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We have prepared and characterized organically-modified mesoporous silica
membranes using supercritical CO, fluid deposition. Supercritical CO, fluid deposition
has been shown to increase both diffusion and concentration of the reactants at the
reaction site, a particular advantage when the reaction site is inside a small pore, where
access can be limited. The pre-modified mesoporous silica membranes were prepared by
surfactant-templated synthesis on a-alumina disk-shaped supports. These mesoporous
silica supports had a mean pore size distribution of 5 nm. The alkyl modification of the
silica membranes was achieved by the covalent attachment of trimethylchlorosilane
(TMCS) and octadecyldimethylchlorosilane (ODMCS) using triethylamine (TEA) as a
catalyst in supercritical-CO,. Successful attachment was confirmed through infrared
spectroscopic identification of methyl and methylene groups and also a decrease in single
gas permeance of light gases through the modified membrane. The synthesis process did
not degrade the support membrane, was relatively efficient, and was free of organic
solvents required for traditional synthesis. The dominant transport modes in the
membranes were Knudsen and surface flow. Separation factors for methane and propane
over nitrogen were not increased relative to the bare support, indicating that neither
surface flow was enhanced nor size selectivity improved for the membrane system
studied. Supercritical CO; fluid deposition was demonstrated an effective technique for
reaction of functionalized silanes on the surface of silica membranes.
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We have prepared and characterized organically-modified mesoporous silica
membranes using supercritical fluid CO, fluid deposition. Supercritical CO; fluid
deposition has been shown to increase both diffusion and concentration of the reactants
at the reaction site, a particular advantage when the reaction site is inside a small pore,
where access can be limited. The pre-modified mesoporous silica membranes were
prepared by surfactant-templated synthesis on alpha-alumina disk-shaped supports.
These mesoporous silica supports had a mean pore size distribution of 5 nm. The alkyl
modification of the silica membranes was achieved by the covalent attachment of
trimethylchlorosilane (TCMS) and octadecyldimethylchlorosilane (ODMCS) using
triethylamine (TEA) as a catalyst in supercritical-CO,. Successful attachment was
confirmed through infrared spectroscopic identification of methyl and methylene groups
and also a decrease in single gas permeance of light gases through the modified
membrane. The synthesis process did not degrade the support membrane, was
relatively efficient, and was free of organic solvents required for synthesis. The dominant
transport modes in the membranes were Knudsen and surface flow. Separation factors
for methane and propane over nitrogen were not increased relative to the support,
indicating that neither surface flow was enhanced nor size selectivity improved for the
membrane system studied. Supercritical CO, fluid deposition was demonstrated an
effective technique for reaction of functionalized silanes on the surface of silica

membranes.

We have conducted experiments on the synthesis and characterization of mesoporous

silica membranes used as supports for subsequent pore size and surface chemistry



modification. Surface chemistry modification experiments have been conducted using
trimethylchlorosilane and octadecyldimethylchlorosilane. These experiments were
carried out by reaction in supercritical CO, to explore this new method for membrane
modification. Experimental characterization includes infrared spectroscopy of the
membrane surface, single gas permeation measurements, and adsorption branch
porosimetry measurements. Additional work was done on designing and fabricating an
atomic layer deposition system for pore size reduction experiments. This work has
included refurbishing used equipment, procuring new equipment, computer

programming for automated control and general experimental planning.

Educational activities include incorporating current data collected from research and
using this data as a teaching vehicle for my introduction to chemical engineering
calculations class. Advising two graduate students in research, one undergraduate in
research, and one high school student in developing a teaching module has also taken

place.
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ALD of porous silica membranes

An ALD reactor has been constructed for depositing silica layers into mesoporous silica
membranes. The reactor will deliver three reactants through a GC valve into a custom

reactor chamber configured to hold porous disc supports. An additional reactor is being
constructed for alumina deposition from trimethylaluminum and water. Experiments are

expected to commence shortly in this area.

Functionalized silica membranes

We have continued our research in functionalized silica membranes. Two papers
have been submitted. The first paper entitled, Covalent attachment of
monochlorosilanes to mesoporous silica membranes using supercritical fluid
deposition, was submitted to a special edition of Separation and Purification
Technology focused on functionalized membranes. The abstract for this paper
follows below. We have prepared and characterized organically-modified mesoporous
silica membranes using supercritical CO; fluid deposition. Supercritical CO, fluid
deposition has the potential to increase both diffusion and concentration of the reactants
at the reaction site, a particular advantage when the reaction site is inside a small pore,
where access can be limited. The unmodified mesoporous silica membranes were
prepared by surfactant-templated synthesis on a-alumina disk-shaped supports. These
mesoporous silica supports had a mean pore diameter of 5 nm. The alkyl modification of
the silica membranes was achieved by the covalent attachment of
octadecyldimethylchlorosilane (ODMCS) using triethylamine (TEA) as a catalyst in

supercritical-CO,. Successful attachment was confirmed through infrared spectroscopic



identification of the removal of the band due to isolated silanols accompanied by the
appearance of bands due to methyl and methylene groups. We also directly measured a
~90% reduction in permeance of light gases through the modified membrane. The
synthesis process did not degrade the support membrane, was relatively efficient, and
was free of organic solvents required for traditional synthesis. The dominant transport
modes in the membranes were Knudsen and surface flow. Ideal separation factors for
methane and propane over nitrogen were not increased relative to the bare support,
indicating that neither surface flow was enhanced nor size selectivity improved for the
membrane system studied. Supercritical CO, fluid deposition was demonstrated as an
effective technique for reaction of functionalized silanes on the surface of silica

membrane.

A second paper entitled, Diffusive transport through mesoporous silica membranes, was
submitted to the Journal of Microporous and Mesoporous Materials. This paper provided
a more thorough analysis of the permeance and separation data. The abstract is given
below. The results of a detailed study of the permeation of several light gases through
unmodified and modified mesoporous silica membranes are reported. The base
membranes which were synthesized by dip-coating multiple layers of a templated silica
onto a macroporous alumina support showed relatively high permeances with evidence
of both support resistance and a contribution from viscous flow, in addition to Knudsen
diffusion, through the active layer. The behavior of the modified membranes, which
were prepared by silanation of the original membranes with
octadecyldimethylchlorosilane, was more interesting. Permeances were lower and there
was no evidence of support resistance or viscous flow. Permeation through the active
layer appeared to occur by a Knudsen-like process. Permeance and permeance ratios

measured in both single component and binary systems showed the characteristic



inverse dependence on the square root of the molecular weight (or the molecular weight
ratio) but the temperature dependence was much stronger than expected for classical
Knudsen flow. The behavior of CO, was somewhat anomalous yielding permeances

that were about 25% larger than that for propane which has the same molecular weight.

Measurement of Intrinsic Pore Properties in Mesoporous Silica
Membranes

This work is the result of collaboration between Mike Mason and me. We are looking to
measure intrinsic properties of mesoporous silica membranes using single molecule
imaging spectroscopy. One paper has been accepted to the Journal of Chemical
Physics. The abstract is given below. Mesoporous silica membranes fabricated by the
surfactant templated sol-gel process have received attention because of the potential to
prepare membranes with a narrow pore size distribution and ordering of the
interconnected pores. Potential applications include ultrafiltration, biological separations
and drug delivery, and separators in lithium-ion batteries. Despite advancements in
synthesis and characterization of these membranes, a quantitative description of the
membrane microstructure remains a challenge. Currently the membrane microstructure
is characterized by the combination of results from several techniques, i.e. gas
permeance testing, XRD, SEM, TEM, permporometry. The results from these ensemble
methods are then compiled and the data fitted to a particular flow model. Although these
methods are very effective in determining membrane performance, general pore size
distribution, and defect concentration, they are unable to monitor molecular paths
through the membrane and quantitatively measure molecular interactions between the
molecular specie and pore network. Single molecule imaging techniques enable optical
measurements that probe materials on nanometer length scales through observation of
individual molecules without the influence of averaging. Using single molecule imaging

spectroscopy, we can quantitatively characterize the interaction between the probe



molecule and the interior of the pore within mesoporous silica membranes. This
approach is radically different from typical membrane characterization methods in that it
has the potential to spatially sample the underlying pore structure distribution, the
surface energy, and the transport properties. Our hope is that this new fundamental
knowledge can be quantitatively linked to both the preparation and the performance of
membranes leading to the advancement of membrane science and technology.
Fluorescent molecules, 1,1-dioctadecyl-3,3,3,3-tetramethylindo-carbocyanine
perchlorate (DilC-18), used to interrogate the available free volume in their vicinity, were
loaded into the mesoporous silica membranes at subnanomolar concentrations. The
mesoporous silica films were prepared using a non-ionic ethylene oxide-propylene
oxide-ethylene oxide tri-block copolymer surfactant, Pluronic P123, on single crystal
silicon substrates using dip-coating of a silica sol. Membranes were prepared resulting in
an average pore diameter of approximatley 5 nm as measured by helium, nitrogen
permeance and porosimetery. Fluorescent images and time transient experiments were
recorded using a custom built single molecule scanning confocal microscope at differing
temperatures (10C, 20C, 30C, 40C, and 50C). Time dependent polarization anisotropy
was used to obtain the enthalpy of adsorption and Henry’s law constant of the probe

molecule.

Educational Activities

Two graduate students and one undergraduate student were mentored and
received experience in membrane synthesis and characterization. Data collected
was used in an Introduction to Chemical Engineering Calculations course given
to second semester first-year students. The material was well-received. Students

enjoyed “real” examples as a basis for learning concepts. Of the three high



school students mentored so far, two have entered engineering (both females).
One is in our department, Chemical and Biological Engineering, and the other is
in Civil Engineering. The third student is expected to graduate from High School

this spring.
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ALD of porous silica and alumina membranes

Two ALD reactors are build and functional. A diffusion pump is being added to the
systems to reduce pressure and increase pump down times. Initial experiments on the
ALD of silica in mesoporous silica supports indicate that a significant defect reduction
was accomplished. This was quantified using permeance measurements as a function of
pressure drop. Initially, >90% of defects (defined as pores contributing to viscous flow)
were eliminated after ALD modification. This work is being carried out by one Ph.D.
candidate (David Cassidy) and two undergraduate students (Abby Siegfriedt and James
Ecker). This work was presented at the Gordon Research Conference on Nanoporous
Materials in June 2008. An international collaboration is being planned between the
University of Edinburgh (Stefano Brandani) and University of Maine (DeSisto). Brandani
has an interest in modeling adsorptive and diffusive properties of membranes and is a

natural fit with DeSisto’s background in synthesis.

Additional work has been initiated on ALD modification of mesoporous silica powders.
The reasons for this include preparation and characterization of new materials for
adsorbents and catalyst supports as well as gaining a more detailed understanding of
ALD of the mesoporous materials. Advantages include controlling pore size and perhaps

imparting hydrothermal stability of the silica materials through surface passivation.

Additional work is being conducted on preparing and characterizing mesoporous silica

thin films on supports suitable for single-molecule imaging.

Functionalized silica membranes



The graduate student being supported on this portion of the grant has graduated with a
Ph.D. in May 2008 and is planning to post doc in the area of fuel cells. The two papers
that were submitted (as of the last writing) were accepted for publication and now in
print. An additional paper is being submitted, entitled “Diffusion in Mesoporous Silica
Membranes”. This paper provides experimental evidence confirming Knudsen flow in
mesoporous silica membranes and contradicts some recent papers published
proclaiming deviations from Knudsen flow based on molecular modeling studies that

were not backed up with experimental evidence.

Measurement of Intrinsic Properties in Mesoporous Silica

Membranes

One of the challenges in characterizing micro/nanostructures in membranes and porous
materials is unpacking the heterogeneity inherent to these materials. Single molecule
spectroscopy is one method for addressing this issue. Last year, in collaboration with
Professor Mike Mason, we began looking at single molecule imaging methods to
characterize properties of mesoporous silica membranes. Recently, we have focused
our efforts on using fluorescence photoactivation localization microscopy (FPALM) to
characterize the heterogeneity in mesoporous silica films. A caged dye molecule was
loaded into the pores of a silica membrane. In the FPALM technique many dye
molecules can be loaded and turned on/off at particular times, and located with very high
precision (spatial resolution on the order of tens of nanometers). We have initial data on
mesoporous films. We are currently in the process of collecting reference data (on non
porous films and substrates). Our hope is that we can locate and quantify regions that

have a high concentration of molecules that may indicate the presence of defects.



Combined with our ALD process for selective pore size reduction, we hope to observe
defect healing in porous films. This has both fundamental and practical significance in

the membrane field.

Educational Activities

Two graduate students and two undergraduate students were mentored and received
experience in membrane synthesis and characterization. One graduate student

received his Ph.D. and has accepted a post-doctoral position in the area of fuel cells.
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Characterization of mesoporous silica membranes

We are continuing to use a broad range of fluorescence-based techniques to
obtain preliminary intrinsic kinetic and thermodynamic quantities in inorganic
membranes. These include bulk measurements of diffusion on ideal membranes using
time-resolved fluorescence, localized measurements of guest/host interactions within
ordered mesoporous silica films using single molecule imaging (already published), and
imaging heterogeneous structures within mesoporous silica films using Fluorescense

Photoactivation and Localization Microscopy (FPALM). The preliminary data described

below demonstrates our ability to make sensitive and
meaningful  fluorescence  measurements in a
mesoporous material system, a necessary first step
toward achieving our vision of 2D mapping of
heterogeneity in membranes and porous materials. As a
result of these preliminary experiments, Professor Mike
Mason and | have submitted two proposals to NSF for

continued funding.
Bulk Measurements of Diffusion

We have carried out preliminary time-dependent
fluorescence measurements of the diffusion of an
organic dye through a model membrane (Anodisc™). By
integrating over the entire sample area, the maximum

possible signal-to-noise, and hence, time resolution was
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Figure 1. Bulk molecular diffusion. A)
Comparison of raw fluorescence intensity data
(points) versus time and expected effect due to
photobleaching (solid) for two starting dye
concentrations. B) Corrected data and fit to
sigmoidal growth model for 170 nM and 340 nM

initial dye concentrations.



achieved. The measurement of the entire parent distribution ensures the accuracy of the

mean diffusivity. This data is necessary for calibrating collective single molecule data.

Time-dependent fluorescence data was collected in an inverted fluorescence
microscope. A 200 ulL aliquot of nanomolar concentration fluoroscein was added to one
side of the 20nm pore diameter Anodisc™ membrane. Fluorescence data was collected
on the opposite side of the membrane versus time and is plotted in Figure 2A (points)
along with model generated data (solid lines) representing the expected dye
photobleaching rate (the dye simultaneously diffuses and bleaches). In Figure 2B, the
data shown has been corrected, removing the effects of photobleaching, and fit to a
simple sigmoidal growth model showing the time-dependent dye concentration due to

diffusion through the membrane for two initial dye concentrations.
Fluorescence Photo-Activation Localization Microscopy (FPALM)

Our work with single molecule imaging provided valuable local information,
identification of probe molecules required separation between molecules, resulting in
limited ability to map heterogeneity. In effect, we
were required to undersample the pore network.
As part of an ongoing high resolution imaging

initiative, a new technique, Fluorescence Photo-

Activation Localization Microscopy (FPALM) was

developed. Recently, we have obtained

Figure 2. Mesoporous silica film FPALM data. A)

preliminary FPALM data for ~ 500 nm thick

Brightfield image localized single molecule positions

mesoporous silica membranes deposited on

superimposed (green). B) Expanded view of boxed region

glass and loaded with photoactivatable (req in A), where feature sizes are determined by

fluorescein. FPALM images are shown in Figure localization precision.



2. A typical 30 x 30 um region of the membrane including a visible defect feature is
shown in Fig 2A where the positions of approximately 100,000 single molecules,
determined via FPALM, are superimposed in green. Qualitatively, in regions on either
side of the crack feature, the probe molecules appear to be relatively homogeneously
distributed. In stark contrast, molecules appear to aggregate along the crack feature,
likely due to the high surface energy associated with these regions. A zoomed-in region
of Fig 2A is shown in Fig. 2B, illustrating the dramatic improvement in image resolution
and fluorescence labeling density possible with FPALM. The position of each molecule
is plotted as a Gaussian spot with a width of ~5 nm (approximately the localization

precision in this sample).

In summary, FPALM measurements on membranes resulted in increased aerial
coverage of probe molecules, thereby increasing our ability to map the heterogeneity of
membrane properties. Because the dynamics of transport, obtained from the bulk
measurements described above, are much slower than the time required for a typical
FPALM measurement, it is now possible to observe molecular transport while
simultaneously locating those molecules with extremely high spatial resolution and large
aerial density. Hence, we now have the potential to two-dimensionally map transport
properties. Intrinsic to this map will be the underlying heterogeneity and spatial

distribution of membrane properties.

Atomic Layer Deposition Modification of Silica Membranes

Last year’s research was focused on two areas of Atomic Layer Deposition of
Mesoporous Silica membranes. One part was on producing consistent mesoporous

silica membranes and utilizing more characterization techniques of the produced



membranes. The other area was on Atomic Layer Deposition of one of the mesoporous

membranes produced.

We are currently producing two different silica sol-gel membranes. One uses
CTAB as the surfactant and the other with Pluronic-123. The membranes were
produced using evaporated induced self-assembly in a humidity and temperature
controlled environment. In order to confirm that we were producing highly porous
membranes in the desired pore size range, nitrogen porosimitry was performed. We
were able to repeatedly produce membranes, with the average pore size of 28A for the
CTAB membrane and 75A for the P-123 membrane. Figure 1 shows the pore size

distribution of the CTAB membrane collected.
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Figure 1 — Nitrogen Porosimitry of CTAB membrane

The membranes were examined for ordered pore structure and consistency for
each sample produced. The order was examined using XRD of membranes on dip
coated glass slides. For the CTAB membranes it was confirmed to have a highly
ordered cubic structure. The XRD for CTAB is shown in Figure 2. The P-123
membrane produced a hexagonal order. We worked to change our procedure to

produce a cubic structure for P-123 but were not successful.
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Figure 2 — XRD of CTAB membrane

The membranes characterization of the sol-gel was compared with the dip-

coating the membranes on a ceramic support. The CTAB membranes produced a more

consistent product and were analyzed using a hexane permporometry setup. The

hexane permporometry measured a similar pore size distribution as the nitrogen

porosimitry, around 25A.
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Figure 3 — Pore Size Distribution of CTAB Membrane



The membranes were finally modified using Atomic Layer Deposition using
trimethyl alumina and water as precursors. The membranes were measure using the
hexane permporometry after each cycle of atomic layer deposition. Figure 4 shows the
changes after each cycle. There was no observed shift in the pore size but we were

able to fill the smallest pores and gradually reduce the larger pores after each cycle.

These results are significant. Under the given reaction conditions, the precursors
were limited to diffusion and reaction in the larger pores. Qualitatively, this was
successful in reducing the size of larger pores while leaving the smaller pores
unchanged. These reaction conditions would prove useful in reducing defects in the

membranes while leaving the pore size determined by the template unchanged.

Future work includes quantifying the pore size reduction in relation to individual
layer thicknesses. We have also begun developing a model for relating the deposition
conditions, precursor vapor pressure and exposure time, to the diffusion into pores with
sizes on the order of 2-8 nm. Our initial calculations indicate that exposure times as well
as evacuation times for unreacted precursors must be increased several orders of
magnitude above those determined for flat surfaces. In addition, we will modify similar
membranes under different reaction conditions in attempts to modify the smaller pores in

the membranes.
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Summary

The highlights this year included the graduation of a doctoral candidate, Raymond
Kennard, who successfully defended his Ph.D. thesis entitled, “Characterization of
Mesoporous Materials via Fluorescent Spectroscopy Methods.” His work has been
published in Applied Physics Letters (Molecular diffusivity measurement through an
alumina membrane using time-resolved fluorescence imaging). The final chapter of his
thesis is currently under manuscript preparation. In addition, an undergraduate
researcher, Abigail Siegfriedt, has completed her engineering capstone and Honors
Thesis entitled, “Evaluation of Membrane Performance on Separating Acetic Acid from
Water Compared to Competing Technologies,” graduating with Highest Honors from the
University of Maine with an undergraduate degree in Chemical Engineering. Abbie will
take a position with Verso after graduation. David Cassidy continues progress toward his
Ph.D. degree and has submitted one manuscript for review. Tyrone Ghampson was
supported on a supplemental grant to travel to Concepcion, Chile, to work with Professor
Nestor Escalona regarding catalytic activity of mesoporous silica supported catalysts for
hydrodeoxygenation. This activity was initiated during my sabbatical spent in
Concepcion with a Technology Development Unit in Chile focused on forest bioproduct

and process development.

Included below are updates on these three activities.



Note: Manuscript submitted to Chemical Vapor Deposition

Atomic layer deposition modified ordered mesoporous silica
membranes

David Cassidy' and William J. DeSisto '

'Department of Chemical and Biological Engineering, University of Maine, Orono, ME 04469

?Laboratory for Surface Science and Technology, University of Maine, Orono, ME 04469

Abstract

Mesoporous silica membranes, prepared by surfactant-templating with a pore diameter of ~4 nm
on a macroporous alumina support, were modified by atomic layer deposition (ALD) of
aluminum oxide. ALD of aluminum oxide was achieved using trimethyl aluminum and water as
reactants. Membranes modified with 50 ALD reaction cycles were characterized periodically
during progressive reaction cycles to provide details of the pore modification process. A decrease
in light gas permeance, pore size shift to lower pore sizes and a decrease in porosity provided
evidence for pore size reduction through ALD. Further analysis of the data indicated that the
ALD reaction favored larger pores and defects, and became less efficient as the pore size
decreased. This is related to the constant reaction conditions used in this study as well as a

decrease in intrinsic diffusivity of reactants into smaller pores.



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 thermo-chemical stability provided by inorganic
membranes. Mesoporous silica membranes, prepared using surfactant templates and evaporation
induced self-assembly, are highly porous with a majority of pores of 3-10 nm diameter.!"”!
Therefore, to be utilized in gas and small molecule separations, pore size reduction techniques,

such as atomic layer deposition (ALD) must be applied to reduce pore dimensions for molecular

sieving.

ALD is routinely utilized for preparing conformal coatings on high aspect ratio, non-

planar supports in semi-conductor manufacturing.”! ALD has also been applied to reduce the

[4-6 [7-11]

pore size of y-alumina membranes'*®, anodic aluminum oxide membranes' """, mesoporous silica

[12-14 16,17 (s

membranes and powders!"”, porous substrates!'®'” and organic membranes ! In all cases,
ALD has proven a successful method for controlled pore size reduction using several reaction

chemistries including SiO,, A,Os, TiO; and others.

In applying ALD to membrane synthesis, the ultimate goal is achieving 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''**’. In addition,
ceramic membranes have a heterogeneous pore size distribution that contributes to the final pore
size distribution in the modified membranes. Therefore, it is important to understand the effect of
ALD parameters, such as temperature, reactant exposures and reactant purging, as well as support

heterogeneity, have on the pore size distribution after modification.



In this paper, we applied ALD of Al,O3 to reduce the pore size in surfactant-templated
mesoporous silica membranes prepared by dip-coating onto macroporous alumina supports. The
membranes were characterized at various stages of ALD-modification, up to 50 ALD cycles,
using light gas permeance and perm-porosimetry. 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 the observed reduced deposition efficiency as the number of ALD cycles increased.
Results

Mesoporous silica membranes were formed on alumina supports via dip-coatings 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 1 is a cross-sectional view
of a fractured, fabricated membrane. This view reveals the asymmetric support that consisted of
two layers; a thicker, highly porous layer that supported a 20 um thick layer with 100 nm pores.
This asymmetric support provided a relatively smooth layer for dip-coating the thin, mesoporous
silica membrane with pore diameters less than 5 nm. The thin, 1-3 um, top mesoporous silica
layer, prepared by dip-coating is also viewed in Figure 1. This design allowed for minimizing the

thickness of the separation layer required for high-flux membranes.

Evidence for pore size reduction via ALD of alumina is provided in Figure 2 showing the
continued reduction of He permeance as the number of ALD cycles was increased. Overall, the

He permeance reduced from 4.0 x10° to 6.6 x10™ mol m™ s™ Pa™ after 50 ALD cycles. Figure 3



shows the pore size distributions calculated from perm-porosimetry data taken at different stages
of ALD modification. The unmodified mesoprous silica membrane had a majority of pores with
~4 nm diameter. 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 3, the pore size
distribution shifted to lower pore diameters along with a porosity decrease as the number of ALD

cycles increased.

Improvement in membrane performance after ALD modification is shown in Figure 4.
The experimental ideal separation factor, a, for He/N, (ratio of single gas permeance values) is

compared to the theoretical Knudsen separation factor of 2.65, calculated from
M, . .
o= M where M, and M, are the molecular weights of N, and He, respectively. For pore
2

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 root of molecular 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.*"! This was consistent with the perm-
porosimetry data shown in Figure 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 where Knudsen flow is dominant. From 30 to 50 ALD
cycles, the ideal separation factor was constant, suggesting that while pore sizes continued to

reduce, a significant fraction of sub-Knudsen sized pores were not present.
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 and gradually tapered off. This large initial decrease in permeance was also reported

by George’s group.”! 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. This porosity, normalized
against the unmodified membrane, is plotted against ALD cycles in Figure 5. The porosity data is

similar to the permeance data in Figure 2.

Starting with the pore size distribution for the unmodified membrane, 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. The resulting reduction in pore area per ALD cycle
can be compared to the porosity decrease with a constant ALD growth rate. Over the complete
range of data, it was clear that one ALD growth rate was not adequate for describing the pore size
reduction. As shown in Figure 5, for the first 7 ALD cycles, the data compared to a porosity
decrease predicted with a 1.5 A per cycle growth rate. For the subsequent ALD cycles, the data
compared to a porosity decrease predicted with a 0.7 A per cycle growth rate, indicating a
decrease in growth rate as the pore size decreased. The 0.7 A per cycle growth rate is well below

the 1.3 A per cycle growth rate cited for planar substrates.!"”’

There are several 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, diffusion through the intrinsic pores will
largely occur by Knudsen diffusion and the diffusion through the larger, defect pores will have

some pressure-driven diffusion. These diffusivities both are dependent upon pore radius (Dg~r



1) 1 addition, it is expected that due to curvature, the number of

and Dp~r") and are additive.
surface sites available for reaction will be reduced in greater proportion to reduced surface area

because of steric hindrance.

The ALD reaction under our reaction conditions clearly favored larger pores. This is
evident from the data in Figures 3-5. The data indicate that there may be a limit to pore reduction
above the kinetic diameters of the reactants. Figure 3 indicates that larger pores are favorable
reaction sites for ALD. Figure 4 indicates that the final pore size distribution results in permanent
gas transport characterized by Knudsen flow. If pore closure were to continue below 10A, we
would expect configurational flow (characterized by significant molecule-pore interactions) to
occur, resulting in ideal separation factor significantly greater than that of Knudsen flow."** The
data above 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.
Conclusion

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
measurements taken at different stages (up to 50 ALD cycles) of modification provide evidence
for pore modification. Perm-porosimetry data taken at different stages of modification provided
information regarding the pore size shift and porosity changes in the membranes. The porosity
change per ALD cycle deviated from one predicted assuming a constant growth rate per ALD
cycle. Our data indicated that after 7 ALD cycles, the growth rate per cycle significantly
decreased. This is possibly explained by limited diffusivity of reactants into the pores and

decreasing reaction sites. This data indicates that membrane modification by ALD is very



sensitive to ALD reaction conditions. Applications include controlled defect reduction and

controlled deposition layer thickness in membranes.

Experimental

Membrane Synthesis

Mesoporous silica membranes were prepared with tetraethylorthosilicate (TEOS, Sigma
Aldrich) as the silica source and cetyl trimethylammonium bromide (CTAB, Sigma Aldrich) as
the surfactant template. To prepare the mesoporous silica films a solution of 7.5 ml of TEOS,
4.73 g of EtOH, 0.617 g of H,0O, and 0.057 ml of 0.03 M HCIl 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 H,0, and 0.1 ml of 1M HCI 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 set for 1

week at =3°C in a sealed container.

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
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 membrane thickness to cover the support.

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 Alrich) and H,O as reactants. The TMA and H,0 were held at 0°C,



producing a vapor pressures of 2.56 and 4.60 torr, respectively. The membrane was dosed to
each precursor for 1 second over the top of the membrane. Here, our goal was to provide a thin
separation layer confined to the surface of the membrane. The exposure times used in this study
approach the minimal for alumina ALD.!""! 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,O, evacuate excess H,O, N, purge,
evacuate, N, purge, and evacuate. This complete cycle resulted in one monolayer of Al,O;
deposited within the pores. Up to 50 complete cycles were applied to modify the support

membranes.
Characterization

The membranes were characterized using single gas permeation and perm-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.”! 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.*"
The hexane perm-porosimetry 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.
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Figure Captions

Figure 1. Cross-sectional view of the asymmetric alumina membrane support coated with a
mesoporous silica membrane.

Figure 2. He permeance reduction in a mesoporous silica membrane during alumina ALD
modification.

Figure 3. Pore size distributions calculated from perm-porosimetry measurements on ALD
modified mesoporous silica membranes.

Figure 4. The effect of ALD cycles on the measured ideal separation factor compared to the ideal
Knudsen separation factor for He/N,.

Figure 5. Normalized porosity decrease with increasing ALD cycles: data (closed circles) shown
with the decrease predicted using a constant growth rate model indicating a decrease in growth
rate with increasing pore closure.
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Molecular diffusivity measurement through an alumina
membrane using time-resolved fluorescence imaging
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We present a simple fluorescence imaging method for measuring the time-resolved concentration
of a fluorescent molecule diffusing through an anodic alumina membrane with a pore diameter of
20 nm. From the concentration breakthrough curve, the molecular diffusivity of the fluorophore
was extracted. The experimentally determined diffusivity was three orders of magnitude lower
than reported bulk values. Due to the relative simplicity and ease of use this method can be
applied to provide fundamental information for bio-molecular separations applications. One
feature of this method is the high sensitivity at inter-cellular volumes broadening its application to

drug delivery and controlled cell growth.



The time-dependent concentration measurement of a molecule diffusing through a porous
medium provides fundamental information for the design of separation and transport
systems/devices. In the case of solute diffusion, practical applications include drug delivery" %,
cell growth via controlled nutrient delivery’ and molecular separations*®. Recently optical
methods, such as Fluorescence Recovery After Photobleaching (FRAP), have been successfully
applied to measure the diffusivity in a variety of material systems including: biofilms, fibers and
membranes.”'® In FRAP, the fluorophore is photobleached in a known area and the time-
dependent migration of non-bleached fluorophores is measured.'” Unfortunately, with this
technique, it is difficult to ensure concentration-driven diffusion is observed because the
photobleached molecules remain within the volume of interest. More recently, single-molecule
imaging techniques have been applied to study diffusive transport through membranes, providing
a highly-sensitive, spatially-correlated picture of molecular movement through porous media."’
Owing to the low signal levels present specific and often very costly instrumentation is required.
Strict sample preparations are mandated, and significant limitations on sample type and geometry
exist. In this letter we present what we believe to be a new and relatively simple fluorescence
imaging method to measure molecular breakthrough from an inorganic membrane. This method
avoids many of the limitations of single-molecule methods, but still provides femto-molar

sensitivities at the inter-cellular volumetric scale.

The system we studied was the transport of fluorescein through a commercial anodic
alumina porous disc (Anodisc™). These membranes are characterized by a high pore density (10’
pores/m?), uniform pore size (range 20-200nm) and straight channel pores (tortuosity, T = 1). In
this study, we used anodic alumina membranes with a total diameter of 13 mm, mean pore

diameter of 20 nm, thickness of 60 pm and porosity of 25-50%.



Figure 1 shows a diagram of the experimental set-up used to collect breakthrough data for
fluorescein through our membranes. This geometry allowed for concentration-driven solution

diffusion from a large bulk volume into a vessel of approximately 150 nL.
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Figure 1.

Prior to sealing in the cell, the membranes were soaked in bleached nanopure water for 24 hrs to
ensure pore filling. To load the cell, 200 pL aliquots of fluorescein at concentrations of 170 and

340 nM were added to the top side of the prepared sample.

Fluorescence was recorded using an inverted laser microscope (Olympus 1X71) and a
CCD camera. Images were recorded at 4 different excitation energies (=~ 0.4, ~0.8, =~ 1.9, and =
3.0 mW) and two different fluorescein concentrations (170nm and 340nm) for exposures of
200ms with a 15.3 second delay between each image acquisition. Measurements at different
incident power levels eliminated effects of instrumentation on the breakthrough curves. The
camera and power meter were run simultaneously and continuously for 155 minutes (600
images), until steady state intensity was reached, indicating no further change in fluorescein
concentration. The raw collected data is shown in Figure 2 for the four different excitation

energies and includes photobleaching effects.
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Figure 2.

The experimental set-up in Figure 1 was modeled by applying a mass balance to across

the membrane. For a membrane with a porosity € and cross-sectional area A the balance is:

v 96 _ jea (1)
dt

L

where V; is the collection volume at the exit of the membrane, C; is the concentration and J is the

flux leaving the membrane. The flux in the membrane can be expressed by Fick’s first equation:

j--badc )
T, dx

where D is the diffusivity and =, the tortuosity of the pore network. Integrating the flux over the
membrane thickness, £ and the bulk concentraion, C, to C; and solving Eq. 1, yields a model for

transport through the membrane:
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In addition to transport, photobleaching of the molecules must be accounted for as described by
equation 4.
I(t)=1,®

C.|A,exp

ext

P p
—(—) +, @)

T
Here, /(?), the emission intensity observed at time #, which is the product of excitation energy, Iy,
the collection efficiency, ®,.,, and the concentration of the fluorescent species, C;. Ay is the
molecular quantum efficiency, 7is the lifetime, £ is a fitting parameter for a stretched exponential

(ideally 1), and y, is the background fluorescence of the system. The time-dependent extent of

bleaching, EB(?), in our continuous system is then:
EB(t)=1(t)/1(0) (5)

The final expression for transport as measured by the fluorescence signal, including

photobleaching effects is given as:

I(I) = IOq)extCi (t)EB(t) (6)

The raw data shown in Figure 2 were fitted to the model above. The defined parameters
were [y, the excitation energy used to produce the raw data and Cy, the loading concentration of
fluorescein. The shared, undefined parameters between all experiments were @,,,, the excitation
efficiency of the system, D, the effective diffusion constant, 7, and . The parameters allowed to
freely flow for each data set were ¢, the porosity of the alumina membranes (bounded by 20% to
50% as reported by Whatman); A, the area accessible to the fluorescent molecules, /, the

thickness of the disc (reported by Whatman), V;, the volume between the alumina membrane and



glass slide shown in Figure 1; and, y, and A4, the mathematical representation of the background
fluorescent signal from equation 6. Figure 3 shows the breakthrough curve for the alumina
membrane determined from the averaging of the data shown in Figure 2, normalized by excitation
energy for each initial concentration of fluorescein. The experimental breakthrough curve is

similar to data obtained from molecules diffusing from porous media.
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The diffusivity of fluorescein determined from our data and model in anodic alumina
membranes was (1.0 £0.1) x10” cm” s™'; considerably slower than the bulk diffusivity measured
in pure water (5.6 x10° cm” s™).” Our results compare favorably to those of Jiang, et al.> who
measured diffusivities of caffeine, methyl orange and malachite green oxalate through 40 nm
porous anodic alumina membranes. In addition, our results compare to the diffusivity of
fluorescein measured by FRAP in collagen fibrils with an estimated interstices of 1.6 nm (D = 1
x10™" cm® ™) nylon 66 (D = 6.9 x10™"! cm? s™)'? and biofilms (D = 7.7 x10™® cm” s™)’. Here,
binding of the fluorescein to the fiber surface also contributed to the reduced diffusivity. In
addition, Fowlkes, et al.® measured a diffusivity of fluorescein isothiocyanate through a carbon
nanofiber membrane using FRAP (D = 7.5 x107 cm® s™). The decrease in diffusivity of

fluorescein in our alumina membranes could result from either size effects or surface effects. The



hydrodynamic radius of fluorescein has been estimated at 0.4 nm’, smaller than the pore diameter
of 20 nm, yet still close enough to the pore diameter to have significant interaction with the pore
walls. Since the isoelectric point of alumina is 8, membranes in our experiments had a positive
surface charge. The pKa of Fluorescein is 6.4, leaving the molecule with a small negative
charge. Therefore electrostatic interactions could also play a role in decreasing diffusivity relative

to bulk diffusivity.

In conclusion, we have demonstrated a relatively simple fluorescence imaging method for
measuring the time-resolved concentration profile of a fluorescent molecule diffusing through an
alumina membrane. The integrated system allowed for the imaging of highly dilute
concentrations at inter-cellular volumes, applicable to many biological applications including
drug delivery and controlled cell growth. In addition, this system provides a relatively simple
method for determining fundamental information useful for designing separation systems. While
not specifically addressed here, fluorescence imaging the sample area allows for direct correlation
between measured diffusivities and local macroscopic morphology. In this way, defect areas can
be measured separately (or excluded completely) during analysis providing additional

information of membrane integrity.
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Abstract

Acetic acid is a byproduct of many biochemical processes and has considerable commercial value. In the
state of Maine, a pulp mill with a production rate of 1000 tonnes of pulp per day will generate
approximately 30 tonnes of acetic acid per day.'” The most cost intensive portion of the separation of
acetic acid from the pulp extracts is its separation from water. This paper will focus on one of the
developing alternatives for this separation, membrane technology. A viable option for an industrial
membrane would be silica-based. The research will include membrane synthesis and the comparison of a
distillation column and liquid-liquid extraction to several membrane/ separation column hybrids using
ASPEN Plus and MathCAD simulation models. The addition of pervaporation/vapor permeation will
decrease the economic burden of some current separation techniques. The simulation results suggest that
the combination of a stripping column with a hydrophobic and hydrophilic membrane has the lowest
equivalent annual operating cost with a high recovery at a specified purity of 99wt% excluding the cost of
the membrane itself. The laboratory results support the variability of polymerization and binding
characteristics of Aminopropyltriethoxysilane (APTES), however suggest that there should be further
testing on the stability of silica membranes. Other recommendations include testing membrane cascade,

recycle streams, and the use of other functionalized membrane groups for a better separation factor.



