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Abstract

A solvent-free post-treatment process known as vapor phase infiltration (VPI) is used to engineer
the organic solvent reverse osmosis (OSRO) performance of polymer of intrinsic microporosity 1
(PIM-1) membranes via infiltration of trimethylaluminum (TMA) metal-organic vapor. The
infiltration of inorganic aluminum constituents hybridizes the pure polymer PIM-1 into an organic-
inorganic material (AlOxHy/PIM-1) with enhanced chemical stability. Due to the reaction-limited
infiltration mechanism, homogenous distribution of inorganic loading in PIM-1 is achieved, and
the OSRO performance is enhanced. OSRO separations of ethanol/iso-octane mixtures are shown
to be capable of breaking the azeotropic composition with a separation factor for ethanol over iso-

octane greater than 5 and a permeance of 0.1 L m~2h~thar~!

. Thus, these organic-inorganic
hybrid membranes created via VPI show promise as an alternative method for separating

azeotropic liquid mixtures.
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1. Introduction

Vapor phase infiltration (VPI) has emerged as a scalable, solvent free post-treatment
process that can transform pure polymer products into organic-inorganic hybrid materials with
various enhanced properties,' including the chemical stability desired for membrane-based organic
solvent reverse osmosis (OSRO).? During VPI, the polymer membrane is exposed to metal-organic
vapors that infiltrate into the polymer. Upon exposure to water, the entrapped metal-organic reacts
to form metal oxyhydroxide clusters that are believed to form networks that homogeneously mix
with polymer chains on a molecular level. These trapped inorganic species are believed to prohibit
the polymer chains from large solvent-induced motions such as swelling or dissolution, preserving
the polymer microstructure in organic solvent environments. Since the transformation of pure
polymer material to organic-inorganic hybrid material will result in modification of various
properties, this technique is receiving increasing attention in the membrane community for
multiple purposes, such as hydrophilic modification of polyvinylidene fluoride membranes,?
tailoring the microporosity of polymer of intrinsic microporosity 1 (PIM-1) for gas pair
separation,* preserving nanoscale features in polymers during laser induced graphene formation of
polyethersulfone,’ reducing required pyrolysis temperature of CMS fabrication for polyimide of
intrinsic microporosity (PIM-PI),® improving CO, permeation of PIM-1 membrane,” and
improving chemical stability and separation capabilities of PIM-1 membranes in organic solvent

separations.?

In this work, the transport dynamics of trimethylaluminum (TMA) infiltration into PIM-1
is studied first. TMA is chosen since it has the highest reactivity and inorganic loading in PIM-1
compared with other commonly used metal-organic precursors, as shown in prior work.? Since the
infiltration process consists of both TMA diffusion into the bulk PIM-1 and an adduct formation
between TMA and the nitrile group in the PIM-1 backbone, the VPI hybridization process could
be either diffusion or reaction (adduct formation) limited. After understanding how to properly
control the inorganic loading for VPI of AlOxHy into PIM-1, the organic solvent reverse osmosis
(OSRO) performance of VPI treated PIM-1 membranes (AIOxHy /PIM-1) is tuned to improve the
separation of ethanol and iso-octane. The mixture of ethanol/iso-octane is selected due to their
representation of the alcohol and alkane family, as well as their importance in biofuels and fossil-

based fuels.® PIM-1 thin film composite membranes with PIM-1 topcoats and crosslinked porous



Matrimid supports are exposed to TMA for the VPI treatment process under different TMA hold
times. By controlling the metal-oxide loading of the AlOxHy/PIM-1 membranes, the OSRO
performance is engineered for separation productivity (permeance) and separation efficiency
(rejection or separation factor). Finally, the AlOxHy/PIM-1 membranes are shown to break the
azeotropic concentration for ethanol/isooctane (80mol% ethanol /20mol% isooctane),” thus
providing an alternative method for small organic molecule separation with high energy

efficiency.!0-13

2. Experimental Methods

This work is comprised of the following main experiments: PIM-1 synthesis (S1), PIM-1
thin film composite membrane fabrication (S2), vapor phase infiltration treatment of PIM-1
membranes (S3), organic solvent crossflow permeation of the VPI treated membranes (S4), and
material characterization via scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDS) (S5). The detailed information of all the experimental procedures can be found

in the Supporting Information.
3. Results and discussion

Designing composite membrane structure based on rate-limiting mechanism for
TMA infiltration into PIM-1. Figure 1a provides a sketch of the VPI process chamber for TMA
infiltration into PIM-1 thin film composite membranes. A temperature controller ensures
isothermal VPI operation at 90°C. Nitrogen is used to purge and remove humidity, and a vacuum
pump is used to ensure a vacuum level of 60 mTorr before infiltration. During infiltration, the
PIM-1 membrane in the VPI chamber is first exposed to TMA vapor and then subsequently to
water vapor. Figure 1b shows the four most important fundamental steps of one VPI cycle on a
molecular level. The infiltration into the PIM-1 top coat was shown as bidirectional (top and
bottom sides), as the porous Matrimid support was assumed to provide negligible mass transport
resistance. The VPI process begins with surface sorption of TMA on the PIM-1 topcoat (step 1).
The metal-organic precursor TMA will then diffuse into the bulk of the polymer, and some of the
TMA will react with the nitrile groups in PIM-1 backbone and form immobilized metal-organic
adducts (step 2). The remaining free diffusing TMA solutes are removed using vacuum, after
which the metal-organic-loaded membrane is exposed to water vapor. The immobilized TMA

metal-organic precursors nucleate and grow into metal-oxyhydroxide networks that percolate
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throughout the entire polymer matrix, trapping the polymer chains and hindering any chain
motions of the polymer, thus enhancing the chemical stability of the resulting composite material
(step 3). To conclude the process, all excess water molecules are pumped out of the membrane via
vacuum (step 4). Although direct evidence of metal-oxyhydroxide network formation is
challenging to obtain, previous work supports the idea of homogenously mixed metal-
oxyhydroxide networks and polymer chains. > '% > An investigation of the structure and material
property of AIOxHy/PIM-1 with a more comprehensive charaterization suite than shown here was
conducted in prior work. This includes Fourier-Transform Infrared Spectroscopy (FTIR) to show
no strong chemical bond between the metal oxide and polymers, nitrogen physisorption to show a
modest loss of Braunauer-Emmett-Teller (BET) surface area as PIM-1 is infiltrated with AIOHy,
and water contact angle measurement to show a shift towards increased hydrophilicity, among
several other techniques.? Importantly, dramatic chemical stability enhancement and swelling
suppression after the VPI process has also been observed in prior work for a variety of metal-

organic/polymer combinations, including TMA/PIM-1.% 14

Figure lc illustrates the process for fabricating AlOxHy/PIM-1 thin film composite (TFC)
membranes. Briefly, Matrimid is blade cast and phase inverted to create an asymmetric porous
support, which is then crosslinked using diamine immersion crosslinking chemistry.'® PIM-1 is
coated on top of these supports via spin coating with a 70% success rate. The PIM-1 TFC
membranes are then run through the VPI process to create the final organic-inorganic hybrid

membranes.
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Figure 1. a) VPI reactor set up. b) Schematic of the VPI process into PIM-1 topcoat. ¢) Fabrication

process for VPI-treated PIM-1 thin film composites

The goal of this study is to understand how the quantity of metal oxyhydroxide loading
within the PIM-1 TFC affects the membrane’s OSRO performance. To achieve this goal, we first
designed a series of processes that would create hybrid membranes with varying inorganic
compositions by utilizing a reaction-diffusion model for VPI processes that we developed in prior
work, and we parameterized the model with information for TMA infiltration into PIM-1 (details
provided in S6-S9). Figure 2a and Figure 2b qualitatively illustrates the two common transport
mechanisms for VPI metal-organic infiltration processes, which are the reaction-limited case and
diffusion-limited case respectively.!” ¥ Both figures describe the different concentration depth
profiles of metal-organic loading across the entire thickness of the membrane skin layer as a
function of time. Homogenous infiltration of metal-organic loading across the entire thickness of
the membrane at short infiltration times can only be achieved in the reaction-limited case due to
fast diffusion of the metal-organic precursor and slow reaction. Conversely, Figure 2b illustrates a
diffusion-limited case where reaction rate is much faster than diffusion. In this scenario, high
surface concentrations can be achieved at early stages due to fast reaction rate, but the bulk of the

polymer will not yet be successfully infiltrated due to slow diffusion of the TMA precursor. For



VPI treatment on membranes, reaction limited mechanism represented by Figure 2a is highly
desired due to an even distribution of metal-organic loadings across the membrane skin layer,

which results in equal degrees of swelling when exposed to organic solvents.

Figure 2¢ shows the modeled depth profiles for the PIM-1/TMA system as a function of
time (from 30 seconds to 20 minutes) for a PIM-1 thin film composite with a 1000 nm thick skin
layer, a TMA pressure of 0.8 Torr, and a temperature of 90°C, representing the experimental
conditions used in this work (details for obtaining each parameter are in S6-S9). This simulation
is based upon bi-direction infiltration of the PIM-1 skin layer, as the porous Matrimid support
observed from SEM (Figure 3a) is assumed to provide negligible mass transfer resistance. Due to
TMA’s high diffusivity in the PIM-1 polymer,'® this VPI process is expected to be reaction-limited,
leading to an even distribution of inorganic concentration throughout the PIM-1 thickness,
especially at short TMA exposure times (less than 5 minutes). As the TMA exposure time increases
beyond 5 minutes, the inorganic loading in the interior of the membrane increases more slowly
with time while the inorganic concentration more rapidly “builds-up” near the surfaces. This
“build-up” is indicative of a transition to a diffusion-limited process mechanism caused by a non-
Fickian reduction in diffusivity caused by inorganic species adducting to the polymer’s functional
groups. Thus, while inorganic loading increases uniformly throughout the entire membrane during
the first 5 min of VPI, subsequent exposure times are predicted to only increase near-surface
concentrations of inorganic. From these predictions, a significant change in OSRO transport
performance should be expected over the shorter hold times (30 seconds to 5 minutes) while less

dramatic performance changes are expected beyond 5 min of TMA exposure.
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Figure 2. a) Qualitative metal-organic depth profile for reaction-limited VPI scenario. b)
Qualitative depth profile for diffusion-limited VPI scenario. a) and b) are reprinted with permission
from {Ren, Y.; McGuinness, E. K.; Huang, C.; Joseph, V. R.; Lively, R. P.; Losego, M. D.,
Reaction—Diffusion Transport Model to Predict Precursor Uptake and Spatial Distribution in
Vapor-Phase Infiltration Processes. Chemistry of Materials 2021, 33 (13), 5210-5222}. Copyright
{2021} American Chemical Society c) Modeled metal-organic loading depth profile for TMA into
PIM-1 thin film composite skin layer with thickness of 1000nm at 90°C, 0.8 Torr. Legends

represent increasing TMA hold time from 30s to 20min.

Engineering OSRO performance of PIM-1 thin film composite. Based on our findings
with the parameterized reaction-diffusion model for the TMA/PIM-1 system, we conducted a
series of VPI experiments with TMA exposure times ranging from 30 seconds to 20 minutes, as
the PIM-1 membrane is expected to be saturated after 20 minutes. Figure 3a shows scanning
electron microscopy images of the porous Matrimid support and defect-free PIM-1 skin layer
topcoat after the VPI treatment. The magnified image shows the PIM-1 topcoat and the
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping of aluminum
within the PIM-1 skin layer. We note that the EDS map suggests a uniform distribution of
aluminum within the topcoat; however, since the PIM-1 skin layer is less than 1 um thick, with the

additional potential instrumental errors and measurement uncertainty from aluminum SEM stubs



and sample drifting, it was challenging to obtain an accurate quantitative measurement of
aluminum distribution across the thin PIM-1 top coat, but qualitatively the distribution appears to

be uniform.

To initially probe membrane performance, the membranes were tested against a dilute
ethanol/iso-octane solution (99 wt% ethanol) in a crossflow permeation experiment. This ethanol
(46 Da) / iso-octane (114 Da) mixture is chosen because these small solvent molecules are
representative of polar alcohols and non-polar alkanes. Ethanol is also a major component of
biofuels, and iso-octane is a critical component of fossil-based fuels such as gasoline,® making this

separation of high interest for developing sustainable methods to obtain clean energy products.

Using a custom-built crossflow system,?’ under 40 bar and 26 ml/minute (>13.8 cm/s of
cross flow velocity) of feed flow for all membranes, it was observed that by controlling the TMA
exposure hold time from 30 seconds to 20 minutes, the OSRO performance of AlOxH,/PIM-1
membranes could be successfully tuned. As shown in Figure 3b, as TMA exposure hold time
increases from 0 seconds to 20 minutes, the permeance (S10) of the AlIOxH,/PIM-1 membranes
decreases from 0.75 L m~2h™1bhar~! t0 0.22 L m~2h~1bar~. We speculate that this permeance
loss occurs for two reasons. First, the formation of the metal-oxyhydroxide network suppresses
solvent-induced polymer chain motions such as swelling and plasticization, thus reducing
permeance. Secondly, the VPI hybridization process results in a decrease in free volume of the
polymer due to the formation of immobilized product, thus further reducing permeance.
Conversely, these two factors are also responsible for an increase in the rejection of iso-octane

(S10) from 0% to 74% as the inorganic loading increases with increasing TMA exposure time.

Interestingly, both rejection and permeance plateau when TMA exposure time exceeds 5
minutes (Figure 3b). This result strongly suggests that the accessible nitrile groups in the PIM-1
backbone are fully saturated under these conditions such that any further TMA exposure is unlikely
to further improve OSRO performance. To support this hypothesis, the reaction-diffusion VPI
transport model is used to estimate the bulk concentration of inorganics in the AIO<Hy/PIM-1 skin
layer as shown in Figure 3c. The predicted inorganic concentration trend aligns well with the
observed rejection rate for different TMA exposure hold times, as inorganic loading reaches its

saturation point, rejection also plateaus at its maximum value.
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Figure 3. a) Top: Scanning electron micrograph (SEM) of PIM-1 skin layer and porous Matrimid
support for PIM-1 thin film composite after VPI treatment. Bottom: EDS elemental mapping of
aluminum for AlOxHy/PIM-1 thin film composite with 10 min TMA exposure hold time at 90°C
and 0.8 Torr. A larger version of SEM image is shown in Figure S1. b) Permeance and rejection
of a mixture of 99wt% ethanol, 1wt% isooctane using AIOxHy/PIM-1 membranes with different
TMA exposure hold times. The custom-built crossflow system was operated under 40 bar, 22°C,
and 26 ml/min solvent flow. Error bars are results from 2-4 different membranes in replicates,
some error bars are smaller than symbol. ¢) Comparison between metal-organic bulk loading

predicted by VPI transport model and iso-octane rejection for different TMA exposure hold times.

Azeotrope breaking of ethanol/iso-octane using AIOxHy /PIM-1 membranes. Finally,
the AIOHy /PIM-1 thin film composite membranes are challenged with the azeotropic
composition of 80 mol% ethanol/ 20 mol% iso-octane. These AlOxHy /PIM-1 hybrid membranes
are compared against Puramem Selective, a commercialized market-leading organic solvent
separation membrane from Evonik, and Matrimid 5218, a commonly used polyimide membrane
for gas and organic solvent nanofiltration separations. The AIOxHy /PIM-1 membrane synthesized
via 10 min of TMA hold time, represented by AIOxHy /PIM-1_10min was used due to its highest
rejection (Figure 3b). Puramem Selective and Matrimid 5218 were also treated with the same VPI
process for comparison and are represented as AIOxHy / Puramem Selective 10min and AlOxHy /

Matrimid_10min.

Figure 4 summarizes our results for separating the azeotrope. For clarity, the ethanol/iso-

octane separation factor (S10) is reported rather than the rejection rate since ethanol and iso-octane
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have comparable mole fractions (80 mol% vs. 20 mol%) and thus, no clear distinction can be made
between solvent and solute. Under 40 bar, at an ethanol permeance of 0.092 L m~2h~har~1,
AlOx/PIM-1 10min achieves a separation factor of 3.69 (equivalent to 71.9% rejection). As
pressure increases to 60 bar, this separation factor increases further to 5.17+/- 2.16 (76% rejection),
with a permeance of 0.1 +/- 0.01 L m~2h~1bhar~1. This condition results in an ethanol purity in

the permeate of 96 mol% (Figure 4b), more than sufficient to break the azeotrope for this mixture.

Compared to other commonly used polymer membranes (Fig. 4a), AIOxHy /PIM-1_10min
has the highest separation factor under both 40 bar and 60 bar operation. Pure PIM-1, with the
highest permeance of 0.81 L m~2h~1bar~! and 0.72 L m~2h~1bar~! under 40 bar and 60 bar
respectively, is incapable of molecular separation due to poor chemical stability. Puramem
Selective exhibits a reversed trend in rejecting ethanol instead of iso-octane, and worse separation
ability with a separation factor of 0.769 and 0.768 for 40 bar and 60 bar, respectively. VPI-treated
Puramem Selective has a positive rejection for iso-octane (a separation factor of 1.145) but a low
separation factor that may result from defect formation from the vacuum drying of the membrane
in the VPI chamber after the Puramem membranes is washed in MeOH to remove polyethylene
glycol preservatives. Matrimid, one of the most used polyimide materials for membrane
separations,?!>22 has both lower permeance and separation factor compared to AlOx/PIM-1_10min.
The VPI treatment on the Matrimid membranes does not improve performance, possibly due to
the low diffusivity of TMA into the Matrimid 5218 polymer compared to PIM-1 and/or a lack of

favorable binding sites.
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Figure 4. a) AlIOxHy/PIM-1 membranes with 10 min TMA exposure time compared against other
membranes for 80mol% ethanol/ 20mol% iso-octane feed. Crossflow flowrate was 26 ml/min and
testing temperature was 22°C. Error bars are results from 2-4 membrane replicates, some errors
are smaller than symbol. b) Comparison of ethanol concentration (mol%) in permeate for
AlOHy/PIM-1_10min against other standard membranes under 60 bar (except for
AlOxHy/Puramem_10min which was at 40bar). Dashed line represents the feed mol% of ethanol,

which was 8 1mol%.

4. Conclusions

Here, a post treatment technique known as vapor phase infiltration is used to successfully create
hybrid AIOxHy/PIM-1 OSRO membranes with the ability to break an alcohol/alkane azeotrope.
Based on a parameterized reaction-diffusion VPI transport model for this system, a reaction-
limited VPI process was designed to enable a homogeneous distribution of oxide throughout the
PIM-1 network. The permeance and rejection of AlOxHy /PIM-1 membranes was successfully
varied by controlling the TMA exposure time. An “optimized” AlOxHy /PIM-1 membrane was
found to maximize iso-octane rejection and break the ethanol/iso-octane azeotrope by increasing
the ethanol purity from 81 mol% in the feed to 96 mol% in the permeate, although further
optimization may be possible via modifying the inorganic hydration and/or number of infiltration
cycles. This work provides a solvent-free and time-efficient post-fabrication method for enhancing
a polymer membrane’s solvent stability to enable small molecule OSRO separations. Although
this work supports the hypothesis that OSRO performance can be engineered via the VPI process,
other systems beyond PIM-1/ TMA have yet to be explored and thus the suite of materials currently
available is limited. Another limitation of this work is related to the VPI transport model used to
guide the post-treatments used here. While the current generation of the VPI transport model
results are fairly accurate without the swelling terms for the polymers we consider in this work,
we acknowledge that strongly dilating polymers may not be accurately modeled using this
approach, as polymer thickness is assumed to be constant in the model. Moreover, the relationship
between sorption and diffusion of organic solvents into VPI membranes and the VPI processing
parameters is currently unknown. Concentration polarization effects could also play a major role

in the separation performance of VPI treated membranes and thus an investigation on
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concentration polarization could also be beneficial. Future work will involve investigating the
transport mechanism of OSRO in VPI treated membranes, as well as exploring other
polymer/metal-organic precursor combination in the hope of taking VPI treated membranes closer
to industrially relevant separation applications and provide high energy efficient small molecule

separation with lower carbon footprint.
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