potentially important for separating larger
organic and bio-molecules. In this thesis, research was focused on investigating new
synthesis methods to address these needs.

A series of new membranes were synthesized and characterized by carrying out
controlled reactions of chemical precursors within small pores (4 nanometers in diameter)
of a supported silica membrane. These reactions allowed for both a controlled pore size
reduction and a change in the surface chemistry of the membrane. The controlled reactions
were carried out by sequentially pulsing in and purging out reactants that combined to form
a very thin layer within the porous material, thereby reducing the diameter of the pores by
about 0.1 nanometers per reaction cycle. Selected reactants led to the formation of a purely
inorganic layer, aluminum oxide, and a hybrid organic-inorganic layer containing aluminum
oxide units spaced with organic linkers such as oxalic and o-phthalic acid. A fundamental
understanding of the membrane modification process as well as membrane properties for
this new class of membranes is presented.

1.2 Thesis Organization
This thesis is organized in the following manner. First, background material is

provided on the mesoporous silica membranes used for modification. Next, background



material is provided on the methods used to achieve the controlled chemical modification of
the membranes, namely atomic and molecular layer deposition. Background material is
also provided on membrane characterization methods used to quantify pore size
distribution and permeance properties. The results of this research are presented in
chapters 5-9. These include the synthesis and characterization of mesoporous silica
membranes, atomic layer deposition reactor design and fabrication, atomic layer deposition
modification of silica membranes with aluminum oxide, molecular layer deposition
modification of silica membranes using oxalic and o-phthalic acid as organic linkers for
aluminum oxide, and finally, preliminary results on the hydrothermal stability of modified
and unmodified silica membranes. Recommendations for future work are included in the

conclusions section of the thesis.



CHAPTER 2
MESOPOROUS SILICA MEMBRANES

2.1 History of Mesoporous Silica Membranes

Porous inorganic membranes offer many attractive features for separation
processes that are not available in polymeric membranes. Inorganic membranes are
chemically and thermally stable, are more robust, and the pore size distribution and
structure are relatively uniform. Porous materials, such as inorganic membranes for gas
separations, can be divided into three categories: microporous, mesoporous, and
macroporous. Microporous materials have the smallest pores, typically less than 2 nm in
diameter. In pores of this size, molecular sieve effects are important. Mesoporous materials
have pores between 2-100 nm in diameter. In this regime, transport occurs by both
Knudsen diffusion and viscous flow and perm-selectivities are generally close to the square
root of the ratio of molecular weight. Macroporous materials have pores with diameters
between 50nm-1pum in which viscous flow is dominant with little perm-selectivity. [1]

Mesoporous membranes have applications in nanofiltration, pervaporation, bio-
separations, drug delivery, as well as other processes. The early development of inorganic
mesoporous silica materials was through production of highly porous powders. The
earliest patents date from the late 1960s and early 1970s. The rapid development of these
materials, however did not start until the early 1990s.[2] These powders had a relatively
uniform pore size distribution and offered an alternative to the smaller pore sizes of
zeolites. One of the first developments of ordered silica mesoporous materials was Mobil
Composition of Matter No. 41(MCM-41) a sol-gel derived material. It was developed at the
Mobil labs in 1992 to produce a material with a very high surface area (over 1000 m2 g-1)
with the ability to control the pore size between 2 and 20nm in pore diameter. The pore

size was adjusted by using different length organic surfactants in their sol-gel process. The



longer the surfactant, the larger the pore diameter of the material produced.[3, 4] These
materials were known to have a high degree of crystallographic ordering of pores, with the
initial MCM-41 having a hexagonal structure and MCM-48, an expansion of these materials,
having a cubic structure.[5-8] The field of mesoporous materials expanded with the first
synthesis of SBA-15. SBA-15, while also a hexagonal structure, can be synthesized with
uniform pores up to 30 nm. SBA-15 has thicker pore walls than those of MCM-41, with the
result that it has better thermal and hydrothermal stability.[9]

2.2 Membrane Support Structure

The application of these new high porosity mesoporous materials to membranes
required the development of a process of sol-gel dip coating these materials onto a support.
In order to achieve this, a continuous thin film had to be produced and deposited on the top
layer of a highly porous support. Some of the initial studies in templating these new
materials were developed by Yang, in which a sol-gel membrane was deposited onto a
porous alumina support.[10] McCool was also one of the first to examine depositing
mesoporous silica membranes on an alumina support, using dip-coating and hydrothermal
deposition techniques.[11]

Traditionally, sol-gel membranes are produced using an asymmetric porous
membrane. Figure 2.1 shows the typical structure of an asymmetric membrane with three
distinct layers. The bulk of the membrane is the macroporous layer which is typically
composed of alumina. Alumina powder is sintered, producing a tortuous network of pores
greater than 1 pm in diameter, through the void spaces of the macrostructure. On top of the
macroporous layer is an intermediate layer consisting of smaller particles of alumina and
yielding pores between 100-1500 nm. This intermediate layer is needed to smooth the
surface thus allowing the top active layer to bond adherently to the surface, while

minimizing the thickness. For sol-gel membranes this top mesoporous layer is typically dip-



coated from a sol-gel solution onto the intermediate surface. This mesoporous layer is
called the active layer because the chemical separation occurs within it. The pore size of

mesoporous sol-gel membranes are typically between 3-100 nm|[1].

— Mesoporous Layer

e |tcrmediate Layer

s SN e

Figure 2.1 - Asymmetric porous membrane

2.3 Sol-Gel Synthesis

To produce a sol-gel membrane on the surface of a ceramic support, a sol-gel
solution that is dip-coated onto the support must be prepared. A typical recipe for this
solution (also used in this thesis) is described here. The solution contains a molecular silica
source, tetraethyl orthosilicate (TEOS), a volatile organic that evaporates quickly, ethanol, a
surfactant, cetyltrimethylammonium bromide (CTAB), an acid, dilute HCI, to suppress the
sol-gel solution from polymerizing, and water. The silica to surfactant ratio is adjusted to
produce the desired pore ordering. The sol-gel solution is then allowed to age for a period
of time to allow the surfactant to organize into micelles. The micelles produce uniform rods,
in which the hydrophobic ends are all at the center of the rod and the hydrophilic ends are
all on the outside of the rod.[12]

Silica sol-gel membranes are produced using a technique called evaporation induced
self-assembly. The solution is usually dip coated onto a support, where the volatile organic

(ethanol) starts to evaporate. During the evaporation of the volatile organic, the surfactant



micelles organize as the concentration of surfactants increases due to the loss of the volatile
organic solvent. After the concentration reaches a certain point, the micelles attain a cubic
order and the micelles form a connected structure. The remaining water and ethanol is
then removed by evaporation, leaving behind the solid sol-gel material deposited onto a
ceramic support. The membrane is then calcined to remove the surfactant, to produce the
ordered porous membrane with the pore size closely tied to the length of the surfactant
molecule. [11, 13, 14]

During the development of the mesoporous silica membranes it was initially noted
that these highly porous materials also have a degree of order to them. In the initial
development of MCM-41 the material was hexagonally ordered while MCM-48 had cubic
structure,[3, 4, 6, 7] but in MCM-48 it was noted the material would convert from a lamellar
phase to a hexagonally ordered phase over time.[5] Control over the ordering of the
materials became a study in itself extensively examined by Hillhouse and many other
groups.[15] By varying the conditions of the aging time of the sol, the humidity during the
evaporation, and the concentrations of the surfactant and silica source, the ability to alter
the order of the material was established. The measured phase diagram is shown for a
silica film in Figure 2.2. The Si:EO ratio is the silica to poly(ethylene oxide)-b-
poly(propylene oxide)-b-alkyl surfactant ratio.[13-15] Figure 2.2 shows how the
crystallographic order can change with variations in the aging time, and the concentration
of the surfactants and silica sources. The rate of evaporation plays a key role in the

production of an evenly coated film with uniform order.
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Figure 2.2 - Examples of the effect of humidity, silica to ethylene ratio, and aging time on the
order of dip-coated membranes[15]



CHAPTER 3

ATOMIC LAYER DEPOSITION (ALD)

31 History of ALD
Atomic Layer Deposition (ALD) is a method used to deposit layers of atoms
uniformly over a surface by sequential cycle of self-limiting surface reactions. Initial studies
were carried out in the 1970s[16, 17] and initial applications were in the semiconducting
industry for the manufacturing of 1 gigabyte DRAM computer memory [18]. The need for
thin, uniform, and complete coatings for the semiconductor industry helped drive this
development. ALD reactions have been carried out under a variety of reaction conditions
including under vacuum, in a viscous flow reactor, and by advanced techniques including
the use of plasma.[19] After the initial development of ZnTe ALD[17], a variety of different
chemistries were developed for ALD , including SiOz and Al;03. These materials were
synthesized using different reactions. For example SiO; ALD has been synthesized using
different silicon sources including silicon tetrachloride, tetraethyl orthosilicate, and
tetramethyl orthosilicate.[20, 21]
3.2 ALD Chemistry
One of the most widely studied reactions of ALD is Al,03 growth using trimethyl

aluminum (TMA) and water as precursors.[20, 22-24] This reaction occurs at room
temperature instead of at conditions above 400 °C that are required for many other
chemistries. The reaction is divided into two half reactions, A and B, where * indicates a
surface species.
AlOH* + Al(CH3)3 4 -0-Al(CHs)2* + CH4 (A)
AICH3* + H,0 > AlOH* + CH4 (B)
Figures 3.1-3.3 show the steps of alumina ALD on a flat silica surface. Figure 3.1 shows the

first half reaction involving component A, TMA, reacting with the surface hydroxyl groups.



If given enough time and precursor, the TMA will replace all the surface hydroxyl groups
with alumina methyl groups. The TMA does not react with the methyl group, so the
reaction is self-limited to a single layer. The only by-product is methane, which is purged

together with any excess TMA either by pumping or purging with an inert gas.
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Figure 3.1 - Trimethyl aluminum ALD reaction with surface hydroxyls
In the second half-reaction, shown in Figure 3.2, water (component B) reacts with all of the
methyl groups to produce surface hydroxyls and methane. Some of the water will react
with two adjacent methyl groups to create an oxygen bridge. The overall concentration of

free surface hydroxyls remains constant after each subsequent cycle of ALD.
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Figure 3.2 — Water ALD reaction with surface methyl groups
The excess water and methane are purged leaving behind surface hydroxyl groups
that allow the process to continue as shown in Figure 3.3. Sequential deposition of repeated
half-reaction cycles builds up a layer of finite thickness related to the growth rate per ALD
cycle and total number of ALD cycles. The key difference between Chemical Vapor
Deposition (CVD) and ALD is that in ALD all of the unused precursors are purged before the

other precursor is exposed.[18, 20]
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Figure 3.3 - Structure of complete surface layer of alumina ALD[25]
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3.3 Types of ALD Reactors

There are two primary reactor types for ALD, a viscous flow reactor and a low-
pressure reactor.[18] In an inert gas, or viscous flow reactor, a carrier gas provides the
primary transport means for the precursors and byproducts. This helps to speed up the
entire ALD cycle. The reactor pressure remains constant both during the precursor
exposure and during removal. Viscous reactors are typically used for ALD on flat surfaces,
or those typical of the semiconductor industry.

In highly porous material, such as membranes, a vacuum ALD reactor is used.
Instead of using a carrier gas to bring the precursors to the reactor, transport occurs by
Knudsen or molecular diffusion. This technique is helpful to access the active sites inside
small pores where diffusion rates are slow. The overall reaction cycle is slower due to the
longer purge times required. An inert gas is still used to help sweep out residual precursors
and byproducts, but the reactor must be evacuated to less than 10 millitorr before the next
exposure.[23]

3.4 Applications of ALD

Initial studies focused on modification of silicon wafers and high aspect trenches,
including the production of DRAM capacitor dielectrics for memory chips over 1
gigabyte.[26, 27] In order to make these capacitors small enough to accommodate the large
amounts of data on the memory chip, deep trenches were coated using ALD to make a thin
uniform insulating surface of SiO; on the capacitor. An additional potential application of
ALD is membrane modification, a particular focus of this thesis.

3.4.1 Modification of Membranes

An important approach to the modification of inorganic membranes requires

coating of the surface with a uniform and very thin layer of material. This allows a

controlled reduction in the pore size. ALD is one of several methods used for pore size
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reduction. Some of the other techniques available for pore size reduction are: chemical
vapor deposition (CVD), colloidal silica deposition, and supercritical CO; silanation.[28-30]
CVD provides a good way of growing material quickly over a surface, but the surface growth
is not always even and it is difficult to reduce pore size of small pores without closing them.
The colloidal deposition and supercritical CO, methods allow the surface to be coated with
new organic chains that reduce the pore size. This approach offers great flexibility for
changing the surface chemistry of an inorganic membrane, but it does not yield the same
even layers. Gold templating offers a way to coat porous materials evenly but is limited to
pores greater than 80 nm due to diffusion limitations.[31] ALD offers the potential of
modifying pores in the mesoporous regime of 2-50 nm in diameter while adding an even
layer to both large and small pores alike.
3.4.1.1 ALD Modification of Ceramic Membranes

Using atomic layer deposition for modification on membranes was initially
developed in the 1990s.[22, 32] George’s group applied this technique to modify tubular
ceramic membranes with TMA and water (Al,O3 ALD).[21, 33] These studies involved
modifying a 50 A pore diameter alumina membrane with 50 cycles of ALD. For all the
experiments, the precursor exposure times were higher than those reported for ALD of flat
surfaces (typically 2-30 seconds)..[18] They correlated a pore size reduction using a
relationship assuming all Knudsen flux by comparing the changes in the conductance and
with the pressure drop across the membrane. After 35 cycles of Al,03 ALD they assumed
that the pores had closed. This produced an average pore diameter reduction of 2.5 A per
cycle. This pore size reduction is comparable to the growth rate on a flat surface of 1.2 A
per cycle, since the reduction in the diameter of a cylinder occurs at twice the rate of growth
for a flat surface. One of the interesting factors in their analysis was they correlated pore

closer during conductance measurements at 500 K but at 298 K they correlated a pore size
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between5-10 A. Also after 17 cycles of ALD the membrane’s pores showed no further
reduction in pore size at 298 K, but for the same membrane at 500 K the pore diameters
continued to decrease for between 18-35 cycles. One of the major deficiencies in their
analysis is that it takes no account of pore size distribution and changes in porosity
throughout the modification cycles. They assumed all the pores were uniformly modified
during ALD, which may or may not be true.[22, 23] Even though the conductance dropped
by over 99%, there was still a residual flux through the membrane even after 50 layers, with
a conductance of 1.78 * 10-8 mol m-2s-1Pa! at a pressure drop of 175 torr. This residual flux
is probably due to the presence of a few larger pores that had not been closed, even though
all the smaller pores were sealed off. Alternatively it is possible that all pores eventually
approach a minimum size.

Cameron et al also later studied other ALD chemistries on the same alumina
membranes using silicon tetrachloride /water (Si0; ALD) and titanium tetrachloride/water
(TiO2 ALD).[33] For SiO2 ALD the pores closed after 25 cycles and for TiO, ALD the pores
closed after 16 cycles, producing growth rates of 1.3 A per cycle and 3.1 A per cycle,
respectively. They reported the pore size shift in terms of the conductance shift as for the
Al;O3study. In these studies, they also assumed that the pores closed, but the residual
conductance after 24 cycles and through 30 cycles of SiO, ALD was over 10% of the original
conductance. This remaining flux means that pore closure was incomplete and either the
pores approached a minimum pore size, or there were still some large pores that remained
open and contributing to the membrane flux.[21]

Klaus et al continued to the study ALD reactions in the late 1990s, including the
implementation of catalyzed ALD. Many of the initial studies of ALD were carried out at
high temperatures in excess of 500 K. In some of the ALD applications, the temperature

could be reduced without changing the reaction chemistry, specifically TMA and water ALD.
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For SiO2 ALD an operating temperature in excess of 800 K was required. George’s group
was able to lower the temperature to 300K by adding a catalyst for the ALD reaction. By
adding pyridine to the AB cycle (for SiCls and water) they were able to grow SiO; ALD at
300K. The exposure required for the precursors also dropped from 107 to 104 Langmuir
(10-6 torr s). Pyridine was combined with the exposure for both SiCls and H;0. [34-36] The
amine group on the pyridine catalyzes the reaction of the precursor with the respective
surface groups during the ALD cycle. Implementing this catalyzed ALD technique at room
temperature almost doubles the growth rate from 1.1 A per cycle to 2.14 per cycle. This
increased growth rate per cycle was attributed to the higher growth rates for most ALD
applications at lower operating temperatures due to a reduction in the density of free
surface hydroxyls at higher temperatures, not a direct effect of the pyridine catalyst. .
3.4.1.2 ALD Modification of Mesoporous Sol-gel Membranes

In 2004 McCool et al studied the effect of catalyzed ALD on mesoporous silica using
pyridine, silicon tetrachloride, and water. McCool used the catalyst to serve two different
purposes. The addition of the catalyst reduces the temperature and exposure time
required. The results also suggest that the catalyst may have a limiting effect on the
minimum pore size. The pyridine needs to be present for ALD to occur at lower
temperatures, so in small pores from which pyridine is sterically excluded, ALD would stop.
This would cause a minimum pore size corresponding to the size of the pyridine molecule.
During the study they examined the effects of ALD on the permeance of the membrane. The
viscous flux through the membrane was reduced from 3 to 1 % of the total permeance, due
to the loss of pores larger than 20 nm in which there is viscous flow. Comparing the fluxes
of o-xylene and p-xylene, a final pore size of 10 A was estimated. There was no analysis of
the pore size of the membrane produced except for the initial nitrogen isotherm of the sol-

gel used for dipping onto the support. Since the membranes are not completely
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homogeneous in pore size, the larger pores could have been modified since the diffusion
rates of the precursors and catalyst were not fully completely studied. A permporometry
analysis would yield a better understanding of the pore size distribution than the
hypothesis of 104 final pore diameter with no larger pores remaining.[37, 38]

Other research groups, including Dai’s, have examined the effect of TiO2 ALD on the
pore size distribution of mesoporous silica with this approach. They were able to reduce
the pore diameter of SBA-15 from 67 A to 32 A over 18 cycles of TiO, ALD. This
corresponds to a pore size reduction of 1.8 A per cycle, which is less than the 3.1 A per cycle
referenced by George in the modification of alumina membranes.[33] The surface area of
the silica was reduced from 650 m2/g to 20 m2/g, which corresponds to a large drop in the
porosity and a reduction in the total number of pores, not just a reduction in the pore
diameter. The pore size distribution was measured in the standard way using nitrogen
isotherms at low temperatures. Nitrogen isotherms offer an excellent way to measure the
bulk porosity and pore size distribution of mesoporous materials. The application of
nitrogen isotherms on dip-coated mesoporous silica is limited. For an asymmetric
membrane most of the pore volume is associated with the macroporous support layer so
the properties of the mesoporous silica layer are masked.[21, 39]

Lin’s group studied mesoporous membranes using alumina ALD to reduce the pores
of a sol-gel alumina membrane from 4 nm to sub 2 nm diameter pores for water/oxygen
separations.[24] They used the ALD technique to modify sol-gel membranes to this size in
order to overcome the problems of producing microporous membranes of high permeance
and the limited range of surfactants that can produce pores in this regime. ALD
modification allowed for the water permeance to remain high, reducing by a factor of 2,
while the oxygen permeance reduced by a factor of 30. Water permeated faster than

oxygen due to its larger kinetic diameter of 3.46 A compared to 2.75 A for water. The ALD
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technique was able to reduce the pore size sufficiently to increase the separation factor of
the sol-gel alumina membrane from 11 to 71 for water/oxygen. In future studies of sol-gel
a-alumina membranes separation factors over 250 were obtained, whereas other
microporous materials like P-zeolites have separation factors of only about 50. These
increases in the separation factor were obtained without sacrificing the permeance, with

the final permeance of a modified membrane being 3.0 X 10-7 mol m-2s-1Pa-l. [24, 29]
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CHAPTER 4
MEMBRANE CHARACTERIZATION

4.1 SEM

The production of ordered mesoporous silica membranes on dip-coated ceramic
supports by dip-coating has been fairly well studied.[11, 40] A variety of techniques have
been developed for characterization of mesoporous silica membranes. One of the more
prevalent methods of characterization is through SEM. SEM imaging allows the top surface
and a cross section of the membrane to be viewed, thus yielding a detailed picture of the
membrane structure. SEM imaging techniques typically do not determine a bulk pore size
distribution due to limits of the resolution of ~1 nm. The image shows only a very small
part of the bulk membrane and may therefore miss regions of heterogeneity. SEM images
cannot determine a pore size distribution for the top layer of mesoporous silica membranes
due to the reduced resolution of images for insulating materials such as silica.
4.2 Permeance

In permeance measurements of light gases the flux through a membrane is
measured and normalized for the pressure drop. The permeance of a membrane is derived
from Fick’s first law, Equation 4.1. The flux across the membrane (J) depends on the
diffusivity, D, the change in concentration, C, and the membrane thickness, z. According to
Henry’s Law, the concentration, C = K*P, where K is the Henry’s constant of the gas which
relates P, the partial pressure, to C, the adsorbed quantity of the gas. Combining Henry’s

law with Fick’s first law yields Equation 4.2.

J=-D+% (4.1)
J=-Dx KZ—‘;’ (4.2)

Integrating Equation 4.2 for dP and dz, respectively yields Equation 4.3.
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(4.3)

_ _Jt _ _Q Pam
Tt = = 2p = RT+sA ap (4.4)

The flux across the membrane is divided by the pressure drop to determine the permeance
across the membrane, .[41] Experimentally, the permeance across the membrane is
calculated from Equation 4.4. The measurement is based on the flow rate through the
membrane, Q, the ideal gas constant, R, the temperature of the membrane, T, the surface

area of the membrane, SA, and the pressure drop across the membrane, AP; producing a

mol

permeance value with units of - .
area-time-pressure drop

To measure the permeance across the membrane for different light gases involves
measuring the flow rate for different pressure drops across the membrane. The gas flow
into the membrane cell was held constant at 500 sccm using a mass flow controller (MKS).
The pressure drop across the membrane was set using a back pressure regulator (MKS)
between 30-1800 torr. Excess gas that did not permeate across the membrane was purged
to the atmosphere. A soap-film meter was hand timed using a stop watch to determine the
flow rate.

In pores greater than 20nm in diameter viscous flow is significant. In this region gas
molecules flowing through a pore interact primarily with other molecules, rather than with
the pore wall. As a result the effective diffusivity is pressure dependent. In instances in
which the molecules interact with each other rather than with the pore wall the membrane
will have a negligible selectivity.[1] The relationship of permeance for viscous flow is given

by Equation 4.5.

e Pr?

Ty = (4.5)

" 1z 8uRT

The viscous permeance (1) is dependent on the pore radius, rp,, the mean pressure of the

membrane system, P, the viscosity of the gas, 1, the porosity of the membrane, €, the
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tortuosity of the pores, T, and the length of the pore, z.[42]  Knudsen diffusion typically
occurs in pores ranging from 2-100 nm in diameter, which corresponds to the pore size
range of mesoporous sol-gel membranes. In the Knudsen diffusion regime there is no
pressure dependence as the gas molecules interact primarily with the pore walls due to the
low relative pressure.[1] The Knudsen permeance relationship shown in Equation 4.6 can

be derived from the kinetic theory of gases.

_97er 1

Tk = R zvimt (4-6)

The Knudsen permeance relationship depends on the molecular weight of the gas, M, and
the mean pore radius, 7. Since the permeance is independent of pressure, the membrane

selectivity in the Knudsen regime is given by Equation 4.7.

a= [—= (4.7)

The theoretical Knudsen selectivity, «, of a binary gas mixture is simply the inverse ratio of
the square-roots of the molecular weights. This is also equal to the ratio of the single-gas
permeances.[1]

Membranes typically have a heterogeneous pore size distribution, so it is important
to determine what fraction of the bulk permeance is due to viscous flow along with defects
such as cracks and pinholes. The total permeance is a combination of the viscous
permeance and the Knudsen permeance, which fits the parallel resistance model shown in

Equation 4.8.[1]

Ty W, T

If a significant fraction of the pores are smaller than the mesoporous regime,
micropore diffusion can occur. Micropores are less than 2 nm in diameter and as a
consequence of molecular sieving effects, the selectivity is often much higher than the

Knudsen limit, particularly for molecules of a size similar to the pore size. These
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microporous membranes are used in natural gas purification, hydrogen, and other
separations.[43, 44] Sol-gel membranes made using surfactants have pores larger than 2
nm and require a post synthesis modification to enhance the selectivity.
4.3 Hexane Permporometry

One method used to determine the pore size distribution of a sol-gel membrane is
permporometry. Permporometry determines the pore size distribution by gradually
increasing the partial pressure of a condensable vapor flowing across a membrane, while
measuring the permeance of a permanent gas through the membrane. The vapor will
condense by capillary condensation inside the smallest pores first, eventually blocking
them, and then sequentially block larger and larger pores (Figure 4.1). The resulting
permeance data can be used to generate a pore size distribution. This offers a more

complete comparison for membranes than traditional permeance measurements.[40]
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Figure 4.1 - Effect of increasing hexane concentration during permporometry
measurement
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The effect, of hexane condensing in the pores, can be mathematically evaluated

using the Kelvin equation, Equation 4.9.

_ —4dVy
P ™ RTxIn (a)

(4.9)

Hexane will condense and block a pore up to the size, Ry, corresponding to the hexane
activity, a, the surface tension, o, the molecular volume of hexane, Vy, the ideal gas constant,
R, the temperature, T, and the thickness of the absorbed monolayer, t.[40] This activity is
corresponds to the partial pressure of the hexane.

To quantify the pore size distribution requires a model that describes pore
geometry, adsorption of the condensable vapor and the transport of the permanent gas.
Cao et al developed a simple model that assumes cylindrical pores, Knudsen transport
through the pore and the Kelvin equation for capillary condensation. [45] At a specific pore
radius the Knudsen permeance, P(r) is given by Equation 4.10, where f(r) is the pore size
distribution, r is the specific radius, v is the molar volume, T is the temperature, T is the
tortuosity, and [ is the pore length. The differential relationship of the permeance provides

the pore size distribution f(r) using Equation 4.11.

P(r) = 317;:1 f:or3f(r)dr (4.10)
) = S ar (+11)

This relationship can be applied to determine the pore size distribution from 1.7-200 nm.
The lower limit of the pore size distribution is constrained by limits of the Kelvin equation
for condensation of hexane and the limits of control of the partial pressure of hexane. The
upper limit of the pore size distribution is constrained experimentally by the need for a
pressure drop across the membrane to measure the permeance. This pressure drop causes

the hexane in the large pores to be stripped and not be blocked by the hexane. Integrating

22



this pore size distribution allows the dimensionless porosity of the membrane with a

surface area of Sa to be determined using Equation 4.12.

_ JarsP(r)dr
- 254

@ (4.12)

4.4 Nitrogen Isotherm

One way to measure the porosity and surface area of porous materials is to measure
how nitrogen condensing inside the pores of the material. A BJH analysis of this data
correlates a pore sizes by using a modified Kelvin equation for nitrogen condensation.[46]
For analysis of silicas, like the CTAB-derived sol-gel membranes, the BJH analysis
underestimates pore size. Kruk-Jaroniec-Sayari correction was developed to better
approximate the pore size of silica MCM-41.[47] Nitrogen isotherms can measure the
properties of bulk powders but cannot be easily applied to sol-gel membranes dip-coated

onto an asymmetric supports.
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CHAPTER 5
SYNTHESIS OF MESOPOROUS SILICA MEMBRANES

5.1 Introduction

Mesoporous silica membranes were used as a support layer for further modification
by ALD methods. In the overall membrane architecture the mesoporous silica layer, with a
mean pore radius ~2.5 nm, is present as the top layer (~2 pm thick) on an asymmetric
alumina membrane of high permeance. This top layer of mesoporous silica provides a
smaller pore membrane for ALD modification, reducing the number of ALD reaction cycles
required for modification, which can be examined with light gas permeance. The
mesoporous silica membrane also provided a more uniform support membrane for ALD
modification.

The synthesis of mesoporous silica membranes in the literature has been reviewed
in the background section of this thesis (Chapter 2). It is very important to prepare a
support layer that is both reproducible and defect-limited, as the presence of large defects
will negate any attempts to modify the membrane permeance properties selective to ALD
modification. In this chapter, the synthesis and characterization of the mesoporous silica
support layer is described. The membranes were synthesized under controlled
environmental conditions for reproducibility. The surfactant-template used was CTAB,
which led to MCM-type membranes. The resulting membranes have light gas permeance
properties essentially governed by Knudsen diffusion.
5.2 Sol-gel Solution Synthesis

During this study, improving the repeatability of the synthesis of dip-coated sol-gel
membranes was emphasized. First, a solution for dip-coating was prepared and then aged.
After dip-coating the layers were calcined. This process was repeated to eliminate cracks

and defects. The sol-gel solution consisted of a mixture with a molar ratio of 1 TEOS:20.52
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EtOH:5.25 H;0:0.144 CTAB:0.00409 HCL. To produce this solution, 7.04 g of TEQS, 4.73 g
EtOH, 0.617 g H,0, and 0.57 g of 0.03 M HCl were refluxed at 60 °C for 1 hour. 10 mL of the
refluxed solution was combined with 1.3 g of CTAB, 20.24 g of EtOH, 1.75 gof H;0,and 0.1 g
of 1M HCl and then aged in a sealed container for 1 week at 3 °C to aid in the formation of
micelles.[11, 37, 48] HCl was added to the solution to prevent the surfactant molecules
from polymerizing, while the proper ratio of water allowed formation of the desired micelle
structures inside the solution.

During initial studies of synthesizing sol-gel mesoporous membranes, the dip-
coating process was done at room temperature under varying humidity.[11, 40] It was
noted that there were variations in the consistency of production of the dip-coated
membranes throughout the year as the ambient temperature and humidity changed. An
environmentally controlled chamber was then introduced for the dip-coating process,
shown in Figure 5.1. This made it possible to maintain a constant temperature and
humidity throughout the dip-coating and evaporation steps. Through experiments in the
University of Maine lab under a range of controlled conditions, the optimal temperature and
humidity for sol-gel synthesis was found to be, 30°C and 50% humidity for MCM-48 type

cubic ordered films.[49]
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Figure 5.1 - Environment controlled chamber with dipping apparatus

The dipping process involved first bringing the chamber, the dipping apparatus, and
sol-gel solution up to the operating temperature of 30 °C, along with the humidity inside the
chamber to 50%. The solution was filtered, using a 0.8 um syringe filter to remove any
large particle contaminants were removed before dipping and placed into a petri dish from
which the supports were dip-coated. The supports chosen were commercially produced a-
alumina (HiTK) with a macroporous base layer and a 10 pm thick intermediate layer (pore
size 0.1 um). The supports were placed into the custom built dipping apparatus and the top
active layer of the support was dipped into the sol-gel solution for 15 s. Any excess solution
was removed using bibulous paper and the membrane was allowed to dry for 24 hrs at 30
°C and 50% humidity. The membrane was calcined in air for 4 hrs at 500 °C with a ramp
rate of 1 °C min-1. The calcination process was done to remove the CTAB surfactant and

leave behind the silica mesoporous network on top of the support. Even with the
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improvements in the control of the evaporation rate of the membranes, it was necessary to
dip coat more than one layer of sol-gel mesoporous membrane on the alumina support.
After each dip-coating cycle the membrane must be calcined. Calcination thermally
decomposes the surfactant, removing it from the film and leaving a porous network. During
calcination, cracks in the layer can appear due to thermal stresses. The minimum number
of dip-coated layers required for the support to be completely coated and essentially crack
free was found to be three. During experiments reported in this thesis, 4 layers were added
to ensure that the majority of defects were coated. [11, 37, 40] The remaining sol-gel
solution after dip-coating was also dried for 24 hrs. This material was ground using a
mortar and pestle, and calcined for nitrogen BET isotherm analysis of the sol-gel layer.
5.3 SEM Analysis

The dip-coated membranes were analyzed using SEM to determine the thickness of
the dip-coated layer and the conformal properties. The SEM images of a cross section of the
mesoporous silica membrane dip coated onto a support are shown in Figures 5.2-5.4. For
all of the images, the membrane was dip-coated, then mechanically snapped in half to
develop the cross sectional view of the fractured membrane. Figure 5.2 shows clearly the
two layers of the HiTK support. The bulk of the support is the macroporous alumina, with
pores in excess of 500 nm and ~ 3 mm thick. On top of this layer is a thinner layer with
smaller pores to provide a smooth surface for dip-coating. This intermediate layer is ~20

pum thick with 100 nm pores. The top layer is the mesoporous silica layer.
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Figure 5.3 - SEM of 100 nm intermediate layer and sol-gel layer
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Figure 5.3 shows a higher magnification view of the intermediate layer and the sol-
gel layer. In this image, the microstructure of the intermediate layer and the dense layer of
the mesoporous silica on top are more evident. Due to the nature of silica and alumina
membranes acting as insulators, charging occurred on the surfaces during the SEM,
lowering the image quality. A method to dissipate the surface charging was to sputter coat
the membrane with gold before imaging. Figure 5.4 shows the surface silica layer cross
section after sputter coating the surface with 5 nm of gold. The image clearly shows the
mesoporous silica layer adhered on top of the 100 nm intermediate layer. The sol-gel layer
did not penetrate into the support and was attached relatively defect free. The average
thickness of the sol-gel layer was 2 pm, but varied in thickness from 1 to 3 um. This
variation in the thickness was attributed to areas where the sol-gel layer did not stay
attached to the support during the dip-coating/calcination cycle, thus the need for repeated
cycles of at least 3 dip-coatings on the support. The permeance of the membrane is
inversely related to the thickness of the active layer of the membrane for both Knudsen
diffusion and viscous flow. The areas with a thicker layer have lower permeance values
than the areas with a thinner layer. The bulk of the membrane deposited had a relatively

even layer of 2 um and was used for the permeance and permporometry calculations.
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Figure 5.4 - SEM of gold templated sol-gel layer at 100 nm resolution

5.4 Permeance

A plot of the membranes permeance versus pressure drop is shown in Figure 5.5 for
helium and nitrogen at room temperature. Helium had a higher permeance than nitrogen
presumably due to its smaller size and molecular weight. The relationship of the
permeance versus pressure drop for both gases showed a minimal pressure dependence on
the permeance across the membrane. This minimal pressure dependence indicates that the
flow through the membrane occurs by Knudsen diffusion rather than by viscous flow. By
comparing the permeance of helium and nitrogen at 760 torr, 2.2 * 10-6 mol m-2s-1Pa-! and
1.0 * 10-6mol m-2s-1Pa-1, respectively, an ideal separation factor can be determined. The

separation factor for the mesoporous silica membrane is 2.1 which is less than the Knudsen
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theoretical ratio of 2.65, suggesting there must be a small viscous contribution to the total

permeance. This is consistent with the small pressure dependence seen in Figure 5.5.
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Figure 5.5 - Permeance versus pressure drop relationship for a mesoporous silica
membrane

5.5 Pore Size Distribution
5.5.1 Hexane Permporometry

The membrane pore size distribution was calculated using two different methods,
hexane permporometry (membranes) and nitrogen BET isotherms (powders from sol-gel).
Hexane permporometry involves measuring the helium permeance of the dip-coated
membrane relative to the partial pressure of hexane. Using the relationships defined in
Section 4.3, the change in permeance due to pore blockage was determined and is shown in

Figure 5.6. The graph shows how the permeance is reduced as the pores are successively
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blocked with the increases in the activity of hexane. Over 65% of the helium permeance is

attributed to pores less than 50 nm in diameter.
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Figure 5.6 - Permeance versus radius of a mesoporous silica membrane
Using Equation 4.11, the relationship from Figure 5.6 is used to determine the pore size
distribution for the active pores in the mesoporous layer of the membrane. This pore size
distribution is shown in Figure 5.7. The distribution was calculated assuming a constant
film thickness of 2 pm. Assuming that the film thick was variable (1-3 pum) the distribution
would have a higher number of pores at areas with a thinner film and a lower number of
pores at areas with a thicker film. The median pore size was 48 A in diameter with the bulk

of the pores within 1 nm of the average pore size and is independent of pore length.
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Figure 5.7 - Permporometry of a mesoporous silica membrane

5.5.2 Nitrogen Isotherm

Nitrogen isotherms offer an excellent way to determine the porosity and pore size of
highly porous materials. They cannot be easily applied to a dip-coated mesoporous silica
membrane because the support with pores much larger than the mesoporous range,
constitutes most of the membrane. Nitrogen isotherms can be applied to the material left
over from the dip-coating process. The remaining sol-gel material not deposited onto a
support, was dried and calcined at 500 °C, then ground using a mortar and pestle. This
material was analyzed using a BJH analysis of the nitrogen isotherm to determine the
average pore size of the bulk silica. The surface area of the membrane was found to be 1027
m?2 g1 with an average pore size of 3 nm in diameter. These properties are an average for
the bulk of the material, but include different characteristics than the dip-coated membrane,
where only active pores were evaluated. The BJH adsorption pore size distribution using a

nitrogen isotherm is shown in Figure 5.8.
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Figure 5.8 — BJH adsorption of mesoporous silica powder

5.6 Conclusions

Mesoporous silica membranes were synthesized in a repeatable fashion by dip-
coating an asymmetric support in an environmentally controlled chamber. Using the
chamber insured that the rate at which the membranes were dried was controlled so that
the dip-coated membrane coated the support evenly and produced the desired structure.
The membrane had a high permeance for He of 2.2* 10-¢ mol m-2s-1Pa-1 at 760 torr and with
over 65% of the permeance due to pores with diameters less than 50 nm. The hexane
permporometry data for the membrane indicated a median pore diameter of 4.8 nm which
is slightly larger than the 3.0 nm pore diameter of the bulk mesoporous sample. The higher
average pore size for the hexane permporometry could be attributed to limitations of the
equipment, where pores under 2 nm were not evaluated. Also the hexane detects only the
active pores, while the nitrogen isotherm measures the entire pore network, where smaller
pores could dominate. The mesoporous material had a very high surface area, with a BJH

adsorption surface area of 1027 m2 g-1.
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CHAPTER 6
ALD REACTOR DESIGN

6.1 Overall Design

The ALD reactor was designed and built for this research project. An ALD reactor
consists of three sections: precursor delivery, reactor and pumping. The design allowed for
easy changes to different types of precursors, which allow the reactor to be applied also to
MLD. The reaction chambers were designed so that they could be changed for the
application of ALD on different types of materials. Figure 6.1 shows the process diagram

for the trimethyl aluminum (TMA) and water ALD reactor.

Reactor Vacuum Pump

GC Valve

@2 Valve

Al(CH3)s

H.0

Figure 6.1 — ALD reactor design for TMA and water ALD

Diffusion Pump

Two different ALD reactor systems were designed and constructed for the
laboratory. One reactor was designed for catalyzed silicon tetrachloride ALD and another
for conventional ALD with TMA. The design of the TMA system is described below.

6.1.1 Precursor Delivery System
In ALD, the precursors are delivered into the reactor sequentially at a specific

pressure and exposure time. Typically, the minimum exposures are 0.1-5 torr for 1-60
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seconds.[18, 22] For all the precursors, a vessel with one outlet was filled with the
chemically pure material and the temperature was held constant to produce the desired
vapor pressure. For the MLD reactions, the organic acids were solids at the operating
temperatures, but sublimation of the precursors produced a high enough vapor pressure to
reach the desired pressure of 2 torr.[50, 51] Each of the precursors was fed to a GC valve
(Valco), as shown in Figure 6.2. The 4-port valve allowed each precursor and the sweep gas
to be isolated to a set port with one common outlet. This kind of valve minimized any void

space within the valve where residual precursors could be trapped. The port not in use was

sealed off to prevent any leakage to or from the system.

Figure 6.2 — GC valve used for ALD
Nitrogen was chosen as the inert gas which was used, along with the vacuum, to

purge the system between each exposure. Nitrogen also purged the GC valve of any
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remaining precursors and by-products from the ALD reaction. The GC valve switching
motor was computer controlled using LabView.
6.1.2 Reactor Designs

Three different reactors were used in the system and were designed to allow for
easy changing between them. The reactor for modification of porous powder materials is
shown in Figure 5.3. The powder was loaded into a Pyrex glass tube fitted with a highly
porous glass frit. The powder remained on top of the frit allowing for the precursors to pass

through the powder.

Inlet

Powder Sample ——>
[ < Porous Glass Frit

> Outlet

Figure 6.3 - Design of powder sample reactor
The most commonly used reactor for these studies is the membrane cell reactor
shown in Figures 6.4 and 6.5. This reactor has a variety of benefits for dip coated sol-gel

membrane modification. A membrane was loaded into the cell with gas inlet on the top side
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of the membrane and gas outlet on both the top and bottom of the membrane. The
membrane was sealed into the cell using Viton o-rings. This allows characterization of the
membrane between each layer of ALD modification, without physical removal of the
membrane from the reactor cell.

The extra outlet on the reactor cell offers a variety of methods for purging the
membrane during ALD. Since the diffusion driving force into the membrane was weak, the
precursors could be driven across the membrane while purging the back side of the
membrane and without purging the top. This would help drive unreacted precursor
through the membrane. Experiments in this study typically did not require this method and

therefore both sides of the membrane were generally purged at the same time.

Inlet Outlet

N

Valve

/
7777 Membrane

e SR
/ Valve

e‘% Outlet

Figure 6.4 — Design of membrane cell reactor
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Figure 6.5 - Membrane Cell Reactor

The simplest of the reactors is a chamber designed to accommodate samples of
different shapes and sizes. This reactor allowed for modification of a variety of different
materials, including single crystal silicon, paper tissue fibers, and dip-coated membranes. A
benefit of the chamber was that multiple samples and different types of materials could be
treated at the same time.

All the reactors could be isolated from the pumping system during the precursor
exposures. This allowed for the pressure to increase up to the vapor pressure of each
precursor inside the reaction vessel. This concentration gradient is the driving force for

precursor to pervade the pore network of the membrane.
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6.1.3 Pumping System

The ALD reactor was built using both a roughing pump and a diffusion pump (see
Figure 6.1). This design allows the ALD reaction chamber and entire system to be first
purged using the roughing pump. The line leading into the roughing pump has a liquid
nitrogen trap to prevent any excess reactants or precursors from damaging the pump.

After the system has been purged using just the roughing pump, a separate diffusion
pump is run in parallel to purge the system. Using this combination of pumps and the liquid
nitrogen trap allows the pressure in the reactor to be reduced to below 5 millitorr. During
operation the purge times were run in excess of the minimum required in order to ensure
that all remaining precursors and vapor products were removed.

6.2 Reaction Exposure Calculations

In ALD, the reaction surface must be exposed to the precursor vapor for each half-
reaction. The quantity of precursor required per unit surface area is called the saturation
dose, that is, the amount of precursor required to cover a unit of surface area of support.
This term can be expressed in molecules per unit area. For ALD, the saturation dose, S, is
directly related to the number of active sites available for chemisorption of the reactant. In
ALD on silica for example, the reactive surface sites are the surface hydroxyls. In silica, this
is estimated at 2.5 hydroxyls per square nanometer. If we can then estimate the flux, ], of the
precursor onto the surface, we can calculate the time of precursor exposure using Equation
6.1. This assumes that all molecules striking the surface are chemisorbed or have a sticking
coefficient of 1. This assumes that a single precursor reacts with the first active site it
reaches, which was chosen for the calculation of a minimum exposure time. It has been
shown that the sticking coefficient will decrease for high aspect ratio materials, such as

membranes and larger precursors.[52] Due to the nature of a large molecules used during
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the molecular layer deposition study, a lower sticking coefficient may be more relevant,

~0.01.
t== (6.1)

Assuming an ideal gas, which for the low pressures used during ALD is a reasonable
assumption, kinetic theory can be applied to calculate the flux of vapor molecules striking

the surface, Equation 6.2.

R (6.2)
2amkT

Here, P is the pressure, m is the molecular mass, k is Boltzmann’s constant and T is
temperature.

A common measure for expressing precursor exposure is the product of pressure
and time or Pt. A unit for this quantity is the Langmuir, L. One L is equivalent to 10-6 torr:s.
Therefore, an exposure of one Langmuir is equivalent to a one second exposure of a
precursor at 10-6 torr. Combining Equations 6.1 and 6.2 results in an expression that

estimates the precursor exposure onto a flat surface, Equation 6.3.

Pt = S\27mmkT (6.3)

In applying ALD to coating nanoporous materials such as membranes, the precursor flux
must travel down the pore in time, ¢, to a specified distance, z, and deposit on the inner

surface of the pore. Written incrementally, this yields Equation 6.4.

dt=—2Ldz (6.4)

Where ¢, and 4, are the circumference and area of the pore, respectively. In addition, the
flux through the pore must be reexamined. For pores with diameters on the order of the
mean free path of the diffusing molecule, the Knudsen model is used to describe the flux.

For much larger pores, viscous flow is more appropriate. The expression for the Knudsen
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flux through a pore is given by Equation 6.5, where R, is the pore radius, v the molecular

velocity, P, the pressure, T, the temperature, and z, the pore length.

_2Rvp
K3 RT 2

(6.5)

Substituting Equation 6.5 into Equation 6.4, and integrating provides an expression of

precursor exposure, Equation 6.6.

2
H:%ggzg (6.6)
% Rp

As seen in Equation 6.6 there is an involved quadratic relationship between
exposure and pore radius. Using helium as an example molecule and assuming a silica
surface with 2.5 hydroxyls per square nanometer, exposures can be estimated from
Equations 6.3 and 6.6 for a flat surface and pore of length, z, and radius, R,. At room
temperature, the exposure of helium onto the flat surface is 2.5 x 10-7 torr:s or 0.25 L. For
comparison, the exposure of helium required to saturate a nanopore of one micron in length
and a radius of 2.5 nm, is 0.015 torr-s, 5 orders of magnitude higher. This exposure agrees
with other literature values for modeling minimum exposures of mesopores.[26]

During ALD of alumina into nanopores, the exposure requirements will increase
quadratically as the pore radius decreases, assuming the length of pore coating is constant.
If exposures are constant throughout the ALD modification of the membrane the process
could favor deposition in larger pores relative to smaller ones. Also, the thickness of the
separation layer may not be uniform, as it is related to the pore diameter. In either case, it is
relevant to take into account the large difference in estimating exposures for ALD
deposition within nanopores.

The minimum exposure can be calculated using measured data for the helium
permeance. The experimental permeance data for the mesoporous membrane incorporates

tortuosity and the porosity of the membrane. The experimental permeance of the
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membrane was 1*10-7mol*m-2*sec-1*Pa-1. Use of Equation 6.7 allows for the experimental

data to be applied to the exposure time.

S*xSAp
TT*SAm

Pxt= (6.7)

The top surface area of the membrane that were pores, Sa,, was determined from
hexane permporometry and found to be 1.4*10-4 m2. The surface area of the top membrane
surface, SAm, was 3.8%10-*m2. Using these experimental values an exposure time of 0.117
torr*s was calculated. The minimum exposure time is larger than the value of 0.015 torr*s
for the modeled measurements as a result of the heterogeneous nature and tortuosity of the
porous membrane.

6.3 Reaction Purge Measurements

The time required to purge all excess reactants involves the time that it takes to
purge the general system and remove byproducts and excess precursors from the
membrane pore network. For the general system purge, all the lines were purged leading
up from the vacuum pumps to the reactor and to the GC Valve. Due to length and
constrictions in the piping system, the purging of the system was not immediate. Based on
experiments it would take approximately 45 seconds to purge the system from greater than
760 torr of nitrogen to less than 5 millitorr.

The time required to remove the leftover precursors and byproducts from inside the
pore network was estimated using the exposure calculations in section 6.2. Assuming that
the concentration of precursor inside the pore was 2 torr at the end of the reaction cycle,
the time for the precursor to diffuse out of the pore can be estimated. It would take
approximately 120 seconds to reduce the pressure to 10 millitorr. This estimated time
should be much higher than actual time since the pressure inside the pore should never
reach the ambient pressure during precursor exposure. The minimum purge time was 300

seconds for all ALD reactions.
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Dilution of the precursors using two flushes of nitrogen gas further reduced the
partial pressure of the precursors inside the reactor. After each reaction cycle the reactor
was purged to below 5 millitorr and then exposed to 30 sccm of nitrogen for 30 seconds.
The reactor pressure increased to over 200 torr during the nitrogen flush. The reactor was
then purged to below 5 millitorr, diluting the concentration of the precursor to below 10-5
millitorr after the first nitrogen flush. A similar dilution effect occurred inside the pore, but
would be limited due to diffusion resistance. The reactor was flushed a second time further
reducing the partial pressure of any remaining precursors.

6.4 Overall Reaction Operating Procedure

Using the values determined for the exposures and for purging, a pulse/purge
operating procedure was developed. The entire ALD reactor was designed and constructed
to be automated using LabView. This allowed for the time of each stage to be identical e
between each cycle experiment. The order of operations for ALD reactions is shown in
Table 6.1.

Table 6.1 - Example of ALD reaction order of operations

Stage Time Action Occurring
(seconds)
1 30 Nitrogen Flush
2 600 Vacuum Purge
3 600 Diffusion Vacuum Purge
4 Variable Trimethyl Aluminum
Exposure
5 600 Vacuum Purge
6 30 Nitrogen Flush
7 600 Vacuum Purge
8 30 Nitrogen Flush
9 600 Vacuum Purge
10 600 Diffusion Vacuum Purge
11 Variable Water Exposure
12 600 Vacuum Purge
13 30 Nitrogen Flush
14 600 Vacuum Purge
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The times developed were not optimized for reactor efficiency, but to ensure that any
excess precursors, or byproducts, were removed. Two nitrogen flushes were used between
each reactant exposure to aid in this removal. After each exposure and nitrogen flush there
was a 10 minute vacuum purge using only the roughing pump. This was more than double
the minimum required from the purging calculations. An extra purge before each exposure
was accomplished by using the diffusion pump. The 10 minute diffusion purge would allow
the system pressure to drop below 5 millitorr. After the diffusion purge, the precursor
exposure would occur with the vacuum valves closed. This would allow for the pressure of
the reactor to reach the vapor pressure of the precursor being exposed. The precursor
exposure times were developed using the calculations shown in Section 6.2 and from
literature values.[22] The exposure times were between 3-30 seconds during experiments

performed in the lab.
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CHAPTER 7
ATOMIC LAYER DEPOSITION MODIFIED ORDERED MESOPOROUS SILICA MEMBRANES
7.1 Introduction

A superior gas separation membrane will be ultra thin for high throughput and
homogeneous in pore size with a high porosity/low tortuosity for maximum molecular
sieving. In addition, many separation applications require the high thermo-chemical
stability that is possible with inorganic membranes. Mesoporous silica membranes,
prepared using surfactant templates and evaporation induced self-assembly, are highly
porous with a majority of pores being 3-10 nm in diameter.[11, 53] Therefore, to be
utilized in gas and small molecule separations, pore size reduction techniques, such as
atomic layer deposition (ALD) must be applied in order to reduce the pore dimensions to
the range for molecular sieving. Examples of industrially relevant gas separations include
carbon dioxide/methane, carbon dioxide/nitrogen, and ethanol/water, among many others.

ALD is routinely utilized to prepare conformal coatings on high aspect ratio, non-
planar supports in semiconductor manufacturing.[54] ALD has also been applied to reduce
the pore size of y-alumina membranes[21, 23, 29], anodic aluminum oxide membranes[55-
59], mesoporous silica membranes[19, 37, 38, 60] and powders[39], porous substrates[61,
62] and organic membranes.[63] In all cases, ALD has proven to be a viable method for
controlled pore size reduction using several reaction chemistries including SiO», Al,03, TiO>
and others.

In the application of ALD to membrane synthesis, the ultimate goal is to achieve
highly effective molecular separations. This is achieved by tuning the final pore size and
surface functionality. As the pore diameter shrinks down to molecular dimensions, the final
ALD processing parameters can become highly sensitive to diffusivity reduction of reactants

into the pores.[26, 64] In addition, ceramic membranes have a heterogeneous pore size
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distribution that contributes to the final pore size distribution in the modified membranes.
Therefore, it is important to understand the effect that ALD parameters, such as
temperature, reactant exposure and reactant purging, as well as support heterogeneity,
have on the pore size distribution after modification.

In this research, we applied ALD of Al;03 to reduce the pore size of surfactant-
templated mesoporous silica membranes prepared by dip-coating onto alumina supports.
The membranes were characterized at various stages of ALD-modification, up to 50 ALD
cycles, using light gas permeance and perm-porosimetry measurements. Under constant
ALD reaction conditions, the deposition efficiency was reduced as the ALD cycles increased.
This resulted in favorable conditions for coating larger pores within the heterogeneous
support. Between 30-50 ALD cycles, the ideal separation factor for light gases was limited to
that predicted by Knudsen diffusion, indicating that a significant number of remaining pores
were not reduced to the molecular dimensions of the light gases probed. This can be
correlated to the heterogeneity of the support as well as to the observed reduction of
deposition efficiency as the number of ALD cycles increased.

7.2 Experimental
7.2.1 Membrane Synthesis

Mesoporous silica membranes were prepared with tetraethyl orthosilicate (TEOS,
Sigma Aldrich) as the silica source and cetyltrimethylammonium bromide (CTAB, Sigma
Aldrich) as the surfactant template. To prepare the mesoporous silica films, a solution of
7.5 ml of TEQS, 4.73 g of EtOH, 0.617 g of H20, and 0.057 ml of 0.03 M HCI were combined
and refluxed at 60 °C for 1 hour. Following this, 10 ml of the refluxed solution was
combined with 1.3 g of CTAB, 20.24g of EtOH, 1.75 g of H20, and 0.1 ml of 1M HCl forming a
final molar ratio of 1 TEOS:20.52 EtOH:5.25 H,0:0.144 CTAB:0.00409 HCI. This solution

was allowed to set for 1 week at %3°C in a sealed container.
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Inside a controlled environment chamber at 30°C and 50% humidity, an asymmetric
alpha alumina support disk with a 20 um top layer of 100 nm pore size (HiTK, Germany)
was dipped into the solution for 15 seconds, using a dipping apparatus. The membrane was
allowed to dry inside the chamber for 24 hr. The surfactant was removed by sintering at
500°C for 4 hr in air with a ramp rate of 1°C/min. The dip and calcination procedure was
repeated 3 additional times to build up the membrane thickness to cover the support.
7.2.2 Atomic Layer Deposition Modification

The membrane/support disc was placed in a custom-built stainless-steel cell that
sealed the membrane using Viton O-rings, allowing both membrane modification and
characterization without membrane removal. ALD was carried out at 100°C and <5 mtorr
using trimethyl aluminum (TMA, Sigma Aldrich) and H»O as reactants. The TMA and H,0
were held at 0°C, producing vapor pressures of 2.56 and 4.60 torr, respectively. The
membrane was dosed with each precursor for 1 second over the top of the membrane for
exposures of 2.5 and 4.6 Langmuirs, respectively. Here, our goal was to provide a thin
separation layer confined to the surface of the membrane. The exposure times used in this
study approaches the minimal values for alumina ALD within a nanoporous membrane, as
estimated from continuum transport modeling.[64] In two other membrane modification
experiments, exposures of TMA and water were increased to 77 and 138, and 100 and 197
Langmuirs in order to examine the effects of increased exposure on membrane
modification. To evacuate the cell, it was first held under vacuum for 10 minutes on both
sides of the membrane. Then, N, was purged for 30 seconds at 30 sccm over the top of the
membrane. This purge cycle was repeated to remove all non-adsorbed reactant from the
pore network. The typical coating cycle sequence was: dose TMA, evacuate excess TMA, N

purge, evacuate, N, purge, evacuate, dose H;0, evacuate excess H20, N, purge, evacuate, N
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purge, and evacuate. This complete cycle resulted in one monolayer of Al,03 deposited
within the pores. Up to 50 complete cycles were applied to modify the support membranes.
7.2.3 Characterization

The membranes were characterized using single gas permeation and porosimetry.
Single gas permeation was measured with helium and nitrogen at 25°C at pressure drops
between 300 and 1800 torr. The hexane perm-porosimetry measurement apparatus and
procedure is described in greater detail elsewhere.[40] Briefly, as the hexane vapor
pressure is exposed to the membrane, capillary condensation occurs in the pores governed
by the Kelvin equation. As the activity of hexane is increased, successively larger pores are
blocked, and the He permeance through the membrane is reduced. From these data, a pore
size distribution can be calculated.[45] The hexane perm-porosimetry measurement was
carried out with the membrane and hexane bubbler at 25°C and a pressure drop of 300 torr.
These measurements were completed on an unmodified membrane and after 1, 2, 3, 4, 5,
10, 15, 20, 30, 40, and 50 cycles of ALD.
7.3 Results

Mesoporous silica membranes were formed on alumina supports by dip-coating and
subsequent thermal treatments to remove the surfactant template, leaving behind a porous
layer. Membranes were formed with four dip/fire cycles to minimize large cracks,
commonly formed from film shrinkage and the unevenness of the alumina support. Figure
7.1 shows a cross-sectional view of a fractured, fabricated membrane. This view reveals the
asymmetric support consisting of two layers; a thicker, highly porous layer supporting a 20
um thick layer with 100 nm pores. This asymmetric support provided a relatively smooth
layer for dip-coating the thin, mesoporous silica membranes with pore diameters less than

5 nm. The thin, 1-3 um, top mesoporous silica layer, prepared by dip-coating is also shown
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in Figure 7.1. This design aided in minimization of the thickness of the separation layer as

required for a high-flux membrane.

Dip-Coated Silica
Mesoporous Layer
~2 um thick

100 nm Alumina
Support Layer
~20 um thick
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Figure 7.1 - Cross-sectional view of the asymmetric alumina membrane support coated with
a mesoporous silica membrane

Evidence for pore size reduction via ALD of alumina within mesoporous silica
membranes is provided in Figure 7.2. Here, the He permeance, normalized to the
unmodified membrane, is shown for the first 4 ALD cycles with different precursor

exposures.
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Figure 7.2 - He permeance reduction in mesoporous silica membranes during alumina ALD
modification

Experimental data are shown in Table 7.1. Clearly, an increase in precursor exposure
decreases the relative He permeance, presumably as a result of both pore size reduction and

pore blocking.

Table 7.1 - He permeance data for ALD-modified mesoporous silica membranes with
different precursor exposures

Membrane TMA. H20 _ TlHe 0-ALD TlHe 4-ALD
(Langmuirs) | (Langmuirs) (106 mol m2s1Pa-D | (106mol m2s1Pa1
A 2.5 4.6 4.0 1.9
B 77 138 8.7 1.9
C 100 197 4.6 1.0

On one sample, permeance and pore size distribution data were collected for 50 sequential
ALD cycles (membrane A). Overall, the He permeance decreased continually from 4.0 x10-6
to 6.6 x10-8 mol m2 s-1 Pa'! through the 50 ALD cycles. Figure 7.3 shows the pore size
distributions calculated from perm-porosimetry data taken at different stages of ALD

modification for membrane A. The unmodified mesoporous silica membrane had a majority
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of pores with diameter ~4 nm. The unmodified membrane also had a 20% residual He
permeance through pores larger than 50 nm, indicative of defects in the membrane. As
shown in Figure 7.3, the pore size distribution shifted to lower pore diameters along with a

porosity decrease as the number of ALD cycles increased.
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Figure 7.3 - Pore size distributions calculated from perm-porosimetry measurements on
ALD modified mesoporous silica membranes

The improvement in membrane performance after ALD modification is shown in
Figure 7.4. The experimental ideal separation factor, o, for He/N: (ratio of single gas

permeance values) is compared to the theoretical Knudsen separation factor of 2.65,

calculated from a = W{M%{ where My and M, are the molecular weights of N, and He,
2

respectively. For pore diameters between 2-10 nm and at atmospheric pressure, molecule-
pore wall interactions become significant and the transport mechanism is largely Knudsen
flow. The Knudsen permeance is proportional to the inverse square root of the molecular
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weight of the permeating molecule. Initially, the ideal separation factor was lower than the
theoretical separation factor, indicating that there were larger pores and defects present in
the membrane.[28] This is consistent with the perm-porosimetry data shown in Figure 7.3.
Between 20 and 30 ALD cycles, the ideal separation factor increased to a value slightly
greater than the Knudsen value indicating that the majority of defects had been reduced to
pores with diameters small enough for Knudsen flow to be dominant. Separation factors
slightly larger than the theoretical value can result from transport through pores with pore
sizes at the lower limit of the occurrence of Knudsen flow, ~1 nm. However, at values
approaching the molecular diameters of the permeating gases, separation factors can
increase greatly due to molecular sieving. For nitrogen, the molecular diameter is ~0.37nm.
From 30 to 50 ALD cycles, the measured ideal separation factor was constant, suggesting
that while pore sizes continued to decrease, there must be a significant fraction of pores

that transported both nitrogen and helium.
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Figure 7.4 - The effect of ALD cycles on the measured ideal separation factor compared to
the ideal Knudsen separation factor for He/N;

7.4 Discussion

The decrease in measured He permeance with subsequent ALD cycles provides
evidence for film growth within the pores of the membrane. Initially, the He permeance
decreased significantly, but the rate of decrease gradually tapered off. This large initial
decrease in permeance was also reported by George’s group.[21] As the pore size decreased
through film growth, the porosity also decreased.

Porosity is defined as the volume fraction of the membrane available for molecular
transport. In the perm-porosimetry measurement, only active pores contribute to the pore
size distribution. Therefore, the pore size distribution, calculated at a fixed membrane
thickness, provides a measure of the two-dimensional porosity of the membrane (the

fraction of pore area available for transport). The cumulative pore area, assuming the pores
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are cylinders, can be estimated by summing the pore areas from the pore size distribution
data. The cumulative pore area, calculated at specific ALD cycles, can similarly be calculated
and normalized to the unmodified pore area. The decrease in normalized cumulative pore
area will be similar to the decrease in normalized two-dimensional porosity. The decrease

in normalized two-dimensional porosity is plotted against ALD cycles in Figure 7.5.
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Figure 7.5 - Normalized porosity decrease with increasing ALD cycles with a constant
growth rate model fit

The reduction in two-dimensional porosity per ALD cycle was modeled using a
constant ALD growth rate per cycle, applied to the pore size distribution data for the
unmodified membrane. For each ALD cycle, the pores at each measured pore size were
reduced with a constant growth rate. The cumulative pore area was then calculated and
normalized against the unmodified data per ALD cycle, shown in Figure 7.5 as the solid line.

Over the complete range of data, it is clear that one ALD growth rate is not adequate to
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describe the pore size reduction. As shown in Figure 7.5, for the first 7 ALD cycles, the data
compared reasonably well to a porosity decrease predicted with a ~1.5 A per cycle growth
rate. For the subsequent ALD cycles, the growth rate used to fit the model to the data
decreased to ~0.7 A per cycle, indicating a decrease in growth rate with decreasing pore
size. The 0.7 A per cycle growth rate is well below the 1.3 A per cycle growth rate cited for
planar substrates.[64]

There are several possible reasons for the decrease in growth rate under constant
reaction conditions as the ALD layer grows within the pores. In order for reaction to occur,
the reactants must diffuse into the membrane pore network. The intrinsic diffusivity of
reactants into the pores will decrease as the radius decreases. In our membranes, reactant
diffusion into the intrinsic pores (mesopores) will occur largely by Knudsen diffusion, while
diffusion through the larger, defect pores will have some pressure-driven diffusion.
Knudsen diffusion occurs when the mean free path between particle-particle collisions is
larger than a characteristic length in the system, in our case the pore diameter. The
Knudsen number is defined as a ratio of the mean free path of the diffusing molecule to a
characteristic length and quantifies gas rarefaction. Estimating the mean free paths of both
water and TMA to be ~10-5 m at 373K and 5 torr, the respective Knudsen numbers would
be on the order of 103 for a pore diameter of 4nm. Knudsen numbers of this order suggest
that molecule-wall interactions are more probable than molecule-molecule interactions and
that Knudsen diffusion of the reactants into the pores is therefore the probable mechanism.
Knudsen and pressure-driven diffusivities are both dependent upon pore radius (Dx~r and
Dp~r?, respectively) and are additive.[28] Therefore, as the pore size decreases during ALD,
a longer diffusion time is required for surface coverage. In addition, it is expected that due
to curvature, the number of surface sites available for reaction will be reduced in greater

proportion than the reduction in surface area because of steric hindrance.

56



In order to estimate the ALD rate as a function of pore size we fitted the pore size

distribution for a 20 ALD cycle-modified membrane (membrane A) with a pore size
distribution calculated by shifting the unmodified pore size distribution with different ALD
rates. Figure 7.6 shows the measured pore size distribution fitted with two ALD rates: a
constant rate and a rate that varied linearly with pore radius. For supporting calculations
for the growth rate models, see Appendix A. The constant rate used was 0.5 A per ALD cycle,
which resulted in a uniform 10 A pore size reduction applied to all pores. The variable rate
used to fit the pore size distribution was R = 0.018r + 0.001, where R is the growth rate in
A/cycle and ris the pore radius in A. The constant growth rate aligns the peak of the pore
size distribution with the measure data, but the larger pores are not reduced sufficiently to

fit the measured data. Applying a growth rate that varied with the pore radius provides a

better data fit, as seen in Figure 7.6.
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Figure 7.6 - Comparing variable and constant growth rate models for ALD deposition rates
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The ALD reaction under our reaction conditions clearly favored larger pores. This is
evident from the data in Figures 7.3-7.6. The data indicate that there may be a limit to pore
reduction above the kinetic diameters of the reactants. Figure 7.4 indicates that the final
pore size distribution results in permanent gas transport characterized by Knudsen flow. It
is interesting that the separation factor plateaus between 30 and 50 ALD cycles. There are
two possible explanations for this: self-limiting pore size reduction based on reduction in
deposition efficiency or the presence of significant defects where 50 ALD cycles were
insufficient to close pores. The above data also suggest that pore modification can be
controlled to some degree, based on controlling the reaction conditions during modification.
If larger pore removal is desired, for example, reactant exposure conditions can be reduced
to limit modification of the smaller pores.

Self-limiting pore size reduction is an important concept in engineering a membrane
for a particular separation based on molecular sieving. In previous work, we demonstrated
that using base-catalyzed ALD of silica was successful in self-limiting pore size reduction
based on the size of the amine catalyst.[37, 38] However, this reaction requires a third ALD
cycle with the removal of an amine salt during synthesis, thus increasing the complexity.
The alumina ALD reaction here is both less complex and can be applied to a wide variety of
supports. Previous work with alumina ALD modification of porous materials has not
provided the detailed analysis (including porosimetry measurements) to indicate the effect
of ALD on pore size distribution change and deposition efficiency as pores decrease to the
lower limits of the mesoporous range.[23, 29]

7.5 Conclusions

We have modified ordered mesoporous silica membranes, prepared by dip-coating

surfactant-templated silica sols onto porous alumina disks, by atomic layer deposition of

aluminum oxide layers within the porous network of the membrane. Light gas permeance
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measurements taken at different stages (up to 50 ALD cycles) of modification provide
evidence of pore modification. Perm-porosimetry data taken at different stages of
modification provide information regarding the pore size shift and porosity changes in the
membranes. The porosity change per ALD cycle deviate from that predicted assuming a
constant growth rate per ALD cycle. Our data indicate that after 7 ALD cycles, the growth
rate per cycle decreased significantly. This is possibly explained by limited diffusivity of
reactants into the pores and decreasing reaction sites. These data suggest that membrane
modification by ALD is very sensitive to ALD reaction conditions. Applications include

controlled defect reduction and controlled deposition layer thickness in membranes.
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CHAPTER 8
MOLECULAR LAYER DEPOSITION MODIFICATION OF MESOPOROUS SILICA
MEMBRANES
8.1 Introduction

Mesoporous silica prepared using surfactants as templating structures provides a
potential framework for hybrid organic-inorganic membranes by providing a relatively
narrow pore size distribution in the mesoporous range, 2-10 nm diameter pores, and high
pore volume for further chemical functionalization and property modification for gas
separations.[11, 40, 53] The incorporation of organic functionality into the mesoporous
membrane provides the potential for increasing separation of gas mixtures by enhancing
adsorption of one molecule over another and reducing pore sizes below the lower limit of
mesoporous silicas. These pore sizes, relative to gas molecules, result in Knudsen transport,
with separation limited by the square root of the molecular weight ratio. The mesoporous
silica framework, on the other hand, can provide thermal and chemical stability to the
membrane.

There are two general strategies for incorporating organic functionality into
mesoporous silica membranes: post-synthesis grafting or insertion of molecules that react
with the silica surface, for example functionalized silanes or dendrimers [65-67]; and
incorporating chemical functionalities into the framework of the mesoporous silica.[68-71]
Post-synthesis grafting strategies have included reactions in solution, vapor-phase and
supercritical fluid between functionalized silanes and surface silanols.[40, 69] By selective
specific silanes, the modified silica surface may consist either of a polymerized layer or a
single, surface-limited functionalized layer.[69]

A second strategy for preparing hybrid organic-inorganic membranes, organic

functionalities can be incorporated into the silica framework. In synthesizing a mesoporous
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silica membrane, a molecular source of silica is used, typically tetraethyl orthosilicate
(TEOS), that condenses around surfactant templates forming a mesoporous silica structure.
Reactions of TEOS and functionalized silanes that take part in this condensation reaction
result in incorporating the functional groups into the silica framework.[72] If the surfactant
is eliminated, a dense functionalized silica layer is formed.

In this work, we present an alternative strategy for preparing organic-inorganic
mesoporous silica membranes based on atomic layer deposition (ALD) explained in detail in
Chapter 3. Atomic layer deposition is a method tailored for the deposition of inorganic
layers into structures with high aspect ratios or porous materials.[22, 23, 37] Atomic layer
deposition consists of forming a layer through two consecutive half-reactions that are
surface reaction-limited. These reactions typically occur from the vapor phase onto the
solid surface. Combining these two sequential half-reactions results in one monolayer of
material formed on the surface. Repetition of this reaction sequence results in increasing
the thickness of the layer. Atomic layer deposition has been applied to membranes
primarily as a method to reduce pore size in a controlled manner.[21-23, 37, 39, 48]
Typically, ALD has been limited to inorganic layers. An example of ALD reaction chemistry
for the formation of aluminum oxide includes the reaction of trimethyl aluminum with
surface hydroxyls (first half-reaction) and the regeneration of surface hydroxyls with water
(second half-reaction).

In order to create a hybrid organic-inorganic layer by ALD, researchers recently
have substituted water with an organic molecule containing two hydroxyl groups, where
one hydroxyl reacts with the surface and the other provides a surface site for the next set of
reactions.[50, 73-77] This method is commonly termed molecular layer deposition or MLD
and results in incorporating organic spacer molecules between the inorganic oxide

components. Figure 8.1 compares conventional ALD of alumina with MLD using two
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different precursors. Reaction 1 consists of trimethyl aluminum and water and results in
aluminum oxide deposition. Reactions 2 and 3 replace the water with oxalic and o-phthalic
acid, respectively, providing hydroxyls to react with surface methyl groups and leaving one
hydroxyl for the next trimethyl aluminum cycle. The resulting layers now have organic
spacers between the aluminum oxide units resulting in a hybrid organic-inorganic

structural unit that is built up in consecutive layers through MLD.
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Figure 8.1 - ALD and MLD reaction schemes using trimethly aluminum and water (1), oxalic
acid (2), and o-phthalic acid (3) as reactants

Molecular layer deposition offers an opportunity to both reduce the pore size of a
mesoporous silica framework in a controlled manner similar to ALD, and simultaneously
impart chemical functionality to the membrane. Molecular layer deposition on flat
substrates using trimethyl aluminum has been previously studied using glycols and organic
acids.[50, 73, 75, 76] These studies have provided a demonstration of the MLD reaction
chemistry, growth rates as a function of temperature, and film property characterization. In
this work, we have extended the MLD method to modify mesoporous silica membranes
using oxalic and o-phthalic acids as precursor molecules. These precursors were chosen for
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their previous feasibility on flat silicon surfaces and lower minimum operating
temperatures.[50, 73] We report the relationship between the number of MLD cycles and
membrane properties such as permeance of light gases and comparing this to ALD of
alumina using water as a reactant. This synthesis technique provides an alternative method
for creating organic-inorganic membranes that could provide unique separation capabilities
based on controlling both the final pore size and chemical functionality within pores less
than 2 nm in diameter.
8.2 Experimental
8.2.1 Membrane Synthesis

Mesoporous silica membranes were prepared using cetyltrimethylammonium
bromide as the surfactant and tetraethyl orthosilicate as the silica source. The preparation
method was previously explained in detail in Section 7.2.1.[48]
8.2.2 Molecular Layer Deposition Modification

The dip-coated membrane/support was placed in a custom-built reaction cell. The
reaction cell allowed for membrane modification and characterization without membrane
removal, which could damage the active layer. The membrane was sealed with silicon O-
rings for oxalic acid (Sigma Aldrich) MLD and Kalrez (Dow) O-rings for the 1,2-benzene
dicarboxylic acid (o-phthalic acid, Sigma Aldrich) MLD. For all MLD reactions the aluminum
source was trimethyl aluminum (TMA, Sigma Aldrich) and it was held at 5°C. The molecular
layer deposition operation followed the protocol conditions developed by Klepper el al.[50,
73] Oxalic acid and o-phthalic acid were held at 100°C and 177°C, respectively. All the lines
and valves leading into the reaction cell from the precursors were heated to a least 10°C
above the temperature of the organic precursor. In order to minimize the temperature
dependence the reaction cell was operated above the minimum temperature required for

MLD. For oxalic acid MLD, the reaction cell was held at 190°C and at 240°C for o-phthalic
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acid. The exposure times for all the precursors was 30 seconds to ensure diffusion into the
pores of the membrane, which was well above the minimum required for the reaction to
take place on a flat surface (under 5 seconds).

The reaction purge cycle between each exposure of precursor involved: 10 minutes
of being held under vacuum, followed by a 30 second N; flush over the top of the membrane.
This purge cycle was repeated to remove any non-reacted precursors and byproducts from
the pore network. The coating cycle sequence for molecular layer deposition was: dose
TMA, evacuate excess TMA, N, purge, evacuate, N purge, evacuate, dose organic acid,
evacuate excess acid, N2 purge, evacuate, N; purge, and evacuate. This complete cycle of
MLD adds one monolayer of the organic-inorganic hybrid aluminum layer deposited within
the pores. Up to 20 cycles were applied to modify the support membranes.

8.2.3 Characterization

The membranes were characterized using single gas permeation and perm-
porosimetry. Single gas permeation was measured with helium and nitrogen at 30°C at
pressure drops between 300 and 1800 torr. Single gas permeance was also measured for
argon, methane and sulfur hexafluoride at 30°C and a single pressure drop between 760-
1800 torr, depending on the total permeance. The hexane perm-porosimetry measurement
apparatus and procedure is described in greater detail elsewhere.[78] Briefly, as the hexane
vapor pressure is exposed to the membrane, capillary condensation occurs in the pores
governed by the Kelvin equation. As the activity of hexane is increased, successively larger
pores are blocked, and the He permeance through the membrane is reduced. From this data,
a pore size distribution can be calculated.[79] The hexane perm-porosimetry was carried
out with the membrane at 30°C and hexane bubbler at 25°C and a pressure drop of 300 torr.

These measurements were completed on an unmodified membrane and after: 1, 2, 3, 4, 5,
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and 10 cycles of MLD for oxalic acid and after: 1, 3, 5, 10, and 20 cycles of o-phthalic acid
MLD.
8.3 Results and Discussion

The mesoporous silica membranes synthesized in our laboratory had properties similar to
those reported elsewhere.[8, 11, 37] The membranes used in this study, prepared using
CTAB as a template, had a maximum number of pores with diameter 2.5 nm, as determined
using perm-porosimetry. The permeance versus pressure drop data indicated essentially
Knudsen-based transport within the membranes. The permeances of light gases through the

mesoporous support are shown in Table 8.1.

Table 8.1 - Permeance (mol m-2s-1Pa'1) of light gases through unmodified and modified
(after 10 cycles) mesoporous silica membranes

TMA/Water TMA/o-phthalic acid TMA/oxalic acid
Unmodified | Modified | Unmodified | Modified | Unmodified | Modified
He (107) 39.87 12.08 9.70 1.95 13.59 1.77
Nz (107) 18.69 5.08 3.95 0.66 6.06 0.37
Ar (107) -- -- 3.86 0.66 5.39 0.29
CH4 (107) -- -- 5.67 1.84 9.72 0.50
SFe (107) -- -- 2.19 0.32 -- 0.19

In this study, mesoporous silica membranes were subjected to successive MLD

cycles and periodically characterized using permeance and perm-porosimetry in order to

examine the effect of MLD cycle number on pore size reduction. Figure 8.2 shows the

reduction of permeance resulting from MLD modification using both oxalic (OA) and o-

phthalic (PA) acids, in comparison to ALD of aluminum oxide. Table 8.1 provides the

permeance values of the unmodified and modified mesoporous silica membranes after 10
MLD or ALD cycles. In all cases, the reduction of permeance indicates that the MLD reaction
is effective in pore size reduction, however, the oxalic acid reaction is clearly more effective

in reducing pore size and permeance. Compared to ALD of alumina, this is somewhat
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expected due to the larger reaction rate reported for OA MLD relative to alumina ALD
(54 /cycle vs. 1.34 /cycle). The PA MLD, however, resulted in markedly less pore size and
permeance reduction than the OA MLD.
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Figure 8.2 - Nitrogen permeance decrease during ALD and MLD modification of mesoporous
silica membranes

Figure 8.3 shows the experimental ideal selectivities for He/N calculated with the
measured single gas permeance values at room temperature at different deposition cycles
for both OA and PA MLD modification of mesoporous silica. The line for the theoretical
Knudsen selectivity, assuming Knudsen flow, is shown for comparison. After one MLD cycle,
both membrane selectivities increase above the Knudsen value. The OA MLD modified
membrane selectivity plateaus near a value of 5 whereas the PA MLD selectivity increases
to near 4 and then decreases slightly. At this time, we have no explanation for the slight
decrease in measured selectivity. The selectivity values above the theoretical value could
suggest a pore size shift into diameters where the diffusivity transitions more toward

molecular flow. Alternatively, this could be an effect of the presence of surface flow. In this
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case, nitrogen could have a lower surface flow on the MLD membranes, although this would

not be expected.
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Figure 8.3 - Experimental ideal He /N selectivities of MLD modified mesoporous silica
membranes

The transport through the MLD modified membranes could occur as some
combination of surface flow, Knudsen diffusion and viscous flow. Ignoring surface flow,
there could be some contribution to the transport from viscous flow, particularly through
the unmodified layer and the support. Given the reduced values of permeance and the
separation factors measured (Figure 8.3), the transport through the MLD modified layers is
essentially governed by Knudsen diffusion. Analysis of the support resistance indicated that
it was more than two orders of magnitude smaller than the MLD layer resistance and it is

therefore neglected in the following analysis. For pure Knudsen flow the permeance is given

by the expression:
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where ¢ is the porosity, T is the tortuosity, Dx is the Knudsen diffusivity, z is the membrane
thickness and M is the molecular weight.

In accordance with Equation 8.1, the permeance for several light gases (He, CHs, N,
Ar and SF¢) at room temperature plotted against the inverse root of molecular weight is

shown in Figure 8.4 for PA MLD. Data are plotted so that the slopes of the linear fits are

&r
equivalent to the parameter — for the membrane at different MLD cycles. Clearly, this
74

parameter decreases as MLD proceeds, again providing evidence that the membrane

properties are altered through MLD.
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Figure 8.4 - Permeance data for different gases fitted to ideal Knudsen flow

&r
The relationship between the different variables in the parameter — can provide a
4

better understanding of the membrane modification process by MLD. Of the four
parameters, 7, the tortuosity, is assumed to remain essentially constant during modification.

The membrane thickness, z, is difficult to determine experimentally. The initial mesoporous
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silica membrane is between 1-3pm thick. The MLD of TMA and PA may not coat uniformly
to this depth and as deposition continues and pore size decreases, the effective thickness
may decrease further. To simplify the analysis, however, we will assume initially that
membrane thickness also remains constant throughout MLD modification. Experimental
data were obtained for the porosity, &, during MLD modification by hexane perm-
porosimetry, shown in Figure 8.5. This data is limited to the contribution of pores greater

than 2 nm to the pore size distribution, the practical limit of the Kelvin equation.[40, 79]
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Figure 8.5 - Porosity changes with MLD cycle for OA and PA modified membranes
Starting with a simple model that assumes the porosity decrease is due only to the
reduction of the diameters of cylindrical pores, that can measured by the hexane perm-
porosimetry, a pore diameter reduction can be determined for each MLD cycle. The data for
the OA MLD indicates a significant decrease, >95%, in porosity during the first cycle. As a

result, a very high growth rate, 30 A/cycle of TMA/OA during the first cycle is calculated
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from the model. After the second and third cycle and out to the twentieth cycle, a lower
growth rate, ~24/cycle, is calculated.

The change in porosity with PA MLD is quite different from the OA MLD. The PA
MLD modification resulted in significantly less porosity change over 20 MLD cycles relative
to the OA MLD. Here, the large relative porosity decrease during the first several cycles was
markedly reduced and fitted with a growth rate of 2.54/cycle over the first 5 cycles. The
remaining 15 cycles were fitted with a growth rate of 1.54 /cycle. Except for the very large
growth rate calculated for the first deposition cycle using OA MLD, the growth rates
predicted are in reasonable agreement with values from the literature for MLD using OA
and PA on flat substrates.[50, 73]

In order to further examine the relationship between porosity and mean pore

Er
radius, the parameter — is plotted against € using experimentally determined values of
74

relative porosity for TMA/PA MLD as shown in Figure 8.6. The porosity, ¢, is determined by
{ep where (is the relative porosity and ¢ is the porosity of the unmodified membrane. The

relative porosity is calculated using hexane permporometry characterization. If the data fit

&r
is linear, that would indicate that the reduction in the parameter, — is due to the porosity
(74

decrease with the mean pore radius remaining constant (again, assuming constant

membrane thickness, z). However, it is not clear that a linear fit would best describe the

er
relationship between — and ¢, particularly during the transition between initial
4

er
modification and subsequent modification, indicating that the decrease of — could be a
Z

combination of both porosity and mean pore radius reduction. This could be further
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corroborated by the results shown in Figure 8.3 where ideal separation factors of He/N; are

greater than the theoretical Knudsen value.
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Figure 8.6 - Pore radius dependence on porosity change

8.3.1 Effect of Membrane Thickness

The above analysis assumes that the reduced permeance with increasing MLD
cycles is independent of membrane thickness and tortuosity. This may not be the case,
particularly with respect to membrane thickness. As pores become more constricted and
porosity decreases, diffusion of the precursor molecules into the pores will become
increasingly difficult. Thus the length of pore being modified would decrease as the
modification becomes more extensive. A decrease in membrane thickness with increasing
MLD modification would require a further decrease in the mean pore radius beyond that

suggested by the above analysis.
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8.3.2 Possibility of Micropores

The above analysis also assumed that the porosity was completely determined by
pores greater than 2 nm. In MCM-48, micropores are not known to contribute strongly to
the porosity of this material.[8] However, membrane synthesis of MCM-48 proceeds
differently from bulk synthesis. Membranes in this study were prepared using evaporation
induced self-assembly, EISA, of silica sols that were aged a specified time prior to
deposition. In EISA, the initial silica/surfactant solution is dilute, in order to facilitate dip-
coating of the membrane. During the drying process through evaporation of solvent, the
surfactants continually reorganize as the solution becomes a gel. The final organization of
the surfactants is determined by many factors including initial surfactant/silicon ratio, and
humidity and temperature during evaporation. All this drying takes place at the interface of
an alumina support. Because of the very different synthesis conditions for the mesoporous
silica, the presence of micropores may be possible.

If a significant quantity of micropores were present, these could be easily blocked
during the very early stages of MLD. Micropores could also provide high energy adsorption
sites for MLD reactants facilitating a rapid blocking of larger pores as well. The rapid
reduction of porosity during the first MLD cycle could, in part, be explained by the presence
of micropores and their removal by MLD during the first cycle. The trapping of excess
reactants within the pores could also contribute to a large initial pore blockage. When this
occurs, chemical vapor deposition (CVD) can take place where a thicker, non-controlled
layer is deposited.[24, 55]

8.3.3 Differences in PA and OA MLD Modified Membranes

The MLD of mesoporous silica membranes using PA and OA as precursors with TMA

resulted in membranes that were, in some respects very different. The OA MLD modified

membrane had a significantly reduced permeance to light gases; 10 times less than PA MLD
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modified membranes. This could be due to several reasons related to the diffusivity and
reactivity of PA MLD vs. OA MLD. Within porous supports, the larger PA molecule would
have increasing difficulty diffusing into pores. The molecular diameters of PA and OA are
estimated at 7.6 and 4.5 A, respectively. O-phthalic acid MLD was reported to have a lower
growth rate, despite its larger molecular size relative to OA. On flat supports, this could be
due to lower surface coverage efficiency. Within porous supports, the larger PA molecule
would have increased difficulty diffusing into pores.

It is interesting that both MLD modified membranes have similar ideal separation
factors (Figure 8.3) for He/N3, yet the permeance values after 10 deposition cycles are
significantly lower for the OA MLD modified membrane. The limitations of PA to diffuse and
react, could limit the reaction only near the mouth of the pore, resulting in a very thin
separation layer, and hence, a higher permeance despite similar separation. Additionally,
pore blockage could be more complete with OA MLD, resulting in a decreased number of
active pores allowing transport.

8.3.4 Self-limiting Pore Size Reduction and Relationship to TMA/H:0 ALD
Modification

Reacting precursors within porous materials to reduce the pore size can be self-
limiting due to size exclusion of the precursor from the shrinking pore.[37, 80] The
reduction of permeance of OA MLD relative to TMA/H,0 ALD shown in Figure 8.1 would not
initially support this mechanism. The OA molecule is larger than water and if deposition
was pore size self-limited we would expect to observe a higher permeance after complete
modification, relative to ALD of alumina. The ALD of alumina, even after 50 modification
cycles, had a higher permeance of light gases. In contrast, the PA MLD permeance decrease
could, in part, be explained by a pore size self-limited reaction given the higher values of

permeance relative to alumina ALD.

73



8.3.5 Opportunities for MLD Modified Mesoporous Silica Membranes

MLD offers many potential opportunities for modification of mesoporous silica
membranes, particularly due to the nearly limitless number of organic molecules that could
be applied to MLD. There are many different aromatic and linear molecules which,
provided that a self-limiting effect can be produced, might offer new ways to tailor the final
pore size of a mesoporous membrane. The use of organics adds functionality to the
membrane and can be incorporated into chemically selective separations for gas phase and
pervaporation processes. The organic linkers in MLD could also be removed through
calcination leaving behind the inorganic framework with high porosity and small
micropores templated by the organic precursors. MLD also offers more opportunities to
grow films at many different thicknesses per cycle than is possible using ALD, and thus can
help tailor the desired thickness and increase the efficiency.

Metal-organic frameworks (MOFs) are highly porous crystalline organic-inorganic
hybrid materials. The crystal structure of MOFs produces intrinsic pores that are defined by
the length and structure of the organic linkers. In order to apply MOFs as membranes, Zhao
group reported needing a thick coating of over 15 pm and Bux et al reported a 30 um thick
layer in their synthesis of a comparable zeolitic sub-class of MOFs.[81, 82] In the synthesis
of zeolite membranes of similar properties, the membrane was reported to be over 1.2 mm
thick. [83] The thick layer of material is needed to coat defects and cracks between the
different crystalline lattices and reduces the performance of the membrane. MLD offers a
way to synthesize MOF-like organic-inorganic structures. The structure would not be
identical to MOFs, but could have the same cage structure with similar functionality. MLD
offers a method to grow a uniform film on many different supporting materials

(mesoporous silica and alumina) with a much finer control on the thickness of the layer.
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MOF-like material templated onto a mesoporous silica support could have a thickness of
less than 1 um.
8.4 Conclusions

Mesoporous silica membranes dip-coated onto an alumina support with a mean
pore radius of 2.5 nm, were subsequently modified using molecular layer deposition, MLD.
An inorganic/organic material was deposited within the membrane resulting in a reduction
in permeance values of light gases. The MLD reactions studied were trimethyl aluminum
with oxalic acid (OA MLD) and with o-phthalic acid (PA MLD). The reactions took place in
sequential order, similar to ALD, where a self-limiting process occurs that controls film
deposition. The OA MLD modification of mesoporous silica resulted in a membrane that had
its porosity reduced significantly (>95%) in the first deposition cycle and after 10
deposition cycles had a permeance value 233 times lower than the unmodified membrane.
The PA MLD modification of mesoporous silica resulted in a membrane with a less
pronounced decrease in porosity than the OA MLD membrane and a permeance of N; after
10 deposition cycles that was considerably higher (28 times) than the 10 cycle OA MLD
membrane. Both modified membranes had a He/N; selectivity greater than the theoretical
Knudsen value. Analysis of the permeance data for both membranes indicated that
transport occurred largely by Knudsen diffusion. The permeance reduction in the MLD
modified membranes was due to a combination of porosity and mean pore radius decrease.
Molecular layer deposition provides an alternative synthesis technique for creating

inorganic/organic membranes.
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CHAPTER 9
HYDROTHERMAL STABILITY OF MESOPOROUS SILICA MEMBRANES
MODIFIED BY ALUMINA ALD

9.1 Introduction

The choice of an inorganic membrane in preference to a polymer membrane is
generally decided by considerations of the thermal /chemical stability. One problem with
silica membranes, however, is their hydrothermal instability, which makes them unsuitable
for many applications. Many studies have shown membrane degradation under varying
hydrothermal conditions. It has been shown that the permeance decreased over time for
membranes exposed to traces of water vapor.[43, 44] For example, in a hydrogen
separation with traces of water vapor at 600 °C, the permeance declined to about 10% of its
initial value after 48 hours exposure indicating membrane degradation.[84] In the presence
of water vapor at elevated temperatures, it is thought that the membranes undergo a
process called densification. It has been hypothesized that steam catalyzes reactions
between surface silanols leading to a blocking of the small pores within the membrane.[85,
86] In another study, the Kim group was able to show that MCM-48 completely degrade in
liquid water at 100 °C.[87]

In addition to pore blocking under hydrothermal conditions, it has been shown that
pores can also expand under hydrothermal treatment. In Coppens work, they applied a
vapor phase hydrothermal treatment to MCM-48 to expand the pore diameter from 2.6 to
4.2 nm.[86] The MCM-48 maintained its high porosity due its thicker pore walls than other
mesoporous silicas, such as MCM-41.[88]

Studies have been directed to modifying silica membranes in order to increase their
hydrothermal stability. Since it is known that some ceramic membranes are more

hydrothermally stable, attempts have been made to coat the surface of silica membranes
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with different materials such as alumina, titania, and zirconia.[85, 89, 90] These ceramics
were added in variety of different ways. Adding these materials to the silica sol-gel solution
before dip-coating the membrane increased the hydrothermal stability. Replacing some of
the free surface silicas with other ceramics was thought to prevent the water molecules
from catalyzing the reaction of adjacent silica molecules to collapse on each other, thus
improving the hydrothermal stability.

ALD offers another method for adding alumina to the surface of silica mesoporous
membrane pores and could change the hydrothermal stability of the membrane. In this
study, the hydrothermal stability of mesoporous silica membranes was compared to 10
cycle ALD modified mesoporous silica membranes. The membranes were subjected to
hydrothermal treatment in a membrane cell holder at 200 °C with a trace amount of water.
The initial results suggest that coating the mesoporous silica with alumina by ALD improves
hydrothermal stability in the membrane.

9.2 Experimental
9.2.1 Membrane Synthesis

Mesoporous silica membranes were produced by the method described in Section
7.2.1. The membranes were dip-coated onto an a-alumina support. This support was
selected because of its hydrothermal stability and asymmetric structure. Four dip-coating
cycles were used to synthesize the membrane for both the unmodified and alumina ALD
modified membrane.

9.2.2 ALD Modification

The modification of the ALD membrane was carried out at 100°C for 10 cycles using

TMA and water. The membrane modification process followed the procedure described in

section 7.2.2.
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9.2.3 Hydrothermal Treatment

The hydrothermal treatment of the mesoporous membrane was carried out to
mimic conditions for membranes exposed to trace water content. This method was chosen
to prevent water from condensing inside the pores during the permeance measurements,
enabling all permeance change to be correlated with hydrothermal stability. The treatment
was carried out at 200°C with a 1 torr partial vapor pressure of water. The total flow rate
entering the membrane cell was 105 sccm, with helium as a carrier gas, and a 300 torr
pressure drop across the membrane was maintained. The membrane was exposed to these
conditions for 5 days, while monitoring the permeance at regular intervals. Any remaining
water inside the pore network was removed by exposing the membrane to dry helium gas
for 1 day at 200 °C, and the membrane permeance was then characterized.
9.2.4 Characterization

The membranes were characterized before and after the hydrothermal treatment of
the membrane. The characterization involved collecting permeance versus pressure drop
data for nitrogen and helium, as well as hexane permporometry data. The characterizations
were carried out at 30 °C for both the permeance and permporometry.
9.3 Results and Discussion

The plots of permeance versus pressure for nitrogen and helium for an unmodified
silica membrane before and after hydrothermal treatment are shown in Figure 9.1. The
permeance values for helium and nitrogen decreased during the hydrothermal treatment of
the unmodified membrane. For comparison, the alumina ALD modified membrane
permeance data, before and after hydrothermal treatment are shown in Figure 9.2.
Comparing Figures 9.1 and 9.2, there is a noticeable difference in the change in permeance
due to the hydrothermal treatment. The permeance at a pressure drop of 760 torr for the

unmodified mesoporous silica membrane was reduced by 19% for nitrogen and 16% for
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helium, while the ALD modified membrane showed a negligible reduction in the permeance
of the membrane (less than 1%). The larger permeance reduction of the unmodified
membrane for nitrogen relative to helium suggests a reduction in the pore diameter,
specifically of the larger pores. The ALD modified membrane did not show any real
reduction in the permeance, suggesting no change in the average pore size. The helium
permeance of the ALD modified membrane was 5.8%10-7 mol m-2s-1Pa-t at a 760 torr
pressure drop whereas the permeance of the unmodified membrane was substantially
higher at 2.1*10-¢ mol m-2s-'Pa-1. The lower permeance was due to the ALD modification.
The alumina coating may have sealed the silica membrane preventing the water from

catalyzing the surface silicas and thereby increasing the hydrothermal stability.
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Figure 9.1 - Permeance versus pressure drop for an unmodified silica membrane
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Figure 9.2 - Permeance versus pressure drop for an ALD modified silica membrane

There was a shift in the pore size distribution due to the hydrothermal

treatment for the unmodified membrane, shown in Figure 9.3. There was a collapse of the

pore size distribution, with a total porosity reduction of 41%, which is comparable to other

hydrothermal studies on MCM-41 where the porosity decreased by 40-50% over 120

hrs.[88] The reason that there was no shift in the pore size could be due to the limitations

of the hexane permporometry experiment in which pores less than 2 nm are not analyzed.
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Figure 9.3 - Pore size distribution before and after hydrothermal treatment of a
mesoporous silica membrane

The pore size distribution for the ALD modified membrane, shown in Figure 9.4, did
not show the same collapse. There porosity remained relatively constant and any variation
in the distribution was attributed to experimental noise. This demonstrates that the ALD
modified membrane’s pore structures are more stable during hydrothermal conditions at

200 °C.
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9.4 Conclusions

The hydrothermal stability of CTAB surfactant template mesoporous silica
membranes at 200°C under conditions of trace water content was examined. The helium
permeance decreased by 16% but the porosity of the membrane dropped by over 42%. The
average pore size remained constant with a net reduction in the total number of pores. ALD
modified membranes performed better during hydrothermal treatments without a
reduction in the permeance or porosity of the membrane. The viscous contribution to the
total flux of the membrane did slightly increase for the ALD modified membrane, suggesting

some degradation on the membrane surface during the hydrothermal treatment.
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CHAPTER 10
CONCLUSIONS

10.1 Mesoporous Silica

Mesoporous silica membranes were synthesized to act as a support for ALD to
reduce the pore size of a membrane to below 2 nm in diameter. The mesoporous silica
membranes were dip-coated onto an a-alumina asymmetric support using a sol-gel solution
derived from CTAB, TEOS, ethanol, water, and dilute hydrochloric acid. The membrane was
produced through dip-coating using a technique called evaporated induced self-assembly,
which produced an ordered membrane structure. The membranes were dip-coated at 30 °C
and 50% humidity to produce the desired membrane with minimal defects in a
reproducible manner. The CTAB surfactant was removed through calcination at 500 °C,
leaving behind a porous network. Four dip-coating cycles were needed to produce a defect
free mesoporous layer on top of the 100 nm support. The mesoporous layer was 1-3 pm
thick with an average pore size of ~4 nm in diameter.
10.2 Atomic Layer Deposition

The mesoporous silica membrane was modified using trimethyl aluminum and
water with up to 50 cycles of ALD. The membrane permeance and porosity decreased with
each subsequent cycle of ALD. The selectivity of He/N; of the membrane increased
gradually during the first 30 cycles of ALD, from 2.1 to ~2.7 and leveled off at about ~2.7
through the remainder of the cycles. This corresponded to a reduction in the viscous
contribution to the permeance and after 30 cycles of modification, the permeance was
predominately Knudsen, close to the theoretical selectivity of 2.65. The growth rate was
higher during the initial cycles, 1.5 A/cycle during the first 7 cycles, and subsequently
decreased to 0.7 A/cycle thereafter. Diffusion limitations could have contributed to the

decreasing growth rate. Comparing the unmodified and the 20 ALD cycle membrane pore
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size distributions, revealed that the growth rate was not constant for all pores; larger pores
were favored. The variable growth rate as a function of pore radius was estimated to be
R=0.018r + 0.001, where R is the growth rate in A/cycle and r is the pore radius in A.
10.3 Molecular Layer Deposition

The MLD was carried out using two different organic acids, oxalic and o-phthalic
acid, with trimethyl aluminum. Oxalic acid is a saturated linear dicarboxylic acid and was
chosen due to its smaller molecular size, lower temperature of reaction, and exposure time
required for MLD. O-phthalic acid is an aromatic acid and was chosen for its larger
molecular size, while still requiring a lower operating temperature and exposure time.

The oxalic acid and trimethyl aluminum MLD showed a very high initial growth rate,
~30 A/cycle, where He permeance reduced by over 95% in the first two cycles. After 3
cycles of MLD, the growth rate dropped to ~2 A/cycle which corresponds more closely to
the expected growth rate. The membrane He/N; selectivity increased during the
modification from 1.9 to 4.5 after 4 cycles, significantly larger than the ideal Knudsen
selectivity value of 2.65.

The o-phthalic acid and trimethyl aluminum MLD showed a growth rate similar to
that of traditional ALD with TMA and water. The permeance declined by 80% over 10
cycles, with a growth rate of ~2.5 A/cycle for the first 5 cycles and ~ 1.5 A/cycle afterward.
104 Hydrothermal Stability

A preliminary study into the hydrothermal stability of mesoporous silica
membranes showed degradation of the pores of a mesoporous silica membrane when
exposed to a trace amount of water at 200°C. The nitrogen permeance declined by 19%
during the 5 days that the membrane was exposed to 1 torr of water vapor at 200°C. There
was also a collapse of the pore size distribution with the porosity decreasing to 41% for

pores between 2 nm and 40 nm. The mesoporous silica membrane modified by 10 cycles of
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alumina ALD using TMA and water was less affected by the hydrothermal treatment. The
membrane permeance for both helium and nitrogen remained constant before and after
modification, with a reduction of under 1%.

10.5 Proposed Future Work

The purpose of this study was to determine the effects of atomic and molecular
layer deposition on the modification of mesoporous silica membranes. This has been
accomplished, but a better understanding of the minimum pore size would also be
desirable. These deposition techniques offer a way to a have a self-limiting effect on the
final pore size of a membrane corresponding to the precursors used for modification.
Especially in MLD, there are many opportunities for applying this self-limiting effect. The
oxalic acid did not demonstrate this effect as well as the o-phthalic acid, so other aromatics
could be selected as the focus of future work. Different aromatics could be used to tailor
different final pore sizes.

The other possible product that could be produced using MLD would be a MOF like
material on the top surface of a mesoporous membrane. MOFs offer a way to produce a
microporous membrane with high functionality and control over the pore size dictated by
the organic linker molecules. However, currently MOF membranes must be fairly thick to
minimize the effects of defects on transport. An MLD synthesized MOF like material could
have these similar properties, considering that oxalic and o-phthalic acid are used in MOF
synthesis as well as MLD. MLD could synthesize a sub 1 um thick membrane of this material
with a similar organic-inorganic linker type structure for membrane separations processes.

Another possible way to produce a microporous membrane deposited onto a
mesoporous membrane support would be to remove the deposited organic linkers after
MLD modification. MLD could be used to plug the membrane and deposit a thin layer of the

organic-inorganic material on the top surface of the membrane. The organics would be
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removed using calcination, leaving behind a highly porous alumina network with the pore

size dictated by the size of the organic precursor used.
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APPENDIX A

CALCULATIONS FOR THE PORE SIZE REDUCTION

Calculation of the pore size reduction with constant growth rate

Raw data input from permporosimetry
i:=0..¢

r0:=

np4 :=

np20 :=

20.42198413
26.19750331
30.15850301
35.83714683
44.65507083
46.84158741)
52.05097116
61.48295552
86.47455321
131.8495752

1.88634E+13
1.48458E+19
1.11932E+19
7.03364E+18
4.50698E+18
4.79965E+18
3.50221E+18
1.84E+18
5.19233E+17
8.01475E+16

4.41737E+20)
6.07259E+21
3.92626E+21
2.5318E+21
1.35845E+21
1.46738E+21
8.13461E+2(
5.01781E+2(Q
1.34094E+20

2.02056E+19

np5 :

0 9.68193E+1
0 1.63575E+1
1.31096E+19 1.67593E+1
2.38567E+19 1.21872E+1
1.58863E+19 7.43766E+1
Laag7oE+1d | 85032418 P2
9.65431E+18 4.81676E+1
5.84169E+18 2.92038E+1
1.58641E+14 8.30878E+1
1.69734E+17 1.04822E+1
5.15731E+2 3.7091E+18
1.08221E+2 5.46667E+18
8.36587E+2 4.06609E+19
6.87112E+2 3.55879E+18
4.25654E+2 2.09047E+18
= npl5:=
3.90389E+2 2.58950E+18
2.82896E+2 1.34027E+18
1.67292E+2 7.24664E+11
4.72125E+2 2.33879E+17
7.3424E+19 3.4064E+16
4.16732E+20) 5.06E+20)
1.25661E+2] 2 B1E+20
2.15622E+2( 4 816420
2.69252E+2( 2 03E+20
1.7854E+20
"R o or7aE42d  POO:- Z;ﬁ;i
9.05669E+1 5. 28E+19
4.34694E+19 2 26E+19
1.54902E+19 9 39E+18
2.52204E+1 1.36E+18

%94

4.04822E+1%
1.4482E+19
1.64881E+19
1.02056E+19
5.91178E+1§
5.76124E+18
3.89829E+18
2.4405E+18
6.9488E+17
9.39023E+16

npO :=np0-100(
npl :=npl-100(
np2 :=np2-100(
np3 :=np3-100(
np4 :=np4-100(
np10 :=np10-100(
npl5 :=npl5-100(



Calculation of porosity from the distribution data: The PSD is integrated to sum up the overall
pore areas of each membrane. The relative porosity change is determined by normalizing to the
pore area for the unmodified membrane. The assumption here is that the pores are all cylinders
and the calculation just the 2D porosity change, that is a cross sectional porosity change. In

effect, it assumes the membrane thickness is uniform if translated to a 3D porosity calculation.

PSD data are fitted to a function and then integrated to calculate 2D pore areas for each

membrane.

Subscripts on the variable Area, refer to the number of ALD cycles used for modification.

S:=Isplingr0,np0)  npOfit(2) :=interp(S,10,np0,2)  z:=10..15€

150
Area ::TC~J zz-npOﬁt(z) dz = 5.046x 1027

21 Calculation of relative
Sy :=Isplingr0, np1) nplfit(2) = interp(Sl, rO,npl,z) porosity per ALD cycle

95
Area1::n~J Z-nplfit() dz = 2.732x 167

13
Areaq
-—|spli np2fit(2) :=interp(S-, r0,Np2,z E, = =0.542
S, :=Ispling(r0, np2) p2fit(z) p( 2, 10,Np: ) 1 Areag
150
Area, :=n-J zz-np2ﬁt(z) dz=2.411x 1027
19 Area2
S, :=Ispling(r0 np3fit(2) := inter(S3,10.np3. 2) By = =0.478
3 :=Ispling(r0, np3) : plo3.1U,Npos, Area
150
Area3:=n-J 22~np3ﬁt(z)dz= 2.204x 1027 Areaq
20 . Eq = = 0.437
Sy :=Ispling(r0,np4)  npAfit(z) := |nterp(S4, r0,np4, z) 3 Area
150
Area4:=n-J 22~np4ﬁt(z)dz= 1.909x 167 Areay
Ey:= =0.378
20 Areag
Sg :=Ispling(r0,np5)  NPSit(2) := interp(S5, 10,np5.,2)
150 Areag
2 7 Eg:= =0.338
Areag =T Z -np5fit(2) dz = 1.707x 102 Area

17
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S10:=Ispling(r0, np10)

nplofit(2) := interp(slo, 10, np10, z]

150
Arealozznj zz-nploiit(z)dz= 9.674x 1026

24

S15:=Ispling(r0, npl5)

npl5fit(2) := interp(Sls, 10, npl5, z]

150
Area15:=nj zz-np151it(z)dz= 7.925% 1026

20

Sy(:=Ispling(r0, np20)

np20fit(2) := interp(SZO, 10, np20, z]

150
Areazo::n-J 22-np201it(z) dz = 5.39x 1026

21

S3q:=Ispling(r0,np30)

150
Area30::n-J 22-np30fit(z) dz = 1.228x 167°

20

Sy0:=Ispling(r0, np40)

150
Area40:=n-J zz-np401it(z) dz = 6.61x 1025

20

Sg:= Ispling(r0, np50)

150
Area50:=n.J Z2-np50it(2) dz = 3.328x 167>

20

np30fit(2) := interp(S30, r0, np30, z]

np40fit(2) := interp(S40, 10, np40, z)

np50fit(2) := interp(SSo, r0, np50, z)
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E501=

Fro=

By5:=

E202=

Area 10

Areao

Area 15

Areao

Area 20

Areao

Area 50

Areao

=6.597x 10

=0.192

=0.157

=0.107



Examples of some of the fitted functions that were integrated

1x10% : .
5x107 -
np20
np20fitz) | .
_5x10PM -
—1x10% ' L
0 50 100 150
r0,z
T T
15x10%2F -
np2fit(z)
— il 3 -
np2 N
5x107F \ -
M
\\\
0 I Binae et SRR
0 50 100 150
z,r0
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Experimental data from ALD: relative porosity (datarp) change as a function of cycle number

(datan)

1

0.671374717
0.544037263
0.502157055
0.428300278
0.37081376
0.211711759
0.192652063
0.135265524
0.044219764
0.017741343

datarp :=

0.01227449)

Plot shows the relative porosity change calculated from permeance reduction,

datan :

datarpl :=

datanl :=

datarp, as a

function of cycle number as well as the relative porosity change calculated from integrating

PSD's, datarpl. The data are in reasonable agreement, suggesting that the permeance reduction

is largely due to porosity change after modification. At the early cycles the permeance does not

drop as one might predict from the porosity decrease alone.

06
datarp om
(] [
datarpl

000 Om
04

021

Qm
Oom

[ ]
o

! 8

20 30
datan,datan1
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The calculation below determines the reduction in pore area per ALD cycle, and assumes a
constant ALD grovith'Taté per cycle, R1 and R2.

growth rate 1 n:=0..6(

2

[(roi - n~R1) + |r0i - n~Rlﬂ
Areal(n) :=x- Z

-np0.
> P

Program to calculate a changing radius as a function of variable growth rate. The function, r(r,n)

is the new radii (from the original r) after n ALD cycles. An ALD growth rate per cycle can be

given as a function of pore radius.

Growth rate as a function of pore radius
R(r) :=1.t

AAA

R(r) :=0.015 + .0¢

Calculation of new radii as a function of starting radii and number of ALD cycles

i:=0..¢
r(r,n) := | for ie0..rows(r) — 1
X «T.
1 I
for nel..n

for ie0..rows(r) —1
X if(xI > R(xl),xl - R(xl),o)

X
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Examples of pore size distribution data fitted to a growth rate that is dependent on pore radius

Note that the decrease in occurrence of all pores had to be adjusted by the division factor seen
in the y-axis data. The blue curves are experimental data. The red curves are fitted data. The

growth rate is a compromise and here shows a better fit in the middle ALD cycles.

2 ALD cycles of modification

2><1022 T T
15x10%2F -

np0;-0.7
XXX 1x10%2F -
np2;
o0

5x107M- -

. _—
0 50 100 150

r(r0,2);,r0;

5 ALD cycles modification, fit not as good reflecting the higher growth rate here.
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10 ALD cycles modification

8x107"

6x10°*
npo;

s A0

nplG
*o0

2><1O21

0 - = - .
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Calculation of cumulative pore area for the fitted data numerically using a Reimann sum method

2 PO,
- Z (r(r0,5)|> E
Areasfit := —L& el O ~0.373
re
npo.
2 i
- Z{(r(ro,zo)i) —
Area20fit = —= " 0 ~0.135
re
npo0.
2 ]
- Z|:(r(r0,40)i) —
AreadOfit = —= " Y =0.073
re
npo0.
2 ]
Area50fit := —= G ~0.053
re
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Calculation of the area under the fitted data (fitted to a growth rate) by first fitting the data to a
spline function and then integrating that function. Some fits created functions that were
negative below a certain pore radius. Checks on this were done graphically to provide the
starting pore radius for integration. These numbers could be compared with the above values

done simply by a Reimann sum method. Again, subscripts refer to number of ALD cycles.

—lenli npo _ npo
Sfy:= Isplme(r(ro, 2), 1_5) np2fit,(2) == mterp(sz, r(r0,2), 1t ,zj
130 Area
Area2m::n-J 22~np2ﬁtm(z) dz = 3.065x 1027 2m _ 0.607
26 Areao
. np0
o _ . 0
Sf5 = Ispllne(r(ro, 5), 2.3) np5ﬁtm(z) = |nterp($f5’ r(r0,5), r;_p3 , z)
130 A
rea
Area5m::n~J Znp5fit, (7) dz = 1.724x 16F 5M _ 0 aao
26 Area
S, g:=Isplind r(10,10), "2 10it(2) = interol St~ r(10.10). "2
10 19,2 npl0ft,,(2) :=interp| Sfy o, r(r0, ),?,Z
130 Areap
, 2 i 27 M _oom
Area gm=n- z -npl0fit(2) dz = 1.064x 1 Areag
13
. 0 .
Sho:= Isplme(r(ro, 20), %) np20fit(2) := mterp(szo, r(r0, 20), % ,zj
100 A
rea
Areasnm =T J zz-anOitm(z) dz=4.951x 10°° 20m _ 0.098
10 Areag
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Example of data fitting using Ispline to calculate the area under the curve. This is for the 20 ALD

cycle membrane.

0

0
3.277:1021
5.964-1021
39721021 X = r(ro’zo)
3.372:1021
2.414-102 S.:=Ispling(X,Y)
1.46°1021
3.966° 1020 fit(2) :=intep(S, X, Y, 2)

4.243:1019

V| (N[~ W|IN|H|O

o
X
[N
Q
T
|

50 100 150
z,X

150 )
J fit(2) dz = 9.391x 10°
20
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Plot of the relative porosity change for the fitted and raw pore size distributions. Again, the data
plotted is the normalized area decrease as a function of ALD cycles. Here, the normalized area is

assumed to correlate with the normalized porosity (in 2D)

1
A 1
rea
2m Areaz
Area Areag
0 Areao A =0.342
Area reap
om 2 Areag
datafit :=| Aredg dataX :=| 5 A
A 10 dataraw :=| A\rédg
rea
ﬂ Arealo
Area 20 Areag
Area A =0.338
Areasgn, reag
- Area
20
Areao
Areao
xx:=0..4(
1 T T T 1
0.607
0sh datafit =| 0.342
R 0.211
0.098
o6 \X .
dataraw .
0oo "
datafit 1
X% 04l . 0.478
dataraw =| 0.338
02k | 0.192
0.107
0 | | |
0 5 10 15 20
dataX, dataxX

As seen from the fits of the pore size distributions generated using the variable growth rate
above, the growth rate chosen has a better fit at cycles greater than 5. Data beyond 20 ALD

cycles was neglected as the PSD data was less reliable due to low porosity.
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