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BRIEF. This project attempts to use block-like copolymers to create more efficient membranes for ethanol dehydration.

ABSTRACT. Ethanol dehydration is the process of removing wa-
ter from ethanol mixtures. This purified ethanol can then be used
to manufacture various plastics or used as biofuel. Current meth-
ods of ethanol dehydration use large quantities of energy. A new
method of separation involves using membranes to remove water
contaminants from ethanol. Polyvinyl alcohol (PVA) — the main
industrial membrane for polar solvent dehydration — requires a
time-consuming preparation to synthesize, deposit, and cross-link.
To address this issue, block-like copolymers were synthesized us-
ing an innovative new method called spin coating ring-opening
metathesis polymerization (scROMP) and modified with various
solvents. sScROMP allows for synthesis orders of magnitude faster
than traditional synthesis techniques. Due to PVA’s lack of olefin
groups, it cannot be synthesized using ScROMP. This study used
poly trans-3,6-endomethylene-1,2,3,6-tetrahydrophthayoyl chlo-
ride (PNBDAC) and poly dicyclopentadiene (pDCPD) to create
block-like copolymers (polymers consisting of two or monomers)
in which the outer pNBDAC block was modified in various sol-
vents, with the intention of mimicking PVA’s selective qualities.
Synthesis of block-like copolymers modified with tris was con-
firmed using IR spectroscopy and contact angle goniometry. Tau-
rine and hydroxamic acid modified membranes did not show com-
plete functionalization. Pervaporation tests were conducted to find
ethanol dehydration performance. Of the block-like copolymers,
pNBDAC-b-pDCPD (tris) performed the best, with a selectively
of 10. This is compared to PVA’s selectivity of 100. Despite show-
ing promise, PNBDAC-b-pDCPD modified membranes are not to
the level of effectiveness to replace PVA as a membrane for etha-
nol dehydration. Future studies can prioritize testing other modi-
fying chemicals on pPNBDAC-b-pDCPD membranes or other com-
binations of monomers.

INTRODUCTION.

This study focuses on the separation of ethanol and water required for
the dehydration of ethanol. With the growth of ethanol as a biofuel [1],
this chemical separation is becoming more crucial. A commonly used
polymer film for ethanol dehydration is polyvinyl alcohol (PVA).
PVA is used because of its large amount of hydrophilic hydroxyl
groups. This property allows for the selective permeation of water
through the PVA membrane. Often, ethanol is used to cut gasoline
while still behaving as a combustible fuel. Ethanol also produces less
greenhouse gas when burned than gasoline [2]. This separation is also
used in the production of ethylene. Ethylene is used in the production
of polyethylene, the world’s most common plastic.

Distillation is a method of chemical separation that accounts for about
8% of the US’s annual energy usage. Membrane-based separation via
pervaporation — partial vaporization of a chemical mixture — is an
emerging, less energy-dependent, alternative to distillation. Mem-
brane-based separation relies on functional groups on the surface of a
polymer membrane pulling one chemical component of the mixture

more than the other. This form of separation utilizes 90% less energy
than distillation [3].

Despite its less energy intensive nature, membrane-based separation
is not without its drawbacks. Its largest drawback is the time it takes
to synthesize a polymer membrane. Traditional membrane synthesis —
or batch synthesis — involves dissolving large amounts of monomer in
solvent to begin the polymerization reaction. The mixture then sits for
about a day. A commonly used type of polymerization reaction is ring-
opening metathesis polymerization (ROMP), which functions by re-
lieving the ring strain within olefin groups to polymerize molecules.
The created polymer solution is then deposited onto a spinning sub-
strate to allow for adhesion in a process called spin coating. The entire
process can take >24 hours [4-5]. Thus, this synthesis method is inef-
ficient when trying to find an effective combination of modifying sol-
vent and monomers. Additionally, since batch synthesis uses so much
solvent, it has environmental repercussions. For instance, dichloro-
methane (DCM), a ubiquitous solvent in the academic environment,
has been shown to have ozone-depleting properties.

To address this shortcoming, the Jennings lab has recently developed
a novel technique that combines spin-coating and ROMP into a sim-
ultaneous process that has been coined sScROMP [6]. With SCROMP,
membranes can be synthesized, functionalized, and deposited in <5
minutes. Thus, ScCROMP allows for the rapid testing of different chem-
istries while using much less environmentally detrimental solvents,
enabling more efficient identification of polymers for chemical sepa-
ration. Since vinyl alcohol has no olefin groups, PVA cannot be syn-
thesized using SCROMP [7]. Therefore, this study sought to create a
membrane that could be quickly synthesized while retaining the selec-
tive qualities of PVA. If a polymer is too hydrophilic, the membrane
could draw too much water and end up swelling. Swelling occurs
when water fills the gaps between the molecules of a membrane and
deforms the shape, causing a decrease in selectivity and structural in-
tegrity. To avoid this, we used block-like copolymers. A copolymer is
a polymer with two or more monomers, and a block-like copolymer is
a copolymer that is synthesized with distinct layers. Trans-3,6-endo-
methylene-1,2,3,6-tetrahydrophthayoyl chloride (NBDAC), one of the
constituent monomers used in this study, had easily modifiable acyl
chloride groups that could be exchanged for other functional groups
depending on the modifying agent used (tris(hydroxymethyl)amino-
methane (tris), taurine, or hydroxamic acid). The other monomer used
in this study was dicyclopentadiene (DCPD), which was not easily
modifiable, but was used because it provided physical stability to the
block copolymer.

MATERIALS AND METHODS.

Silicon Substrate Preparation. Silicon (100) wafers (University Wa-
fers) were cut into 1.5 cm x 1.5 cm squares using a diamond scribe.
The squares were then rinsed with distilled water and ethanol and dried
with a nitrogen gas stream prior to use in polymer synthesis.

PAN Support Preparation. Polyacrylonitrile (PAN) supports were cut
into 6 cm x 6 cm squares using scissors and then stored in a 90:10 (v/v)



% EtOH/H20 mixture until use in polymer synthesis and pervapora-
tion testing.

Grubb’s 3™ Generation Catalyst Preparation. Grubb’s 2" generation
catalyst [(Hz1Mes)(PCys)(Cl)2Ru=CHPh] (G2) and 3-bromopyridine
were used to synthesize Grubb’s 3rd generation catalyst [(Hz2IMes)(3-
Brpy)2(Cl)2Ru=CHPh] (G3) using a previously described method [8-
9]. G2 (0.5, 0.59 mmol) and 3-bromopyridine (0.94 g, 5.9 mmol) were
added to a 20 mL vial. The solution was stirred for 5 minutes at room
temperature. There was an observable color change from red to bright
green. 20 mL of pentane was added to the vial and a green solid pre-
cipitated. The vial was sealed and placed in a freezer overnight. The
solid precipitate was vacuum filtered, washed with 10 mL of pentane
four times, and then vacuum dried to yield powdered G3. When it was
time for use, the G3 was dissolved in DCM at a concentration of 5 mM
to be used in polymer synthesis.

pNBDAC Synthesis. pPNBDAC synthesis occurred via the sScROMP
process developed in Parkerson et al, 2024. While the PAN or silicon
substrate was spinning, 200 pL of dissolved G3 was deposited. The
supports spun at 2000 rpm for 30 seconds to allow for evaporation-
facilitated deposition of the G3. Immediately following that, 200 pL
of neat NBDAC (6.2 M pure liquid) were dispensed onto the spinning
substrate at 2500 rpm. NBDAC was selected because of its two easily
modifiable acyl chloride groups. The polymerization reaction began
immediately, and the substrate was allowed to spin for another 60 sec-
onds before being stopped and stored in a modifying solution. If mod-
ified in tris (0.5 M aqueous), the polymer sat for 10 minutes. If modi-
fied in hydroxamic acid (1 M aqueous) or taurine (1 M aqueous), it sat
overnight. Films were removed from solution prior to characterization.
Hydroxamic acid was pH adjusted to 6.2 using triethylamine.

pDCPD-b-pNBDAC Synthesis. Copolymer synthesis followed the
same process as homopolymer synthesis until the G3 was deposited.
After that, 200 uL of DCPD (4 M in DCM) were spun on at 2500 rpm
for 60s. DCPD was selected due to the stability it offers the copolymer.
Following this, DCM was spun on at 2500 rpm to remove unpolymer-
ized DCPD. The substrate was allowed to spin for 30 seconds before
a second wash of DCM. 200 uL. NBDAC were then spun on at 2500
rpm where it polymerized for 60 seconds. The polymer was then
stored in one of the 3 modifying solutions (tris, taurine, or hydroxamic
acid). Films were removed from the solution prior to characterization.

Contact angle Goniometry. Contact angle goniometry measurements
were gathered using a Ramé-Hart manual goniometer and ~5 pL drop-
lets of water. The dispensing syringe remained in the droplet to gather
advancing contact angles. Contact angle measurements were used to
determine the surface composition of the polymer.

KBr Pellet Formation and Transmission IR Spectroscopy. This
method was used to prepare samples for transmission IR spectroscopy
to determine bulk polymer composition. Polymer films were scraped
from silicon substrate using a razor blade and ground with 0.2 g of
KBr in a mortar and pestle. The KBr mixture was then pressed at 7.5
tons for 10 minutes in a Specac Atlas 15T manual hydraulic press to
form a glass pellet. Transmission infrared spectroscopy was per-
formed using a Thermo Fisher Scientific Nicolet 6700 FTIR with a
DTGS KBr detector. Each sample was scanned 64 times with a blank
KBr pellet as a background and analyzed using OMNIC™ software.

Pervaporation Tests. Pervaporation tests were performed using a Ster-
litech Polytetrafluoroethylene Innovator Tangential Flow Cell with 16
cm? active area where membranes synthesized on PAN supports were
placed. The feed solution of 90:10 (v/v) % EtOH/H20 was heated to
60 °C and pushed to the polymer interface using a rotary pump. Per-
vaporation was achieved via a vacuum pump. Permeate was collected
and EtOH content was measured using an Atago PAL-34S pocket re-
fractometer. Pervaporation tests were performed to determine selec-
tivity of the polymer membranes.

RESULTS AND DISCUSSION.

Membrane Swelling. The presence of DCPD in the block-like copoly-
mer massively reduced the degree of swelling that occurred in the
membranes and vastly improved stability (Figure 1). The homopoly-
mer is easily withdrawn from the silicon substrate when placed in wa-
ter, while the copolymer film is firmly attached. This shows that the
addition of DCPD had the intended outcome of stabilizing the final
copolymer (pDCPD-b-pNBDAC). A lessened degree of swelling will
correspond to a consistent value of selectivity.

Figure 1. The photos show tris modified membranes after being submerged
in water overnight. Photo A depicts pNBDAC (tris) and photo B depicts
pDCPD-b-pNBDAC (tris).

Surface Characterization Using Contact Angle Goniometry. The anal-
ysis of contact angle goniometry was conducted to assess the surface
properties of modified polymer membranes. Analysis showed that
both pNBDAC (tris) and pDCPD-b-pNBDAC (tris) had complete wet-
tability, as indicated by a contact angle of <15° (Table 1). A contact
angle of <15° is considered completely wet, as it is extremely difficult
to measure values lower than this manually. An advancing contact an-
gle of <15° is also consistent with the reported value for hydroxyl
groups [10], Additionally, the block-like copolymer appears to com-
pletely cover the underling pDCPD, as indicated by the reduction of
the contact angle from 86° to <15° (Table 1). This suggests that there
is a distinct layer of hydroxyl groups along the surface of the mem-
brane. pPNBDAC (taurine) and pDCPD-b-pNBDAC (taurine) did not
have massively different contact angles, indicating similar surface
properties (Table 2). The contact angle values of pPNBDAC (taurine)
and pDCPD-b-pNBDAC (taurine) are also consistent with previously
reported values of sulfonate modified surfaces [11]. Angle measures
are also close to the pDCPD’s contact angle, implying there is not a
distinct layer of pPNBDAC (taurine) on the top of the membrane. pNB-
DAC (HA) and pDCPD-b-pNBDAC (HA) had substantially different
contact angles. Since the functional group created by the modification
of the membranes with hydroxamic acid was expected to be a hy-
droxyl, a low contact angle would be expected, consistent with the

Table 1. Advancing H,0 contact angle measurements (64) on tris, taurine,
and hydroxamic acid modified polymer membranes (p]NBDAC, pDCPD-
b-pNBDAC) and pDCPD. Table made by student in Microsoft Word.

Membrane 0a(H20)
pDCPD 86+1°
pNBDAC (tris) <15°
pDCPD-b-pNBDAC (tris) <15°
pNBDAC (taurine) 79+£3°
pDCPD-b-pNBDAC (taurine) 75£5°
pNBDAC (HA) 43+12°
pDCPD-b-pNBDAC (HA) 79 £ 4°




value for pPNBDAC (HA). This implies an incomplete layer of hydrox-
amic acid modified pPNBDAC along the surface.

Bulk Characterization Using Infrared Spectroscopy. IR spectroscopy
was used to determine the bulk composition of the block-like copoly-
mers and confirm synthesis. In the highlighted OH and NH stretching
region from 3650 — 3200 cm-1, the pDCPD spectrum has a steep peak
that leans towards 3200 cm-1 (Figure 2A). In the pNBDAC (tris) spec-
trum, the OH and NH stretching region has a wider, more rounded
peak. Since this peak is also in the pDCPD-b-pNBDAC (tris) spec-
trum, it implies the presence of pPNBDAC (tris). pDCPD can be seen
in the pDCPD-b-pNBDAC (tris) spectrum at the C=C stretching peak
at 1550 cm™.. The magnitude of this peak in the pDCPD spectrum is
lower than in the pPNBDAC (tris) spectrum. In the spectrum of the co-
polymer, the strength of the C=C peak is similar to the strength of C=C
peak in pDCPD, suggesting pDCPD’s presence in the copolymer.
Identifiable peaks of both pPNBDAC (tris) and pDCPD being present
in the spectrum of the copolymer indicate proper synthesis. Figure 2B
represents the IR spectra of taurine modified membranes. In these
spectra, there is a region of O-H and N-H stretching in which there is
a peak that corresponds to the secondary amine present in the modified
pNBDAC and pDCPD-b-pNBDAC (taurine). There is also a region of
S=0 stretching from 1260-1020 cm-1 that corresponds to the sulfonate
group. The S=0O peak is present in pPNBDAC, but not in pDCPD-b-
pNBDAC (taurine). This indicates that the block-like copolymer was
not fully functionalized. Figure 2C represents the IR spectra of HA
modified membranes. The observed C-H stretching peak in the
pDCPD and pNBDAC (HA) spectra were expected due to the chemi-
cal structure of these polymers. An O-H stretching region was also
expected to have a peak in both spectra, but it was flat in the pPNBDAC
(HA) spectrum. Thus, there is insignificant evidence to imply synthe-
sis of pPNBDAC (HA). No spectrum was gathered for pDCPD-b-pNB-
DAC (HA).

Pervaporation Tests. Pervaporation tests were conducted to determine
the efficiency the synthesized membranes for ethanol dehydration.
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Figure 2. IR spectra of tris (A), taurine (B), and hydroxamic acid (C) mod-
ified polymer membranes, respectively.

Total flux corresponds to the amount of mass that is permeating
through the membrane’s surface area over time. pPNBDAC (tris) had
the highest flux (Table 2), which is consistent with its expected high
hydrophilicity. The addition of pDCPD into the copolymer appears to
have drastically decreased the flux. a represents the selectivity of the
membrane. An o >1 means an enrichment of water in the permeate
solution. The feed solution enters the system with 90% ethanol and
10% water. Water permeance is the amount of water permeating
through the membrane expressed in gas permeance units (GPU). The
amount of water permeance is directly correlated to selectivity of the
membrane. Overall, the block-like copolymer pDCPD-b-pNBDAC
(tris) had the lowest ethanol percentage in the permeate at 59% and a
selectivity of 10. PVA has a selectivity of 100 [12], suggesting that
further improvements are necessary to make tris modified membranes
aviable alternative to distillation. The flux of the two taurine-modified
membranes were very similar to each other (Table 2). In terms of se-
lectivity, the value of a for pNBDAC (taurine) and pDCPD-b-pNB-
DAC (taurine) was lower than even the pDCPD control, which was
chosen partly because of its lack of selectivity. Hydroxamic acid mod-
ified membranes did not differ in terms of performance, with there
being a selectivity difference of 1. Despite the large difference in con-
tact angles, there is a minimal difference in selectivity. Additionally,
the higher flux of pDCPD-b-pNBDAC (HA) is consistent with its
lower contact angle, as it implies a more hydrophilic surface.

Table 2. Pervaporation test results for tris, taurine, and hydroxamic acid
modified membranes (pNBDAC, pDCPD-b-pNBDAC) and pDCPD.

Membrane Total Flux Water Perme- o %
=) ance (GPU) EtOH
'm#4xh’
pDCPD 1100 1800 6 69
pNBDAC (tris) 12000 24000 8 64
E’tﬁgPD'b'pNBDAC 300 710 10 | 59
pNBDAC (taurine) 9300 5600 2 85
pDCPD-b-pNBDAC 9200 5000 1 87
(taurine)
pNBDAC (HA) 3700 4000 3 78
pDCPD-b-pNBDAC 9200 5000 2 82
(HA)

The scROMP technique was successfully utilized to create a block-
like copolymer that slightly mimicked the selective properties of PVA.
The block-like copolymer that most closely mimicked PVA was
pDCPD-b-pNBDAC (tris). This membrane had evidence to suggest
proper synthesis with contact angles consistent with those of hydroxyl
groups. pDCPD-b-pNBDAC (tris) was also more selective than pNB-
DAC (tris). This can be attributed to pDCPD reducing the degree of
swelling, allowing for the membrane to retain its selectivity. This de-
crease in swelling could be seen through qualitative observation of
membranes. The other block-like copolymers were ineffective at sep-
arating water and ethanol. The first hypothesis was refuted, as
pDCPD-b-pNBDAC (tris) did not exhibit similar performance to
PVA. The selectivity of pDCPD-b-pNBDAC (tris) of 10 was much
lower than PVA’s. However, it should be noted that the functional
outer block of pDCPD-b-pNBDAC (tris) was only about 100 nm in
thickness, whereas PVA membranes are typically much thicker [4].
The second hypothesis was supported, as the homopolymer pNBDAC
(tris) exhibited a large degree of swelling, with large wrinkles and
most of the membrane withdrawn from the substrate. pDCPD-b-pNB-
DAC (tris) — a block-like copolymer containing DCPD — remained en-
tirely adhered to the surface. This indicates a lower degree of swelling.



CONCLUSION.

This study sought to create a block-like copolymer for ethanol dehy-
dration that exhibited the functionality of PVA while still allowing for
rapid synthesis via SCROMP. This study also sought to minimize
swelling in our hydrophilic membrane. To do this, a block-like copol-
ymer was synthesized using pPNBDAC and pDCPD. The created co-
polymer was then modified in one of three modifying solutions (tris,
taurine, hydroxamic acid). After this, membrane performance was
evaluated using pervaporation tests. The membranes were also char-
acterized to confirm proper synthesis. The results showed that the
three synthesized block-like copolymers were much less selective than
PVA but were still more selective than the unmodified homopolymer
films of either block while exhibiting less swelling. Characterization
implied that some membranes were not fully functionalized. Overall,
these results show that block-like copolymers do increase the selectiv-
ity of some monomers. This study also shows that block-like copoly-
mers in modifying solutions could provide an effective alternative to
high-energy chemical separation processes such as distillation.
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