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Abstract
A series of poly(trifluoroethylacrylatemethylsiloxane) (F3) ABE-fermentation broth
and polydecylmethylsiloxane (C10) copolymers featuring BuOH, EtOH, H,0, Acetone
different ratios of the side groups were synthesized for the first
time. A significant change in the sorption of the components of
the ABE-fermentation mixture was demonstrated when the ratio
of C10 and F3 in the membrane material changed. It was
established that the copolymer with the C10/F3 ratio of 1:1
exhibits the maximum value of n-butanol sorption. At the same
time, the total flow through the membrane doubles in comparison
with C10 and it is possible to stabilize the flow by 15% after
prolonged contact with the real ABE mixture.
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Introduction poly(trifluoroethylacrylatemethylsiloxane) (F3) and

The growing emphasis on the reduction of carbon footprints
and transition to sustainable energy sources has highlighted the
importance of biofuels in the fuel industry [1]. One key
technology for producing biobutanol is Acetone—Butanol-
Ethanol (ABE) fermentation using Clostridium bacteria.
However, traditional ABE fermentation is limited by the low
biobutanol concentration in the broth, making distillation
separation challenging [2]. To address this issue, methods like
hydrophobic pervaporation have been proposed for continuous
biobutanol separation from the fermentation mixture.
Pervaporation offers energy efficiency with lower energy
consumption compared to distillation and does not harm
microorganisms while operating at low temperatures [3].

Most commercial pervaporation membranes are silicone
rubber-based polymers, mainly involving polydimethylsiloxane
(PDMS) due to its performance and cost [4]. However, PDMS-
based membranes lack sufficient selectivity for butanol. Hence,
the development of polysiloxane-based membranes with better
selectivity towards butanol is important. Another challenge in
pervaporation is membrane fouling. The introduction of
fluorine-containing fragments into PDMS significantly reduces
membrane fouling by components of the fermentation mixture
and increases the stability of the transport properties of the
membrane during the pervaporation release of butanol from the
ABE-fermentation mixture [5].

The use of the hydrosilylation reaction [6] and a one-step
the
polyorganosiloxanes [7] can significantly expand the chemistry
of polymers used for the pervaporative separation of ABE
this

approach to preparation of membranes based on

mixtures. In work, a series of copolymers of

polydecylmethylsiloxane (C10) with different ratios of the side
groups (from 0 to 100%) was obtained for the first time.

Results and discussion

The hydrosilylation of polymethylhydrosiloxane (PMHS) by
1-decene and trifluoroethylacrylate were assessed by analyzing
the '"H NMR spectra of the reaction mixtures of fluorinated
polymethylsiloxanes (see Fig. S1 in the Electronic
supplementary information (ESI)). It was shown that fluoroalkyl
acrylate substituents add across the C=C bond against
Markovnikov's rule over the entire range of the copolymer
ratios, which corresponds to the generally accepted concept of
the hydrosilylation reaction occurring in the presence of
Karstedt's catalyst [6]. The conversion of CH>=CH bonds of F3
into side agents decreases with an increasing in their amount:
91% for C10/F3 ratio of 0:100, 94% for 50:50, and 96% for
95:5.

The dependence of the sorption of the components of the
ABE mixture on the content of F3 in the copolymer is shown in
Fig. 1. Unlike acetone and ethanol, the sorption of which
linearly depends on the content of F3, for n-butanol a maximum
is observed at the C10/F3 ratio of 1:1. This may be due to the
This
composition is most interesting for use in the pervaporative
separation of the ABE mixture.

specific supramolecular structure of the polymer.

A comparison of the stability of the pervaporation properties
of CI0 and CI10-F3 before and after contact with the
fermentation mixture demonstrates that the introduction of F3
fragments makes it possible to increase the stability of the
permeate flow by 15%. It is worth noting that the total flux for
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C10-F3 was 49 g/(m?h), which is almost twice as high as that
for C10. The n-butanol/water separation factor remained at the
same level: 40 + 2.
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Figure 1. Dependence of the sorption of the ABE mixture components
on the F3 content in the copolymer.

Experimental section
Copolymer synthesis

The copolymers of F3 and C10 were obtained by the
hydrosilylation reaction according to the one-step in situ
methodology previously suggested for polyalkylmethylsiloxanes
(Scheme 1) [7]. PMHS was mixed with a 15 wt % solution of
trifluoroethylacrylate or/and 1-decene in toluene and Karstedt's
catalyst. The ratio of 1-decene to trifluoroethylacrylate varied
from 0:100 to 100:0. The resulting mixture was stirred at 60 °C
for 2 h. To cross-link the polymer, a 10 wt % solution of PDMS
in toluene was added to the reaction mixture. The stirring was
continued at 60 °C for 1 h. At the final step, a 3 wt % solution of
PMHS was added up to the PMHS/PDMS molar ratio of 0.16.
The thickness of the resulting film was 70 = 5 um.
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Scheme 1. Synthesis of the copolymer.

Methods

The composition of the reaction mixture after the interaction
of PMHS and side substituents was analyzed using NMR
spectroscopy. The high-resolution "H NMR spectra were
registered on a Bruker AVANCE III HD 400 NMR spectrometer
in CDClIs solutions using the standard procedures.

To evaluate the sorption interaction between rn-butanol,
acetone, and ethanol with the polymers, the gravimetric method
was used to determine the equilibrium sorption, as described in
Ref. [8].

A polymer sample with a diameter of 2 cm and a thickness
of approximately 150 pm was immersed into the test liquid and
held at 30 °C for 48 h, until a constant mass was reached. After
removing the sample from the liquid, any excess moisture on the
surface was removed, and the sample was weighed using a

Sartorius Analytic A120S balance. This procedure was repeated
three times for each polymer/liquid combination. The
equilibrium sorption value was determined using the following
formula:

where m1 and m2 are the masses of the polymer before and after
sorption, g.

The transport (flux) and separation factor of the membranes
were investigated by the pervaporative separation of the model
ABE-fermentation mixture containing 0.76 wt % of acetone, 1.6
wt % of BuOH, and 0.3 wt % of EtOH in water at 30, 40, and
50 °C. The separation process was performed in a vacuum
pervaporation setup as described elsewhere [9]. The membrane
resistance to clogging was assessed based on a difference in the
membrane permeability before and after prolonged contact with
the real ABE broth.

Conclusions

Hence, a series of C10-F3 copolymers were synthesized for
the first time. The hydrosilylation degree of PMHS was
demonstrated to be more than 90% at the stage of the polymer
modification. It was found that, when the ratio of side groups F3
and C10 changes, the sorption capacity for n-butanol passes
through a maximum at an equal theoretical ratio of the groups.
The resulting membrane materials demonstrated good transport
properties and relative fouling stability, which indicates their
potential in the ABE-broth pervaporative separation.
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