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Abstract

The increased demand of fossil fuel along with the depletion of economical crude oil resources,
environmental challenges such as the accumulation of CO, and other greenhouse gases in the
atmosphere and the reduction of the dependence on imported oil are some of the motivations for
the huge interest in biofuels. Biobutanol produced from ABE fermentation has been considered
to be a good partial replacement for fossil fuels. However, challenges such as the need for
inexpensive feed-stocks, improved fermentation performance to achieve higher final butanol
concentration and higher yield, an efficient method for solvent recovery, and water recycle are

the main obstacles to make the production of this alcohol economically viable.

Pervaporation, a membrane-based process, is considered to be an attractive separation method to
remove butanol from ABE fermentation broth. Among the membranes used for butanol
separation, PDMS membranes showed reasonable performance such as good permeability, and
appropriate selectivity for butanol separation by pervaporation. However, PDMS membranes
need to be improved in terms of performance to be applicable in large scale butanol production

plants.

In this study, activated carbon nanoparticles have been embedded into the matrix of the PDMS
membrane to improve its separation performance and, in particular, the permeation flux and
butanol selectivity. Result showed that the presence of nanoparticles improves the PDMS
membrane performance up to a certain particle loading. Moreover, it was shown that the
operating conditions have a major impact on the pervaporation membrane separation process.
The best membrane for pervaporation separation of butanol from binary aqueous solutions was
obtained for a 6 wt% particle concentration where the total permeation flux and butanol
selectivity increased by 42.6% and 51.9%, respectively, compared to neat PDMS membranes.
Moreover, the best performance for the separation of butanol from ABE model solutions was
achieved for an 8 wt% nanoparticle loading. Both the selectivity for butanol and the total
permeation flux more than doubled in comparison to neat PDMS membranes prepared in this
study. Moreover, in order to compare the PDMS/AC mixed matrix membrane performance for
pervaporation separation of butanol from binary and ABE model solutions with PDMS
membranes available on the market, experiments were also performed with a commercial PDMS

membrane. Result of butanol separation from ABE model solutions showed that mixed matrix
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membranes with 8 wt% nanoparticles loading had a higher permeation flux than that of the
commercial membranes. It was clearly shown that the presence of activated carbon nanoparticles
in the matrix of the PDMS would be beneficial for the pervaporation separation of butanol from
ABE fermentation broths.

To better comprehend how the presence of activated carbon nanoparticles in the
polymeric membranes enhance the performance of the membranes, a series of numerical
simulations were performed. A finite difference model was developed to simulate the mass
transfer of permeating components through mixed matrix membranes by pervaporation for a
wide range of relative permeability, nanoparticle loading, particle shape, particle size and
different filler adsorption isotherms. Finally, an investigation has been performed to optimize the

butanol pervaporation separation process from ABE fermentation broth at an industrial scale.
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Résumé

La demande accrue en combustibles fossiles ainsi que I'épuisement des sources économiques de
pétrole brut, les défis environnementaux tels que I'accumulation de CO, et d'autres gaz a effet de
serre dans I'atmospheére et la réduction de notre dépendance a I'égard du pétrole importé sont
quelques-unes des raisons de l'intérét enorme en biocarburants. Le biobutanol produit par la
fermentation ABE a été considéré comme un bon remplacement pour les combustibles fossiles.
Cependant, des défis tels que la nécessité de matieres primaires peu codteuses, des performances
de fermentation améliorées pour atteindre une concentration finale de butanol et un rendement
plus élevé, une méthode efficace pour la récupération des solvants et le recyclage de I'eau sont

les principaux obstacles pour rendre cet alcool économiquement viable.

La pervaporation, un procédé membranaire, a été suggérée comme un bon procédé pour extraire
partiellement le butanol de la fermentation ABE. Parmi les membranes utilisees pour la
séparation du butanol, les membranes en PDMS ont montré des performances raisonnables telles
qu'une bonne perméabilité et une sélectivité appropriée pour la séparation du butanol par
pervaporation. Cependant, les membranes en PDMS devraient étre améliorées en termes de

performance pour leur utilisation dans les usines de production de butanol a grande échelle.

Dans cette étude, des nanoparticules de carbone activé ont été incorporées dans la matrice de les
membranes en PDMS pour améliorer leur performance. Les résultats ont démontré que la
présence de nanoparticules améliorait la performance des membranes jusqu'a un certain
pourcentage de particules et que les conditions de fonctionnement ont un effet important sur la
performance des membranes. La meilleure membrane pour la séparation par pervaporation du
butanol a partir d'une solution aqueuse binaire contenait une concentration de 6% sur une base
massique de particules et augmentait le flux et la sélectivité de 42,6% et 51,9%, respectivement
par rapport a une membrane sans nanoparticules. De plus, une membrane en PDMS contenant
8% sur une base massique de particules a obtenu les meilleures performances pour la séparation
du butanol de la solution modéle ABE. La sélectivité pour le butanol et le flux de perméation
total a plus que doublé pour cette membrane par rapport aux membranes en PDMS pur préparée

dans cette étude.



Résumé

Pour mieux comprendre la raison de 1’amélioration des performances par 1’ajout des particules,
la deuxieme équation de Fick a été solutionnée par différences finies pour calculer le profil de
concentration et le flux pour une membrane a matrice mixte. Enfin, une analyse mathématique a
été effectuée pour optimiser le procédé de séparation par pervaporation butanol a partir du
bouillon de fermentation ABE a I'échelle industrielle.
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Introduction

The increased concerns about the environmental challenges such as global warming and climate
change, along with the volatility of oil supply, increasing crude oil price, and existing
legislations restricting the use of non-renewable energy sources resulted in significant interest for
renewable fuels like ethanol, butanol and biodiesel during the last decades. This thesis is

concerned with some aspects of the butanol production.

Butanol is produced from renewable resources via acetone-butanol-ethanol (ABE) fermentation
broth. However, there are significant challenges to overcome to make this alcohol an
economically-viable biofuel. Some of these challenges are the need for inexpensive feed-stocks,
the need for improved fermentation performance to achieve higher final butanol concentration
and higher yield, the need for an efficient method for solvent recovery and water recycle. To
improve the low productivity in ABE fermentation process, the in situ removal of the
fermentation products, especially butanol as the most toxic product, from fermentation tank is
essential [1-3].

As a result, an efficient and economical separation process can be used to perform the in situ
separation and the recovery of butanol from the fermentation broth to alleviate product
inhibition, in-addition to provide a certain degree of purification for butanol. There are different
separation techniques such as adsorption, gas-stripping, liquid-liquid extraction (LLE),
perstraction, reverse osmosis (RO) and pervaporation (PV) which have been used for this
purpose [1,4]. Among them, pervaporation, a membrane-based process reported to be a
promising method for butanol separation, has been mainly used in this study. This technique has
the greatest potential due to its high selectivity, low energy requirement and high efficiency.
Moreover, it has no harmful effects on the microorganism [5-7]. In pervaporation separation
method, a liquid feed solution is in contact with one side of the membrane surface and the
permeating product leaves as a low-pressure vapor from the other side that is kept under vacuum.
The permeate is then condensed or released depending on the objective of the separation. The
driving force for the mass transfer is the chemical potential gradient across the membrane. To
achieve a permeate vapor pressure lower than the partial pressure of the feed liquid, the driving

force can be maintained using a vacuum pump or an inert purge gas (normally air or steam) on
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the permeate side [8]. In recent years, several studies have been undertaken to better understand
the pervaporation process and applied this process for numerous separation systems including
water and alcohol mixtures using hydrophobic membranes. The separation depends on the
chemical nature of the macromolecules that comprise the membrane, the physical structure of the
membrane, the physicochemical properties of the mixtures to be separated, and the permeant-

permeant and permeant-membrane interactions.

Pervaporation transport can be mainly described in three steps: 1) the penetration of the feed into
the membrane surface by sorption, 2) the diffusion within the membrane, and 3) the desorption
of the penetrant on the other side of the membrane [9]. There are many studies which tried to
improve the butanol pervaporation separation using hydrophobic membranes. Table 1-1 shows
the performance of some membranes that have been used for pervaporation separation of butanol
from binary and model solutions in the literature. Among these membranes, PDMS-based
membranes are favoured for their highly hydrophobic properties, high permeability, good
selectivity, ease of preparation, along with good thermal, chemical and mechanical stability.
However, PDMS membranes should be improved in terms of performance to be applicable in

large scale butanol production plants and achieve economically viable state.

Table 1-1 Summary of butanol pervaporation separation performance from model solutions by

using different types of membranes reported in the literature.

Feed Membrane . Feed
Feed Flux i Separation
Membrane solution butanol (g/m?h) thickness factor emp.
conc.(g/L) g (um) ®)
PDMS Binary 70 500 80 30 40
Binary 20 150 80 30 40 [10]
Binary 10 100 80 30 40
T-PDMS Binary 143 570 145 42 40 [11]
TX-PDMS Binary 134 530 90 38 40
. Binary 3 55 90 32 37
PDMS with dual support _
porous PE sheet and Binary 10 65 90 30 37 [12]
perforated alloy metal ABE model 3 54 90 25 37
ABE model 10 61 90 30 37
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Binary 20 132 65 32 37
PDMS/ PE-1/ brass Binary 20 41 200 52 37
support composite . [13]
Binary 5 80 65 25 37
Binary 20 132 65 32 37
PDMS/ceramic Binary 10 993 - 16.56 37 [14]
ABE model 10 1033 - 21.43 37
PDMS/ceramic Binary 10 457.7 10 26.1 40
composite membrane Binary 40 730 10 23 40 [15]
Binary 10 307 10 28 30
Binary 10 822 10 25 60
Binary 10 90 190-210 36.3 40
Silicalite filled PDMS Binary o5 130 190-210 ) 40
Binary 50 230 190-210 - 40
Ternary 10 110 190-210 - 40 L16]
Ternary 25 160 190-210 - 40
Ternary 50 250 190-210 - 40
Silicalite filled PDMS Binary 04 125 - 18 25
Binary 0.4 550 - 10 65
Binary 0.35 - - - 25
Binary 0.35 - - - 65
Binary 10 17 - 35 33
Silicalite-1/PDMS hybrid Binary 10 120 ] o 1 [17]
Binary 34 27 - 25 33
Binary 34 180 - 50 71
ABE model 10 65 - 40 33
ABE model 10 275 - 70 71
Commercial Sulzer Co., Binary 6 250 - 14.2 33
Perv. 220 Binary 11 420 - 10 33
. [18]
Binary 20 540 - 74 33
Binary 50 1640 - 2.4 33
PDMS with 15% w/w Binary 10 2 - 12 30
Binary 100 65 - 40 30
. [19]
Styrene butadiene rubber Binary 10 1 - 12 30
(SBR) Binary 100 35 - 20 30
Celfab Binary 2 - 10 24 22
Binary 2 - 10 35 40
. [20]
P 500-1 Binary 2 - 125 41 22
Binary 2 - 125 50 40
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PTMSP Binary 20 2600 16 80 62
Binary 20 1100 16 135 37
PDMS B?nary 20 700 16 84 26 [21]
Binary 20 250 75 50 62
Binary 20 100 40 40 37
Binary 20 50 40 30 26
Binary 1.25 170 40 5.6 39
Binary 25 540 40 2.6 39
PTFE Binary 3 490 40 2.7 39
ABE model 1.25 980 40 9.5 39
ABE model 2.5 580 40 12.4 39
ABE model 3 530 40 14.8 39
Binary 1.25 35 40 5.6 30 [22]
Binary 1.25 170 40 8.5 40
Binary 1.25 805 40 9.9 50
Binary 1.25 2100 40 5.2 55
ABE model 1.25 19 40 7.2 30
ABE model 1.25 980 40 9.5 40
ABE model 1.25 1790 40 13.7 50
Binary 0.3 124 - 51 25
PTMSP Binary 15 60 ; 55 25
Binary 6 436 - 61 25
. [23]
Binary 0.3 762 - 47 70
Binary 15 1030 - 70 70
Binary 6 2097 - 41 70
PEBA2533 Binary 50 60.2 100 8.2 23
Binary 50 179 30 5.9 23 [24]
Quaternary 19.1 41 100 13.2 23
PEBA2533 Binary 4 420 30 11 29
Binary 4 300 30 19 40 [17]
Binary 4 200 30 25 50
Binary 4 110 30 31 60
PEBA ABE model 4 9.975 - 17 37 [25]
PDMS 4 3.911 - 37
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N MPAW 75 1710 110 5.47 30
Surface modified PVDA MPAW 75 3500 110 49 50
MPAW 75 5283 110 2.98 70 [26]
MPAW 75 1000 110 7.2 40
MPAW 75 2400 110 5 40
MPAW 125 4800 110 3.3 40
Polyamide-imide (PAI) " ELJ{ZE‘SI” 200 3.5 80 1.35 -
440 10 80 1.35 - (27
825 12 80 0.8 -
Polyamide-imide (PAI)/
Polyetherimide (PEI) Binary ~15 846 - 56 75 [22]
hollow fibre
Binary 9 14 140 10.5 40
HTPB-based Binary 24 17 140 21 40
Polyurethane urea Binary 27.5 19 140 21 40
Ternary 20 17 140 - 40 [28]
Ternary 45 24 140 - 40
Ternary 5 - 140 15 40
Ternary 8 - 140 24 40
Oleyl alcohol/ PP Binary 4 80 25 180 30 [29]
Liquid (Trioctylamine Binary 15 6.4 50 108.4 54
(TOA)) Binary 20 8.2 50 126.4 54  [30]
Binary 25 10 50 141.2 54
PEBA/CNT Binary 0.8 153 50 19.4 37  [25]
PEBA/ZIF-71 ABE model 1.2 33.8 10-20 18.8 37 [31]
PEBA/MOF; ABE model 1.2 630.2 10-20 17.4 40 [32]

Since a pervaporation mass transfer process relies on the solution-diffusion mechanism, to
improve the performance of a membrane, the selective sorption and the selective diffusion of
butanol within the membrane should be as high as possible [33]. As a result, it has been
suggested to incorporate small adsorbent particles, with a high affinity for butanol, within the
matrix of the host PDMS [34]. Different inorganic particles such as silicalite [17,33,35-39] and
carbon nanotubes [34] have been embedded in this silicone rubber matrix. The improvement on
the performance of the host membrane could be due to the capillary driving force that is
generated when an adsorbent is used. Furthermore, the presence of these particles increases the
permeation flux as well as the mass transfer rate of the components such as butanol through the

membranes [34,40-43]. Among the different types of adsorbents used in butanol separation
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techniques reported in the literature, activated carbon particles have been suggested as a suitable
adsorbent to enhance the adsorption separation of butanol from the other ABE components such

as water, acetone and ethanol [44,45].

The main objective of this study was to improve the performance of the PDMS membrane for the
pervaporation separation and the recovery of butanol. This was carried out in two parts. The first
part was experimental, in which PDMS mixed matrix membranes using activated carbon
nanoparticles were fabricated and their performances were measured (Part 1). The second part
involved modelling, in which a finite difference method was used to gain a better understanding
of the impact of the nanoparticles in the matrix of the membrane and the mass transfer of the

penetrant through the mixed matrix membranes prepared in our laboratories (Part 11).

PDMS/AC nanoparticle mixed matric membranes were fabricated without backing material to be
used for pervaporation separation of butanol from binary aqueous solutions. Results revealed that
the presence of the particles enhanced the performance of the pervaporation separation process
for butanol in comparison to the neat PDMS membrane. These results have been discussed in
details in Part | - Chapter 2 of this thesis. In order to improve the performance of the membranes,
it was desired to decrease the thickness which has a direct impact on the permeability of the
permeating species. In Chapter 3, a Polyacrylonitrile (PAN) membrane was used as a backing
material to cast a thin PDMS layer on its surface and the membrane performance was studied
using ABE model solutions. Membranes’ physical characterizations and the effects of the
operating conditions such as the temperature and the ABE initial concentration on the
pervaporation separation process were also investigated and the results are presented in this
chapter. The membrane thicknesses were 10 times smaller in comparison to the fabricated
membranes mentioned in Chapter 2. The membrane performance for 8% particle loading was
found to be better than the commercial PDMS membrane also used in this investigation for
comparison purposes. In Chapter 4, the results of a comprehensive study on the effect of the pH
the solution on different separation methods including distillation, pervaporation and adsorption
has been presented. It is believed that the degree of dissociation of butyric acid plays a major role
on the separation performance of the majority of the separation processes. In particular, it is
essential to study the separation of butyric acid, especially when a membrane pervaporation

process is integrated to the fermentation system, since it would highly be desirable to retain the
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majority of butyric acid within the fermenter since it is a precursor to the production of butanol.
This is especially important for the case where a continuous fermentation is used. The same

analysis could be performed for acetic acid and similar conclusion would be obtained.

In order to understand the mass transfer mechanisms taking place during pervaporation, a
literature review has been conducted on different models that have been proposed. This literature
survey is presented in Chapter 5 of Part Il of this thesis. Based on this literature review, the
Maxwell-Stefan theory was considered to be an accurate model for describing membrane
separation in pervaporation due to its ability to predict the flux and selectivity of multi-
component systems. This model was used by Ebneyamini et al. to study the pervaporation
separation of butanol from binary aqueous solutions and the model was validated using
experimental data that was obtained in this thesis [46]. Moreover, a Resistance-Based (RB)
model was used in conjunction with a three-directional Finite Difference (FD) numerical solution
to derive a semi-empirical model for calculating the effective permeability of the PDMS/AC
mixed matrix membranes [47,48]. In this thesis, the solution-diffusion based FD model was
improved to better understand the influence of the permeability and volume fraction of solid
fillers within the polymer matrix in the mixed matrix membrane. Numerical simulations were
performed for different ratios of permeability coefficients in the dispersed (filler) and continuous
(polymer) phases (P4/P.), membrane thicknesses, particle sorption isotherms. In addition, the
effect of the various structural parameters such as the filler volume fraction, the filler size, shape
and orientation were also studied. This model is presented in more details in Chapter 6. The
solution-diffusion model was considered in this chapter since it was not possible to study the

effect of the filler geometry using the Maxwell-Stefan theory.

In Chapter 7, the integration of a membrane pervaporation separation process with a continuous
ABE fermentation system has been simulated and optimized using a multicriteria genetic
algorithm to study the effect of the membrane pervaporation in-situ recovery of the butanol from

ABE fermentation on the butanol concentration, butanol productivity and sugar conversion.

Finally, a brief summary of the achievements obtained in this thesis and the recommended future

studies on this topic were provided in Chapter 8.
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Project objectives

The objectives of this project are:

1. To improve the performance of PDMS membranes for the pervaporation separation of
butanol from binary and ABE model solutions by developing an efficient membrane to
achieve a high selectivity as well as a high butanol permeation flux.

2. To investigate the effect of the feed composition, operating temperature, feed pH level,
membrane composition and membrane properties on the pervaporation separation of
butanol in terms of butanol permeation flux and selectivity.

3. To develop a mathematical model to gain a deeper understanding of the underlying mass
transport mechanisms taking place during pervaporation and to validate the model using
experimental data for butanol separation from ABE fermentation by pervaporation.

4. To optimize the butanol production from ABE fermentation for a process comprised of a

fermenter and a pervaporation separation module.
Structure of the Thesis

The main body of the thesis is divided into two parts: Part I: Experimental and Part II:
Simulation. The thesis is comprised of eight chapters: 1: Introduction, 2: Butanol pervaporation
separation from binary aqueous solutions, 3: Butanol pervaporation separation from ABE model
solutions, 4: Effect of the pH level on three solvent recovery methods, 5: Literature review on the
models that have been used for pervaporation separation of butanol, 6: Pervaporation process
modeling, 7: Theoretical optimization of pervaporation separation of butanol combined with
ABE fermentation, and 8: Conclusions and recommendations. Chapter 7 are complemented with
three Appendices providing some additional details on the models used in the membrane
simulation and some membrane and thermodynamic properties. Most of these chapters are
scientific articles that have been accepted or are currently being considered for publication in
refereed journals. There are six chapters that have been written using the format of specific
journals and, for this reason; the method for referencing may vary slightly from chapter to

chapter.
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Chapter 1: “Introduction” presents a brief summary of the works that have been carried out, the

objectives of the project and the structure of the thesis.

Chapter 2: “Effect of embedded nano-activated carbon on the performance of
Polydimethylsiloxane (PDMS) membrane for pervaporation separation of butanol” is a
comprehensive study on the effect of the activated carbon nanoparticles on the performance of

the PDMS membrane for pervaporation separation of the butanol from binary aqueous solutions.

Chapter 3: “Separation of butanol from ABE model solutions via pervaporation using
AC/PDMS/PAN mixed matrix membranes” is an investigation on the effect of the activated
carbon nanoparticles on the performance of PDMS membranes for the pervaporation separation
of butanol from ABE model solutions. In this work, a porous backing material have been used to
decrease the thickness of the PDMS membrane and increase the permeation flux.

Chapter 4: “The impact of pH on VLE, pervaporation and adsorption of butyric acid in dilute
solutions™ is a study on the effect of the pH level of solutions on the VLE of butyric acid and the

separation methods such as pervaporation and adsorption.

Chapter 5: “Predictive mass transfer models in pervaporation specifically for butanol
separation: A review” is a comprehensive literature review of the mass transfer models that have

been used for pervaporation separation processes, especially for butanol separation.

Chapter 6: “On the Effective Permeability of Mixed Matrix Membranes” is about a numerical
model developed to predict the mass transport of the components through a mixed matrix

pervaporative membrane.

Chapter 7: “Optimization of the in-situ recovery of butanol from ABE fermentation broth via
membrane pervaporation” is an optimization on the non-integrated process of butanol production
from ABE and the integrated one with the pervaporation separation system. Moreover, a

comparison between the performances of these systems has been done.

Chapter 8: “Conclusions and Recommendations” provides the main achievements of this thesis
and some works that would need to be performed to further enhance the membrane

pervaporation performance.
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Effect of embedded activated carbon nanoparticles on the
performance of Polydimethylsiloxane (PDMS) membrane for
pervaporation separation of butanol
Short title: Performance of composite membrane (PDMS-AC) for separation of butanol

Hoda Azimi, Handan F. Tezel” and Jules Thibault

Abstract

BACKGROUND: Pervaporation separation method considered to be a promising technique for
biobutanol recovery from fermentation broths. In this work, activated carbon nanoparticles were
embedded in Polydimethylsiloxane (PDMS) membranes to improve the pervaporation

performance.

RESULTS: Adding 6 wt% nano-additives in PDMS membranes increased the flux and
separation factor by 42.6% and 51.9%, respectively, compared to neat membranes at 37°C.
Enhanced performance is due to: (1) the presence of additional sorption sites within the
membrane with a high affinity for butanol, and (2) the porous structure of the nanofillers
generate new pathways for facilitated mass transport through the membrane. The effect of the
operating temperature and particle concentration on membrane performance was investigated.
Membrane performance improved with an increase in the operating temperature. Higher
temperature resulted in increased free volume in the PDMS chains leading to higher diffusion of
butanol. Mechanical tensile tests showed that nanocomposite membranes have better mechanical
stability in comparison with neat PDMS membranes with the best performance observed at 6

wt% of the nano-additives.

CONCLUSION: The presence of activated carbon nanoparticles in the matrix of PDMS
membranes leading to higher flux and separation factor can be beneficial for pervaporation

separation of butanol from fermentation broths.

Keywords: Biobutanol, Pervaporation, Mixed matrix membrane, PDMS, Activated carbon

nanoparticles
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Introduction

More recently, biobutanol (aliphatic four-carbon alcohol) has been on the radar of researchers
and industry for the production of second generation biofuels**. Biobutanol is commonly
produced via the traditional Acetone-Butanol-Ethanol (ABE) fermentation. However, there are
significant challenges to overcome to make biobutanol an economically-viable biofuel using
fermentation®” such as the low final butanol concentration in the fermentation broth and the low
productivity resulting from relatively low product concentration levels that become toxic for the
microorganism®. To improve the low butanol productivity in an ABE fermentation process, the
in situ removal of the products via integrated recovery technologies, especially for butanol as the
most toxic product from the fermentation broth, would lessen product toxicity and allow greater

sugar conversion and higher productivity” .

Pervaporation, a membrane-based process, can potentially achieve this objective due to its high
selectivity, low energy requirement and high efficiency***®. Moreover, it has no harmful effects
on the microorganism** . The use of hydrophobic membranes such as styrene butadiene rubber
(SBR)Y, ethylene propylene diene rubber (EPDM)®, polytetrafluoroethylene (PTFE)®,
polypropylene (PP)?°, polyurethane (polyether based) (PUR)?, polyether block-amide (PEBA)%,
poly(vinylidinedifluoride) (PVDF)?®, poly(methoxy siloxane) (PMS)?*, polydimethylsiloxane
(PDMS)*>%  poly(1-(trimethylsilyl)-1-propyne) (PTMSP)?" and polyamide-imide (PAI)®
containing cyclodextrin (CD) has been reported in the literature for butanol separation through

the process of pervaporation®=

PDMS membranes are generally selected for butanol separation for their highly hydrophobic
properties, high permeability and separation factor, ease of preparation, and their good thermal,
chemical and mechanical stability . However, permeability and separation factor of the PDMS
membrane is not within the required standards of the industrial scale for butanol production. To
improve the performance of PDMS membranes, the selective sorption and diffusion of butanol

within the membrane should be enhanced. Different inorganic fillers such as zeolites™,

3239 and carbon nanotubes*® have been embedded in this silicone rubber matrix to

silicalite
improve the solubility and diffusivity of the desired chemical species. It is believed that a

capillary driving force is generated when an adsorbent is used. The presence of these particles
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enhanced the mass transfer and therefore increased the permeation rate of the components such
as butanol through the membranes. Furthermore, the mixed matrix membranes demonstrated a
higher separation factor in comparison with the neat membrane*®**. However, it is hypothesized
that the addition of a particle with higher adsorption capacity of the target component into the
membrane matrix would raise the membrane performance even further. In addition, if the
diffusivity of butanol in the solid filler is greater than its diffusivity in the continuous polymeric
matrix, the flux of butanol should increase. As a result, a solid filler with a higher butanol
permeability, i.e. the product of diffusivity and solubility, the effective permeability of the

membrane will increase such that the flux of butanol and selectivity will increase.

Considering different types of adsorbents used in butanol separation techniques based on
adsorption, activated carbons have been observed to be superior adsorbents for separating
butanol from ABE model solutions and fermentation broths. Abdehagh et al. (2013) used two
types of activated carbons (AC F600 and F400) and different types of zeolites to determine their
potential as adsorbents for butanol separation®. Results showed that activated carbons had faster
adsorption rate than zeolites and F400 had the highest capacity in comparison to all the other
adsorbents that were studied. Moreover, the mechanical stiffness and the large specific surface
area of the activated carbon nanoparticles have the potential to improve the mechanical stability
and the performance of PDMS membranes. Therefore, the results from other researchers suggest
that activated carbon nanoparticles with high adsorption capacity could be an appropriate
adsorbent to be embedded in the PDMS matrix.

To the best of our knowledge, this is the first attempt that activated carbon nanoparticles are used
as the additive to prepare mixed matrix membranes of PDMS and AC for the purpose of
enhancing the properties and performance of the host PDMS membrane.

In this investigation, different concentrations of activated carbon nanoparticles were used in the
matrix of the PDMS membranes to study the effects of the nano-additives on the properties and
performance of the pervaporation PDMS membranes for butanol separation from aqueous binary

solutions.
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Experimental Material and Methods

Materials

PDMS and cross-linking agent kit (RTV615 001- KIT) were obtained from Momentive Co.
(Hebron, Ohio, USA). Super Activated Porous Carbon Nanopowder (particle size 20-40 nm,
pore size of 3.5 nm and specific surface area greater than 1400 m?/g) US1074 was purchased
from US-Nano Company (South Bend, IN, USA). Butanol (99% pure, Acros) was obtained from
Fisher Scientific (Fair Lawn, NJ, USA). Deionized distilled water was used to prepare all binary

aqueous solutions.

Membrane fabrication

Neat membrane

To fabricate the PDMS membranes, a procedure similar to the one proposed by Li et al. was
used'®. The base solution (PDMS) from the silicone kit was mixed with the cross-linking agent in
a ratio of 10:1 by weight. 20 g of toluene was used as a solvent to dilute 10 g of PDMS. The
mixture was vigorously stirred on an orbital agitator with a speed of 400 rpm for 30 min. Petri
dishes with a diameter of 9.5 cm were used as the casting units to prepare a flat coupon of PDMS
membrane. 10 mL of solution was poured into the petri dishes for making the membranes. The
petri dishes were then placed in a vacuum oven and carefully leveled to lead to a uniform
thickness. A vacuum pressure of 0.8 bar was applied for 30 min at room temperature and then
the oven was heated to 90°C for 3 h while maintaining the vacuum. The cured membrane was
peeled off from the Pyrex petri dishes by rinsing with water. After drying, the membrane was cut
to fit the size of the membrane holder in the membrane module. The effective area of the

membrane was 1.35x10° m?,
Activated Carbon (AC) nanoparticles filled PDMS mixed matrix membranes

A solution of PDMS and toluene was prepared using the procedure described above. Then, a

known amount of the Super Activated Porous Carbon Nanopowder was added to the solution.
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The solid slurry was thoroughly mixed using a sonicator (Fisher Scientific Model 550 Sonic
Dismembrator, Ottawa, ON, Canada) at ambient temperature for 2 h. Sonication ideally produces
a homogeneous distribution of the AC nanoparticles in the PDMS polymer solution with
negligible particle agglomeration. 10 mL of this homogeneous solid-liquid solution was poured
into each 9.5 cm diameter petri dish and cured under vacuum conditions first at room
temperature for 30 minutes and then at 90°C for 3 h. Subsequently, the identical procedure as
described for the fabrication of neat PDMS membranes was used. A similar procedure was also

used successfully by other researchers to manufacture mixed matrix membranes*®*®,

Membrane characterization

Morphology

The SEM images of the membranes were taken using a Scanning Electron Microscope (SEM,
Vega-1l XMU VPSEM and Anatech Hummer VII, Battle Creek, MI, U.S.). The membrane
surfaces were gold sputtered before SEM observation*’. Each sample was taped on a support

using carbon tape to fix the sample and gold sputtered before SEM observations were made.

Thickness

A digital micrometer caliper (0-1", Miutoyo, Illinois, USA) was used to measure the membrane

thickness. Measurements were made at five different spots and the average is reported.

Degree of swelling and nanoparticle adsorption capacity

To measure the degree of swelling of the membranes in contact with water and butanol solutions,
the same weights of PDMS and AC-PDMS membranes were immersed in a bottle containing
pure butanol, pure water and aqueous butanol-water binary solutions (with a concentration range
of 5-50 g/L of butanol) separately at a temperature of 25°C. After 24 h, the membrane samples
were retrieved from the sealed bottles; the swollen membranes were gently blotted with a paper
wiper (Kimwipes, Kimtech) rapidly to remove any surface solution. The swelled membrane
samples were then weighed using a precise digital balance and then replaced in the bottle to

observe further swelling. The same procedure was repeated until the swollen weight reached a
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constant value. The swelling degree of the membrane, SD, expressed as a percentage, was

determined by Equation (1).

Wy
SD=———2%100
Wy

where Wy and W; are the weights of the dry and swelled membrane samples, respectively*®.

1)

To measure the maximum adsorption capacity of the activated carbon nanoparticles, batch
experiments were used. 2.8 g of nanoparticle was added to 50 mL of 2.5 wt% butanol-water
solution. Solution container was then placed in a shaker at room temperature to ensure mixing
was adequate. To measure the concentration of butanol in the solution, samples were filtered
using a 0.45 pum filter. HPLC was used to measure the concentration of butanol and, by
difference, it was possible to measure the equilibrium adsorption capacity of the activated carbon

nanoparticles.

Static and dynamic contact angle and surface roughness

The performance of a membrane in the pervaporation separation process for alcohol recovery is
related to the hydrophobicity and the organophilicity of the membrane top surface or active
layer. The hydrophobicity of a solid surface is usually characterized by its contact angle. To
investigate the hydrophobicity and organophilicity of membranes made in our laboratory, the
static contact angle (SCA) was measured for each neat and composite membrane using the video
optima surface analysis system (Optima AST Product Inc., Billerica, MA, USA) by following the
method which has been described elsewhere®**. For each membrane, the static contact angle
was measured at five different locations and the values were averaged. The static contact angle
was measured for both pure water and a 5 g/L butanol aqueous solution. Moreover, the dynamic
contact angle of pure butanol was measured by recording 10 frames for 1 minute considering the
rapid change of the butanol droplet contact angle at the surface of the PDMS as a result of

butanol moving to expose the fresh surface and wetting the surface of the PDMS.

To measure the surface roughness, SurfCharJ software® was used to analyze the SEM pictures
by following the procedure that has been used in previous studies. This method was also

successfully used by the other researchers”®®2. This software assigns different pixel values
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ranging from 0 to 255 to each element of the 2D image of the surface based upon the darkness
and brightness of the picture to convert a 2D image into a 3D image. The pixel values represent
the distance z from the membrane surface. A darker surface representing a lower pixel value
which implies a deeper valley while a brighter surface with higher pixel value is equivalent to a
smoother polymer surface. Moreover, the arithmetic average of the absolute values of the
measured peak heights from a one-dimensional plane is reported by Ra (average roughness),
while Rq (root mean square) represents the standard deviation. In addition, the maximum profile
peak height is shown by Rp.

Tensile strength

The tensile strength and the elongation at the point of rupture were measured using an E3000
Instron Universal Tester and Bluehill 2 Materials Testing Software (TestResources, Inc,
Shakopee, USA). Experiments were performed in a temperature and humidity controlled
chamber (~27°C and 55% RH). For all tests, membrane samples, 15 cm long and 3 cm wide,
were cut from each PDMS and AC-PDMS films without backing support material.

Membrane performance

Pervaporation

Experiments were carried out using the pervaporation experimental setup that is presented in
Figure 2-1. The experimental system mainly consists of three membrane modules placed in
series where the retentate from the first membrane was directed to the second one and then the
retentate of the second membrane was the feed for the third membrane. The feed stream from a
binary butanol-water solution was pumped through the retentate side of the first pervaporation
cell using peristaltic pump. The three-module membrane system was placed in a temperature-
controlled oven. The feed stream flowed through a long stainless steel coil upon entering the
oven to ensure the feed stream reaches the desired temperature prior to entering the membrane
system. Two thermocouples were used to measure the temperature at the top and at the bottom of
the oven and one thermocouple was used to measure the temperature of the feed inside the
stainless steel tube just before the feed stream enters the first membrane module.
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The vapour phase streams exiting the permeate side of each of the three membrane modules
flowed through three individual cold traps. The permeate side of the three membrane modules
and the three cold traps were maintained at a very low pressure (3 Torr) using a vacuum pump
(Scroll Pump, 78603-11, Cole-Parmer, Montreal, Quebec, Canada). A digital pressure gauge was
used to monitor the vacuum pressure. The three cold traps were immersed into a liquid nitrogen
Dewar. The level of liquid nitrogen in the Dewar was controlled using an automatic time-fill
controller (Gordinier Electronics Inc, model 359 liquid time fill, Roseville, Michigan, USA). At
the end of an experiment, the permeate side of the membrane module was returned to
atmospheric pressure and the cold traps were removed from the liquid nitrogen Dewar. The
permeate samples were thawed, then weighed and analyzed for their composition using High-

Performance Liquid Chromatography (HPLC).

To investigate the effect of the operating temperature on the membrane performance, 37°C
considered as the reference temperature since it is the temperature of the ABE fermentation
broth. Neat and composite PDMS membranes were tested for a fixed concentration of butanol (5

g/L) over a temperature range of 37-57°C.

Moreover, to study the effect of the activated carbon nanoparticle loading on PDMS membrane
performance, different concentrations of activated carbon nanoparticles (2-8 wt% of membrane)
were incorporated into the polymeric matrix. The performance of PDMS membranes prepared in
our laboratory was investigated using an aqueous solution of 5 g/L butanol in the feed.
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Figure 2-1 Schematic diagram of the three-module pervaporation membrane experimental system

used in the present study.

High Performance Liquid Chromatography (HPLC)

The composition of permeate and feed mixtures was measured using High Performance Liquid
Chromatography (HPLC - Waters, Mississauga, ON, Canada). The detector, the pump and the
auto-sampler were Refractive Index Detector (Waters 2414), lIsocratic HPLC pump (Waters
1515) and Autosampler (Waters 717 plus), respectively. To heat the column of the HPLC to the
desired temperature, an external column heater was used. The column used in the HPLC to
measure the composition of the binary solution was the Vertex column (300x9x8 mm,
KNAUER, Berlin, Germany) packed with Eurokat H, 10 um. Since butanol-water solutions are
immiscible over a wide range of concentration, the two-phase mixtures were diluted using
known amounts of distilled deionized water to go down to the concentration levels where there is
no immiscibility in order to always inject a single phase solution into the HPLC for
concentration measurements. At the end of the composition measurements, they were corrected

according to the amount of dilution needed with the deionized water.
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Performance metrics

To characterise the pervaporation separation performance, the flux (J), the separation factor (o)
and the pervaporation separation index (PSI) were used. Ideally, it is desired to have a high
permeation flux accompanied by a high separation factor. The separation factor is a metrics
which assesses the separation ability of the membrane considering two substances to be
separated. The flux is the permeate flow per unit membrane surface area which is normally
determined for each species from the individual permeated amounts. It can also be determined
for all species for the total permeation flux. The pervaporation separation index is a metrics that
enables the comparison of the performance of membranes with different properties. These

parameters for individual species i are defined in Equations (2)-(4)****:

._ﬁ_i( x; Pt — y.PP)
]l _At - I ViXi Vi (2)
Vi
/(1 —¥)
o= ®3)
/(1 — X;)
PSI = Ji(a; — 1) @

where m; is the mass of species i in the permeate stream (g), A is the effective surface area of the
membrane (m?), t is the time of permeation (h), y; and x; are the mass fractions of species i in the
permeate and feed streams, respectively and P; is the membrane permeability for component i. L
is the thickness of the membrane, P*®' is saturated vapor pressure (bar), PP is permeate side
pressure (bar) and y; is the activity coefficient in feed liquid. These parameters are highly
dependent on the membrane material, thickness, vacuum pressure, feed temperature and the feed

composition™.

Results and discussion

Morphology and structure of activated carbon nanoparticle-PDMS

Figure 2-2 shows the SEM images of the neat and nanocomposite PDMS membranes with the

latter having an activated carbon nanoparticle loading of 6 wt%. Figure 2-2a clearly shows that a
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very uniform, smooth and homogenous surface with no void and defect results from the
fabrication of a neat PDMS membrane. With the incorporation of nanoparticles within the matrix
of the membrane, as shown in Figure 2-2b, the membrane surface became rougher which leads to
a larger surface area. As seen in the SEM images, dispersed activated carbon nanoparticles in the
membrane were completely surrounded by the PDMS polymer. It appeared that the AC filler had
a good interface compatibility with the hydrophobic PDMS phase. The AC nanoparticles were
uniformly dispersed in the PDMS polymer with no apparent defective structure, which resulted
in butanol pervaporation separation performance without any leakage problem. This can be
attributed to the compatibility of the particle with the silicone elastomeric base, and also to the

high volatility of the doping solvent used in membrane preparation®.

SEM MAG: 5.00 kx SEM HV: 20.00 kV SEM MAG: 5.00 kx SEM HV: 20.00 KV
L L L L L L ] L L L L L L L J

20 ym 20 pm

Figure 2-2 SEM images of the surface of the membrane for a) neat PDMS, b) 6 wt% AC-PDMS.

SEM analysis was also done for the other nanocomposite membranes with a filler concentration
of 2-8 wt%. Since there were no significant differences between the surface views of the
membranes with different nanoparticle concentration, the top view SEM images for those
membranes are not included, and only the surface images of the neat and 6 wt% AC-PDMS are
shown in Figure 2-2.

It should be noted that the thickness of all membranes has also been measured to be 310-365 pm.

Degree of swelling and nanoparticle adsorption capacity

Table 2-1 shows the degree of swelling for AC-PDMS mixed matrix membranes immersed in
pure water, pure butanol and butanol-water binary solutions of different concentrations.
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Measurements were made over a period of 48 h and the degree of swelling was calculated using
Equation (1). It is important to consider that in the case of mixed matrix membranes, the degree
of swelling is confounded with the additional adsorption capacity of the membrane due to the
presence of solid adsorbent particles in the PDMS matrix which may not result in actual swelling
of the membrane even if there is a mass gain. As can be seen in Table 2-1, the degree of the
swelling for water is suddenly increasing by adding the adsorbent due to the water sorption into
the particles. However, the degree of swelling by water in general is very small and can be safely

neglected.

Results showed that the degree of swelling of the PDMS membranes for butanol obtained in this
study were very similar to the results reported in the literature with a degree of swelling of
around 15.6% in pure butanol®®. In addition, the degree of swelling of the AC-PDMS membranes
for pure butanol continuously decreased with an increase in the AC nanoparticles loading. This
could be due to the strong non-covalent interaction between nanoparticles and PDMS matrix
which elevated the cohesive energy of membranes. Also, the chain extension effect increased the
modulus of PDMS polymer which is also confirmed by the tensile test®®. Moreover, the results
for the binary butanol aqueous solutions showed that a higher concentration of butanol in the
solution increases the degree of swelling of the membrane.

The swelling behavior could be explained by the Hansen's solubility parameters (8) of each
component which consists of three types of interactions: hydrogen bonding interactions (dy),
polar interactions (dp) and dispersion interactions (Jq )*. These parameters are usually used to
measure the distance parameter (A) defined as the distance between two components based on
their respective partial solubility parameter components. A smaller value of A implies a greater

affinity between two substances.
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Table 2-1 Degree of swelling (wt%) of neat and mixed-matrix PDMS membranes for pure water,

pure butanol and different butanol concentration in butanol-water binary solutions.

Membrane Pure Water  Pure Butanol 59/L 20g/L 50g/L

Neat PDMS 0.16 14.6 0.38 0.46  0.78
2% AC-PDMS 0.42 16.7 0.27 0.57 1.14
4% AC-PDMS 0.27 16.5 0.38 1.38 0.86
6% AC-PDMS 0.45 15.7 0.59 088 131
8% AC-PDMS 0.29 15.4 0.45 1.30 175

Based on the study of Rozicka et al. on the affinity of butanol and water for PDMS membranes,
it was determined that hydrogen bonding and polar interaction parameters control the affinity of
the components. Water/PDMS has a greater distance parameter (41.4 MPa*®) than
butanol/PDMS (13.0 MPa*?) which indicates that butanol has a higher affinity for PDMS. The
component which has a greater affinity with the PDMS membrane will be preferentially

absorbed and diffuse through the membrane*®**.

Moreover, Abdehagh et al.** studied the adsorption isotherms of activated carbons (F400 and
F600 activated carbon) for the ABE fermentation components and revealed that these adsorbents
are excellent candidates for butanol adsorption from ABE solutions. Activated carbons F400 and
F600 had a very favorable isotherm with an equilibrium butanol adsorption capacity of 300 and
150 mg/g with solution of 1.4 g/L and 1.75 g/L equilibrium butanol concentration, respectively*.
It was therefore desired to use particles with similar adsorption properties as the F400 activated
carbon, but at a much finer size, to be embedded within the PDMS polymeric matrix. The
activated carbon nanoparticles used in this study for the mixed matrix membranes have a size
ranging from 20 to 40 nm and their adsorption capacity was measured using batch adsorption
experiments at room temperature. Result showed that the equilibrium adsorption capacity of the
nanoparticles for equilibrium butanol concentration of 2.97 g/L was 350 (mg/g) which is
comparatively very high. It is worth mentioning that the adsorption capacity of the nanoparticles
in this study was approximately 130% and 16% higher than activated carbons F600 and F400,

respectively. Results of Table 2-1 indicate that the fabricated composite membranes preserved
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the high affinity with butanol. Furthermore, based on the results for the different concentrations
of butanol, the degree of swelling for the membrane in the range of typical butanol percentage in
ABE fermentation broths (in the vicinity of 10 g/L) is relatively small and it could be safely
neglected.

Surface hydrophobicity

Figures 2-3 shows the surface static contact angle for pure water and 0.5 wt% butanol. Generally,
when the water contact angle is larger than 90°, the membrane surface is considered as
hydrophobic. As can be seen in this figure, the surface static contact angle of water on PDMS
surfaces increases slightly upon the addition of nanoparticles in the matrix of the membranes.
This small increase in the static contact angle leads to slightly higher membrane hydrophobicity.
However, the difference in contact angle for water when the nanofiller concentration varies
between 2 and 6 wt% is not significant. The contact angle for butanol solution was almost
constant within the range of 0-6 wt% of the nanoparticles and a small incremental increase was
observed when nanoparticle concentration increased from 6 to 8 wt%. Moreover, the static
contact angle of the butanol/water binary solutions is smaller than for pure water as a result of
the butanol presence in the solution, resulting in a greater affinity between the liquid and the

membrane surface.

Since the mechanism of mass transfer for the pervaporation separation is the solution-diffusion, a
more hydrophobic membrane surface contributes to an increase in the butanol sorption

selectivity and, as a result, enhance the membrane performance for this separation.

Contact angle measurement images are presented in Figure 2-4 for neat PDMS and 8% AC-
PDMS membranes. The small contact angles observed for pure butanol (Figures 2-4c and 2-4d)
in comparison to pure water (Figure 2-4a and 2-4b), indicates the higher affinity of butanol with
PDMS membranes. The slight change in water static surface contact angle is attributed to the
increase in the surface roughness as a result of the incorporation of the AC nanofillers in the

PDMS membranes. This behaviour also has been reported by other researchers®’.
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Table 2-2 Surface roughness parameters using ImageJ based on the 1SO 4287/2000 standard (all

units are in pixels).

Rq Ra

R R
Membrane (root mean square (arithmetical ! P

(lowest valley) (highest peak)

deviation) mean deviation)

Neat PDMS 3.54 2.83 -14.88 15.14
2% AC-PDMS 3.70 2.95 -14.93 17.78
4% AC-PDMS 3.91 3.11 -15.47 17.55
6% AC-PDMS 5.05 4.02 -20.33 22.94
8% AC-PDMS 5.24 4.18 -21.62 23.65

Roughness index parameters are given in Table 2-2. Measurements showed that the roughness of
the membrane increased slightly by adding AC nanofillers from 0 wt% to 4 wt% of activated
carbon nanoparticle. Furthermore, by adding 6 wt% AC nanoparticles in the matrix of the
membrane, the roughness increased by 29% compared to the one at 4 wt % AC nanoparticles in
the PDMS membrane. This increase might be attributed to the small aggregation of the AC

nanoparticles when the concentration of the particle increases.

130
125 4| B Water 10.5wt% Butanol

120 A
115

110
105

Contact Angle (°)

100
95
90

e e e e e e o o

2 wt% 4 wt% 6 wt% 8 wt%
AC concentration ( wt.%)

Figure 2-3 Surface static contact angle of PDMS composite membranes for pure water and 0.5 wt%

butanol solution.
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Figure 2-4 Contact angle images of a) Neat PDMS/water after 6 s, b) 8 % AC-PDMS/water after 6
s, €) 8 % AC-PDMS/pure butanol after 6 s, and d) 8% AC-PDMS/pure butanol after 1

min.

Mechanical stability

Tensile tests were performed on the neat PDMS and AC-PDMS nanocomposite membranes
where the elongation of the membrane samples was recorded against the applied force. Results in
terms of stress-strain curves are presented in Figure 2-5. Significant improvement in the
mechanical properties of the mixed matrix membranes is observed with an increase in the AC
nanofiller content. As a higher stress was required in the case of the nanocomposite PDMS
membranes to produce the same strain, the addition of AC nanoparticles within the polymer
matrix has stiffened the mixed matrix PDMS membranes.

Results show that, by increasing the amount of activated carbon nanoparticles, the initial


https://en.wikipedia.org/wiki/Elongation_(materials_science)
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Young’s modulus of elasticity increased as indicated by the slope of the stress-strain curves. This
phenomenon was also observed for different nanoparticles such as carbon nanotubes®. The
increase in the modulus of elasticity is attributed to the cross-linking effect of nanoparticles at
the low concentrations with PDMS which results in an improved rigidity of the membrane
matrix>°. Moreover, the 6% AC-PDMS composite membrane has the best mechanical stability
among all membranes. The engineering stress decreased after increasing the amount of activated
carbon nanoparticles from 6 to 8 wt%. This could be as a result of the agglomeration of the
nanoparticles in the matrix of the membrane at higher concentrations which would lead to a
weaker structure. However, it should be noted that the mechanical strength of the nanocomposite
membrane at 8 wt% is still significantly higher than the one for neat PDMS membrane. The
same trend in the result was also reported for the carbon-nanotube PDMS composite
membranes®.

0.25

Engineering stress (MPa)

100

Engineering strain (%)

Figure 2-5 Relation between tensile stress and strain for neat PDMS and AC-PDMS membranes
with different loading of the AC in PDMS.
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Effect of the concentration of activated carbon nanoparticles on the
membrane performance

The effect of the addition of activated carbon nanoparticles in the matrix of PDMS membranes
on the butanol pervaporation separation from binary aqueous solutions at a feed temperature of
57°C was studied for different percentages of AC nanoparticles ranging from 2 to 8 wt% in the
PDMS matrix. Table 2-3 shows that by increasing the percentage of activated carbon
nanoparticles in the matrix of PDMS membranes, the separation factor increased continuously
where a 39% increase was observed at a nanoparticle concentration of 8 wt% compared to the
neat PDMS membrane. The effective permeability of butanol and water reached their maximum
values at a concentration of the nanofillers of 6 wt% where increases of 99% and 47% in their
values were observed, respectively, compared to the neat PDMS membrane. Moreover, the
highest value of the PSI was 1076 (g/m?.h) which was obtained with the 6% AC-PDMS
membrane at 57°C. Based on the results of Table 2-3, the membrane effective permeability for
both water and butanol decreased when the nanoparticle concentration increased from 6 to 8
wt%. According to the results of the mechanical stability, the polymer chain rigidification and
the hindrance in chain movements at higher AC filler concentrations could be the reasons which

resulted in the lower flux and effective permeability.

Table 2-3 Pervaporation performance of neat PDMS and AC-PDMS composite membranes in

contact with a 0.5 wt% butanol feed aqueous solution at 57°C.

Membrane ap Py (g.cm/s.cm?bar) P, (g.cm/s.cm?bar) PSI (g /m?.h)

Neat PDMS 18.6 4.55x107 1.46x1077 570.6
2% AC-PDMS 20.9 7.17x107 2.09x10”’ 806.0
4% AC-PDMS 21.3 7.75x10” 2.22x107 862.8
6% AC-PDMS 25.2 9.49%1077 2.3x107 1076.2

8% AC-PDMS  25.9 7.76x107 1.83x10”7 879.0




Chapter 2

Results show that the activated carbon nanoparticles could have an important contribution on the
improvement of the pervaporation performance. The presence of nanoparticle adsorbents in the
matrix of the membrane would potentially result in a faster adsorption rate of butanol which
would further bring about a larger flux and a higher separation factor. Moreover, the AC
nanoparticles act as active sorption sites which, because of their relatively high porosity, provide
an alternative pathway for mass transport through the inner pores of the adsorbent or along the
smooth and hydrophobic surface area between the AC particles and the polymer matrix. Figure
2-6 shows a schematic diagram of the AC nanoparticles assisting the butanol permeation through
the membrane. The permeability of butanol and water increased as a result of the lower
resistance for mass transfer across the membrane when the concentration of nanoparticles
increases with a maximum being reached at 6 wt%. This means that the presence of the
nanoparticles has a beneficial effect on both butanol and water permeation fluxes. Since the
permeability of butanol increased much more than the permeability of water with the same
amount of the activated carbon particles, the total flux and butanol separation factor were

enhanced by the incorporation of nanoparticles.

The separation factor enhancement obtained by adding nanoparticles could also be attributed to
the dual sorption mode when activated carbon nanoparticles are present in the PDMS matrix: one
in the polymer matrix and the other in the activated carbon particles. The high adsorptive
capacity of activated carbon for butanol could potentially enhance the pervaporation separation

performance of the resulting mixed-matrix membrane.

The enhanced adsorption rate at the liquid/membrane interface, as a result of the contribution of
the adsorptive effect of the nanoparticles, also leads to an increase in the butanol flux of the
PDMS composite membranes.

A comparison between membranes fabricated in this study and some membranes reported in the
literature is presented in Table 2-4. It should be mentioned that the operating conditions and
membrane thicknesses presented in Table 2-4 were the closest data in the literature to those used
in this study such that an exact comparison was not possible. The common method of studying
the membrane pervaporation performance is with reporting data in terms of fluxes and separation

factors. However, these values are not only a function of the exact properties of the membranes
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which were studied, but also depend on the operating conditions such as the feed concentration,

permeate pressure and feed temperature as well as the PDMS molecular weight.

Pathway through adsorbent pores

Pathway along the external surface of the adsorbent

Feed l \l,Pathway through dense membrane
) e e @ e Py ®
1 1 1 1
o '\ @ i @i ©
1@ L7 g
.+ ‘ I 1 @
@ 10
1
v \4 v v
© © o €

Agglomeration of particles
Low permeable component

High permeable component

Permeate

Nano-Activated carbon
particle

PDMS Matrix

R

Figure 2-6 Schematic diagram of a membrane with AC nanoparticle assisting butanol permeation

Therefore, it appears that the flux and separation factor are not appropriate metrics to compare
the pervaporation data sets obtained under different operating conditions. A better method of
reporting the pervaporation data is the membrane permeability and permeance. Comparing the
membrane developed in this study with PDMS-PS® and PDMS-POSS® membranes, the
nanocomposite membranes tested in this investigation had a 460% and 236% higher separation
factor, respectively, as well as higher permeability. As can be noted in Table 2-4, PDMS-CNTSs
membrane has a higher flux and separation factor than the 6% AC-PDMS membrane. However,
it is important to emphasize that the thickness of the membrane is 33% less than the membrane
used in this work which obviously results in higher flux for CNTs-PDMS. In addition, the
operating temperature was 23°C higher than the temperature used this study which contributed to
the higher separation factor and flux for the CNTs-PDMS membrane®®?. It should be mentioned
that the CNT filler concentration in the work of Xue et al. was 10 wt%"*® which is approximately
66% higher than the loading used in this work. Furthermore, carbon nanotubes are generally
much more expensive than activated carbon particles which would impact the economic viability

of the membrane at an industrial scale. Nevertheless, this is an avenue to explore especially if
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carbon nanotubes can be preferentially aligned perpendicularly to the membrane surface. In
addition, considering the effect of the membrane thickness on the membrane performance, a

decrease in the thickness of the membrane is desirable and should be an objective®.

Table 2-4 Comparison between the performances of PDMS mixed matrix membranes of this study

and other studies.

Membrane T (°C) L (#m) (@) Jr(g/m?h) Py (g.cm/s.cm?.bar) Ref

PS-PDMS 50 100-150 4.5 - 2.00x10°" 60
CNTs-PDMS™ 80 200 32.9 244 - 40
POSS-PDMS 40 9 75 - 3.00x10”" 61
6% AC-PDMS 57 310-365  25.2 44,5 9.49x107 This work

" CNT concentration at 10 wt%

Effect of the operating temperature

The effect of the operating temperature on the pervaporation separation performance of PDMS-
activated carbon nanoparticles is illustrated in Figure 2-7. Results show that both the permeate
flux and the separation factor increased as the operating temperature increased from 37 to 57°C.
With an increase in temperature, the movement of the segments of the polymer through its
matrix increases thereby resulting in the presence of a larger free volume and an increase in
permeate flux. Furthermore, as the temperature increases, the driving force which is the partial
pressure difference across the membrane increases significantly which also leads to an

enhancement in the permeate flux.
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Figure 2-7 Effect of the operating temperature on the performance of AC-PDMS membranes: a)

total permeation flux and b) separation factor.

The temperature dependence of the flux usually follows the Arrhenius expression given by
Equation (5):
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J = Joexp () ©)

In Figure 2-8, the natural logarithm of the flux is plotted as a function of the inverse absolute
temperature for the 6%AC-PDMS membrane for a feed concentration of 0.5 wt% butanol. The
slope of the line for each component is related to the activation energy of the permeation of each
component. For the data of Figure 2-8, the activation energy of permeation for butanol was
estimated to be 66.4 (kJ/mol) which is higher than the one for water at 43.9 (kJ/mol). As a result,
the permeation of butanol through the membrane is more sensitive to temperature than the one of
water. With an increase in temperature, the permeation flux of butanol would increase more than
the permeation flux of water. This is equivalent to an improvement in the separation factor with

an increase in temperature®*.
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Figure 2-8 Arrhenius plots of the flux of water and butanol for 6% AC-PDMS membrane for a feed

mass concentration of 0.5% butanol in water.
Conclusions

Composite membranes made of PDMS and activated carbon nanoparticles were developed for
the pervaporation separation of butanol from binary aqueous solutions. The addition of the AC
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nanofillers enhanced remarkably the mechanical stability of the mixed matrix membranes and

the level of enhancement increased with the concentration of nanoparticles.

Results of the membrane performance showed that a maximum permeate flux was achieved for a
PDMS nanocomposite membrane at 37°C with a nanoparticle concentration of 6 wt% with a
42.6% increase compared to the neat PDMS whereas the separation factor increased
continuously with the incorporation of the activated carbon nanoparticles with a 58.1% increase
compared to neat PDMS at a concentration of 8 wt% of the nano-fillers. Additional sorption sites
resulted from the incorporation of the activated carbon nanoparticles along with the new
pathways for permeation of the butanol through the membrane due to the porous structure of the
nanofillers resulted in an enhanced performance of the membrane. Results also demonstrated that
the increase in the operating temperature from 37 to 57°C resulted in an improvement of the
PDMS composite membrane performance. This study indicates that the presence of a
nanoparticle adsorbent in the matrix of a membrane would be useful for pervaporation separation

of biobutanol from ABE fermentation broth.
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Nomenclature

A Effective surface area of the membrane (m?)
J Permeation flux (g/m>.h)

L Membrane thickness (m)

m; Mass of species i in the permeate stream (g)
P; Permeability of component i (g.cm/s.cm?.bar)
psat Saturation pressure (bar)

pP Permeate side pressure (bar)



PS| Pervaporation separation index (g/m?.h)
SD Degree of swelling
t Time of permeation (h)
Wy Weight of the dry membrane (g)
Wy Weight of the swelled membrane (g)
Xi Mass fraction of species i in the feed streams
Vi Mass fraction of species i in the permeate
0 Separation factor of species i
Yi Activity coefficient
Abbreviations

ABE Acetone, Butanol, Ethanol

AC Activated carbon

CNTs Carbon nanotubes

EPDM Ethylene propylene diene rubber

HPLC High Performance Liquid Chromatography

LLE Liquid-liquid extraction

MMM Mixed matrix membrane

PAI Polyamide-imide

PAN Polyacrylonitrile

PDMS Polydimethylsiloxane

PE Polyethylene

PEBA Polyether block-amide
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PMS Poly (methoxy siloxane)

PP Polypropylene

PTFE Polytetrafluoroethylene

SCA Static contact angle

SEM Scanning Electron Microscope
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Separation of organic compounds from ABE model solutions via

pervaporation using AC-PDMS-PAN mixed matrix membranes

Hoda Azimi, Arian Ebneyamini, F. Handan Tezel and Jules Thibault”

Abstract

The pervaporation separation of organic compounds from acetone-butanol-ethanol (ABE)
fermentation model solutions was studied using activated carbon (AC) nanoparticle-PDMS
mixed matrix membranes (MMM). The effects of the operating conditions and nanoparticle
loading content on the membrane performance have been investigated. While the separation
factor increased continuously with an increase in the concentration of nanoparticles, the total flux
reached a maximum in the MMM with 8 wt% nanoparticle loading in PDMS. Both the
separation factor for butanol and the total permeation flux more than doubled for the MMM in
comparison to those of neat PDMS membranes prepared in this study. In addition, the flux and
separation factor of the AC-PDMS mixed matrix membranes were superior to the performance
reported for commercial PDMS membranes also tested in this study. Moreover, increasing the
feed temperature led to a decrease in the separation factor of all ABE components whereas the
total flux increased for the mixed matrix membranes. Higher initial concentration of the organic
components in the feed solution resulted in a higher total flux whereas the separation factor
decreased with an increase in the nanoparticle loading up to 8 wt%. The trend in the total flux
with respect to butanol concentration increased with AC loading up to 8 wt% and then decreased
for 10 wt% AC loading.

Keywords: Pervaporation; Activated carbon nanoparticle; PDMS; ABE; Mixed matrix
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Introduction

In comparison to distillation which is the most common separation method used in industry,
pervaporation is considered as a highly promising technique for recovering volatile components
from alcoholic fermentation broths. Pervaporation, which combines permeation and vaporisation,

has advantages such as: (1) it is not harmful to microorganisms and (2) it requires less energy
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since only the permeates are converted to the vapour phase [1]. In alcoholic fermentations, in situ
recovery can alleviate product inhibition and improve productivity [2]. Butanol is the main
alcohol produced in the acetone-butanol-ethanol (ABE) fermentation and can be used as a
gasoline replacement fuel or for numerous other applications [3]. Butanol becomes toxic to the
microorganisms when its concentration reaches approximately 1 wt%. It would be advantageous
to partly removing butanol in situ during fermentation to reduce product inhibition and increase
butanol productivity. Pervaporation can be used to selectively remove butanol from the
fermentation broth [4-8]. To make the pervaporation process economically viable for the
selective removal of butanol from ABE fermentation broths, factors such as membrane stability,
butanol separation factor and permeation flux need to be as high as possible [9]. Different
polymers have been used to manufacture membranes that were evaluated for butanol
pervaporation separation: styrene butadiene rubber (SBR) [10], ethylene propylene diene rubber
(EPDM) [11], polytetrafluoroethylene (PTFE) [12], polypropylene (PP) [13], polyurethane
(polyether based) (PUR) [14], polyether block-amide (PEBA) [15], poly (vinylidinedifluoride)
(PVDF) [16], poly (methoxy siloxane) (PMS) [17], poly (dimethylsiloxane) (PDMS) [18], poly
(1-(trimethylsilyl)-1-propyne) (PTMSP) [19] and polyamide-imide (PAIl) containing
cyclodextrin (CD) [20]. Amongst all these membranes, silicone membranes like PDMS have

been reported to be a good choice for butanol pervaporation separation [21-24].

However, despite the relatively good performance of PDMS membranes, there is a clear need to
further enhance their performance. Indeed, pervaporation PDMS membranes suffer from low
permeability and low separation factor in addition to possessing weak mechanical strength.
Moreover, making PDMS membranes is very challenging in terms of controlling the thickness of

the membrane and selecting an appropriate backing material.

The pervaporation mass transfer process relies on the solution-diffusion mechanism. As a result,
to improve the performance of a membrane for ABE fermentation broth, the selective sorption
and the selective diffusion of butanol within the membrane should be as high as possible [25]. To
improve the solubility and diffusivity of the desired chemical species, it has been suggested to
incorporate small adsorbent particles, with a high affinity for butanol, within the matrix of the
PDMS [18, 26]. Activated carbon particles have been reported as a suitable adsorbent to enhance

the separation of butanol from the other ABE components such as water, acetone and ethanol [4,
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27]. In this study, mixed matrix PDMS membranes have been fabricated by adding different
concentrations of activated carbon nanoparticles in the matrix of the PDMS to improve their
performance for the separation of butanol from ABE model solutions. To better control the
membrane fabrication process, spray-coating using an airbrush pen has been adopted.

To the best of our knowledge, this is the first time that activated carbon nanoparticles have been
embedded within the matrix of PDMS membranes for the pervaporation separation of organic
compounds from ABE model solutions. A previous study reported the performance of AC-
PDMS membranes for binary butanol aqueous solutions [18]. In order to decrease the thickness
of the membranes and thereby increase the permeation flux, an airbrush was used in this
investigation to uniformly spray the PDMS-AC solution on top of a backing material.
Furthermore, this is the first time that the use of an airbrush pen is used for coating PDMS as a

thin and uniform layer on top of the backing material to manufacture pervaporation membranes.

Materials and Methods

Materials

Polyacrylonitrile (PAN) membranes, used as a support for PDMS in this study, were purchased
from Synder Filtration (Vacaville, CA, USA) with a molecular weight cut-off of 30 000 Da and a
thickness (Polyester + PAN) of 0.15 mm. PDMS and cross-linking agent kit (RTV615 001- KIT)
were obtained from Momentive Co. (Hebron, Ohio, USA). Super activated porous carbon
nanopowder (US1074: particle size 20-40 nm, with a pore size of 3.5 nm and specific surface
area greater than 1400 m?/g) was purchased from US-Nano Company (South Bend, IN, USA).
Commercial PDMS membranes with a total thickness of 200-235 um (130, 100, 3-5 um for
Polyethylene terephthalate (PET), Polyimide (PI) and PDMS, respectively) were obtained from
Pervatech B.V. Company (Rijssen, Netherlands). Butanol (99% pure, Acros), acetone (95% pure,
Acros) and ethanol (99% pure, Acros) were obtained from Fisher Scientific (Fair Lawn, NJ,

USA). Deionized distilled water was used to prepare all solutions.
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Membrane fabrication

Neat PDMS membrane active layer

Polyacrylonitrile (PAN) membrane was used as a backing material to deposit a thin PDMS layer.
The PAN membrane was first immersed in water and then taped on a glass plate. A 1 wt%
PDMS-toluene solution without adding crosslinking agent was prepared as the pre-layer solution
and sprayed on the surface of the PAN in order to have a better attachment between the active
layer and the support. The PDMS solution for the active layer was prepared by mixing 5 g of the
base PDMS solution from the silicone kit in 20 g of toluene. The solution was thoroughly mixed
using a stirrer (RZR 2102, Heidolph Electronic, Illinois, USA) for one hour and then 0.5 g of the
crosslinking agent was added to this mixture and stirred for an additional 30 min. The PDMS
solution was then sprayed onto the PAN membrane using an air pen brush (Paasche VL-SET
Double Action Siphon Feed Airbrush) in two successive layers. The main solution was first
sprayed as uniformly as possible in one direction onto the PAN support and, after one hour under
ambient conditions, the membrane was turned 90° and the second layer was sprayed as for the
first layer. The glass plate with the membrane was then placed in a vacuum oven. The vacuum
oven was maintained at an absolute pressure of 0.2 bar for 30 min at room temperature and then
the oven was heated up to 90°C for 3 h (including the pre heating) while maintaining the same
vacuum pressure. Following this curing procedure, the membrane was taken out of the oven and
cooled to room temperature. Coupons of 5.0 cm in diameter of the cured membrane were cut to
fit the size of the membrane holder in the membrane test module. The active area of the

membrane was 13.5 ¢cm?.

Activated Carbon (AC) nanoparticles-PDMS mixed matrix membranes

To fabricate the mixed matrix membranes, a procedure similar to the one mentioned above for
the neat PDMS membrane was followed. However, different weight percentages of activated
carbon nanoparticles in the range of 4 to 10 wt% were added to the main solution for the
preparation of the active layer. The different nanoparticle percentages were evaluated using
Equation (1). The nanoparticles were first thoroughly mixed within 20 g of toluene using a
sonicator (QSONICA, Part No.Q700, Fullerton, USA) at ambient temperature for 2 h. Then, 5 g
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of PDMS was added to the mixture and mixed. After 1 hour, 0.5 g of the crosslinking agent was
added and mixed for 30 min. The spray nozzle was large enough to spray the solution without
any clogging and to ensure that the AC-PDMS solution was sprayed uniformly. The same
procedure described in the previous section was then used to apply the two successive layers of

the AC-PDMS solution, including the subsequent curing of the membrane.

WAC

Wtye% = ——mmMMm——
ACTD Wppus + Wac

x 100 (1)

where, Wac and Wppps are the weights of the nanoparticle and the polymer in the membrane

casting solution.

Membrane characterization

Morphology

The top surface and the cross section of all membranes were examined using a Scanning
Electron Microscope (SEM, Vega-11 XMU VPSEM and Anatech Hummer VII, Battle Creek, Ml,
U.S.). To prepare the samples for SEM analysis, membranes were immersed in liquid nitrogen
and then cut sharply. The samples were broken perpendicular to the membrane surface in order
to take SEM images of the cross-sectional area. Each sample was fixed on a support using
carbon tape and was gold sputtered before SEM observations were made [28, 29].

Degree of swelling (DS)

To measure the degree of swelling of the active layer of the membranes in contact with the feed
solutions, PDMS and AC-PDMS films were prepared without backing material (PAN
membrane). Membrane films of the same weight were immersed into bottles containing pure
components of water, butanol, ethanol, acetone as well as ABE model solutions at room
temperature. The concentrations of the three swelling tests performed with ABE model solutions
were (A: 0.25, B: 0.5, E: 0.08) wt%, (0.5, 1.0, 0.17) wt% and (1.0, 2.0, 0.33) wt%, respectively,
with the rest of the solution being water. These latter concentrations are based on the ABE ratio
of a typical fermentation: 3:6:1. Following an immersion of 24 h, the membrane samples were

retrieved from the sealed bottles; the swollen membranes were gently blotted with a paper wiper
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(Kimwipes, Kimtech) to rapidly remove any surface solution. The swelled membrane samples
were then weighed using a precise digital balance and returned to the bottle to observe if further
swelling would occur. The same procedure was repeated until saturation was reached and no
further weight change was observed. The degree of swelling (DS) of the membranes, expressed

as a weight percentage, was determined via Equation (2).

Ws _Wd

DS = x100 (2)

d

where W, and Wy are the weights of the swelled and dry membrane samples, respectively [21].

Gas chromatography (GC)

The gas chromatograph (GC) used in this study was purchased from chromatographic specialties
(SRI Instrument, Brockville, Canada). The GC was equipped with a flame ionization detector
(FID). A Stabilwax column (10655-126), 30 m long and 0.53 mm internal diameter and a 5 m
long guard column (Restek, Chromatography Specialties, Brockville, Canada) was used to
determine the concentrations of acetone, ethanol and butanol in the feed model solutions and in
the permeate samples. Helium was used as the carrier gas and the column temperature was
initially set at 80°C when a sample was injected and this temperature was kept constant for 2 min
and then increased to 200°C at a rate of 20°C/min. The column needed around 2 min for cooling
down prior to the injection of the next sample. Effectively, the GC was capable of analyzing one
injection every 11 min. The injector and FID detector temperatures were 250°C and 110°C,

respectively.

Pervaporation

Pervaporation experiments were performed using the experimental setup that is schematically
presented in Figure 3-2. Three membrane modules were connected in series to ensure identical
flow rate in the retentate side of each membrane module. The feed flow rate was high enough to
consider a nearly constant retentate concentration in each module and to ensure nearly zero-stage

cut condition. Moreover, the decrease in temperature of the feed solution while flowing through
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each membrane module was negligible since the permeate flow rate was on average 30000 times
smaller than the feed flow rate. The feed stream from the ABE model solution was pumped
through the first pervaporation cell using a peristaltic pump. The three-module membrane system
was placed in a temperature-controlled oven. The feed stream flowed through a long stainless
steel coil upon entering the oven to ensure the feed stream reaches the temperature set point prior
to entering the first membrane module. A thermocouple was used to measure the temperature of
the feed inside the stainless steel tube just before the feed stream enters the first membrane
module. The temperature was monitored using LabVIEW. At the exit of the oven, the retentate
flow passed through a cooling coil which was immersed into a cold water bath prior to be

returned to the feed tank.

The vapour permeate stream of each of the three membrane modules passed through a cold trap
immersed in liquid nitrogen Dewar where permeates were condensed. The permeate side of the
membrane modules and the cold traps were maintained at a very low pressure (less than 6 torr)
using a vacuum pump (vacuum pressure air pump 115V, Cole-Parmer, Montreal, Quebec,
Canada). A digital pressure gauge was used to monitor the vacuum pressure. The level of liquid
nitrogen in the Dewar was controlled using an automatic time-fill controller (Gordinier
Electronics Inc, model 359 liquid time fill, Roseville, Michigan, USA) to ensure the Dewar flask
contained sufficient liquid nitrogen to immerse the cold traps. The average time of each
pervaporation experiment was about 18 h. Furthermore, numerical simulations were performed
to estimate the time necessary to reach steady state and it was found to be negligible compared to
the time of the experiment. At the end of each experiment, permeates were thawed, then weighed

and analyzed for their composition using gas chromatography (GC).
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Figure 3-1 Schematic diagram of a) the three-module membrane pervaporation experimental

system, b) an exploded view of a membrane testing module.
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Three different feed butanol concentrations between 0.5-2 wt% have been used to study the
effect of the initial feed concentration on the performance of the membranes. The concentrations
of acetone and ethanol have been also changed accordingly to maintain a 3:6:1 ABE solvent ratio
of a typical ABE fermentation broth.

To investigate the effect of the operating temperature on the membrane performance, membranes

were tested for a fixed concentration of butanol over a temperature range of 40-80°C.

Moreover, to study the effect of the activated carbon nanoparticle loading in the matrix of PDMS
membranes, different concentrations of activated carbon nanoparticles (4-10 wt% embedded in

the membrane) have been considered.

Performance metrics

To characterise the pervaporation separation performance, the flux (J) and the separation factor
() were used. The flux (J) is the permeate flow rate per unit membrane surface area which is
normally determined for each species from the total permeation flux and permeate mass fraction
of each species. The separation factor is a metrics that assesses the separation ability of the
membrane considering two substances to be separated. These parameters for individual species i
are defined in Equations (3) and (4):

3, =M
At 3)
Yi
_1-y,
X (4)
1-x

where m; is the mass of species i in the permeate stream (g), A is the effective surface area of the
membrane (m?), t is the time of permeation (h), y; and x; are the mass fractions of species i in the

permeate and feed streams, respectively.
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Results and discussion

Morphology and structure of AC-PDMS

SEM images in Figure 3-2 show the cross section and the surface morphology of the 8 wt% AC-
PDMS layer deposited on a PAN membrane. The active layer average thickness of the
membrane was about 30 um which is the dense AC-PDMS layer and the average total thickness
of the backing material or the PAN membrane was around 130 [Im. Furthermore, Figure 3-2a
shows clearly that a uniform PDMS active layer has been deposited on the PAN porous layer
where an intimate contact clearly seems to exist between the two layers. Moreover, it can be seen
that there is no defect or void which could have been caused by the agglomeration of the

nanoparticles in the membrane.

SEM MAG: 600 x SEM HV: 15.00 kV : SEMHV: 15.00 kv
1 L . . . L . . s . ] S N E— R R
200 um

Figure 3-2 SEM pictures of a) cross section of the 8 wt% AC-PDMS layer deposited on a PAN
membrane, b) top surface of the 8 wt% AC-PDMS membrane.

The top surface SEM image in Figure 3-2b shows the dense structure of the PDMS membrane.
In addition, the top layer of the membrane is very smooth, further suggesting a uniform
distribution of the nanofillers throughout the membrane. Since there were no significant

differences between the surface views and the cross-section images of the membranes with
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different nanoparticle concentrations, the SEM images for other membranes are not presented,
and only the surface image and the cross-section image of 8 wt% AC-PDMS are shown in

Figure 3-2.
Degree of swelling (DS)

The pervaporation separation process is assumed to follow the solution-diffusion model. The
sorption of species into the membrane is a selective step based on the different solubility
properties of the components, depending mainly on their polarity and the cohesive energy
density. For a greater sorption, the target component and the membrane should have
approximately similar polarities. The rate of transportation of a species through the membrane is
determined by diffusion, which is influenced by the shape and the molar volume of the permeant.
Smaller molecules such as water and ethanol in the case of ABE fermentation broth have higher
mobility. The interaction of the membrane and the species can be defined by the swelling degree
of the membrane for each component. Swelling of PDMS-based membranes is a common
phenomenon, and it has a critical impact on the structure and performance of the membranes.
The degree of swelling is a direct parameter that is used to evaluate the swelling-resistance of

membranes [30].

The swelling behaviour of the PDMS and AC-PDMS films are shown in Figure 3-3a for pure
acetone, butanol, ethanol and water components as a function of the nanoparticle loading. Based
on the experimental data, acetone led to the highest level of swelling which indicates that the
affinity between acetone and the membrane is the highest with roughly 21% degree of swelling
for neat PDMS membranes. Butanol also led to a relatively high degree of swelling with
approximately 15% followed by ethanol and water for neat PDMS membranes with
approximately 4% and 0.4%, respectively. These results follow the same trend as reported by
Mai et al. [31]. Furthermore, increasing the amount of particle loading had a negligible effect on

the swelling degree of the PDMS mixed matrix membranes for pure organic components.
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Figure 3-3 Degree of swelling of the mixed matrix membranes as a function of the nanoparticle

loading in a) pure components and b) ABE model solutions at the room temperature.
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The degree of swelling of mixed matrix membranes for pure water and for different
concentrations of ABE model dilute solutions are presented in Figure 3-3b. Results show that,
generally, an increase in the ABE solvent concentration leads to an increase in the degree of
swelling. This is due to the high solubility of the ABE components [32, 33]. Figure 3-3b also
reveals that by increasing the nanoparticle loading in the matrix of the PDMS, the sorption of the
ABE components and especially water increased. This results in an increase on the weight of the
sample and, as a result, higher degree of swelling is calculated.

Niemisto et al. [34] examined the solvent-PDMS membrane interaction of each of the ABE
components in terms of the distance (Appms,) calculated from the three Hansen solubility
parameters (HSPs). These three parameters are: hydrogen bonding interactions (dp), polar
interactions (8p) and dispersion interactions (34) Which are cohesive forces keeping liquid
molecules together and resulting in the interactions between the membrane and the feed solution
molecules. These parameters were developed as a way of predicting if one material will dissolve
in another and form a solution. The Hansen solubility parameters are usually used to calculate
the distance parameter (A) defined as the distance between two components based on their
respective partial solubility parameter components. Two components having a distance value (A)
closer to zero are more likely to have a higher affinity to each other. Therefore, a smaller value
of (A) implies a greater affinity between two substances. Table 3-1 presents the distance
parameter reported by Niemisto et al. for PDMS for the main components of the ABE
fermentation solution. As can be seen from this table, PDMS has the highest affinity towards
acetone, followed by butanol, ethanol and water. The same order is also observed in the degree
of swelling for pure components as shown in Figure 3-3a. In addition, the adsorption capacity of
the activated carbon nanoparticles was measured in a previous study [18]. It was shown that
these particles have high adsorption capacity for some ABE compounds. For binary butanol
aqueous solutions, the adsorption capacity was 350 (mg/g) in equilibrium with a solution of 3
g/L. For ABE model solutions, the competitive adsorption capacities of activated carbon F400
were 193.3, 25, 7 (mg/g) for butanol, acetone and ethanol respectively with the solution of 5 g/L
butanol [35].


https://en.wikipedia.org/wiki/Solubility
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Table 3-1 Solubility parameters of the ABE components [34].

Solvent-membrane
interaction

Arpys,i (V2.m3?) 10.6 12.4 17.1 40.9

Acetone Butanol Ethanol Water

Effect of the activated carbon nanoparticle loading on the membrane performance

The effect of the nanoparticle concentration on the performance of the MMM has been studied
by performing a series of pervaporation experiments with a typical ABE model solution to
measure the separation factor and the permeation flux with the AC nanoparticle concentration
varying from 0 to 10 wt% in the PDMS membrane. Results are presented in Figure 3-4. As can
be seen in Figure 3-4a, the addition of the activated carbon nanoparticles to the PDMS matrix
strongly affects the pervaporation performance of the membrane. The mixed matrix membrane
total permeation flux reached a maximum at 8 wt% nanoparticle loading, which is more than
twice the value observed for the neat PDMS membrane. It is important to note that the
permeation flux for the mixed matrix membrane with 8 wt% of nanoadditives is higher than that
of the commercial PDMS membrane despite that the PDMS layer of the commercial membrane
is approximately seven times thinner. The increase in permeation flux with the higher
concentration of nanoparticles is due to the creation of additional sorption sites and the cave-like
porous structure resulting from the partial incompatibility of the polymer chain and the activated
carbon nanoparticles. The cave-like pores and the porous structure of the particles are providing
new pathways of higher permeability for the components in the feed to pass through the
membrane. The decrease of the flux from a concentration of 8 to 10 wt% AC nanoparticles could
be due to restriction in the polymer chains mobility because of its rigidification at higher
concentrations of nanoparticles. This reduction in mobility results in a slower diffusion of the

components across the membrane.

In addition, while the membrane separation factor of butanol was lower than the one for the neat
membrane for a 4 wt% activated carbon nanoparticle concentration, it increased continuously by

increasing the loading of the adsorbent from 6 wt% (Figure 3-4b). The decrease in the butanol
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separation factor from 0 to 4 wt% could be due to the change in the structure of the membrane;
however, a significant increase, i.e. 3.4 times, was observed for the mixed matrix membranes
when the nanoparticle loading increased from 4 to 10 wt%. It is worth mentioning that the mixed
matrix membrane with a nanoparticle concentration of 10 wt% is roughly 65% more selective for
butanol compared to the commercial PDMS membrane. The selectivity of PDMS membranes for
acetone and ethanol were at their lowest values at 4 wt% whereas their highest separation factor
was observed at 8 wt% of particle loading. While the separation factor for acetone and ethanol
decreased for an AC nanoparticle concentration higher than 8 wt%, their values are still superior
to those for the neat PDMS membrane. Results reveal that there is a high chemical affinity
between the components and the MMMs. Moreover, an increase in adsorption capacity or dual
sorption mode improves the selectivity of the membranes. As can be seen from Figure 3-4, the
flux and separation factor of the components increased with a higher nanoparticle concentration.
It can therefore be concluded that the presence of activated carbon nanoparticles improves the
performance of the PDMS membrane for pervaporation separation of butanol from ABE model

solutions.
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Figure 3-4 Pervaporation separation performance of ABE model solutions (A:B:E: 0.1,0.25,0.08

wt%) for the pure PDMS (laboratory-made and commercial) membranes and AC-

PDMS (4-10 wt% AC in PDMS) membranes at 40°C: a) Total Flux, b) Separation

factor.
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Effect of the operating temperature

To investigate the effect of the operating temperature on the separation factor of acetone, butanol
and ethanol and on the total permeation flux, permeation experiments were performed at three
different temperatures. Results for pervaporation experiments performed at different
temperatures are presented in Figure 3-5 for different concentrations of the AC nanoparticles. As
shown in Figures 3-5a, 5b and 5c, the separation factor generally decreased with an increase in
temperature, with the exception of butanol for the neat PDMS membrane. On the other hand, the
total permeation flux (Figure 3-5d) increased steadily with an increase in temperature. This
increase in total flux could be due to the higher activation energy of permeation for water and, as
a result, an increase in the water flux when the temperature is increased. At higher temperatures,
plasticizing or an increase in the chain mobility of the polymer facilitated the transport of the
components and more so for water being the smallest molecule. This increase in chain mobility
results in a weaker interaction of the components with the membrane and, more importantly, to a
larger amount of water in the permeate stream. Therefore, both the concentration of the organic

components in the permeate solution and the separation factor decreased.

It has been reported in previous studies that the separation factor of butanol increases with
temperature [36-38]. This increase in the butanol separation factor was also observed in this
investigation for the neat PDMS membranes. This could be due to the diffusion selectivity
domination when there is no particle present in the matrix of the membrane. However, this
behavior was not observed for the AC-PDMS membranes in this work. Results also showed that
the membrane selectivity for acetone and ethanol decreased with an increase in temperature. The
high increase of the water permeation by increasing the operating temperature for the mixed
matrix membrane could be one of the main reasons that results in a diluted permeate with lower
concentration of acetone, butanol and ethanol. In addition, the coupling effect between the
components of the ABE model solutions, i.e. acetone, ethanol and water, could affect the
separation factor of butanol with the operating temperature as well as their mutual separation

factor.

Results of Figure 3-5 also show that the decrease in the separation factor with an increase in
temperature becomes more pronounced, i.e. higher slope, when the concentration of the

nanoparticles in the membrane increased. This behavior could be due to the less-entangled
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PDMS chains at higher concentration of nanoparticles and, as a result, a further increase in
polymer free volume occurs at a higher operating temperature. It should be mentioned that the
increase in the free volume contributed to a lower resistance pathway for the permeating
components and more so for smaller molecules like water. Given the high concentration of
water, a higher permeation rate of water results in an increase in the total flux and a decrease in

the membrane selectivity for organic components.

10
(a) Butanol ¢ 8wt%AC
1 A 6wt%AC
B 4wt%AC
8¢ ® 0wt%AC

Separation factor (o)

40 45 50 55 60 65 70 75 80
Temperature (°C)



Separation factor (o)

Separation factor (o)

16
3 (b) Acetone e 8wi%AC
il A 6wt%AC
B 4wt%AC
® 0wt%AC
12 —
A
8
] ¢
A= A
' ¢
=TT " T " T T T ° 71 °1
40 45 50 55 60 65 70 75 80
Temperature (°C)
16
(c) Ethanol * 8wi% AC
a1 A 6wt% AC
B 4wt% AC
® 0wt%AC

40 45 50 55 60 65
Temperature (°C)

Chapter 3 [ECINNN



Chapter 3

240 F
(d) Total Flux

¢ 8wt%AC
A 6wt%AC
B 4wt)h AC
® 0wt%AC

200 —

-

(=23

o
I

1

Total Flux (g/m2h)
N
I

2]
o
|

40

O r—T——T—T T T T T T ]
40 45 50 55 60 65 70 75 80
Temperature (°C)

Figure 3-5 Effect of the operating temperature on the performance (separation factor of butanol,
acetone and ethanol as well as the total permeation flux) of PDMS mixed matrix

membranes.

The temperature dependence of the flux usually follows the Arrhenius expression given by
Equations (5) and (6) [39]:

) =Joexp[‘R'$] ©)

In(3)= m(ao)_i(ij ©)

In Figure 3-6, the natural logarithm of the flux is plotted as a function of the inverse temperature.
The slope of the plot for each component is related to the activation energy of permeation. Based
on the data of Figure 3-6, the activation energy of permeation for water, with a value of 24.7
(kJ/mol), is higher than the estimated permeation activation energies for butanol, ethanol and
acetone with values of 11.9, 4.7, and 4.2 (kJ/mol), respectively. As a result, for the AC-PDMS
membranes used in this study, the permeation of water through the membrane is more sensitive
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to temperature than for the other three components of the ABE model solution, and the
permeation flux of water increases more rapidly with temperature than for the other three
components. This increase in water flux leads to a decrease in the separation factor and an
increase in the total flux. It should be mentioned that, since, the Arrhenius plots of the flux for

other concentrations of the nanoparticles had a similar trend, those plots were not included.
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Figure 3-6 Arrhenius plots of the flux of ABE components for 8 wt% AC-PDMS membrane for a
feed mass concentration of (A: B: E: 0.25, 0.5, 0.08) wt%o.

Effect of the initial feed concentration

The impact of the feed concentration on the performance of the membrane was examined by
varying the feed concentration from 0.5 to 2 wt% for butanol while keeping the acetone and
ethanol concentrations in the same proportion as a typical ABE fermentation broth (A:B:E =
3:6:1). Results of this series of experiments are presented in Figure 3-7 for the neat PDMS
membrane and the AC-PDMS membranes with different nanoparticle concentrations. Results
show that an increase in the feed concentration leads to a decrease in the separation factor
(Figure 3-7a, 3-7b, 3-7¢). Moreover, as depicted in Figure 3-7, the slope of the separation factor

with the feed concentration for the three mixed-matrix membranes is identical whereas the slope
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for the neat PDMS membrane is more pronounced. As a result, the neat PDMS membrane is
more sensitive to the feed concentration. This could be due to the lower ratio of the polymer in
the matrix of the AC-PDMS membrane by increasing the particle loading in comparison to the
pure PDMS structure.

Figure 3-8 shows that the total permeation flux increases with an increase in the feed ABE
concentration with the exception of the 8 wt% AC-PDMS membrane. As the feed concentration
increases, the amount of each component sorbed in the polymer and in the activated carbon will
increase. Moreover, based on the swelling results in Figure 3-3, an increase in the concentration
of the feed components leads to an increase in the degree of swelling which results in an increase
in the free volume within the polymeric membrane. As a result, the energy barrier for permeation
will be lowered which contributes to an increase in the total flux [36]. With a higher level of
swelling, a larger amount of the components of the lower affinity such as water (see Table 3-1)
could go through the swelled membrane. It is worth mentioning that, flux decreased by
increasing the initial feed concentration for the higher (8 wt %) loading of the AC nanoparticles
(Figure 3-8) and also the major increase of the flux was for the neat PDMS membrane at higher
feed concentration.
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Figure 3-7 Effect of the feed concentration on the separation factor of the membranes at 40°C.
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Figure 3-8 Effect of ABE feed concentration on the total permeation flux of the PDMS mixed

matrix membranes at 40°C.
Conclusions

Activated carbon nanoparticles were embedded in the matrix of the PDMS membrane to improve
the pervaporation separation of butanol from ABE model solutions. Butanol selectivity of the
PDMS mixed matrix membranes increased with an increase in the concentration of the AC
nanoparticles up to 10 wt% of AC nanoparticles in the PDMS. Furthermore, the total flux
increased with the concentration of nanoparticles up to 8 wt% where a maximum was observed.
In addition, the separation factor of butanol has more than doubled when the concentration of the
nanoparticles increased from 0 to 10 wt%. The total flux also increased to more than twice in

comparison to the neat PDMS membrane for a nanoparticle concentration of 8 wt%.

The impact of the operating conditions on the pervaporation separation of butanol from ABE

model solutions has been studied. With increasing temperature, the total permeation flux
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increased and the separation factor decreased. Moreover, by increasing the feed concentration of
all ABE components, the total permeation flux of the MMM increased but the separation factor

decreased.

In general, the presence of the activated carbon nanoparticles in the matrix of the PDMS
membrane enhanced the performance of the membrane for pervaporation separation of butanol
from ABE model solutions. Membranes developed in this work showed higher flux (at 8 wt%)
and higher separation factor for butanol (at 10 wt%) compared to the commercial PDMS

membrane.
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Nomenclature

A Surface area of the membrane (m?)

DS Degree of swelling (%)

Ea Activation energy of permeation (kJ/mol)

J Flux (g/m*.h)

Jo Pre-exponential factor in the Arrhenius-type equation of the flux (g/m*.h)
m; Mass of species i in the permeate stream (Q)

R Gas constant (kJ/kmol K)

t Time of permeation (h)

T Temperature (K)

Wtacos Weight percent of the activated carbon nanoparticle in the membrane
Wac Weight of the activated carbon nanoparticles (g)

Wy Weight of the dry membrane (g)



Wepwms
W

Xj

Yi

i

Appms,i

Weight of the PDMS polymer (g)

Weight of the swelled membrane (g)

Mass fraction of species i in the feed streams (g i/g solution)
Mass fraction of species i in the permeate (g i/g solution)
Separation factor of species i

Solvent-PDMS membrane interaction (J*%.m™)

Abbreviations

ABE
AC
EPDM
GC
MMM
PAI
PAN
PDMS
PE
PET
PEBA
PI
PMS
PP
PTFE

SEM

Acetone, Butanol, Ethanol
Activated carbon
Ethylene propylene diene rubber
Gas Chromatography
Mixed matrix membrane
Polyamide-imide
Polyacrylonitrile
Polydimethylsiloxane
Polyethylene
Polyethylene terephthalate
Polyether block-amide
Polyimide

Poly (methoxy siloxane)
Polypropylene
Polytetrafluoroethylene

Scanning Electron Microscope
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The impact of pH on VLE, pervaporation and adsorption of butyric
acid in dilute solutions

Hoda Azimi, F. Handan Tezel and Jules Thibault”

Abstract

Butyric acid (BA) is an intermediate product and a precursor to the production of butanol in ABE
fermentation. Ideally, it would be beneficial to retain as much BA in the fermenter to increase
butanol productivity. In this study, experiments were performed to assess the impact of the pH of
the feed solution on the separation of BA from dilute aqueous solutions using three separation
methods: distillation, pervaporation and adsorption. Results confirm that the pH of the solution,
which dictates the level of BA dissociation, controls the degree of separation of BA from dilute
aqueous solutions. Indeed, results show that the vapour-liquid equilibrium (VLE) curve, the
membrane selectivity and the adsorption capacity for BA in dilute aqueous solutions decreased
steadily as the pH is increased from below to above its pKa value of 4.82. The separation
performance is strongly correlated with the pH of the feed solution, and, as anticipated, a pH
increase reduces the level of separation for these three processes. This is advantageous for the
ABE fermentation incorporating a solvent recovery process since the BA would remain in
fermenter and improve the production of butanol. However, the pH cannot increase excessively
as there exists an optimum pH for conducting the fermentation process such that a judicious level

of pH must be sought to optimize a fermentation-separation integrated process.

Keywords: Biobutanol; Butyric acid; VLE; Pervaporation; Adsorption; pH

Introduction

Biobutanol produced from Acetone-Butanol-Ethanol (ABE) fermentation is considered a
potential biofuel candidate to partially replace fossil fuels “#. This alcohol is produced via
fermentation using anaerobic bacteria such as Clostridium acetobutylicum (CA) and Clostridium
beijerinkii (CB). The ABE fermentation is producing acetone, butanol and ethanol in a typical
proportion of 3:6:1, respectively. In addition to the three solvents, other fermentation products

are mainly butyric acid (BA), acetic acid (AC), hydrogen, and carbon dioxide . The
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microorganisms responsible for ABE fermentation have the advantage over many other
microorganisms to be able to use both 5- and 6-carbon sugars directly so that they can use
fermentable sugars from lignocellulosic biomass in addition to more common substrates such as
starch (corn, potato, wheat, and manioc) and sucrose (sugarcane, beet, and molasses) Bl The
ABE fermentation process is a two-stage fermentation: acidogenic and solventogenic stages.
During the acidogenic stage, the bacteria synthesize butyric and acetic acids which is
accompanied by a decrease in pH. Subsequently, in the solventogenic stage, butanol, acetone and
ethanol are produced ' where butyric acid and acetic acid are re-assimilated by the
microorganisms to produce butanol and acetone, respectively. This fermentation can proceed in
batch, fed batch and continuous modes. In batch, the fermentation process lasts two to six days,
which depends on the choice of the substrate and culture conditions. The butanol concentration
in the product could sometimes approach 2 wt% but it is usually in the vicinity of 1 wt%. The
low butanol final concentration has serious consequences on the energy and cost required for
separation and recovery. In addition to the low concentration, butanol must also be separated

from numerous other fermentation products which significantly adds to the cost of separation.

To render butanol as an economically-viable biofuel, a more efficient overall bioconversion
process that transforms cellulose and hemicellulose to butanol is required. Various ways have
been proposed to partly remedy this challenge. Some researchers have investigated the
modification of microorganisms such as the genetic manipulation of Clostridia to increase the
yield of butanol and the tolerance of strains to butanol inhibition in addition to reducing or
eliminating the formation of other co-products such as acetone and ethanol (=1, Jiang et al.
investigated the weakening of the acetone pathway in order to increase the butanol-to-acetone
ratio. They showed that butanol-to-acetone ratio increased by 70% to 80%, and the production of
acetone decreased to approximately 0.21g/L in the acetoacetate decarboxylase gene (adc)-
disrupted mutant ™. In another work, to increase the solvent production and aero-tolerance of C.
acetobutylicum, the gshAB genes from E. coli were incorporated into C. acetobutylicum
DSM1731, which resulted in more robust C. acetobutylicum bacteria and higher solvent
production . Although some progress has been accomplished, the mechanism of butanol
production by fermentation still remains complex and the search for an ideal microorganism is

still continuing.



Chapter 4 [T

Other studies have been conducted to understand the underlying mechanisms of the acid crash
which results of the accumulation of non-dissociated fatty acids at lower pH. As a result, the
bacterial culture stops growing and enters into the sporulation stage ™**?. This situation occurs
in uncontrolled pH fermentation and contributes to the interruption of glucose uptake, acids and
butanol production and the initiation of solventogenesis where butyric acid and acetic acid are re-
assimilated to produce butanol and acetone ™4, The initiation of the solventogenesis stage is
related to the concentration of the non-dissociated butyric acid **"). Monot et al. studied the
effect of pH and non-dissociated butyric acid on the production of acetone and butanol in batch
cultures of Clostridium acetobutylicum at pH between 4.5 and 6.0. Results showed that the effect
of pH was related to the concentration of the non-dissociated butyric acid and the solvent
production stage was initiated when the non-dissociated butyric acid reached a minimum of 1.5
g/L 011,

On the process point of view, to partly alleviate the inhibiting effect of ABE organic solvents on
microorganisms, which has for consequence to limit the concentration of butanol, it is possible to
incorporate a separation unit to the fermentation system to remove a portion of the solvent and
thereby prolong the fermentation. Different types of solvent recovery methods have been
proposed to remove ABE solvent, especially butanol, to enhance butanol productivity. Some of

these separation methods are vacuum fermentation 8 gas stripping [%%!

, liquid/liquid
extraction Y, adsorption 2, perstraction %! and pervaporation ?*?%1, However, information on
the effect of pH on the performance of these separation processes for the in situ recovery of

butanol is scarce.

It is believed that the degree of dissociation of butyric acid plays a major role on the separation
performance of the majority of the separation processes. The objective of this investigation is to
examine the effect of pH on the performance of three separation processes, namely vacuum
fermentation, pervaporation and adsorption, which could be coupled to a fermentation system for
the in situ removal of ABE solvents. In particular, it is desired to investigate the separation of
butyric acid since it would highly be desirable to retain the majority of it within the fermenter
because it is a precursor to the production of butanol. This is especially important for the case
where a continuous fermentation is used. In this investigation, the effect of the feed solution pH

on (1) the vapour-liquid equilibrium (VLE) of butyric acid, (2) the permeability of butyric acid
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through a flat PDMS pervaporation membrane, and (3) the adsorption of butyric acid on

activated carbon were studied experimentally.

Materials and Methods

Materials

N-butyric Acid (99% pure, Acros) and butanol (99% pure, Acros) were obtained from Fisher
Scientific (Fair Lawn, NJ, USA). sodium hydroxide (NaOH) was purchased from Sigma Aldrich
(Ottawa, Canada). Deionized distilled water was used to prepare all aqueous solutions. A flat
sheet commercial PDMS three-layer membrane with a total thickness of 200-235 um (130, 100,
3-5 um for polyethylene terephthalate (PET), polyimide (PI) and PDMS, respectively) was
obtained from Pervatech B.V. Company (Rijssen, Netherlands) for pervaporation separation
experiments. Activated carbon (F400) adsorbent was purchased from Calgon Carbon
Corporation (Markham, Ontario, Canada) to conduct adsorption experiments.

Vapour-liquid equilibrium (VLE) experiments

VLE experiments at different pH were conducted for dilute butyric acid aqueous solutions
having concentrations in the range of 4.5-15 g/L butyric acid. Binary solutions of butyric acid
and distilled deionized water were prepared and different quantities of NaOH were added to each
solution to increase the pH to the desired value. The amount of NaOH required for a specific pH
value was calculated using computer code developed in Visual Basic for Applications (VBA)
and validated prior to each experiment by recording the pH of the feed solution. Egs. (1) and (2)
were solved simultaneously to determine the amount of NaOH required to achieve the desired H”
equilibrium concentration in solution. Knowing the initial concentration of butyric acid in
solution, these two equations allow to determine the degree of dissociation of butyric acid and
the H* equilibrium concentration which satisfy these two equations and from which the pH is
calculated.

. _lH"]len,cH.cH coo |
®*  [CH,CH,CH,COOH] 1)
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K, - [H- Jlor-] @)
[H.0]
where K, and K,, are the butyric acid and water dissociation constants, respectively, and

concentrations are expressed in mol/L. pK, and pK,, are 4.82 and 14, respectively

Figure 4-2 presents the schematic diagram of the VLE experimental setup which essentially
consists of a round-bottom flask containing the solution to be evaporated, an electrical round
bottom flask heater (Thermo Fisher Scientific Limited, Ottawa, Canada) and a water-cooled
glass condenser. The flask was initially loaded with an aqueous solution of butyric acid with the
pH adjusted to the desired level using the pellets of NaOH and brought to its boiling point
temperature under atmospheric conditions. A thermocouple was immersed in the liquid to record
the temperature. The electrical power of the heater was set to maintain the liquid solution under
light boiling conditions. The rising vapour condensed in the water-cooled condenser and was
returned to the boiling flask. For each VLE experiment, the closed circuit system was operated
for at least one hour which was more than sufficient to establish steady-state conditions. Samples
from the flask solution and the condenser trap were collected and analyzed for their content in
butyric acid using high performance liquid chromatography (HPLC - Waters, Mississauga, ON,
Canada) equipped with a Vertex column (300x9x8 mm, KNAUER, Berlin, Germany) packed
with Eurokat H, 10 um. The detector, the pump and the auto-sampler of the HPLC were
Refractive Index Detector (Waters 2414), Isocratic HPLC pump (Waters 1515) and Autosampler
(Waters 717 plus), respectively. In addition, the pH of both samples was recorded using a pH
meter (Thermo Scientific Orion 3-star benchtop pH meter, Cole-Parmer, Ottawa, Ontario,
Canada).
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Figure 4-1 The schematic diagram of the apparatus used to obtain VLE data.

Pervaporation experiments

To investigate the effect of pH on the membrane performance for the separation of butyric acid,
commercial PDMS membranes were tested for an aqueous butyric acid solution at a temperature
of 37°C. This temperature corresponds to the temperature at which ABE fermentation is
normally conducted. Since the permeation rate of butyric acid was very small, it was decided to
also add butanol to the feed solutions. Butanol has a high affinity with PDMS membranes and
the addition of butanol could be helpful for studying the effect of the deprotonated butyric acid
and NaOH on the membrane performance. Adding a high permeable component could also show
the pH effects more significantly. In addition, it was possible to study the effect of the pH of the

feed solution on the permeation of butanol at the same time. An aqueous feed solution consisting



Chapter 4 [T

of 10 g/L butanol and 5 g/L butyric acid was used. The appropriate amount of NaOH has been
added to bring the feed solution to the desired pH.

Permeation experiments were conducted in the pervaporation experimental system illustrated
schematically in Figure 4-2. The experimental system essentially consists of three membrane
modules placed in series. The retentate from the first membrane was used as the feed for the
second module and the retentate of the second membrane was fed to the third membrane module.
The feed flow rate was high enough to consider a nearly constant retentate concentration in each
module and to ensure nearly zero-stage cut condition. Moreover, the decrease in temperature of
the feed solution while flowing through each membrane module was negligible since the
permeate flow rate was on average 30 000 times smaller than the feed flow rate. A peristaltic
pump has been used to pump the feed stream from the solution through the retentate side of the
first pervaporation module. The three-module membrane system was placed in an oven
maintained at a constant temperature. To ensure the feed stream reaches the desired temperature
prior to entering the membrane module, the feed stream flowed through a long stainless steel coil
also located in the oven. A thermocouple measured the temperature of the feed stream just before
entering the first membrane module. The active area of the membrane coupon for each test

module was 13.5 cm?.

The permeate of each membrane module was collected in individual cold traps. The permeate
side of the three membrane testing units and the three cold traps were maintained at a very low
pressure (3 Torr) using a vacuum pump (Scroll Pump, 78603-11, Cole-Parmer, Montreal,
Quebec, Canada). To monitor the vacuum pressure, a digital pressure gauge was used. Cold traps
were immersed into a liquid nitrogen Dewar to condense the permeate streams. The level of
liquid nitrogen in the Dewar was controlled using an automatic time-fill controller. The average
time of each pervaporation experiment was about 18 h. Furthermore, numerical simulations were
performed to estimate the time necessary to reach steady state and it was found to be negligible
compared to the duration of the experiment. At the end of the experiments, samples were
collected from the cold traps, weighed and concentrations were analyzed by the HPLC.
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Figure 4-2 Schematic diagram of the three-module pervaporation system used in the present study.

To characterise the pervaporation separation performance, the flux (J) and the separation factor
(o) have been calculated using Egs. (3) and (4), respectively. The separation factor is a metric
which assesses the separation ability of the membrane considering two substances to be

separated. The flux is the permeate flow per unit membrane surface area and per unit time, which

is normally determined for each species from the individual permeation flow rates (2628,
3, =M ©)
At
S G (4)

"X /(1-x%)
where m; is the mass of species i in the permeate stream (g), A is the effective surface area of the

membrane (m?), t is the time of permeation (h), y;i and x; are the mass fractions of species i in the

permeate and feed streams, respectively ™.
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Adsorption experiments

Adsorption can be used to selectively remove butanol from ABE fermentation broths to partly
mitigate its inhibition. It was determined in previous experiments that butyric acid was also
adsorbed significantly on activated carbon 2. Ideally, in a fermentation system integrated with
an adsorption system for in situ recovery of ABE solvents, it would be desirable to adsorb the
least amount of butyric acid such that the unadsorbed portion of butyric acid will be returned to
the fermenter and re-assimilated by the microorganism to produce butanol. The pH of the
solution would be a function of the amount of butyric acid in the solution and thereby the
dissociation of this weak acid. Adsorption experiments were therefore conducted at room
temperature with butyric acid aqueous feed solutions at different pH, similarly to the solutions
that were prepared for the VLE experiments.

Figure 4-3 shows the schematic diagram of the adsorption setup. The adsorption column was
packed with F400 activated carbon adsorbents purchased from Calgon Corporation (Mississauga,
ON, Canada). This adsorbent has excellent adsorption capacity and favorable kinetics for
adsorption of butanol but also to a lesser extend for butyric acid. The length and diameter of the
packed column were 17.5 and 1.5 cm, respectively. The feed solution was continuously pumped,
using a peristaltic pump, to flow through the packed column and then returned to the feed tank.
The experiment was conducted until equilibrium between the feed solution and the adsorbent
was reached. The concentrations of the initial and final feed samples were measured by HPLC.
For each experiment conducted with an initial concentration at a constant temperature, one point

on the isotherm curve could be obtained at equilibrium.
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Figure 4-3 Schematic diagram of the adsorption system.

To analyze the experimental results, the Langmuir isotherm model was used (Eg. 5) to represent
the experimental data. This isotherm model was used to characterize the butyric acid equilibrium
adsorption capacity of the adsorbent as a function of equilibrium concentration obtained for

various pH of the feed solutions.

bC
_ a.bC, -

1+DbC,

where ¢ is the component adsorption capacity at equilibrium (g/g), gs is maximum (saturation)

e

component adsorption capacity (g/g), b is Langmuir constant (L/g) and C. is the equilibrium

component concentration in solution (g/L).

Results and discussion

Effect of pH on the vapour-liquid equilibrium measurement

for butyric acid

NaOH was used to increase the pH of the feed butyric acid aqueous solution. Figure 4-4 shows
the titration curve for butyric acid by adding NaOH. This figure was very useful to determine the
amount of NaOH to be added to a butyric acid feed solution of different concentrations to
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achieve the desired pH. Since butyric acid is a weak acid with a pK, value of 4.82, it acts as a
buffer.

[ 4.5 (g/L) BA
3 A 9 (g/L) BA
= 13 (g/L) BA
1 & 15 (g/L) BA
2 I | ] | l | I |
0 2 4 6 8
NaOH (g/L)

Figure 4-4 Titration curves of the butyric acid aqueous solutions by adding NaOH (lines only show

the trend and they are not experimental data).

Figure 4-5 depicts the equilibrium vapour concentration of butyric acid as a function of pH for
four different butyric acid feed concentrations. Results clearly show the effect of pH on the
vapour liquid equilibrium and its strong correlation with the level of acid dissociation. At pH in
the vicinity of 3 where butyric acid would be essentially all associated, a much higher volatility
based on the total concentration of butyric acid is obtained compared to the volatility of butyric
acid at higher pH. At a pH above of 5.5, where nearly all butyric acid is dissociated, the volatility
reached a minimum value. In the case of vacuum fermentation, this data will be very useful to
determine the amount of butyric acid that would end up in the vapour phase and how much will
remain in the fermentation broth for a given pH.
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Figure 4-5 Vapour concentration of butyric acid solution at different pH and for four different
initial feed concentrations of butyric acid (lines only show the trend and they are not

experimental data).

It was desired to compare VLE data for butyric acid for a constant pH with the prediction
obtained using two commercial process engineering softwares, namely Honeywell Unisim and
Aspen Plus. The VLE curves predicted by the two commercial softwares and for two
thermodynamic packages (NRTL and UNIQUAC) are plotted in Figure 4-6 along with the
experimental VLE data obtained for 4 different pH levels. The VLE curves of Figure 4-6a are
plotted as a function of the total mole fraction of butyric acid, i.e. the non-dissociated and
dissociated butyric acid, in the liquid phase whereas the VLE curves of Figure 4-6b are plotted as
a function of the estimated non-dissociated butyric acid molar fraction. The non-dissociated BA
mole fraction was calculated based on the pH value of the solution and the initial concentration

of the butyric acid. Results show that, at lower pH values, the experimental data are in between
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the two VLE curves estimated by Unisim and Aspen Plus. It is important to note that the
commercial software like Honeywell UniSim and Aspen Plus do not take into account the
solution pH such that the predictions are performed for non-dissociated butyric acid. However,
increasing the pH of the solution and favouring a higher concentration of dissociated butyric acid
resulted in the VLE curves deviation from the curves for lower pH and, obviously, NRTL and
UNIQUAC were unable to offer good predictions. For a given liquid mole fraction, the

equilibrium vapour mole fraction decreases as the solution pH is increased.

These results clearly show that, when considering only the estimated concentration of the non-
dissociated butyric acid, all the points fall approximately on the same VLE curve. Therefore, in a
vacuum fermentation, a higher retention rate of butyric acid in the fermenter would be achieved.
In addition, it seems that the experimental VLE data for non-dissociated butyric acid is better

predicted with Honeywell Unisim.
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Q - = - Unisim, UNIQUAC . 5] - — - Unisim, UNIQUAC P
.g i Unisim, NRTL e g ] Unisim, NRTL Pid
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3 Aspen Plus, UNIQUAC e 3 Aspen Plus, UNIQUAC e
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Figure 4-6 Vapour-liquid equilibrium of butyric acid solution at different pH (a: based on the
initial concentration of BA in the liquid, b: based on the estimated non-dissociated

concentration of BA in the liquid).

Effect of pH on butyric acid pervaporation

The effect of the pH of the feed solution on the pervaporation separation of butanol and butyric

acid using a PDMS commercial membrane was investigated in terms of the separation factor, the
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permeate concentration, and the permeate flux are shown in Figure 4-7 and 4-8. Results of
Figure 4-7a clearly show that an increase of pH of the feed solution leads to a decrease in the
separation factor of both butyric acid and butanol. As a result, the butyric acid would have a
lower solubility in the membrane and consequently the separation factor for butyric acid
decreases, as pH increases. Moreover, the concentration of butanol and BA in permeate
decreased with an increase in pH of the feed solution (Figure 4-7b) which resulted in a lower

value for separation factor in Figure 4-7a.
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Figure 4-7 Effect of pH on (a) the separation factor of PDMS membrane, and (b) permeate
concentration, (at 37°C, with a butanol and BA feed concentration of 10 g/L and 5 g/L,
respectively).
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Figure 4-8 Effect of pH on the PDMS membrane permeation flux, (a) total and water flux, (b)
butyric acid and butanol (at 37°C, with a butanol and BA feed concentration of 10 g/L
and 5 g/L, respectively).

Results of Figure 4-8 show that by increasing the amount of sodium hydroxide in order to
increase the pH of the feed solution, the total flux increased due to the increase in the permeation
flux of water (Figure 4-8a). In addition, the flux of butanol decreased slightly with an increase in
pH whereas the permeation flux of butyric acid was very small and did remained essentially
unchanged (Figure 4-8b). The higher flux of water and the lower flux of butanol could be as a
result of the decrease in surface hydrophobicity of the PDMS membrane due to the presence of
sodium ions and deprotonated BA at the membrane surface and higher pH. It has been reported
that sodium hydroxide has been used to make the surface of the PDMS more hydrophilic %%,
Furthermore, the higher concentrations of water in the permeate side of the membrane could be
another reason for the decrease in the separation factor of the PDMS membrane. Results show
that an increase in the pH of the feed solution has a negative effect on the pervaporation

separation performances of PDMS membranes.

In the case where pervaporation is integrated to a continuous ABE fermentation system for the in
situ removal to decrease the concentration of butanol in the fermenter to favour higher butanol

productivity, the effect of pH has a very minor impact on the removal of butyric acid such that it
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is not necessary to consider the solution pH for the retention of butyric acid within the fermenter.
On the other hand, the addition of NaOH appeared to have a detrimental effect on the separation

of butanol.
Effect of pH on adsorption separation performance

A series of adsorption experiments were performed at different initial pH levels (3.5-7) to
investigate the influence of the pH on the adsorption capacity of butyric acid using F400
activated carbon as adsorbents. Results, presented in Figure 4-9, revealed that by increasing the
initial pH level of the feed solutions, the maximum adsorption capacity (gs) of the activated
carbon decreased. The highest value for the maximum adsorption capacity was obtained at a pH
of 3.5. Moreover, the Langmuir isotherm model was able to model the experimental data very
accurately. In addition to level of dissociation; it is hypothesized that the decrease in the
adsorption capacity of butyric acid may be due to the higher adsorption capacity of water. The
presence of the sodium ions at the surface of the activated carbon adsorbents increases the
hydrophilicity of the adsorbent particles and, as a result, a higher adsorption capacity for water
1331 "It was reported that water molecules are strongly adsorbed on hydrophilic groups via H-
bonding. The adsorption of butyric acid, assumed here its non-dissociated state, on activated
carbon leads to a lower concentration of the butyric acid in solution and a higher pH since the
same amount of NaOH is present in the solution. As a result, it is desired to measure the pH of
the solution during the adsorption process. The final pH of the solutions was measured when
equilibrium between the feed solution and the adsorbent was reached. Results confirm that the
pH of the solution increases due to the adsorption of butyric acid onto the activated carbon
adsorbent. Figure 4-10 shows the plot of the maximum adsorption capacity (gs in Eq. 5) as a
function of both the initial and final pH of the solution. The final pH of the solution was
measured when equilibrium was reached. Based on the results, increases in pH and the
concentration of dissociated butyric acid result in a decrease of the maximum adsorption
capacity of activated carbon. This figure also revealed that there is an exponential relation
between the maximum adsorption capacity and the pH of the solution which has been presented
in Eq. 6.
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The exponential expression for gs was substituted in the Langmuir isotherm model (Eq. 7). Then

the modified Langmuir model was fitted with the experimental data.

qs :Ige—ﬁpo (6)

g, =(pe "™ )(15%] (7)

where S and @ are the constants for the exponential fitted curve of the maximum adsorption
capacity versus the final pH. A similar fit was obtained for the equilibrium adsorbed amount
based on the initial pH. To determine the adsorbed amount for a given operating condition, it is
more convenient using the initial pH because it more easily known. Table 4-1 presents the values
for the constants of Eq. 7. The Sips model was also fitted to the experimental data but the
exponent on the equilibrium concentration was nearly unity such that the Langmuir model was

used.

Table 4-1 Constants values for the modified Langmuir model.

pH § 6 b (L/g)
Initial pH 1795.8 0.61 0.61
Final pH 1301.3 0.37 1.39

The proposed model was used to estimate the adsorption isotherm of the F400 activated carbon
for different values of the final pH. The Langmuir constant values in Table 4-1 are obviously
different for the initial and final pH; however, for an equilibrium butyric acid concentration, an
equal estimated value of the adsorbed amount can be estimated. Figure 4-11 shows the modified
Langmuir isotherm as a function of the final pH value. Based on these results, the protonated
form of butyric acid has a higher affinity for the F400 activated carbon in comparison to
deprotonated form prevailing at higher pH. The low affinity of the deprotonated butyric acid
could be also explained in terms of the hydrophobicity. The deprotonated butyric acid is more
polar than the protonated molecules and as a result it has less affinity with the F400 activated
carbon. This lower adsorption at higher pH could be beneficial for the ABE fermentation process
since it is desired to keep the intermediate components in the fermenter such as butyric acid and
acetic acid that are re-assimilated to produce butanol and acetone, respectively. Moreover,
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butanol and butyric acid have a high affinity for F400 activated carbon and they are in
competition with each other in adsorption separation process. An increase in the pH of the
solution, even slightly higher than the pKa of butyric acid could contribute to decrease the
affinity of the butyric acid and increase butanol separation in a fermentation-adsorption

integrated process.

Throughout the literature, few studies have been performed to investigate the effect of pH on
separation processes involving weak organic acids but without specifically referring to their
degree of dissociation * %!, For instance, Faisal et al. studied the effect of the pH on the
adsorption separation process of butanol from ABE fermentation broths using MFI (Mobil Five)
zeolite adsorbents. Based on the reported results, the adsorption capacity of the butyric acid
decreased by 80% when the pH of the solution increased from 4 to 6 B¢, Similar decrease in
butyric acid adsorption was observed by Petrick who used activated carbon as the adsorbent B4,
Furthermore, Reinsel et al. ¥ investigated the effect of pH on the partition coefficients for short-
chain organic acids, including butyric acid, for crude oil/water systems. They found that the
partition coefficients decreased steadily as the pH was increased and the amount of organic acids
moving from the water solution to the oil phase decreased to almost negligible values when the
pH increased above 6. All these results, akin to the results found in this investigation, point to the
fact that only the non-dissociated form of butyric acid participated in the butyric acid separation
processes.

Altogether, the adsorption capacity of butyric acid is strongly pH dependent and an appropriate
pH not only could retain a greater proportion of the intermediate organic acids in the fermenter to
produce more butanol and acetone, and increase the sugar conversion. In addition, it can also

enhance the adsorption separation of butanol in competition with the acetic and butyric acids.
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Figure 4-9 Effect of pH level on the adsorption capacity of the F400 for butyric acid separation

from aqueous solution (lines represent the fitted Langmuir model).
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Figure 4-10 Effect of pH on the maximum adsorption capacity of butyric acid (BA0=1 g/L) on F400

activated carbon and on the level of dissociated amount of the butyric acid.
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Figure 4-11 Effect of the final pH on the adsorption capacity of the F400 for butyric acid separation

from aqueous solution (data presented are based on simulations using Eq. 7).

Conclusion

The effect of pH on the separation of butyric acid has been investigated for dilute aqueous
solutions. Experiments were performed to determine the effect of the pH of the feed solution on
VLE curves for the butyric acid/water system, the performance of pervaporation membranes in
terms of separation factor and permeation flux of butyric acid and, finally, the adsorption
capacity of activated carbon adsorbent for dilute solutions of butyric acid. Furthermore, a model
was proposed to estimate the adsorption capacity of the adsorbents based on the initial and final
pH of the solution. In all cases, increasing the pH of the feed solution decreased the amount of
butyric acid that could be separated as the level of separation is strongly related to the level of
dissociation of butyric acid. Indeed, it is the non-dissociated fraction of butyric acid that
contributes to the driving force for the separation of butyric acid by distillation, membrane

pervaporation and adsorption.
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The higher concentration of the butyric acid in the fermenter could be beneficial for increasing
the butanol production since this acid is a precursor to the production of butanol. However, there
would be a limitation on the increase of pH for ABE fermentation and it should be monitored
and controlled in both the growing phase and the production phase using batch fermentation. At
the production stage, the organic acid will be re-assimilated to produce acetone, butanol and
ethanol, which will be accompanied by an increase in pH. Keeping the pH at a high value at this
stage of fermentation would be useful for butanol recovery and keeping the butyric acid within
the fermentation.
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Abbreviation

ABE Acetone-Butanol-Ethanol

BA Butyric acid

CA Clostridium acetobutylicum

CB Clostridium beijerinkii

HPLC High-performance liquid chromatography
NRTL Non-random two-liquid model

PDMS Polydimethylsiloxane

UNIQUAC Universal quasichemical

VLE Vapor—liquid equilibrium
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pH program equations

Chapter 4

A computer program has been written to calculate the equilibrium concentration of the

dissociated butyric acid based on initial concentrations of butyric acid (BA) and NaOH. In the

program, the amount of BA dissociation is first calculated given the concentration [H'], [BAT]
and [BA] such that the pKa is equal to 4.82. In the second part, ions [H'] and [OH] are reacted

such that their product becomes equal to 10™**. This procedure is followed until the two

equilibrium relations are satisfied within a given tolerance.

First part of the code: Calculations related to BA dissociation

Introduction

A= NaOH or[OH-]

1x107* .
B= |\>I<aOH or[H ]

C=0 (Conjugated BA)

[H7+Y][BA +Y] _
[BA,-BA -Y |

[H*}[BA’]+Y([BA’]+[H*])+Y2 =E[BA -BA -Y |

Y?+(E+[H"]+[BA ])Y +[H"|[BA ]+ E[-BA +BA |=0

A =1

B,=E+[H"]+[BA]

C,=[H"][BA ]+E[-BA+BA"]

(B, + B -4AC, )

2A,

104% —E

Y =

B=B+Y
C=C+Y
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Second part of the code: Calculations related to [H'] and [OHT] equilibrium

[H =X ][OH =X ]=10"

*+—([H"]+[OH ])x +[H"J[OH ]=10*

~([H]+[on-])

C,=[H"][OH ]-10™"

( B, +/B’ —4AC, 4AC)
2A

X
A
B

=

A=A-X
B=B-X
LOOPUNﬂL(XslG“mmYslom)
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Separation of butanol using pervaporation: A review of mass transfer

models
Hoda Azimi, Jules Thibault and F. Handan Tezel”

Abstract

Pervaporation is deemed to be a suitable separation technique for butanol recovery from different
aqueous solutions especially ABE fermentation broths. The performance of the membrane, in
terms of permeate flux and selectivity, depends on the mass transfer of the migrating species
across the membrane. As a result, modeling of mass transfer through membranes provides a
deeper understanding on species permeation across membranes, which assist to orient the
research and the development of the pervaporation process. Modeling of the mass transport
through the membrane was mainly focused on sorption and diffusion of the components into and
across the membrane. For each step, different models have been suggested and the overall mass
transfer has been modeled by considering resistance-in-series models. In this study, an overview
of the different models used for the pervaporation separation of butanol from aqueous solutions
is presented considering the sorption and diffusion steps as well as the overall mass transfer in a
single model. Up to now, the solution-diffusion based models were the main methods used to
account for the mass transfer of butanol in the pervaporation process. The application of
Maxwell-Stefan theory is very limited and the pore-flow model, to our knowledge was not used
for the modeling of butanol separation by pervaporation.

Keywords: pervaporation; butanol; modeling; mass transfer

Introduction

The depletion of fossil fuels and world concerns about climate change have motivated
researchers to find replacement fuels that would be renewable and near carbon neutral such as
biodiesel, bioethanol and biobutanol. Many studies have been performed to propose ways to
make the production of biofuels, and specially biobutanol, economically viable [1-7].
Biobutanol, a four-carbon alcohol, has enviable properties in comparison to the other biofuels.

Some advantages of using biobutanol as a biofuel are its low volatility, low hydroscopicity and
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lower corrosiveness. The biological production of n-butanol is achieved via Acetone-Butanol-
Ethanol (ABE) fermentation. ABE fermentation using Clostridium acetobutylicum yields
acetone, butanol and ethanol in a typical ratio of 3:6:1, respectively. However, to make butanol
economically viable as a biofuel, the bioconversion efficiency and product purity via the ABE
fermentation process should be improved to compensate for the currently very low product yield,

product toxicity to microorganisms and multiple end-products [5,8-18].

Many studies have been undertaken in an attempt to increase the efficiency of butanol produced
from ABE fermentation [3,4,19-24]. One method to improve the productivity of the ABE
fermentation, the in-situ recovery of the solvents, has attracted considerable attention. The main
separation methods used for butanol separation from the ABE fermentation process are vacuum
fermentation [25] adsorption [26], gas-stripping [27], liquid-liquid extraction [28], perstraction
[29], reverse osmosis [30] and pervaporation [1]. Among these methods, pervaporation is a
highly regarded separation technique because of its low energy consumption, high selectivity and
absence of harmful effect on microorganisms [1,31,32]. To mitigate the higher cost associated
with the incorporation of a pervaporation membrane for the in situ recovery of ABE solvents

from fermentation broths, it is necessary to resort to highly efficient membranes.

The performance of a pervaporation membrane is assessed by the permeation flux and
selectivity. To improve membrane performance, a judicious synergistic combination of theory
and laboratory work is necessary. To explain the migration of species across pervaporation
membranes, a few models have been proposed: solution-diffusion model [33], Maxwell-Stefan
theory [34], and pore-flow model [35,36]. With these models, it is possible to infer the
performance of pervaporation membranes, but pervaporation remains a complex process to be

modeled.

Until now, many reviews have considered the pervaporation fundamentals and membranes;
however, there are only few studies published in the literature to review the mathematical models
for pervaporation processes [37—45]. In this review paper, a brief summary of the mass transfer
models used in pervaporation separation is presented followed by the discussion on the models

applied for butanol recovery via this process.
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Introduction to pervaporation

Pervaporation is a partial pressure or more generally concentration driven process, which is the
combination of two mass transfer mechanisms: permeation and evaporation [46—48]. During
pervaporation, a phase change from liquid to vapour occurs. A liquid feed solution to be
separated is in contact with one side of the membrane surface and the permeating product leaves
at a low vapor pressure from the other side that is kept under vacuum [49] or swept with a purge
gas [50]. The permeate is then condensed or released depending on the objective of the
separation [51]. Because of the presence of vacuum or the sweeping of an inert purge gas on the
permeate side, a driving force across the membrane prevails. The required heat of vaporization
comes from the liquid feed such that the temperature of the feed must be set accordingly. In
recent years, several studies have been undertaken to better understand the pervaporation process
and use it for numerous separation processes including the separation of water and alcohol
mixtures using hydrophobic membranes [41,46,51-54]. Generally, pervaporation applications
fall under three categories: (i) removal of water from organic solvents, (ii) removal of organic
compounds from aqueous solutions, such as the recovery of the aromatic components and
biofuels from fermentation broths, and (iii) separation of anhydrous organic mixtures. In this
process, the separation depends on the chemical nature of the macromolecules that comprise the
membrane, the physical structure of the membrane, the physicochemical properties of the
mixtures to be separated, and the permeant-permeant and permeant-membrane interactions.
Figure 5-1 shows the simplified schematic diagram of a typical pervaporation separation

experimental system used to test pervaporation membranes.

Pervaporation membranes

Membranes, which have been used for pervaporation separation of butanol, are either zeolite
membranes such as silicalite zeolite membranes and ultrathin zeolite X films [55-58] or
polymeric membranes. Different kinds of polymers have been reported in the literature for
butanol separation such as styrene butadiene rubber (SBR) [59], ethylene propylene diene rubber
(EPDM) [60], polytetrafluoroethylene (PTFE) [61], polypropylene (PP) [62], polyurethane
(polyether based) (PUR) [63], polyether block-amide (PEBA) [64], poly (vinylidinedifluoride)
(PVDF) [65], poly (methoxy siloxane) (PMS) [66], poly (dimethylsiloxane) (PDMS) [20], poly
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(1-(trimethylsilyl)-1-propyne) (PTMSP) [67] and polyamide-imide (PAIl) containing
cyclodextrin (CD) [68]. Polymeric membranes are less expensive and more flexible in
comparison to zeolite membranes [46,69]. However, a composite membrane incorporating these
two materials have also been used by some researchers [70-73] to benefit from the outstanding

characteristics of each medium to enhance membrane performance.

A

Coldtrap

AN

Membrane Cells
Feed Tank

Perstaltic Pump

Y

Vacuum Pump

Permeate

Figure 5-1 Simplified schematic diagram for a typical pervaporation separation setup.
Models used for mass transfer in pervaporation

Description of mass transport through membranes is essential to enhance the design efficiency
and consequently obtaining better separation performance. Up to now, different models have
been introduced to study the pervaporation separation process by considering the species
behaviour, membrane properties and operating conditions. Similar to the proposed models for
membrane-based gas separation applications, a resistance-in-series theory can be used to
describe the mass transfer of components through membranes in pervaporation separation
system. According to this theory, the sorption of species in the liquid feed takes place at the
membrane surface and species then diffuse through the membrane prior to desorbing on the other
side of the membrane. However, the mass transfer at the permeate side has been reported to be
negligible in the overall mass transfer due to considerably lower pressure in the permeate side

[45]. Therefore, desorption step can be modeled in a similar way to the sorption step such that it
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will not be discussed individually in this study. Figure 5-2 provides an overview of the different

mass transfer models, which have been used in pervaporation separation processes.

UNIQUAC, NRTL,
UNIFAC,...

Sorption Langmuir and Henry’s
Solution-diffusion - - P Law isotherms
model Permeability

Solubility parameter
theory

LI Flory-Huggins Theory

Pervaporation mass Maxwell-Stefan
transfer models model

Experimental
measurement

—| Diffusion I——l % Theory of free volume |

—I % Pore flow model I—I Permeate flux |

—l Dual sorption model |

Figure 5-2 Summary of different mass transfer models used for pervaporation separation processes

(star refers to models not yet used for butanol mixtures).

In addition, Figure 5-3 shows the chemical potential (), total pressure (p) and concentration (C)
profiles of a migrating species across the membrane thickness in the pervaporation separation
process assuming a high vacuum on the permeate side and linear concentration profile within the

membrane.
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Figure 5-3 Gradient profiles across the membrane and the two boundary layers prevailing for the

pervaporation system.

Solution-diffusion model

The solution-diffusion model is used for membranes under the assumption that the mass
transport across the membrane proceeds in three steps: (1) the sorption of the penetrants into the
membrane, (2) the diffusion of the sorbed components through the membrane as a result of
concentration gradient, and (3) the desorption of the diffused components on the permeate side.
Moreover, it is assumed that the total pressure is constant within the membrane and the

thermodynamic equilibrium has been reached at the two interfaces.

Considering the Fick’s first law of diffusion, the permeation flux of component i can be obtained
using Eq. (1) [45].
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dC,, ;

Ji=~Du, dz

1)

where J; is the permeation flux of component i, Dy ; is the diffusion coefficient of component i
through the membrane (m?.s™) and Cy; is the concentration of component i within the membrane
(kmol.m™). This equation can be expressed in terms of the bulk concentration or activity of

component on both sides of the membrane [43,45] as the mass transfer driving force (Eq. (2)).

Ji :L’i(af,i _ap,i) (2a)

S (2b)

In Eq.(2), P, is the permeability (kmol.m™.s™) of component i, which is the product of solubility
coefficient (Su;) and diffusion coefficient (Dw;) [45]. The solution-diffusion model has been
widely used for the development and optimization of membranes. However, for a more accurate
prediction of membrane performances, it is necessary to determine the diffusion coefficient and
the solubility coefficent or their combined product (permeability). The experimental
determination of these parameters comes with a significant level of uncertainties, which makes it
difficult to use the solution-diffusion model with confidence. Moreover, the permeability by
itself does not provide any information that could used for membrane development. In addition,
the original solution-diffusion theory cannot consider the coupling effect between the migrating
species and, consequently, this model is only applicable when the coupling flux is negligible in
comparison with individual fluxes of penetrants. However, the influence of the coupling flux
may be a significant factor which should be taken into account in modeling the mass transfer in
pervaporation separation [74]. The interactions between the dissolved components that have high
affinity with each other result in the coupling of the species through the membrane penetration.
In other words, the presence of one species in a mixture affects the Gibbs free energy of the other
components and consequently results in changing the penetration behavior through the
membrane [75-77]. However, the coupling effect consideration in a model would increase the

level of complexity of the model and needs additional experimental parameters.
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A semi-empirical approach was proposed [45] for the solution-diffusion model where the driving
force in the original solution-diffusion model was replaced by a pressure-based fugacity and the
equation was derived from Fick’s first law of diffusion for a one-directional mass transfer

through the membrane as given in Eq.(3).

. D 1 df,
J;=—Ci———
i in }/i dZ (3)
where, D' is the thermodynamic diffusion coefficient (m*.s™), f; is the fugacity (bar) and  is the
activity coefficient of component i. The coupling effect of the species was considered in this
model by introducing coupling coefficients B;; and Bj; to establish a relationship between the

local activity coefficients and the local fugacity parameters as given in Eq. (4).

Vi= eXpL B: [1|:% + Bij %:HJ (4a)
f; f.
7 _exp[BJJ {1{F+ B; f—'OHJ (4b)

Eq.(4) can be further extended to consider ternary feed solutions as discussed by Lipnizki and
Tragardh [45].

The integration of Eq. (3) and taking a geometric average (yu,;) between the activity coefficient

of the components result in Eq. (5) for the calculation of the permeation flux.

5-T ffi_fPi [_)-T
Ji= I_|: on 'j|: I_(af,i_ap,i) (53)

O = (50)
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where D!is the modified thermodynamic diffusion coefficient. According to Franke [78], this

model showed a fairly good agreement with the experimental data for a ternary feed mixture of

water, ethanol, and butanol using a PAN/PAV pervaporation membrane.

The modified solution-diffusion model would be very useful when coupling impacts the mass
transfer through the membrane. However, if coupling effects are negligible, this equation would
only add unnecessary complexity to the model. Akin to the main solution-diffusion model, semi-
empirical models based on the solution-diffusion model can also be used for process and module

design.

In the following section the models which have been used to estimate the sorption peoperties and
the diffusivity of the components through membranes are dicussed.

Predictive models for the sorption properties

One of the major mass transfer steps in the pervaporation process is the transfer of a penetrant
from the boundary layer to the membrane surface where it can be sorbed. The boundary layer is
the thin layer in the vicinity of the membrane interface in which the diffusive mass transfer is the
dominating transport mechanism as a result of the decrease of the flow velocity in comparison to
the velocity of the bulk liquid [44]. The diffusive flux at the boundary layer of the membrane is a
function of the bulk phase velocity, the membrane module geometry, the viscosity of the feed
solution and the properties of the penetrants [79]. The diffusion rate of a species in the boundary
layer is dictated by the difference of concentration between the bulk liquid and the liquid-
membrane interface. The concentration at the interface depends on the solubility of a species in
the membrane and the rate of diffusion within the membrane. However, for pervaporation, the
rate of diffusion through the membrane in relatively small and the concentration at the surface of
the membrane is usually in equilibrium with the liquid bulk concentration. At the interface, there
exists a competition for sorption between the different components. The more soluble
components with the highest affinity with the membrane material will sorb preferentially into the
membrane whereas the other components will sorb less into the polymer and mostly remain in
the bulk of the fluid.
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Sorption isotherms are used to represent the sorption capacity of a membrane for each species,
which is related to the activity or volume fraction of the penetrant in the membrane. Modelling
of sorption behavior is relatively well established and will be briefly reviewed in the following

sections.

Langmuir and Henry’s law isotherms

The most common way to represent sorption capacity is through isotherms, which are most often
determined experimentally. Henry’s law isotherm (Eq. (6)) is typically used for rubbery
membrane, while Langmuir isotherm (Eq. (7)) is more accurate in the case of glassy polymers
[80].

CH,i = kD,i Pi (6)
C, b p
C — H,i™ Mi

where, kp; is the Henry’s law constant referring to component i (bar™) , p; is the partial pressure

(bar), C'H,i is the Langmuir maximum sorption capacity in the polymeric membrane (kmol.m™)

and b; is the adsorption or hole affinity constant (bar™). Langmuir’s and Henry’s law isotherms
are theoretical models to predict the equilibrium sorption of component i inside the membrane.
Even though the parameters of these isotherms must usually be obtained experimentally, some
attempts have been made with molecular dynamic simulations to predict species solubility
[81,82]. However, these isotherms are representative for the prediction of sorption capacity of
pure feed in the membrane; therefore, these models are only applicable for dilute solutions where
the competition among species sorption is negligible. In addition, more complex models such as
the extended Langmuir and dual-mode sorption models might be more appropriate to predict the
sorption behaviour of multicomponent mixtures which will be discussed in more details in a
subsequent section [45,83,84].
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Solubility parameter theory

Solubility parameter theory is a semi-empirical model that has generally been used for the
selection of membrane material to separate a specific component from mixtures. This parameter
represents the affinity between the migrating species and the membrane by taking into account
the interactions between the solute and the polymer [85]. A high affinity between the penetrating
component and the membrane prevails when the solubility parameter for them are similar.
However, excessive similarity between them would result in the immobilization of the

components in the membrane.

The solubility parameter is defined by Eq. (8) where & is the solubility parameter (J¥2.m=/),
AEyap,i (J.mol™) is the total energy required to remove a molecule from its adjacent molecules,

and V; is the molar volume of component i (m®.mol™) [86].

N ®)

To improve the estimation accuracy of the solubility parameter, Hansen [87] proposed a three-
dimensional solubility parameter by considering the total energy (A4Eyap,) as a summation of
energies required to overcome dispersion forces (A4Eg;), dispersion polar interactions (AEg;;) and

breaking hydrogen bonds (4En;), i.e. AE, ; =AEy; +AEy; +AE,, .. Therefore, the three-

vap,i

dimensional solubility parameter is defined as follows (Eqg. (9)):

6 = \/5dzf,i + 5dzi,i + §r12b,i )
These parameters are normally used to measure the distance parameter (4,;) defined as the
distance between two components, polymer and penetrant. A smaller value of A implies a greater

affinity between the polymer and the penetrant, which would also increase the membrane

swelling during pervaporation.

Ap,i = [(5df,p _5df.i)2 + (5di,P — Oy )2 +(5hb,P — Ohp,j )2]1/2 (10)
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Zhou et al. studied the affinity of butanol and water for PDMS membranes. Their result revealed
that hydrogen bonding and polar interaction parameters are the dominating parameters, which
control the affinity of the components. Moreover, Water/PDMS has a greater distance parameter
(41.4 MPa'®) compared to butanol/PDMS (13.0 MPa'?). The smaller distance for butanol
indicates that it has a higher affinity for PDMS compared to water and will be preferentially

sorbed into the membrane [88,89].

In another work, the distance parameter for acetone-butanol-ethanol (ABE) solution was reported
by Niemisto et al. [90]. A pair of components having a distance value (Appwms;) closer to zero are
more likely to have a higher affinity to each other. According to their study, PDMS has the
highest affinity towards acetone (Appmsa=10.6), followed by butanol (Appmss=12.4), ethanol
(Appms,e=17.1) and water (Appmsw=40.9).

To increase the estimation accuracy of the three-dimensional solubility parameter model
presented by Hansen, weight factors could be added to Eq. (10) as shown in Eq. (11). The weight
factors (W) correspond to the chemical nature of the components [91] and need to be obtained
experimentally [92].

2
Ap,i = Ml(adf,P _5df,i)z +W2 (5di,P _5di,i )2 +W3(5hb,P _5hb,i )2]1/ (11)
Froehling et al. [93] proposed a modified model to estimate the solubility parameters for a

ternary system composed of a binary mixture and the membrane (Eq. (12)). In this equation, ¢

accounts for the volume fraction of component i in the binary mixture.

5¢;Tfﬂ,)i(j = G304 i + ;04 (12a)
5;“:; =304 + 904 | (12b)
5r:Ei,)i(j = ¢|5hb,i +¢j5hb,j (12¢)

As mentioned before, the solubility parameter theory has been mostly used for qualitative and
not quantitative purposes. In other words, this theory contributes more to material selection
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whereas it cannot be employed for process and module design or for the simulation of the mass

transfer through polymeric membranes.

Flory-Huggins Theory

The Flory-Huggins theory, as a semi-empirical model, has been widely used to estimate the
sorption properties of pure species and binary solutions in polymeric materials. Regarding the
butanol sorption properties on polymeric membranes, the Flory-Huggins model has been
successfully applied for the prediction of the sorption capacity of this component in blended poly

(dimethylsiloxane)—benzyl-3-butylimidazolium tetrafluoroborate membranes [90].

According to this theory, the solubility of components in membranes will be a function of Gibbs
free energy of interacting substances and could be represented by a set of dimensionless
parameters, which are called Flory-Huggins interaction parameters (y;). For a ternary system
including a binary mixture of components i and j and the polymeric membrane (non-crosslinked

high molecular weight), the Flory-Huggins model is expressed using Eq. (13).

Ina =In g+ @-4) - -G, +[ (26, + 20 ) (0 +6,) |- 2, (g, (13)

In Eq. (13), x; is the interaction parameter between components i and j, while y, ;and ¥, ,

represent the interaction between the components and the polymer. For a binary system
consisting of a pure component and a polymeric membrane, Eq. (13) reduces to Eq. (14) by

considering that ¢ is equal to zero.

na=Ing +(1—¢.)—<\%)¢p - (14)
p

Moreover, for a binary system (a; = 1 and Vi<<V,), Eq. (15) could be substituted into Eq. (14) to
obtain the Flory-Huggins binary interaction parameter between component i and the polymer
(Eqg. (16)). Furthermore, the activity coefficient (a;) in the Flory-Huggins equation can be
determined using different thermodynamic fluid packages such as NRTL, UNIQUAC, or
UNIFAC models.
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¢+¢,=1 (15)
7o =—(—'”(1_Z§)+¢Pj (16)

In Eq. (16), ;. , is assumed constant at fixed temperature and could be obtained experimentally

by performing swelling measurement of the polymer in contact with pure components, by
sorption measurement of species in polymer or by inverse gas chromatography. However, since
the latter method depends on temperature and concentration, it would be difficult to have an
accurate estimation of the Flory-Huggins interaction parameter. Therefore, swelling and sorption

experiments are the preferred approaches to estimate the Flory-Huggins interaction parameter.

As far as it was mentioned before, selecting the proper thermodynamic fluid package is required
to estimate the activity of species and consequently predicting the sorption properties of the
components in polymeric membranes via Flory-Huggins theory. Extended Raoult’s law could be
used to predict the activity of components in equilibrium with the liquid feed composition at
different operating conditions (Eq. (17)). In this equation, yand x; are the activity coefficient and

molar fraction in the feed, respectively.

p;
a = s;t =% 17
=7 (1)

The experimental activity coefficient of butanol has been summarised in Table 5-1 along with
the predicted values by different models such as NRTL [94], MOSCED [95], UNIQUAC models
[94] for certain specific temperatures. Although the variation between reported experimental

activity coefficients is considerable, in general the reported values seem to be different from the

ones predicted by theoretical models especially for estimated amounts by the MOSCED method.
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Table 5-1 Summary of the updated data in the literature for infinite dilution activity coefficients of

butanol in water.

T (K) Y Method Ref T (K) Y Method Ref
273.15  40.21 HSA [96] 313.15 54.60 COSMO-RS [97]
273.15 3259 HSA [98] 318.15 60.22 TENS [98]
283.15 4041 HSA [98] 320 15.55 MOSCED [95]
288.15  49.01 IGS [99] 323.15 73.11 PRV [100]
290 20.72 MOSCED [95] 323.15 61.37 RDIST [101]
293.15 46.48 IGS [99] 323.15 62.30 RDIST [101]
293.15  41.39 HSA [102] 323.15 61.50 TENS [98]
293.15  48.38 HSA [98] 323.15 58.67 HSA [98]
298.15  46.48 IGS [103] 323.15 59.38 HSA [98]
298.15  52.88 DDST [104] 323.2 58.67 GLC [105]
298.15  48.18 TENS [106] 323.23 78.73 TENS [107]
298.15  44.48 IGS [108] 328.15 61.62 NSGLC [109]
298.15  54.98 HSA [110] 328.15 62.80 TENS [98]
298.15  52.83 HSA [111] 330 14.09 MOSCED [95]
298.15  47.09 IGS [99] 333.15 47.80 TENS [106]
298.15  49.45 HSA [96] 333.15 59.32 GLC [112]
298.15  53.68 NSGLC [113] 333.15 79.28 VPC [114]
298.15 53.30 HSA [115] 333.15 73.70 PRV [100]
298.15  58.85 HSA [116] 333.15 66.69 RDIST [101]
298.15  48.18 HSA [117] 333.15 64.39 RDIST [101]
298.15  53.62 WWC [118] 333.15 65.10 RDIST [101]
298.15  57.40 IGS [119] 333.15 63.37 TENS [98]
298.15  56.90 UNIQUAC [94] 333.2 61.13 GLC [105]
298.15 58.10 LSG [94] 340 12.76 MOSCED [95]
298.15  56.20 GEM-RS [94] 343.15 59.32 EBUL [120]
298.15  55.80 NRTL [94] 343.15 67.83 EBUL [121]
298.15  51.37 GLC [94] 343.15 79.68 VPC [114]
298.2 55.20 GLC [105] 343.15 75.04 PRV [100]
298.45  51.11 HSA [122] 343.15 63.82 RDIST [101]
300 18.89 MOSCED [95] 353.15 57.23 EBUL [120]
303.15 81.61 HSA [123] 353.15 46.48 EBUL [121]
303.15 51.68 HSA [117] 353.15 73.19 VPC [114]
303.15 5341 TENS [98] 353.15 76.55 PRV [100]
308.15  39.49 HSA [117] 353.15 62.80 RDIST [101]
308.15 57.23 TENS [98] 363.15 55.48 EBUL [120]
310 17.16 MOSCED [95] 363.15 79.52 PRV [100]
313.15  49.50 GLC [112] 372.15 27.11 EBUL [121]
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Table 5-1 continued

T (K) Y Method Ref T (K) Y Method Ref
313.15 89.57 VPC [114] 372.15 56.09 CIRC [98]
313.15 73.19 PRV [100] 373.15 54.00 EBUL [120]
313.15 58.91 TENS [98] 373.15 88.23 EBUL [124]

Predictive models for diffusivity

Diffusion is the second step in pervaporation mass transfer, which is the movement of the
molecules based on the chemical potential difference across the membrane. It is also stated that
in a highly swollen polymer, the diffusion coefficient of the permeant is related to the degree of
swelling, the structure of the polymer, and the permeant size. An increase in the degree of
swelling is accompanied by an increase in the free volume inside the polymer which leads to a
more permeable pathway for mass transfer of the penetrants and an increase in diffusivity [125-
127].

All of the above reports demonstrate that the estimation of the diffusion coefficient is paramount
importance for studying the behavior of components and the mass transfer through membranes in
pervaporation separation processes. Therefore, different models used to calculate the diffusion

coefficient are reviewed in the following sections.

Empirical models

Typically, in empirical models, the diffusion coefficient is represented by an exponential

function of the solute concentration as shown in Eq. (18).

D, =D} exp(gi¢l ) (18)

where Di°, &, and ¢ are, respectively, the diffusion coefficient at infinite dilution of the solute

(reference value), the softener [128] (empirical constant), and the volume fraction of the solute,

for a single component diffusion in a rubbery polymer [45,129].
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In a multicomponent separation, the model would be extended since the interactions of the
polymer-component and component-component need to be taken into consideration. For

instance, in a ternary system, including the membrane, Eq. (19) is applicable [129,130].

D, = Di0 exp(&é +gj¢j) (19a)
D, =D} exp(&,4, +£,4;) (19b)

In some studies, a linear relationship between the diffusion coefficient and the solute

concentration has been suggested [131,132] for glassy polymers [45].

As it is the case with all the empirical models, the complexity of the suggested model would
depend highly on the studied system. In other words, as the number of components increases, the
empirical parameters that need to be found experimentally increases, which implies time-
consuming laboratory work and calculations. Therefore, these types of models can only be used
to design the process and membrane module, while it cannot be used for membrane

development.

Theory of free volume

According to the free volume theory, the molecular movement, a physical phenomenon within
the polymer matrix, is the basis of diffusion. The model was fundamentally developed from
Fick’s first law of diffusion, which is applicable for ideal binary solutions. According to this
theory, a penetrant molecule can only be transferred through the polymer if adequate free spaces
exist. The free volumes are generated due to the random movement of the polymer segments. In
other words, the free volume can be considered as a series of temporary micro-voids that are
created in the polymer structure. In addition, in a pervaporation process, the sorption and
desorption rates are much higher than that of the diffusion and could be assumed to happen

instantly in comparison to the diffusion of species through membrane.

The diffusion coefficient D for a binary system (component i and polymer) can be estimated by

Eq. (20) [133,134].
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D/ (4.4, T)=RTA, expL_ = ((/ﬁBd;ﬁ T)J (20)

where T, Agi and By; are the temperature (should be higher than glass transition temperature of the
polymer), a measure of shape and size of the penetrant, and a measure of the size of the sorption

area in the polymer, respectively. prV is called the free volume and it depends on the volume
fraction of the permeant in the polymer(¢ ), the volume fraction of crystalline parts of the

polymer (i.e. ¢, p) and temperature. In several studies, different equations have been proposed

- - FV - - -
for the determination of f ™ in glassy and semi-crystalline polymers [135,136].

For a ternary system, Eq. (20) can be extended to Eq. (21) [137].

7 (00T) A(T), AMBY )
BFY + BiFV ¢| + BiFV ¢j (21)

Df (¢I’¢C,p’T) =RTA; exp(

In eq. (21), B is a generalised type of By to make the equation applicable for both semi-

crystalline and glassy polymers, and is evaluated using Eq. (22).

B-FV Bdi

i =(—)1_¢CP (22)

The free volume theory has been reported to give a fairly good approximation of the diffusion
coefficient and is applicable for membrane development in different pervaporation systems. It

can be used to analize the diffusion through different types of membranes [138].

Dual-mode sorption model

The dual-mode sorption model, similar to the free volume theory, considers the presence of
microvoids within the polymer structure as a transportation and accumulation medium. This
model is mainly used for glassy polymers even though it could also be applied for rubbery

polymers. It is assumed that the microvoids are uniformly distributed throughout the membrane.
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The solute molecules may be captured by a neighbouring microvoid if the size of the molecule
matches the size of the free space. The solute molecule is able to move through the microvoids if
it has a sufficient amount of energy. If another solute molecule occupies the place of the
transported molecule, diffusion will take place. Two mechanisms which have been considered
for mass transfer in this model: (1) the diffusion of molecules through the microvoids (Henry’s
sorption sites-Cp;j) and the immobilised molecules in the free space (Cu;). The total
concentration of species i in the membrane is given by the summation of the two populations as
expressed in Eq. (23) [45,83].

CH ,ibi pi

C. =C,.+C_..=k,.p +
i D,i H,i D,i pl 1+ bi pi

(23)

The first term of Eq. (23) corresponds to the normal dissolution of the permeant and is
represented by the Henry’s law linear isotherm. The second term, corresponding to the
immobilised molecules in the microvoids, is nonlinear and expressed by the Langmuir isotherm.

In Eg. (23), b; is the microvoid affinity constant and represents the ratio of sorption and

desorption rate constants of the penetrant through the free space and C'H'i is the Langmuir

maximum sorption capacity of component i in the polymeric membrane.

The permeability of component i, according to the dual-mode sorption model can be calculated
using Eq. (24).

C.,bD,. FK.
P=k, D, +—1 8 D |1+ 24
i D,i D, 1+bi pi D,i—D,i ( 1+bi pi ] ( a)
F _ DH,i
=D, (24b)
CH ibi
Ki=— (24c¢)
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where F; is the ratio of the mobile phase to the immobilized phase diffusion coefficients, i.e.
partial immobilization and K; is the ratio of the nonlinear to the linear sorption parameters.The
extended version of the dual-mode sorption model is applicable for multicomponent systems. For
a binary mixture, Eq. (25) can be used [84].

Cybp,
C =k, p +—iit
i D,i Pi 1+ bi D+ bj pj (253.)
C, b:p;
C=k. p 4+—HJ7355
i =Ko, P 1+b,p,+b,p, (25b)

Considering Eg. (24) and Eq. (25), the permeability of component i in a binary mixture can be
obtained using Eq. (26) [139].

FK.
P=k, D, [l+— 1 2
i D,i D,|( 1+bi pi +bj p]j ( 6)

The dual-mode sorption model has been typically used for gas separation. However, this model
could be a suitable model to predict the permeability in a pervaporation process [140]. Morover,

this model could be applied for the purpose of membrane development.

In addition to the models which were discussed in this section, dynamic molecular simulation
was also performed for the prediction of the diffusion parameters for the mass transfer through a
membrane [141,142]. Although there is no study on butanol diffusion through organic
membranes using molecular simulation, it has been mentioned that the molecular simulation

would be the model that could be used in the future for analizing the diffusion behaviour [45].
Solution-diffusion model for butanol pervaporation separation

Instead of considering the sorption, diffusion and desorption steps separately, the overall mass
transfer models take all three steps globally to calculate the permeation flux. The models do not
offer a comprehensive understanding of the underlying phenomena but are nevertheless very
useful for pervaporation process design and cost estimation. Different empirical models were
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proposed in the literature and consider the entire mass transfer mechanisms as a whole without
considering directly the physico-chemical interactions. These models relies on experimental
results to estimate the model parameters and the resulting models are then used for predicting the
permeation flux and selectivity. The predictions are obviously valid to specific cases that are
similar to the experimental system that was used to generate the data for fitting the model.

Therefore, they have very limted use for membrane development.

El-Zanati et al. used the resistance-in-series model based on the solution-diffusion concept to
validate the pervaporation process of a binary solution of butanol and water via Pervap 2200
(PVA crosslinked/PAN support) membranes [143]. In this work, to predict the permeation flux,
the overall mass transfer resistance was considered including three resistance steps: bulk feed
convection, diffusion through the membrane, and the convective removal of permeating species

on the permeate side. The flux associated with these three steps can be calculated using Eq. (27).

‘]f,i = kLCtot,L (Xf,i - Xu*) (27a)

Iy, ZIE( Py — pu*) (27b)
M

‘JP,i = kv ( pi* - pP,i) (27c)

where k. is the mass transfer coefficient at the liquid side, ly is the thickness of the membrane
(m) and k, is the mass transfer coefficient at the vapour side. Under steady state conditions, the
molar flux is constant at all positions within the membrane, which can be represented with a
simple equation in terms of an overall mass transfer coefficient or overall mass transfer

resistance (1/Koy) as presented in Eq. (28).

Ji =K, ( pisatViXi,b - pi,P) (28a)

1 [ p™y 1 1
e EHR) e
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In the case that the partial pressure on the permeate side approaches zero, the flux in Eq. (28) can
be further simplified to Eq. (29).

Ji =K, ( pisatViXi,b) (29)

El-Zanati et al. used Eq. (29) to determine the change of butanol concentration as a function of
time during the pervaporation process [143]. Performing a mass balance on the feed tank and
using Eq. (29), Eg. (30) was obtained to estimate the butanol concentration in the feed tank as a

function of time.

J
Ctot,L (\]bj - Cbo
C _ tot

J

b — + Ctot,L {_b] (30)

[ ‘JtotAn Jt -1 JtOt
VOTCtot,L

Based on the results presented by El-Zanati et al., the prediction model provided a good
approximation of the flux and butanol concentration as a function of pervaporation time and

represented the experimental results very well.

In a different work, Plaza et al. [33] used experimental sweep gas pervaporation data for the
separation of butanol from ABE mixtures using a supported PTFE-gelled ionic liquid membrane
and a resistance-in-series model to predict the mass transfer and diffusion coefficients. A semi-
empirical procedure was used to estimate the diffusion coefficient, where the theoretical flux was
assumed equal to the experimental flux and the diffusion coefficient was obtained by minimizing
the mean-squared differences between the calculated and experimental values. Results showed a
good fit with experimental data. However, as it was mentioned in their paper, a large difference
between the calculated diffusion coefficients and values reported in similar works was observed.
The values of the diffusion coefficient for butanol in ionic liquid (IL) membranes calculated in

their work were approximately twice the values reported by Vopicka et al. [33,144,145].

Li et al. [19] used the solution-diffusion model based on the first Fick’s law of diffusion for

butanol pervaporation separation from a binary solution of water/butanol, ABE model solutions



Chapter 5

containing different concentrations of glucose and other main metabolites, and ABE
fermentation broths. The authors used a PDMS membrane and were able to quantify the coupling
effect through the calculation of the overall mass transfer coefficient for each case. The overall
mass transfer coefficient was estimated via the slope of the flux versus the concentration plot.
Results showed that the estimated overall mass transfer coefficient for the binary solutions was
larger than the estimated coefficient of the ABE model and real fermentation broths by
approximately 16 and 28%, respectively. In addition, the coupling effects in ABE model
solutions and fermentation broths, the complex interactions among the metabolites, media broth,
and bio-macromolecules (such as blocking sorption sites and free volume) could also partly
explain the difference between the calculated mass transfer coefficients. As the estimation of the
overall mass transfer coefficients was strictly based on experimental data, it is not possible to
generalize this information to other pervaporation separation systems. However, the insight

regarding the effect of coupling and other complex interactions is useful.

Non-equilibrium solution-diffusion was applied by Yang et al. [146] for the pervaporation
separation of organic compounds (acetone-butanol-ethanol) from binary aqueous solutions using
PDMS membranes. In order to estimate the permeation flux, Eqg. (31) has been applied under
steady state conditions and concentration polarization and coupling effects have been considered
negligible.

D i
J =k, _kdcf,M :I_M(Cf,M _CP,M ): deP,M —k,Cp (31)
M
where ks and kq are the sorption and desorption constants, respectively. In a pervaporation
process, the rate of sorption at the permeate side is negligible. Therefore, after some

rearrangements of Eq. (31), the flux can be calculated via Eq. (32).

(32a)




Chapter 5

Cf
G=—1M - TPM _Zs (32b)

The diffusion coefficient of the components and the sorption rate in Eq. (32) were estimated
semi-empirically based on the data from the reciprocal of the flux versus the change in
membrane thickness. The model demonstrated a good agreement with the experimental data at
low feed concentrations. However, some deviations were observed at high concentrations of the
organic compounds in the feed due to the intensified swelling of organics with PDMS polymer

chain.

Li et al. [147] used a resistance-in-series model to study the effects of concentration polarization
on the pervaporation separation of butanol from an aqueous binary solution by a tri-layer PDMS
membrane, where a layer of hydrophobic PE was placed in between a PDMS layer and the metal
support. In their work, the overall mass transfer coefficient was estimated using solution-
diffusion model. However, the mass transfer coefficient of butanol in the feed channel was
calculated semi-empirically using a Sherwood number correlation for rectangular membrane
module (Eg. (33)).

D,

m

0.33
sh = Ko =1.85[Re Sc?—“j (33)

where dy and I, are the characteristic length of the rectangular membrane channel (hydrulic
diameter) and the membrane module length, respectively. For this semi-empirical model, the
mass transfer coefficient of butanol in the bulk layer is more than three times higher than that of
the overall mass transfer coefficient. This clearly indicates that mass transfer is controlled by
membrane diffusion, and the concentration polarization has a negligible effect on the transport
process even when the system is operating in the laminar flow regime at a Reynolds number of
140.

In another work, Valentinyi et al. [148] improved the basic solution-diffusion model of
Rautenbach et al. by considering that the transport coefficient as an exponential function of the
permeating compound. In the basic solution-diffusion model, it is assumed that the transport
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coefficient has negligible concentration dependency and can be considered constant [149].

However, a large deviation between the experimental data and the model predictions was found

at higher concentrations. The transport coefficient or permeance of component i (D), defined in
Eq. (34), was used by Rautenbach et al. because the concentration dependence of the diffusion

coefficient was considered to be negligible.

D =" (34)

In the work of Valentinyi et al., the authors assumed that the transport coefficient varies
exponentially with concentration as shown in Eq. (35) since the model suggested by Rautenbach
et al. could not be used at high concentrations of the permeating component.

D, =D, exp(B'Xy; ) (35)

where B” is a constant. Results obtained by Valentinyi et al. for the dehydration of butanol
aqueous solutions by pervaporation using commercial hydrophilic membranes (Poly (vinyl
acetate) (PVA)/PAN) showed that the estimation of the transport coefficient using Eq. (35)
provides a better predictions of butanol and water fluxes than the estimations using Eq. (34). The
improved solution-diffusion model suggested by Valentinyi et al. could be used for azeotropic
solutions with high water content as well as for modeling, design, and optimization of

pervaporation processes.

Ashraf et al. used the model proposed by Valentinyi et al. to calculate the size and arrangement
of the pervaporation modules [150]. The experimental results for the dehydration of an aqueous
solution of butanol using a commercial pervaporation membrane were in good agreement with
the proposed model. However, the model is limited to the type of membrane, components and

operating conditions used in their experiments [150].

Petrychkovych et al. used the solution-diffusion model for calculating the pervaporation of

butanol flux for a binary butanol/water mixture using a PE membrane. The calculated permeation
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flux was obtained assuming a constant diffusion coefficient, with a good agreement with the

experimental permeation flux [151].

To gain a better understanding of the permeation of ABE species through polymeric membranes,
it is paramount to investigate the solubility coefficient and diffusion coefficient of these
components in various membranes. However, there are not many values reported in the literature
for the solubility of ABE components in membranes. Table 5-2 presents the diffusion
coefficients of ABE components reported in several investigations. It is shown that the diffusion
coefficients for butanol in PDMS membranes are of the same order of magnitude in the different
studies except for the values reported by Yang et al. [146] which are significantly smaller. The
same trend was observed for the diffusion coefficients of acetone. For ethanol, the variation of

the diffusion coefficients in PDMS membranes was more pronounced.

Table 5-2 Diffusion coefficients of ABE components reported in the literature for different

pervaporation membranes.

Polymer/Solution Component  Temperature (K) Diffusivity (m%s) Ref
Acetone 308 0.85x107°
n-Butanol 308 0.3x10°
PDMS/Pure component =T [152]
Ethanol 308 0.60x10
Water 308 0.55x107°
Ethanol 298.15 0.6x10°°
PDMS/Ethanol-Water mixture Water 298.15 4.4x10° [153]
Ethanol-water 298.15 0.37x10°
n-Butanol 303.15 3.11x10710*
t-Butanol 303.15 2.66x10710*
PDMS/Pure component =T [154]
s-Butanol 303.15 2.25x10"*
Water 303.15 129.05x1071%*
PDMS (GE615)/Pure water Water 298.15 1.7x10° @
PDMS (PS342.5)/Pure water Water 298.15 2x10°®@ [155]
PDMS/Pure water Water 298.15 7.8x100®@
n-Butanol 303.15 0.65x10°%
Ethanol 353.15 7.1x10710
) ) n-Butanol 353.15 5.5x101°
PDMS/Alcohols aqueous binary solutions T [156]
Ethanol 353.15 12x10
Water 353.15 12x107%
Water 298.15 3x101°
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Table 5-2 continued

Polymer/Solution Component  Temperature (K) Diffusivity (m?s) Ref
PDMS/Aqueous solutions n-Butanol 299.15 1.6x100® [157]
n-Butanol 398.15 0.563x107%*
Ethanol 398.15 0.793x107%*
Crosslinked PVA/Dilute solutions Ethanol 393.15 0.787x1071%* [158]
Ethanol 383.15 0.92x10%0*
Water 393.15 39.08x100*
Water 383.15 8.89x1071%*
Ethanol 300 0.45x10°
PDMS/Pure component 3
Water 300 1.45x10
> [141]
Ethanol 300 0.07x10
PE/Pure -9
Water 300 0.78x10
Acetone 313.2 6.106x10™*
, ) n-Butanol 313.2 2.589x10™*?
PDMS/Aqueous binary solutions - [146]
Ethanol 313.2 2.05x10
Water 313.2 1.867x102
o , _ Ethanol 303.15 9.55x10°
PERVAP™4060/Aqueous binary solutions T [159]
Water 303.15 6.52x10
o ) n-Butanol 293 45x10™"
Silicalite-1 zeolite/Pure component T [160]
Ethanol 293 13.2x10
Silicalite-1 zeolite/Pure component Water 298 1.7x10° [161]
Acetone 303.15 4.6x10™0-4.9x10™°
IL gel layer/ABE solutions n-Butanol 303.15 4.2x10™-3.9x10% [162]
Ethanol 303.15 5.6x102-5.2x10%°
n-Butanol 333.15 4.7x10714¢)
Methylated silica/ Aqueous binary solutions Ethanol 333.15 1.1x10 B2 (©) [34]
Water 333.15 3.7x107°-7.1x107*©

* infinite dilute diffusion coefficient
(a) determined on the transient slope
(b) determined at half saturation of transient
(c) Maxwell-Stefan single-file diffusivities

Maxwell-Stefan theory

The generalized Maxwell-Stefan equation is based on the assumption that the migration of
species is the result of a driving force that is counteracted by the friction of the migrating species
from the other species and the immediate environment. It was formalized by Mason and
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Viehland for multicomponent systems and later implemented for membrane separation processes
such as gas separation and pervaporation [163-166]. According to this theory, for

multicomponent systems, the sum of the friction forces for a component balances the driving
force as expressed in Eq. (36) [45]. In this equation, IIA)ij represents the inverse draging force

between species i and j.

1dy < Vi~V
RT dz _§¢j D, (36)

The chemical potential in Eq. (36) is related to the activity of components within the membrane
assuming to have an ideal gas mixture. Eq. (37) represents a simplified form of Maxwell-Stefan
equation for a ternary system including binary solution and the membrane material [45,167].

d In¢| _ Vj _Vi _ Vi
@ "5, MB, (372)
ding, Vv, -V, v
it 4 B, B B, (37b)
~ ~ dlna
D. =D. i
1) 1) d In¢| (37C)

The diffusion coefficients in Eq. (37), i.e. D;and D, are the effective diffusion coefficients for

component i and j.

Eqg. (37) was rearranged to calculate the permeation flux of each component through the

membrane (this model needs to be solved numerically) and it was assumed that the effective

diffusion coefficients are equal (Iﬁij = I5ji ) due to symmetrical conditions, which led to Eq. (38)

[45].
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J.:_'jm 4Dy, + ¢ O dCi+'jMi - ¢'E:)Mj = %, (38a)
i o+ D,, $uD; +4Dy; +¢,Dy; ) dz

#Dui 4Dy jdcj EBM,( 4,0 qu (38b)
+ IDMj

Py Ijij +9, IjMi +4 DMj dz
When coupling effects are negligible, If)ij (and consequently Iﬁij) approaches to infinity and Eq.

(38) would be simplified to the Fick’s first law of diffusion, where D, /¢, and D, /4, are the

Fick’s difussion coefficients as shown in Eq. (39) [45,167].

D,, dC,

J. - _ Mi i

D,, dC,
Jj=—7>— 39b
] ¢M dZ ( )

Other researchers have used the same type of equations where the volume fraction was simply
replaced by the weight or mole fraction in Eq. (38) [168,169]. Moreover, some modifications has
been applied in different studies to obtain analytical solutions from the differential equations (Eq.
(38)) using a few assumptions to simplify the integration procedure. The main advantage of
Maxwell-Stefan theory could be its ability to predict the flux and selectivity for non-ideal
multicomponent systems based on the results of single components, which significantly
decreases the number of pervaporation experiments to be performed. Moreover, it has the
potential to be used for module and process design together with membrane development.

Bettens et al. [34] investigated the deviations observed between the experimental results and a
theoretical model that combined the extended Langmuir model for sorption and the Maxwell-
Stefan diffusion for pervaporation of butanol/water and butanol/methanol. However, in their
study, the desired components to be separated were water and methanol. Different types of
methylated microporous silica membranes were used for this purpose. In addition, to predict the

Maxwell-Stefan diffusion coefficients, three Maxwell-Stefan diffusivities were determined: D, ,



Chapter 5

D, and Iij. Moreover, for the counter-exchange Maxwell-Stefan diffusivity, the Vignes

CH il CH il

equation was used | D, =(D,, |%*Cxi (D, )+:*Ci |. The single-species Maxwell-Stefan
iM M

ij

diffusivities were assumed for the conditions where there were no interactions between species

and the corresponding counter-exchange coefficient was infinite (Iﬁij — ). In this case, species
were not able to pass each other in the narrow pores. The single-species Maxwell-Stefan
diffusivities could either be independent of the amount adsorbed (D, =D, (0), Dj, =D, (0))
or dependent on the amount adsorbed
(f)iM =D, (0)(1-Cy;~Cy ;) » Dy =Dy, (0)(1-Cy, —CHJ)). The comparison was made by
assuming different case scenarios where the diffusion coefficients between the components and
the membrane in the Maxwell-Stefan model were estimated. The pure alcohol Maxwell-Stefan

diffusivity at zero coverage (f)jM (0))was derived from the experimental pure alcohol flux and

the pure water Maxwell-Stefan micropore diffusivity at zero coverage(DiM (0)) was achieved

by fitting the experimental water flux data. The four scenarios that were proposed are as follows.

1) There are no interactions between feed species (D, — o). Moreover, D,, and D,,, are

independent from the amount adsorbed (D,, = D, (0), Dy, =D, (0));

2) There are no interactions between feed species (f)ij — o0). Moreover f)iM and f)jM are
dependent on the amount adsorbed
(QM =D, (0)(1-Cy;~Cy;) - Dy =Dy, (0)(1-Cy, —CH,J.));

3) There are interactions between feed species and I5ij can be obtained by Vignes equation

CH il CH Al ~

(f).. = (B )%+ (Dyy )CH#CHJ. Moreover, D,, and D,, are independent from the

1

amount adsorbed (B, =B, (0), Dy =Dy (0));
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4) There are interactions between feed species and f)ij can be obtained by Vignes equation

Chi Chii N

(f)..:(f)iM JGusus (D, )chn,j). Moreover, D,, and D,,are dependent on the

1

amount adsorbed (f)iM =D, (0)(1-C;-Cy;) . Dy =Dy (0)(1-Cy, —CH,J.)).

According to the results, Maxwell-Stefan theory was consistent with experimental pervaporation
data for the first case scenario when no interactions took place between the components, and the
diffusion coefficients of the components through the membrane were independent from the
amount adsorbed. In addition, prediction performed with the second scenario’s prediction for the
calculation of the flux of components demonstrated to be closer to the experimental data
compared to the first scenario. However, the last two case scenarios did not have a good fit with

experimental data.

In another work, the mass transfer through a PDMS commercial membrane for pervaporation
separation of the butanol from aqueous solution has been studied by Ebneyamini et al. [170]. A
semi-empirical approach on the Maxwell-Stefan model was extended to consider the effect of
membrane swelling and the operating temperature on the diffusion coefficient and sorption
properties. In order to estimate the effect of the operating temperature on the diffusion
coefficients and the sorption of each species, Arrhenius-type equations were incorporated into
the Maxwell-Stefan model. Moreover, similar to the free volume theory, an exponential
relationship was used to express the diffusion coefficient of each component as a function of the

degree of swelling of the membrane at a constant temperature (Eg. 40).

D, = DioeAw/(Cf.iT) (40a)
—AH; —AHJ-
w _ nyikD’ie RT +Cf’jkD1je RT (40b)
(C.T) Pwm

The result of the extended Maxwell-Stefan model showed a better agreement with the

experimental data in comparison to the Maxwell-Stefan model. Moreover, the model was able to
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predict the membrane properties such as solubility and diffusivity at different operating

temperatures and feed concentrations.

Pore-flow model

The other proposed model for the overall mass transfer in a pervaporation separation process is
the pore-flow model. The difference between this model and the solution-diffusion model is that,
the solution-diffusion model considers no phase change in the membrane while in the pore flow
model, there is a phase change inside the membrane at a certain distance from the membrane
surface. Considering the phase change inside the membrane, there should be a phase boundary
between the liquid and the vapor for the mass transfer equations. In 1991, Okada and Matsuura
[34] considered a pore flow model for describing the mass transfer through a cellulose membrane
in pervaporation separation of ethyl alcohol/heptane mixtures. In this model, it is assumed that
the selective layer of the membrane is formed by a pack of straight cylindrical pores distributed
within the membrane surface and isothermal conditions are assumed. Furthermore, the length of

the pores is equal to the thickness of the active layer.

Three steps have been proposed for this model: (1) liquid transport from the pore inlet to the
liquid-vapor phase boundary; (2) evaporation at the phase boundary; (3) vapor transport from the
phase boundary to the pore outlet [35,36]. Moreover, it was assumed that at the liquid-vapor
phase boundary, the components reach to their saturated pressure in equilibrium with the feed

solution.

According to the above-mentioned assumptions, at steady state for single component permeation,

the flux in the liquid and vapor segments can be calculated according to Eq. (41).

APore

(p.—p™) (41a)

IL

3, =B (0% ) (41b)

J=J,=J, (41c)
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where subscripts L and V represent the liquid and vapor phases, while | is the thickness of each
phase inside the pore. A and B constants are obtained using the Darcy’s equation and Henry’s
law (Eq. (42)).

ﬂ.r;orepi Nt
8M,

AP = (42a)

”(erorelad - I;d )2 Iad Nt ﬂ(k )2

BFore _ _
8r D1

(42b)

*

pore :ui

where l,q is the thickness of the adsorption monolayer.

Since the constants A and B are determined empirically, the pore-flow model would be limited to

assist only in process and module design and it is not applicable for membrane development.

Moreover, there are additional models such as pseudo phase-change solution-diffusion, which
combines the specifications of both the solution-diffusion and the pore-flow models in one single
framework. The pseudo phase-change solution-diffusion takes the coupling effect from the
solution-diffusion model and the pseudo phase-change inside the membrane from the pore-flow
model into consideration [171,172]. The pore-flow model has not been used yet for the

separation of butanol by pervaporation.

Conclusion

Pervaporation is an appropriate process for the separation of butanol from different aqueous
solutions especially ABE fermentation broths. However, to be employed at an industrial level
using lab-scale experimental data, mathematical models will be essential to have an accurate
prediction of the pervaporation process performances. Such models could help in the design
phase of membrane modules for the purpose of optimization, flow patterns prediction, and vessel
design. In addition, the membrane development using modeling could provide valuable

information before membrane fabrication.

Mass transfer modelling in a pervaporation separation of butanol from ABE fermentation broth,

ABE model solutions and aqueous solutions was reviewed in this study.
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Considering the previous works for the pervaporation of butanol, although the number of the
diffusion models is very limited, the overall mass transfer was mainly used by researchers to
estimate the mass transfer coefficient of the components using sorption models. As shown in
Table 5-3, solution-diffusion model has been the most frequently used model for the description
of the mass transfer in pervaporation separation of butanol. However, the application of the
Maxwell-Stefan theory for this purpose has been very limited and, to our knowledge, the pore-

flow model has not been reported in the literature for the pervaporation of butanol.

Most of the models used for the pervaporation separation of butanol are semi-empirical models
which fall in between theoretical and empirical models in terms of complexity. Although, in the
semi-empirical models, the driving force is well established, the permeability would be
experimentally estimated. The complexity of the model increases with the number of
components involved in the mass transfer and it further increases by considering the coupling
effects. In this case, the Maxwell-Stefan theory seems to be an appropriate option for considering
the coupling phenomenon. In addition, it is an accurate model for membrane separation in
pervaporation due to its ability to predict the flux and selectivity of the multi-component systems
based on the results of single components, which significantly decreases the number of
pervaporation experiments to be performed. In addition, it has the potential to be used for

module and process design together with membrane development.

Furthermore, while the information obtained via the overall mass transfer models would be used
for fundamental understanding of the process and module design, other information such as
concentration polarization, pressure drop, flow pattern, and heat transfer also need to be
considered for the purpose of process design. Moreover, molecular simulation could become in

the future a very valuable tool for membrane development in the pervaporation of butanol.

This study can be helpful in combining different sorption and diffusion models to achieve more

rigorous models for the prediction of butanol separation by pervaporation.
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Table 5-3 Mathematical models which have been used for the pervaporation separation of butanol.

Membrane Feed Modelling method Ref
Supported gelled ionic liquid ABE mixtures Solution diffusion model [33]
Composite PVA membrane on PAN butanol/water Solution diffusion model  [143]
support
Composite PDMS ABE fermentation Solution-diffusion model [19]
Tri-layer PDMS butanol/water Solution-diffusion model [147]
PVA/PAN water/butanol Solution-diffusion model [148]
PERVAP 2510 water/butanol Solution-diffusion model [150]
PE butanol/water Solution-diffusion model [151]
. Non-equilibrium solution-
PDMS ABE water binary diffusion model [146]
PDMS butanol/water Maxwell-Stefan model [170]
Methylated microporous silica butanol/water, butanol/methanol Maxwell-Stefan model [34]
Abbreviation
ABE Acetone, Butanol, Ethanol
CIRC Circulation equilibrium still
COSMO-RS Conductor like screening model for real solvents
DDST Differential distillation
EBUL Ebuliometry
EPDM Ethylene propylene diene rubber

GEM-RS Generalized regular solution model
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GLC Gas-liquid chromatography

HSA Headspace analysis

IGS Inverse gas chromatography

LLE Liquid-liquid extraction

LSG Local surface guggenheim equation
MBEA Molecular beams

MMM Mixed matrix membrane
MOSCED Modified separation of cohesive energy density model
NRTL Non-random two-liquid model
NSGLC Non-steady state gas-liquid chromatography
PAI Polyamide-imide

PAN Polyacrylonitrile

PAV Polyarylene vinylene

PDMS Polydimethylsiloxane

PE Polyethylene

PET Polyethylene terephthalate

PEBA Polyether block-amide

PRV Phase ratio variation method

PV Pervaporation

PVA Poly(vinyl acetate)

Pl Polyimide

POMS Poly(octhylmethyl siloxane)

PMS Poly (methoxy siloxane)

PP Polypropylene

PRV Phase ratio variation
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PTFE Polytetrafluoroethylene

PTMSP Poly (1-(trimethylsilyl)-1-propyne)
RDIST Rayleigh distillation

RO Reverses 0smosis

TENS Tensimetry

UNIQUAC Universal quasichemical

VPC Vapour phase calibration

wwC Wetted wall column

Nomenclature

a activity [-]
Agi free volume parameter of component i for the glassy region in polymer [-]
A dimensionless constant in Eq. (40)
Au membrane area [m?]
APOre constant defined for a pure component system in the pore flow model [-]
b adsorption or hole affinity constant [bar™]
coupling coefficients in semi-empirical model after Meyer-Blumenroth
° [kmol.m™.s?.bar?]
B Constant parameter in Eq. (35) [-]
BPor® constant for a pure component system in the pore flow model [-]
Bai free volume parameter of component i for the glassy region in polymer [-]
BFY generalised free volume parameter [-]
C concentration [kmol.m™, kg.m™]
Co concentration of diffusing in membrane [kmol.m™, kg.m™]
Ch concentration in microvoids [kmol.m™, kg.m™]
c Langmuir maximum sorption capacity in the polymeric membrane [kmol.m
M

3’ kg.m-3]

D diffusion coefficient [m?®.s™]
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DY diffusion coefficient in infinite dilution [m?.s™]

Db diffusion coefficient in the Henry’s Law mode [m?.s™]

Dy diffusion coefficient in the Langmuir mode [m?.s™]

D thermodynamic diffusion coefficient [m?.s™]

BT modified thermodynamic diffusion coefficient [m%s™]

D effective concentration-dependent diffusion coefficient [m%s™]
D Maxwell-Stefan interaction parameter [m?.s™]

D permeance [kg.m?2.s™]

AEgi, energy required to overcome dispersion polar interactions [J.mol™]
AEhy energy required to overcome hydrogen [J.mol™]

AEyap energy of vaporisation [J.mol™]

f fugacity [bar]

frv free volume [-]

F as defined in Eq. (24) [-]

AH heat of adsorption [J.mol™]

J flux [kmol.m?2.s™]

Kg desorption constant [m.s™]

Ko, Henry’s law constant referring to component i [bar™]

dimensionless Henry’s law constant [g.m%/g.m™]

k boundary layer mass transfer coefficient [-]

Ks sorption constant [m.s™]

" (unit weight of polymer per volume of adsorbed gas molecule i) x kp i [mol.m’
o % bar]

Ki as defined in Eq. (24) [-]

Kov overall mass transfer coefficient across the membrane [-]

lag thickness of the adsorption monolayer [m]

Iv thickness of membrane M [m]

I length of the liquid-filled proportion of the pore in the pore flow model [m]

Iy length of the vapour-filled proportion of the pore in the pore flow model [m]

M molar weight [kg.kmol™]
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total number of pores per effective membrane area [-]

partial pressure [bar, Pa]

Pressure in boundary layer in Eq. (27) [bar]

permeability with reference to an activity driving force [kmol.m™.s™.bar?]
pore radius [m]

gas constant [J.mol™.K™]

Reynolds number [-]

Solubility coefficient [kmol.m™]

Schmidt number [-]

Sherwood number [-]

time [s]

temperature [K]

velocity [m?.s]

molar volume [m* mol™]

the volume in feeding tank [m°]

weight factors for three dimensional solubility parameters [-]
mole fraction [-]

the bulk mole fraction [-]

the interface mole fraction [-]

z-co-ordinate [m]

proportional constant in free volume theory [-]

activity coefficient [-]
average activity coefficient of component i in membrane [-]

solubility parameter [J2.m>7?]

solubility parameter due to hydrogen bonds with reference to component i
[J1/2 m-3/2]

solubility parameter due to dispersion forces with reference to component i
[Jl/Z m-3/2]

solubility parameter due to dispersion polar interactions with reference to

component i [J¥2.m™*4]
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£ empirical constant or ‘softener’ [-]

n liquid viscosity [Pa.s]

Vi chemical potential [J.mol™]

Y Surface viscosity of adsorptive layer of vapour [Pa.s]
) density [kg.m™]

¢ crystallinity of polymer P [-]

¢ volume fraction [-]

0 as defined in Equation (32) [-]

v as defined in Equation (40), (degree of swelling) [g.g™*]
X Flory-Huggins binary interaction parameter [-]

Ay, distance between polymer P and component i in _-space [J¥2.m#?]
Subscripts

b butanol concentration

b0 initial butanol concentration

f feed

i component i and j

L liquid phase

m module

M membrane

p polymer

P permeate

sat saturated

tot total

\Y vapour phase

Superscripts

0 reference

FV free volume

L liquid phase

mix mixture
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On the Effective Permeability of Mixed Matrix Membranes

Hoda Azimi, F. Handan Tezel and Jules Thibault*

Abstract

Mixed matrix membranes (MMMS) are attracting significant interest for applications such as
pervaporation and gas separation. To better comprehend the impact of filler particles within
polymer matrices, the species permeation mass transport was theoretically studied by numerical
simulation using finite differences method. The Fick's second law of diffusion equations was
solved for a three-dimensional MMM to obtain the concentration profile within the membrane
and consequently the steady-state permeation flux of the species. The effective permeability of
MMMs was then calculated using the steady-state permeation flux of the permeants. The effects
of various structural parameters such as the filler volume fraction, particle size, shape and
orientation, the ratio of permeability coefficients in the dispersed and continuous phases (P4/P¢),
membrane thickness and particle sorption isotherms have been investigated. Results revealed that
the effective permeability of MMMs strongly depends on the permeability ratio of the dispersed
phase to the continuous phase and the volume fraction of the filler material. Moreover, the shape
and the size of the particle material had no influence on the effective permeability of the MMMs
for filler volume fractions less than 0.4. For numerical simulations performed with different
sorption isotherms, results showed that the effective permeability of the membrane depends on

the type and parameters of the isotherm as well as the feed concentration.

Keywords: Mixed matrix membrane; Finite difference numerical solution; Pervaporation model;

Effective permeability

Introduction

Pervaporation process is a membrane-based separation technique which is widely used for the
separation of alcohols from dilute aqueous solutions due to its advantages such as good
separation performance and low energy consumption [1-5]. Membrane materials are commonly

divided into two categories: polymeric membranes and inorganic membranes. Polymeric
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membranes are well-known due to their wide range of properties, ease of fabrication, high
mechanical stability and low cost [6]. However, separation processes using polymeric
membranes are restricted by the trade-off between membrane permeability (or permeate flux)
and selectivity [7]. On the other hand, organic membranes have higher selectivity and
permeability than the polymeric membranes, but they are expensive and fragile. In order to
overcome these barriers, it has been suggested to embed porous inorganic filler materials such as
zeolites [8], metal organics frameworks (MOF;) [9], silicalites [10], activated carbons (AC) [11]
and carbon nanotubes (CNT;) [12] into the host polymer matrix to manufacture mixed matrix
membranes (MMMSs) or hybrid composite membranes. It has been reported that the presence of
filler materials embedded within the polymer matrix could enhance the effective permeability of
the membranes [8,10,13,14]. In addition, the presence of fillers might also improve the
mechanical and thermal stability of membranes [11,15]. However, there are still important
challenges (e.g. selecting the most appropriate pair of polymer-filler materials) which have to be

overcome before applying these types of membranes at an industrial scale.

Modelling of mass transport is paramount to obtaining a better understanding about the influence
of permeable and barrier fillers within the membrane, on the permeation of species through
mixed matrix membranes. Different analytical and numerical solutions have been introduced to
estimate the effective permeability of ideal mixed matrix membranes as a function of different
parameters such as membrane thickness, filler size, volumetric filler loading and permeability of
the components in the continuous and dispersed phases [7,16,17]. Recently, Ebneyamini et al.
[18] proposed a semi-empirical resistance-based model to estimate the effective permeability of
ideal MMMs. This model was developed by introducing a correction factor to a simple one-
directional resistance-based analytical solution. The model was referred to as RB model and it
was then extended to include a correction factor to account for the three-directional diffusional
pathway. The correction factor was based on the ratio of the estimated effective permeability
determined by a finite difference (FD) numerical solution and the simple RB model. The model
was obtained under the assumptions of homogenous dispersion cubical filler materials
throughout the polymeric matrix and an ideal morphology at the polymer-filler interface. In
addition, it was assumed that the solubility of the permeants in both the continuous and dispersed
phases followed a linear sorption isotherm (Henry’s law) which implied a fixed permeability of

the penetrants in the two individual phases within the membrane [18].
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In this study, a three-directional (3D) numerical solution of the Fickian diffusion equations is
used to investigate the influence of the different parameters such as the filler content, the
permeability ratio between the dispersed and the continuous phase (P4/P¢), the filler shape
(cubical, spherical, cylindrical), size and orientation of the filler, linear and non-linear sorption
isotherms of species in the filler material and the membrane thickness on the effective
permeability of the ideal mixed matrix membrane with a homogenous and random dispersion of
filler materials. To the best of our knowledge, this work is one of the first few investigation to
simulate comprehensively the effect of filler properties effects on the relative permeability of the

mixed matrix membranes.
Development of Finite-Difference Numerical Solution

Finite difference numerical solution has been used to study the mass transfer of species through
mixed matrix membranes. It was assumed that polymer-particle interface morphology was ideal.
Moreover, it was assumed that the particle geometrical and intrinsic specifications of filler
particles are identical throughout the membrane matrix. The overall membrane can be
represented by a number of repeatable unit elements where each element contains a distribution
of random or uniformly dispersed particles that is statistically identical to the distribution of
particles of any other element of the membrane. For illustration purposes, a uniform distribution
of cubical particles within the membrane is considered. Each element consists of a centrally-
located cubical particle surrounded by the polymer matrix (Figure 6-1). All membrane elements
and their permeability are identical. The permeability of each unit is also identical to the entire
membrane. Figure 6-1(a) represents a specific case of cubical elements (Figure 6-1(b)) of
dimension 2 x2 x2 um® homogenously distributed within a 10 x10x10 um?® ideal mixed matrix
membrane. The filler size and the solid volume fraction in Figure 6-1 are 1 um® and 0.125,

respectively.
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Figure 6-1 Schematic diagram of (a) 10x10x10 um3 mixed matrix membrane containing 1 um

cubical particle and (b) its repeatable element with a filler volume fraction of 0.125.

To determine the steady and unsteady state concentration profiles of the penetrants through the
mixed matrix membrane, the three-dimensional Fick’s second law of diffusion (Eq. (1)) was

solved by finite differences in Cartesian coordinates.

ot ox\ Mt ox) oyl ey ) el M a

In this investigation, it was assumed that the concentration of the feed solution in contact with
the retentate side of the membrane remains constant and perfect vacuum prevails on the permeate
side. The unsteady state equation was solved to determine the time required to achieve steady
state. However, for the majority of the results presented in this investigation such as to determine
the effective permeability of mixed matrix membranes, the steady-state solution was required. It
would therefore be possible to solve Eq. (1) with the time derivative term equal to zero. The
finite differences code developed for this investigation had both the steady and unsteady state
options. However, it turned out that solving the very large sparse matrix for the steady state case
took significantly more computation time than solving the unsteady state equation while
assuming a linear profile as the initial conditions. It is important to note that the final steady-state
concentration profile and permeate flux are independent of initial conditions. For this reason, the
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unsteady state equation was used throughout this investigation. In addition, in the case where the
solubility of permeants in the continuous and dispersed phases is nonlinear, it is required solving
for the unsteady state equation. The initial and boundary conditions considered in this
investigation are given in Eq. (2).

IC: C (X’ y Z)‘tzo - or (2a)
C(x,0, z)—[C(x,O, z)-C(x,L, z)]%

BCL1: C(x,0,z)=S,,,C; (2b)
BC2: C(x,L,z)=0 (2¢c)
oC oC
BC3 & BC4: —| =— =0
aX x=0 OX X=L (Zd)
oC oC
BC5 & BCé: —| =—| =0
oz z=0 oz z=L (29)

For BC1, at the feed solution membrane interface, the surface concentration within the
membrane is in equilibrium with the feed solution which was assumed constant over the entire
membrane surface. For BC2, the concentration is equal to zero as perfect vacuum is assumed.
For BC3-BC6, symmetry conditions (or periodic conditions) are assumed where the portion of
the membrane that is solved using Eq. (1) is representative of all the other equal-size volumes
forming the membrane. It will be shown in the results that the permeability of a representative

element has the same permeability of the entire membrane.

Eq. (1) was discretized using a sufficiently large number of mesh points and solved by finite
differences. Eq. (3) determines the concentration of a permeant m at a mesh point (i,j,k) at time
t + At as a function of the current concentration at mesh point (i,j,k) and the concentration at the
six neighbouring mesh points at time t. Eqg. (1) prevails for all interior mesh points. This equation
was solved iteratively to obtain the steady-state concentration profile and permeate flux of

components.
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The concentrations of all six neighboring mesh points in Eq. (3) are converted to their

equilibrium concentrations relative to the phase of the central mesh point (i,j,k) using the ratio of

the solubility coefficients in the two respective phases. For boundary mesh points, Eq. (3) was

adapted to take into account boundary conditions of Eq. 2(b)-2(e).

An effective diffusion coefficient between neighbouring mesh points was considered due to the

different properties of the surrounding mesh points such as the diffusivity and solubility

coefficients. A mass balance has been performed to calculate the effective diffusivity coefficient

of each mesh point within the matrix of the membrane. Eq. (4) was used to estimate the effective

diffusivities in the x-direction between mesh point (i, j, k) and its left neighbour (i-1, j, k), and

between mesh point (i, j, k) and its right neighbour (i+1, j, k), respectively. Similar equations

have been used for the effective diffusion coefficients in y and z-directions.

1 Si,j,k 1 1
— = +
Dk Siajk 2D« 2Di,j,k
1 Si'j’k 1 1
R, +
D% Sisie 2Diije 2Dk

(42)

(4b)

The Fick’s first law of diffusion (Eg. (5)) was used to estimate the average steady-state

permeation flux of a permeant at the permeate side of the membrane based on all surface mesh

points of the x-z plane. A similar equation was used for estimating the permeation flux at the feed

side of the membrane.
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Jim 1y = Duys 2 (5a)

(5b)

where J is the permeation flux calculated for a x-z plane. Ny, Ny and N, are the number of mesh
points used to discretize Eq. (1) in the x, y and z directions, respectively. Given the estimation of
the permeation flux, the concentration driving force and the thickness, the effective steady-state
permeability of a permeant in MMM s can be calculated (Eg. (6)).

L

P.=—
eff AC

(6)

Table 6-1 Values of solubility and diffusion coefficients used for various case studies for linear

sorption isotherms.

Material D(m%s) S (g/lL)/(g/L) P (m?/h) P/ Pe

Continuous phase  5.00x10™ 0.01 5.00x107*2

Case 1 . 500
Dispersed phase  1.00x10%° 25.00 2.50x10°%°
Continuous phase  5.00x10™ 0.01 5.00x107*2

Cae2  Dispersed phase  2.00x10™2 25.00 5.00x1071 10.00
Continuous phase  5.00x10™ 0.01 5.00x107*2

Case 3 Dispersed phase  5.00x10™%° 0.01 5.00x107*? 1.00

Cases  CONtinUOUS phase 5.00x10™* 0.01 5.00x107* 01
Dispersed phase ~ 2.00x107* 25.00 5.00x10™ '

To investigate the effect of embedded filler material on the effective permeability of the mixed
matrix membrane, the finite difference algorithm was coded in FORTRAN and solved for
different case studies. Moreover, in the case when the filler is an adsorbent for a given permeant,
the impact of different adsorption isotherms of the filler material on the effective permeability of
the MMMs was also studied. Both linear (Henry’s law) and nonlinear (Langmuir) equilibrium
adsorption models were investigated. Table 6-1 presents the value of the solubility and diffusion
coefficients which have been used in this study for the continuous and dispersed phase for

various numerical simulations when sorption follows a linear isotherm (Henry’s law).
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Results and discussion

Comparison between analytical and numerical solutions for neat
polymeric membranes

Since numerical solutions are used extensively in this investigation, it is important to validate the
precision of the finite difference scheme with a benchmark analytical solution. An analytical
solution does not exist for mixed matrix membranes such that the validation of the numerical
solution will be done with the analytical solution for a pure polymeric membrane. The analytical
solution was used to calculate the time-dependent concentration profile within the membrane and
the time-dependent permeation fluxes at the two interfaces of the membrane. The analytical
solution for both the concentration profile and the permeation flux can be found in Wu et al.
[19].

Both the analytical and numerical solutions were obtained as a function of time for a neat
membrane having a diffusion and solubility coefficients (D = 5x10™° m%s and S = 25
(9/L)/(g/L)), respectively. For the numerical solution, Eq. (3), subjected to boundary conditions
of Eq. (2b-2e), was used to calculate the concentration profile of the permeants and the
permeation flux at the two interfaces as a function of time. For this validation, the initial
condition of the concentration within the membrane was set to zero. The number of mesh points,
(Nx, Ny, N;), for this numerical solutions as well as for the majority of the numerical solutions
was (41, 41, 41).

Results of the validation for the time-dependent concentration profile and the permeation fluxes
at the two interfaces are presented in Figures 6-2 and 6-3. Figure 6-2 compares the numerical
solution with the analytical solution for the concentration profile across the membrane at three
different permeation times. Results clearly show that the numerical solution is very precise with

an average error of 0.01% based on the three concentration profiles.

Figure 6-3 shows the time-dependent upstream and downstream permeation fluxes of a penetrant
in a neat polymeric membrane which were calculated using both the analytical model and the
numerical solution. Results clearly show that the calculated permeation flux with the numerical

method is a very good estimation of the analytical permeation flux with an average error of



Chapter 6

0.5%. A much higher precision for the estimation of the steady-state permeation flux was
obtained such that the numerical scheme developed in this investigation can be used with
confidence for calculating the concentration profiles and the steady-state permeation flux of

permeants mixed matrix membranes.

0.05

C (g/L)

Figure 6-2 Concentration profile of the penetrant within a neat polymeric membrane as a function
of the normalized length of the membrane at three different dimensionless times of the

permeation process (Symbols: FD numerical solution; Lines: Analytical solution).
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Figure 6-3 Upstream and downstream dimensionless permeation fluxes as a function of the
dimensionless time for a neat polymeric membrane (Symbols: FD numerical solution;

Lines: Analytical solution).

Concentration profile

In order to investigate the impact of the pesence of particles on the concentration profile of the
penetrants through a mixed matrix membrane, different permeability ratios of the dispersed to
the continuous phase were considered for a single spherical filler located at the centre of a
cubical repeatable element and with a filler volume fraction of 0.065. Figure 6-4 presents the
concentration profile, normalized by their solubility, through the centre of the cubical unit
element as indicated in the insert in Figure 6-4. When the permeability of the dispersed and
continuous phases are identical, the concentration profile is obviously linear throughout the
membrane. When the permeability of the disperesed phase is larger than the permeability of the
continuous phase, the solid particle acts as an attractor where the concentration streamlines will
deviate slightly toward the solid particle since it offers an easier diffusion path. As a result, the

overall permeation flux across the membrane will increase such that the slope of the
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concentration within the polymeric phase will increase to support this higher flux as observed for
the concentration profile for (P4/P;) of 10. However, away from the path of the particle, the
concentration profile will not be as steep as the one shown in the centre line of the cubical
element. Since the permeability of the particle is higher, the concentration gradient within the
particle is smaller and the total concentration profile under steady state will adjust such that the

average permeation flux at all x-z planes will be identical across the membrane (y-direction).

On the other hand, when the dispersed to the continuous permeability ratio is less than one, the
particle acts as a barrier to the permeation of the penetrant and the concentration streamlines
deviate away from the particle and the average permeation flux across the membrane becomes
smaller. This is evidenced by the lower concentration gradient in the continuous phase above and
below the particle in Figure 6-4. It is obvious that for mixed matrix membranes used for
pervaporation and gas separation, a larger dispersed to continuous permeability ratio is required.

C/S (g/L)

Figure 6-4 Effect of presence of fillers on the concentration profile of the penetrants through a
mixed matrix membrane. Concentration profile is along the line passing through the

poles of the spherical particle.
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Effect of the filler volume fraction (@) and permeability ratio (P4/P.)

A series of numerical experiments were performed to determine the effect of the volumetric filler
content of the dispersed phase in the polymer matrix of MMMs on the effective membrane
permeability. Since the effective permeability of a homogenously dispersed mixed matrix
membrane is identical to the permeability of its repeatable unit element [18], to reduce the
computing time, the numerical solution was performed on the repeatable element instead of the
whole MMM. In addition to the filler volume fraction, another very important parameter
impacting on the relative permeability of mixed matrix membranes is the ratio of the
permeability coefficient of the dispersed to the continuous phase (P4 /P¢).

Figure 6-5 shows the variation of the relative effective permeability (Pe /Pc) as a function of the
ratio of the permeability coefficient of the dispersed to the continuous phase for three different
filler volumetric fractions for a spherical particle located at the centre of the repeatable cubical
unit element. The variation of the relative effective permeability follows a sigmoid-shape
variation with the ratio (Pq /P;) with amplitude that increases rapidly with the filler volume
fraction. When the permeability of the dispersed phase is smaller than the one of the continuous
phase, filler particles act as a barrier material and the permeant diffusion streamlines will partly
move away from the particles to preferentially diffuse through the polymeric continuous phase.
For lower values of the (Pq4/P.), the particles inhibits the permeation of penetrants across the

membrane.

Results of Figure 6-5 show that there is a steep increase in the relative effective permeability for
a dispersed to continuous permeability ratio between 1 and 10 and then increase more slowly to
attain a maximum increase in the relative effective permeability of the membrane at a dispersed
to continuous permeability ratio of approximately 100. For lower values (P4 /P.) lower than one,
the particles inhibit the permeation of penetrants across the membrane.
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Figure 6-5 Effect of the dispersed to the continuous permeability ratio (Pd/Pc) on the relative
permeability (Peff/Pc) of the membrane for one spherical particle centrally located at

the centre of a repeatable cubical element.

Figure 6-6 compares the calculated relative effective permeability of ideal MMMs containing
spherical and cubical fillers for two different ratios of Py4/P. as a function of the volumetric filler
content. Results of Figure 6-6 clearly show that relative permeability increases exponentially
with the filler volume fraction. In addition, for the same relative ratio of the dispersed to the
continuous phase, the relative effective permeability of the cubical and spherical particles is

identical up to a particle volume fraction of 0.4.
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Figure 6-6 Effect of the dispersed to continuous permeability ratio on the relative permeability of
the homogenously-dispersed mixed matrix membrane for cubical and spherical

particles.

Effect of the filler size

The effect of the size of the filler particles on the effective permeability of ideal MMMs was
investigated using a single cubical element and a homogenous dispersion of spherical particles
within the polymeric matrix. Results for different sizes of a single spherical particle and of
numerous dispersed smaller spherical particles are presented in Figure 6-7. Results clearly show
that it is not the size of the spherical particles that matters but rather the total dispersed phase
volume fraction. However, by increasing the size of the particles, the probability of particle-
particle interaction (e.g. agglomeration) increases in the case of homogeneous or random
dispersion which resulted in an important increase on the effective permeability of the membrane
especially at higher dispersed to continuous phase permeability ratios (P¢/P;). This observed
increase is due to the creation of highly permeable (low resistance) pathways inside the

membrane along the network of agglomerated particles. Results presented in Figure 6-7 are for
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non-interacting particles. The effective permeability of a mixed matrix membrane with a
homogenously dispersed particle is independent of the particle size and is identical to the
permeability of its repeatable element. However, potential non-ideality such as interface void,
rigidification and pore blockage may in practice affect the effective permeability of mixed matrix
membranes. It would be possible to investigate the effect of non-idealities provided they can be
quantified. Nevertheless, in this study the effect of non-ideality was not considered as it can be

neglected in many cases [11,20,21].
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Figure 6-7 Effect of the filler size on the relative permeability of mixed matrix membranes

Effect of the filler shape

The shape of the filler particle is another parameter which could affect the permeation properties
of MMMs. For each geometrical shape and orientation, there exists a maximum filler volume
fraction. To investigate the influence of the particle shape on the effective permeability of an
ideal mixed matrix membrane with homogenous dispersion of particles, different geometric

shapes such as cubical, spherical and cylindrical filler particles were used. Moreover, two
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different orientations of the cylindrical fillers (horizontal and vertical) were studied while it was
assumed that the diffusion and solubility coefficients were identical in all directions. In the
numerical solution by finite differences, the repeatable element consisted of a particle of the
desired geometry that was centrally located in a cubical polymeric matrix surrounding the

particle.

A series of simulations were performed for each particle shape over a wide range of filler volume
fraction with a constant dispersed to continuous phase permeability ratio of 500 (case 1 in Table
6-1). The calculated effective permeability obtained numerically for the different geometrical
shapes and filler volume fractions is presented in Figure 6-8. Simulation results show that the
effect of particle shape and orientation is not significant until a volumetric filler content reaches
approximately 0.4. Beyond this volumetric filler content, the difference in the effective
permeability for various particle shapes becomes more important. It appears that the cubical and
horizontal cylindrical particles have very similar effective permeability over a wide range of
volumetric filler content. Spherical particles are limited to smaller maximum dispersed phase
volume fraction and have slightly higher effective permeability values than the cubical and
horizontal cylindrical particles. Moreover, the relative effective permeability for the vertical
cylinder is significantly greater than the relative effective permeability of the horizontal
cylindrer. A large-size vertical cylinder provides a large surface areas, the two edges of the
cylinder, that are close to the surfaces of the membrane and a small diffusional pathway within
the polymeric membrane exists before the permeant can access the highly permeable dispersed
phase. As a result, a large permeation flux occurs through the vertical cylinder and the overall
permeation flux over the area of the membrane is significantly greater. For this reason, some
researchers have used carbon nanotubes as filler in mixed matrix membranes and have attempted

to align vertically embedded carbon nanotubes.



Chapter 6

100 —
] L 2 Sphere
. 0 Cube
. || Horizontal cylinder
A Vertical cylinder
| A
O
o
o 104 A
& -~
o] a
. ‘ ..
|
i A,
|
i : @ -
[ ]
of
1 f" —T T

0 0.2 0.4 0.6 0.8

Figure 6-8 Effect of the particle shape on the relative effective permeability of mixed matrix
membranes with a constant dispersed to continuous phase permeability ratio (Pd/Pc)
of 500 (case 1 in Table 6-1).

Effect of the membrane thickness and mesh independency

A series of numerical simulations were performed to validate the hypothesis that the
permeability of a repeatable unit element has an identical permeability of the entire membrane.
Mixed matrix membranes of different thicknesses were simulated for a constant filler volume
fraction of ¢=0.17 and with a cubical filler particle located at the centre of a cubical repeatable
unit element. In all simulation, a constant dispersed to continuous phase permeability ratio
(P4/Pc) of 500 (case 1 in Table 6-1). Results obtained confirmed that, as predicted by Eq. (6), the
effective permeability remained constant regardless of the thickness of the membrane. A thicker
membrane for an identical concentration driving force leads to an equal decrease in the
permeation flux such that the product JL in Eq. (6) remains unchanged. An additional series of
experiments were performed where a number of repeatable unit elements were stacked one on

top of the other to form a thick membrane. As expected, the effective permeability of the stack of
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repeatable unit elements had an identical effective permeability than a single repeatable unit
element. These results imply that it is possible and desirable solving the Fick’s second law of
diffusion for a section of the mixed matrix membrane provided that it is representative of all the

other sections of the membrane.

Most simulations by finite differences performed in this investigation were performed with 41
mesh points to discretize each the three dimensions of a repeatable cubical unit element. To
confirm that this number of mesh points was sufficient to accurately calculate the effective
permeability of mixed matrix membranes, the same problem was solved with three different
numbers of mesh points. Figure 6-9 presents the variation of the relative effective permeability
of the mixed matrix membrane as a function of the volumetric filler content for three different
number of mesh points. It is obvious that the discretization scheme used in this investigation is

sufficient and can predict accurately the effective membrane permeability.
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Figure 6-9 Effect of the discretization size or number of mesh points on the relative effective

permeability of mixed matrix membranes.
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Effect of the sorption isotherm

The solubility coefficient (or partition coefficient) is a representative parameter to relate the
equilibrium concentration of a permeant at the surface of a polymer or a particle to its equivalent
concentration in the bulk solution in contact with the membrane. So far, the proposed models for
the prediction of effective permeability of MMMs has been developed based on the assumption
of a linear sorption isotherm (Henry’s law) of the permeant in both polymer and particle
materials. This assumption is often valid for dense polymeric membranes as reported in various
investigations [22]. However, the large majority of filler materials are adsorbent particles and
they do not follow a Henry’s law isotherm except for very low concentrations. Over a wider
range of concentration, the adsorbent particles will follow a nonlinear isotherm where the
equilibrium bulk concentration is no longer a linear function of the liquid bulk concentration or
partial pressure in the case of a gas. As a result, for a nonlinear isotherm, the solubility

coefficient of each mesh point in the solution domain will have a different value.

To investigate the effect of nonlinearity for species sorption in the filler material, Langmuir
isotherm (Eq. (7)) was used in the numerical solution as the sorption mechanism of species in the
filler material. Consequently, an apparent solubility coefficient S;;« associated to each mesh
point corresponding to a particle was calculated using Eq. (8). The concentration profile was then
calculated iteratively while the solubility coefficient of each node within a filler particle was also

changing with the changing concentration until reaching the steady-state.

q,.bC
— m~ 7
f 1+bC 7
S = g = qmb (8)
C 1+bC

In Egs. (7) and (8), b is the microvoid affinity constant and represents the ratio of sorption and
desorption rate constants of the penetrant through the free space and qn is the Langmuir
maximum sorption capacity of component in the dispersed filler. Parameter b is a constant
related to the energy of adsorption and indicates the adsorption nature to be either unfavourable
(low b values) or favourable (high b values).
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With the presence of filler particles characterized with a nonlinear isotherm, the solubility
coefficient becomes a function of the concentration. A series of simulations as a function of the
feed solution concentration were performed to calculate the relative effective permeability of a
mixed matrix membrane with a homogenously dispersed spherical particles for three different
values of the Langmuir constant b for a fixed value of gy of 10. Results for a filler volume
fraction of 0.12 and a diffusion coefficient of 1x10™° (m%s) for the dispersed phase, are
presented in Figure 6-10. The relative effective permeability of the mixed matrix membrane
decreases when the isotherm changes from a favorable to a less favorable Langmuir isotherm.
Figure 6-10 also shows the decrease in the relative effective permeability with an increase in the
permeant feed concentration. As the feed concentration increases, the adsorbed concentration
becomes progressively saturated such that the average solubility as expressed by Eq. (8), will
decrease and, as a result, a decrease in the permeability of the filler material is observed. A
decrease in the permeability of the filler material leads to a decrease in the effective permeability

of the membrane.
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Figure 6-10 Effect of the sorption isotherm on the relative effective permeability of mixed matrix
membranes as a function of the permeant feed concentration and for three different

values of the Langmuir constant b with q,,=10.

The average solubility of MMMs was calculated numerically based on the actual isotherm of the
filler particle. In another work, Hashemifard et al. introduced an analytical solution based on the
Langmuir sorption isotherm, the Darken equation and the Fick’s second law of diffusion to
estimate the avarage solubilty coefficent of the penetrants in particles within the MMMs (Eqg.

(9)) [23].

:qc_mﬂn(ubc) ©)

The model proposed by Hashemifard et al. represents an average solubility coefficent of species
in the particles within the MMMs. The average solubility determined numerically for the entire
membrane was compared with the prediction of Hashemifard et al. Results of this comparison is

presented in Figure 6-11. The predictions of Hashemifard et al. model tend to overestimate the



Chapter 6

average solubility across the membrane. The difference between the average solubility coefficent

calculated with two methods increases with the value of Langmuir constant b.

4 This work (b=0.2)
B This work (b=1)
® This work (b=10)
— Hashemifard (b=0.2)
— Hashemifard (b=1)
—— Hashemifard (b=10)
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Figure 6-11 Comparison of the average solubility of the filler particle as a function of the permeant

feed concentration for three values of the Langmuir constant b with gm = 10.

Figure 6-12 presents the effect of the average solubility on the relative effective permeability of
MMMs for three different values of the Langmuir constant b. Results were obtained for a
maximum sorption capacity (qm=10), a filler volume fraction of 0.12 and for a spherical particle
located at the centre of a cubical unit element. Results show that the highest relative effective
permeability is obtained, as expected, for the highest average solubility which is obtained with
very favorable isotherm (high values of b). Since the relative effective permeability falls on the
same curve for all three values of b, it is really the effect of the average solubility that dictates

the effective permeability for a constant diffusion coefficient.
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Figure 6-12 Effect of the average solubility and Langmuir constant b on the relative effective
permeability of mixed matrix membranes for a filler particle having a Langmuir

isotherm (g, = 10).

Another parameter in the Langmuir isotherm is the maximimum adsorption capacity ¢m. To
investigate the influence of the particle sorption capacity on the effective permeability of the
membrane, two different values of the maximum sorption capacity (qr) for a Langmuir constant
b=0.2 was considered under the identical particle volume fraction of the spherical filler (¢ =
0.12). Results of Figure 6-13 indicate that the relative effective permeability of mixed matrix
membranes increases with an increase in the maximum sorption capacity of the filler for a given
penetrant. This increase was expected since the average solubility coefficient of the mixed matrix
membrane is higher. Results clearly show that increasing the value of b results in an increase in
the effective permeability of the membrane for less favorable isotherm. On the other hand, for
very favorable isotherms (larger values of b), the effective permeability becomes independent of
b and the difference in the effective permeability for the two drastically different values of

maximum adsorption capacity gn is very small. This difference would be higher for a higher
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filler volume fraction. It therefore desirable to have a filler particle having an isotherm that is

favorable with an acceptable adsorption capacity.
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Figure 6-13 Relative effective permeability as a function of the Langmuir constant b and the

maximum sorption capacity gm of mixed matrix membranes.

Conclusion

In this study, a 3D finite differences method was used to model the mass transport of a permeant
through ideal mixed matrix membranes comprised of a dispersion of filler particles embedded in
the matrix of a continuous phase. The numerical solution was used to investigate the influence of
the filler properties (filler volume fraction, size, shape and orientation, sorption isotherm), the
permeability ratio of the dispersed to the continuous phase, and membrane thickness. Results
showed that the effective permeability of mixed matrix membranes is a strong function of the
particle volume fraction and the ratio of the dispersed phase permeability to the continuous phase
permeability. In addition, results revealed that the filler size has no effect on the relative
permeability of a homogenous dispersion of particles in the matrix of the membrane. It was
shown that the effective permeability of a repeatable cubical unit element could be used to
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estimate the effective permeability of a mixed matrix membrane with homogenous dispersion of

the filler material. The shape of the filler particles such as cubical, spherical and cylindrical

particle had a negligible effect on the relative effective permeability of the membrane when the

particle volume fraction in the matrix of the membrane was less than 0.4. Results also showed

that the relative effective permeability of MMMs was higher for cylindrical particles with a

vertical orientation compared to horizontal cylinders under identical conditions. Finally,

numerical simulations revealed that the effective permeability of the mixed matrix membranes is

favoured with filler particles having a favorable isotherm (high b values) whereas the maximum

adsorption capacity gm leads to a large increase in the effective permeability for small values of b

but a relatively small increase for higher values of b.

Nomenclature

b Microvoid affinity constant (L/g)

C Concentration (g/L)

D Diffusion coefficient (m?/s)

J Permeate flux (g/m*h)

L Thickness of the membrane or repeatable unit element (m)
N Number of nodes in one Cartesian coordinate
P Permeability (m?/h))

q Amount adsorbed (g/L)

Om Langmuir maximum sorption capacity (g/L)
R Particle radius (m)

S Solubility coefficient ((g/L)/(g/L))

t Time (s)



At Time step (s)

¢ Volume fraction of the filler

T Dimensionless time

Subscripts

avg Average

C Continuous

d Dispersed

eff Effective

f Feed solution in contact with membrane
XY,z Direction of Cartesian coordinates
L, K Position of a discretization node

Superscripts

m Type of component
Abbreviations

AC Activated carbon

CNTs Carbon nanotubes

FD Finite differences

MMM Mixed matrix membrane
MOFs Metal organics frameworks
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Optimisation of the in-situ recovery of butanol from

ABE fermentation broth via pervaporation

Hoda Azimi, Handan Tezel and Jules Thibault*

Abstract

Butanol produced via the ABE fermentation is plagued with low final concentrations and low
yield. The selective removal of butanol from the fermentation broth by integrating a separation
process to the fermenter for the in situ recovery of butanol has been proposed by many
researchers. In this investigation, the integration of a membrane pervaporation separation process
with the continuous ABE fermentation system has been simulated and optimized using a genetic
algorithm. The ABE fermentation model proposed by Mulchandani and Volesky was used and a
multi-objective optimisation problem was defined to simultaneously maximize the butanol
productivity, the overall butanol concentration and the sugar conversion. The three objective
functions, if non-dominated, define the Pareto domain of the optimisation problem along with
the four decision variables, namely the dilution rate, the feed sugar concentration, the cell
retention factor and the membrane surface area. The optimal solutions of the integrated process
for two different pervaporation membrane models were compared to the stand-alone continuous
fermentation. By adding an in situ separation system to the continuous ABE fermentation, the
optimal butanol productivity and overall butanol concentration increased by approximately 300%
compared to those of the non-integrated fermenter. Furthermore, the sugar conversion increased.

Keywords: ABE fermentation; butanol; optimisation; Pervaporation; plate-and-frame membrane

module

Introduction

The biological production of butanol from renewable resources via the acetone-butanol-ethanol
(ABE) fermentation process has attracted significant interest in the last decades because this
alcohol is considered to have numerous advantages favouring its use as a biofuel [1-6]. Butanol
is seen as an ideal candidate for the partial replacement of gasoline because it can be used in cars

without engine modifications and can use existing distribution infrastructure. However, to make



Chapter 7

the biological production of butanol an economically-viable biofuel, some important challenges
need to be resolved: low final butanol concentration, low yield, and low productivity. One way to
overcome these challenges is to find a more efficient bioconversion of cellulose and
hemicellulose to butanol. On the biological side, some researchers are examining potential
genetic modifications of microorganisms, especially Clostridia species, to increase the yield of
butanol, increase their tolerance to fermentation products and, most importantly butanol, to
reduce or eliminate the formation of the other co-products such as acetone and ethanol. On the
process engineering aspects, many researchers have suggested to partly remove butanol from the
fermenter during the fermentation process to reduce its toxic effect, which will allow a greater
utilization of fermentable sugars and will increase the final butanol concentration and
productivity [7]. Some of the separation methods that could be integrated to the fermenter for the
in situ recovery of butanol are: vacuum fermentation [8,9], adsorption [10], gas-stripping [11],
liquid-liquid extraction (LLE) [12], perstraction [13], reverse osmosis (RO) [14] and
pervaporation (PV) [15]. Among these separation processes, pervaporation, a membrane based
process, has been suggested as a very enviable process for the in-situ removal of butanol from
ABE fermentation broths [16] due to its numerous advantages. However, to introduce
pervaporation as a successful separation process at an industrial scale, it is paramount to develop
membranes with high selectivity and permeability for butanol in addition to have excellent
physical robustness. At the same time, it is important to operate the overall process at the optimal
operating conditions.

A wide variety of polymers have been studied with the objective to improve the butanol
pervaporation separation from ABE fermentation: styrene butadiene rubber (SBR) [17], ethylene
propylene diene rubber (EPDM) [18], polytetrafluoroethylene (PTFE) [19], polypropylene (PP)
[20], polyurethane (polyether based) (PUR) [21], polyether block-amide (PEBA) [22], poly
(vinylidinedifluoride) (PVDF) [23], poly (methoxy siloxane) (PMS) [24], poly
(dimethylsiloxane) (PDMS) [25,26], poly (1-(trimethylsilyl)-1-propyne) (PTMSP) [27] and
polyamide-imide (PAI) containing cyclodextrin (CD) [28]. Among all these membranes, PDMS
membranes stand out for their higher performance for butanol pervaporation separation, for their

higher permeation flux and selectivity [29-32].
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While numerous studies have attempted to improve the performances of membranes and to
determine the effects of the main operating conditions on the pervaporation separation of butanol
[15,30,32-34], investigations aiming at optimizing the butanol fermentation process at an
industrial scale with and without the integration of an in situ butanol recovery process are very
scarce. The main focus of the present investigation is to perform the multi-objective optimisation
of the continuous ABE fermentation integrated with a membrane pervaporation separation
process and to compare the performance enhancement with the optimal stand-alone continuous
fermentation. For the integrated pervaporation process, literature data for the
polydimethylsiloxane (PDMS) membranes were used to establish the pervaporation process
simulator [15,35,36]. The kinetic ABE fermentation model for ABE fermentation using
Clostridium acetobutylicum used in this investigation was the one proposed by Mulchandani and
Volesky [37].

This paper is divided as follows. The main equations that were used for the simulation of the
overall integrated process are first presented with an emphasis on the pervaporation models. Two
scenarios are presented: 1) a simple membrane pervaporation scenario and 2) a more
comprehensive membrane pervaporation scenario. The definition of the optimisation problem for
the fermentation system with and without the integration of an in situ butanol recovery unit is
presented next. Results of the optimisation studies for the fermentation without a pervaporation
membrane separation unit and of the fermentation integrated with a pervaporation membrane
separation unit, using two different approaches, are compared and discussed. Then, a general

discussion on the fermentation model is presented before providing the main conclusions.
Development of the simulation model

The hybrid fermentation-pervaporation process that was simulated and optimized in this
investigation is presented schematically on Figure 7-1. This process is comprised of a continuous
fermenter, a microfiltration unit and a membrane pervaporation system. Given a set of input
operating conditions for the overall process, the system of equations describing the different
parts of the process is solved as a function of time until steady state conditions are achieved. The
main input conditions to the process, referred here as decisions variables in the optimisation
problem, are the fermenter dilution rate, the sugar concentration of the input stream, the cell
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retention factor and the membrane area of the pervaporation unit. A set of stream and component
mass balances were performed based on the block flow diagram of Figure 7-1. The species
considered in this investigation were acetone, acetic acid, butanol, butyric acid, ethanol,
microorganism and glucose and water. The complete set of mass balances is presented in

Appendix | of this paper.
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Figure 7-1 A simplified schematic diagram of a fermentation system integrated with microfiltration

unit and membrane pervaporation separation process.

In this process, the feed continuously enters the fermenter at a constant flow rate and with a
constant sugar concentration. The volume of the fermenter was set constant at 400 m®. A set of
initial concentrations were given for all species inside the fermenter but, most importantly, an
initial concentration of the microorganism. The kinetic microbial reactions taking place inside
the fermenter were the ones proposed by Mulchandani and Volesky [33]. Their model, widely
used in the literature, considered the carbon substrate limitation as well as butanol and butyric
acid inhibition while assuming that acetone was not toxic to the microorganisms. This model
calculates the solvent production (acetone, butanol, and ethanol), the production of butyric acid
and acetic acid, the formation of biomass, and the consumption of sugars while keeping the
bacterial microorganism as Clostridium acetobutylicum in the fermenter. To achieve steady state,
it is necessary to resolve the overall mass balance by removing the same quantity of material

through Streams 5, 8, 10 and 12 as the one entering into the process in Stream 1.
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In a continuous operation, Stream 2 is removed from the fermenter at 15 times of the input flow
rate to the fermenter (Stream 1) and is sent to the microfiltration membrane unit where half of
the cell-free flow rate passes through the membrane to form Stream 3. It would also be possible
to calculate, using a membrane microfiltration membrane model, the permeate flux of the
microfiltration separation process given process operating parameters or to calculate the design
and operating parameters for a given permeate flow rate [38-40]. The retentate stream (Stream
7) has the same cell-free concentration of all components as Streams 2 and 3 but contains all the
microorganism cells of Stream 2. A large portion of Stream 7 is returned to the fermenter
through Stream 9 and the remaining portion is purged and sent to the separation train (Stream 8).
The objective of the microfiltration is to maintain an optimal microorganism concentration inside
the fermenter and to have a cell-free stream sent to the pervaporation separation unit (Stream 3).
The purge stream has the advantage of keeping an optimal amount of biomass cells in the
fermenter to prevent the washout phenomenon, while removing enough cells to maintain the
steady state conditions within the fermenter. Moreover, the purge stream contributes to maintain
metabolites, not removed through the product recovery system, at a level below an inhibitory
level [41]. Stream 3 is then sent to the membrane pervaporation unit. Depending on the area of
the membrane, the stream temperature, the concentration of each component and the membrane
permeability for each component, a portion of the Stream 3 permeates through the pervaporation
membrane to form Stream 4 at the permeate side of the membrane, where it was kept under a
very low pressure (assumed near zero). Stream 4 is condensed to mainly give Stream 5, which
normally contains much higher concentration of ABE solvents than Stream 3. A very small
quantity of Stream 4 may escape through the vacuum pump (Stream 10) depending on the
temperature of the cold trap and the residence time within the cold trap. In this investigation, it
was assumed that 1% of Stream 4 ended up in Stream 10. Stream 5 is then sent to the separation
train. The majority of the retentate of the membrane pervaporation unit (Stream 6) is returned to
the fermenter. The other fraction, Stream 12, is purged and served to maintain, along with

Stream 5, a constant mass balance of the overall process.
Pervaporation stage

Plate-and-frame membrane modules have been chosen for the visualized pervaporation

separation system since the permeation data of flat sheets of polydimethylsiloxane (PDMS)
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membranes has been used to optimize the integrated fermentation process. Plate-and-frame
membrane modules are a common type of modules which have been used in industry for their
ability to scale up. In the pervaporation separation method, the membrane performance is defined
by key membrane parameters such as the separation factor for each component and the
permeation flux or the permeability of each component through the membrane [42-44]. As a
result, obtaining the values of these parameters experimentally for the separation via
pervaporation of the ABE components using a flat PDMS membrane is essential for the proper

design of the pervaporation separation unit.

Two different case studies for the pervaporation membrane system were considered for the ABE
fermentation coupled with a pervaporation separation unit. The first case study uses a simple
permeation model where literature values of experimental separation factors for acetone, butanol,
ethanol, and water as well as the average total permeation flux of each component were used in
the pervaporation process simulations [36]. From this data, it was not possible to calculate the
permeability of each component because the thickness of the membrane was not reported. The
flux and separation factors are given in Table 7-1 and they were assumed to be constant. For this
scenario, the separation of butyric acid and acetic acid were considered to be negligible. In
addition, fouling effects were not considered. With these parameters and the area of the PDMS
pervaporation membrane, it was possible to calculate the composition of each component in the

permeate stream (Stream 4) given the composition of Stream 3.
Table 7-1 Pervaporation PDMS membrane performance parameters used for the first case study.

Total Flux Separation factor

(kg/m?.h)
0.993 [36]

Acetone Butanol Ethanol Water

27.78 16.56 7.15 0.044

The first case study strictly used the limited information from the literature from Wu et al. [36]
such that the effect of the initial temperature, the change in temperature and the composition

along the length of the membrane was not taken into account.

In the second case study, the mass and heat transfer are considered in the pervaporation

separation process and optimized along with all the other operating conditions of the integrated
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fermentation process. Appendix Il of this paper provides the set of equations and permeability
values that were used to simulate the more comprehensive pervaporation unit. In this more
realistic scenario, the overall process remains the same except that the membrane pervaporation
module is modified as indicated in Figure 7-2. The permeate output stream of the microfiltration
membrane module is heated to the desired temperature prior to entering the first series of
pervaporation modules in order to enhance the permeability of each component. As the stream
flows through the membrane module, components migrate to the permeate side depending on the
overall mass transfer and their respective permeability. Since the components vaporize due to the
very low pressure on the permeate side, the heat of vaporization needs to be provided by the
retentate stream such that its temperature decreases progressively as it flows through the
pervaporation module. At one point, the stream needs to be reheated to increase the
pervaporation rate and then sent to another pervaporation module for additional solvent removal.
In Figure 7-2, three such modules in series with inter-module heaters and heat integration are
shown. The optimisation of this process requires deciding on the number of parallel
pervaporation modules, here referred as stacked pervaporation modules, and the number of
stacked modules in series with their associated heat exchangers.

Pervaporation loop 10

»-
L

Vacuum pump

Purge

11
Refrigeration ABE solvent separation

N 5 train
Starch, water and nutrient

CO, emissions

Heat exchanger Heat exchanger

Heat exchanger

Mixing tank
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Nitrogen ggs ————————————P|
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Figure 7-2 Schematic of a continuous fermenter coupled with a series of stacked pervaporation
membrane modules used for the in situ recovery of ABE solvents.
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Multi-objective Optimization

The optimisation of a continuous fermentation process coupled with a membrane pervaporation
separation unit was performed for the two case studies described in the previous section. The
optimisation results of these two case studies will be compared to the optimal results obtained for

of a continuous fermenter without the integrated pervaporation separation unit.

To optimize a process, the optimisation problem first needs to be formulated. In particular, it is
necessary to define the objective functions to be optimized. In this investigation, it was desired to
maximize three objective functions simultaneously: (1) the butanol productivity, (2) the average
butanol output concentration, and (3) the sugar conversion. These three variables, as defined in
Table 7-2, are the outputs of the optimisation problem. It is now required to select process
variables that can be modified to lead to the best compromise between the three objective
functions. These variables are called decision variables and, in this investigation, the following
process variables were chosen: (1) the feed dilution rate or the input flow rate (Stream 1), (2) the
sugar concentration of the input stream, (3) the cell retention factor to control the microorganism
inside the fermenter, and (4) the total membrane area. These three objective functions and four
decision variables were used for the optimisation for Scenario 1. Table 7-2 lists the three
objective functions with their calculations and the four decision variables with their feasible
selection range. For the fermentation without the incorporation of a membrane pervaporation
unit, the same three objective functions were used along with the first three decision variables,
which are identical to Scenario 1 except that the pervaporation membrane area was set to zero.
For Scenario 2 of the integrated system, the same objective functions were used while the fourth
decision variable, i.e. the membrane area, was replaced by two decision variables: (1) the number
of membrane units stacked in parallel and (2) the number of stacked modules in series. With the
information of these last two decision variables, it was possible to calculate the total membrane
area. At the exit of each stacked module, except for the final module, the exit stream temperature
was raised to the desired module inlet temperature prior to entering the next stacked module,

using an inter-module heat exchanger.

To solve the optimisation problem, a genetic algorithm was used. In this investigation, the Dual
Population Evolutionary Algorithm (DPEA) was used [45]. For the first generation, a set of
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random values of the decision variables are selected within their feasible ranges and used to
perform the simulation of the whole system until steady state is achieved. Upon achieving steady
state, the three objective functions are calculated. This procedure is performed as many times as
required to obtain the desired number of individuals in the population. In this study, a population
of 3000 individuals was used. When the first generation of the population is complete, the
objective functions of each individual in the population are compared to the objectives of all the
other individuals to determine the number of times a solution is dominated. A point or solution is
said to be dominated if another solution within the population is better for all three objective
functions. All non-dominated points and a fraction of the least dominated points are kept as
parents for the next generation. For all subsequent generations, two parents from the previous
generations are used to give rise to a new individual using crossover and mutation operators.
This procedure is performed to reach once more the total population size, and this procedure is
repeated for many generations until the desired number of points in the population represents
non-dominated points. With this procedure, a good approximation of the Pareto domain is

obtained, which only contains non-dominated points.

The Pareto domain was obtained without any bias or preferences from the decision maker. The
next step is to rank all points in the Pareto domain based on the preferences of an expert or
decision maker. In this investigation, the Net Flow method was used [46]. This method uses four
parameters to rank the whole Pareto domain, namely the relative weights of the three objective
functions and three threshold values for each objective function: the indifference threshold, the
preference threshold and the veto threshold.
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Table 7-2 Definition of objective functions and decision variables with their lower and upper

bounds

Objective functions

Parameter Definition
B

utanol productivity, (kg/m°.h) 1
MW

(CBS I:5 + CBS F8 + CBlZ I:12 )

Butanol concentration, (kg/m®)

MWB (CBS FS + CBS FS + CBlZ FlZ ) / I:l

Sugar conversion 1-((CgsFs +CssFs +CsoF ) F)

Dilution rate (h™
() % 0.01<D. <20
o ) Sugar feed concentration (kg/m®) S, 5<S,<150
Decision variables . .
Biomass retention factor, og.1» K 01l<a . <1
(m3.h/m3.h) F+F, 27
Membrane area (m?) A 10< A<80000

Result and discussion

The Pareto domain for the fermentation with and without the pervaporation separation process
containing 3000 Pareto-optimal solutions was ranked with the Net Flow method. The Net Flow
method relative weights and the three thresholds values for each objective function are given in
Table 7-3. Figure 7-3 presents the plots of the objective functions and the decision variables for
the fermentation system without the integration of a pervaporation separation module. The
Pareto domain is plotted for four different regions: (1) the best solution (light green point); (2)
the first best 5% (red points); (3) the next best 45% (blue points), and (4) the remaining 50%
(black points).

Table 7-3 Net Flow Method parameters used to rank Pareto-optimal solutions.

eriad eld e 10 e O10
Indifference  Preference Veto
Productivity 0.4 1.0 2.0 4.0
Concentration 0.3 1.0 2.0 4.0
Sugar conversion 0.3 0.02 0.04 0.08

Figure 7-3a presents the plot of the sugar conversion versus the butanol productivity whereas
Figure 7-3b shows the plot of the average output butanol concentration versus the butanol
productivity. The best ranked solution is located at a butanol productivity of 4.63 (kg. m*.h™), an

average butanol concentration of 9.67 (kg.m™®) and a sugar conversion of 83%. Figure 7-3b
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clearly shows the compromise that exists between the average butanol concentration and the
butanol productivity as an increase of one objective leads to the decrease of the other. A similar
compromise exists between sugar conversion and butanol productivity as shown in Figure 7-3a
where to increase the butanol productivity, it is necessary to accept a decrease in the conversion
of sugar. As the three objective functions need to be maximized, a trade-off between them needs
to prevail and this is how the optimal solution was obtained via the Net Flow ranking algorithm.
Two of the associated decision variables, the dilution rate and the feed sugar concentration, are
plotted in Figure 7-3c. The best ranked solution shows that the optimal trade-off was obtained for
a feed sugar concentration of 61 (kg.m™) and a dilution rate of 0.48 (h™). The third decision
variable, the cell retention factor, was constant at its lower limit of 0.1. This optimisation
algorithm attempts to keep the cell retention factor as low as possible to have a higher steady-
state amount of microorganisms inside the fermenter to produce more butanol. The lower limit
was imposed to make sure the microorganism renewal occurs and some other metabolites that
could be toxic to the microorganism are purged. The latter could also be achieved through the
purge of Stream 12.
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Figure 7-3 Plot of the objectives and decision variables for continuous fermentation without the in-
situ membrane pervaporation recovery unit: (a) Sugar conversion versus butanol
productivity, (b) Average butanol concentration versus butanol productivity, and (c)

Feed sugar concentration versus dilution rate.

Results of the optimisation for the continuous fermentation integrated with a pervaporation
membrane module (Scenario 1) are presented in Figure 7-4. The plot of the sugar conversion
versus the butanol productivity is shown in Figure 7-4a, whereas Figure 7-4b shows the plot of
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the average output butanol concentration versus the butanol productivity. When compared to the
fermentation without a pervaporation membrane module, the sugar conversion increased from
83% to 96%, the butanol productivity increased from 4.63 to 13.39 (kg m>h™) and the average
output butanol concentration increased from 9.67 to 29.83 (kg m™®). It is clear that the addition of
a pervaporation membrane module increased the performance of the butanol production process
drastically. This enhanced performance was obviously obtained at the expense of a large total
membrane area (39520 m?) as can be observed in Figure 7-4d, where the membrane area is
plotted as a function of the dilution rate. Again, the trade-off occurring in the three objective
functions is clearly shown in Figure 7-4a and 7-4b. For example, the highest butanol productivity
is achieved when the average butanol concentration and the sugar concentration are at their
lowest values. On the other hand, to obtain the highest average butanol concentration and sugar
conversion, the butanol productivity would be at its lowest value.

Three of the decision variables for the integrated fermentation process (Scenario 1) are plotted in
Figure 7-4c and 7-4d. The dilution rate decreased slightly from 0.48 to 0.45 (h™*) as compared to
the fermentation without integrating a pervaporation membrane separation unit. The cell
retention factor was equal to its lower limiting value of 0.10 as it was the case for the

fermentation process without the pervaporation membrane module.



Sugar Conversion

Feed Sugar Concentration (kg m=)

0.9
0.8
0.7
0.6 — .
® First 5%
1 @ Next 45%
® Last 50% (a)
0.5 . , ‘ -
1] 10 20 30
Bu Productivity (kg m? h)
160
-
i s ® First 5%
@® Next 45%
(c) ® Last 50%
Bo T | T | T ‘ T I T
(] 0.4 0.8 1.2 1.6 2

Dilution Rate (h™)

Total Membrane Area (m?)

Bu Concentration (kg m?)
]
|

Chapter 7

50

)
=)
|

10

® First 5%
® Next 45%
® Last 50%

10 20

Bu Productivity (kg m? h)

80000 —{

® First 5%
® Next 45%
® Last 50%

L

(d)

T 'I T " 1 [ T
0.8 1.2
Dilution Rate (h)

T T
1.6 2

Figure 7-4 Plots of the objective and decision variables for the continuous fermentation with the in-

situ recovery using membrane pervaporation for Scenario 1: (a) Sugar conversion

versus butanol

productivity, (b) Average butanol concentration versus butanol

productivity, (c) Feed sugar concentration versus dilution rate. (d) Total membrane area

versus dilution rate.

In Scenario 1, the permeation of ABE solvents and water through the membrane was calculated

using a constant total permeation flux per unit membrane surface area and a constant selectivity

for each component. In reality, the permeation flux is a function of the permeation of each

component, which is in turn function of their individual permeability and temperature. The
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stream temperature on the retentate side of the membrane will progressively decrease since it
must supply the latent heat of vaporisation for the permeated species. A decrease in the stream
temperature leads to a decrease in the permeation flux of each species. In the optimisation
procedure for Scenario 2, it was assumed that a membrane unit consists of the superposition of
40 flat plate PDMS membranes of 0.5 m by 0.5 m surface area for a total of 10 m? per membrane
unit. The fourth and fifth decision variables were defined as the number of the total membrane
pervaporation units in parallel and in series, respectively. A schematic diagram of the

pervaporation system used in Scenario 2 is illustrated in Figure 7-5.

[ X X }
—_— [ X X}
F3 bp [ ] — e [ ]

° ° [ X X }
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N———
o000
L —l
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Figure 7-5 Schematic diagram of the membrane pervaporation separation system. Each unit
consists of 40 flat membranes (0.5 m x 0.5 m). A number of units in parallel and in
series, as decision variables, are shown with an inter-module heat exchanger between

units in series. Only the stream on the retentate side is shown.

Results of the optimisation of Scenario 2 for the continuous fermentation integrated with
multiple pervaporation membrane units in parallel and in series are shown in in Figure 7-6.
Figure 7-6a shows the plot of the sugar conversion as a function of the butanol productivity
where the best ranked solution has a productivity of 12.7 (kg. m>h™) associated with a sugar

conversion of 93%. This butanol productivity is 4.85% less than the value achieved in Scenario



Chapter 7

1. In addition, the sugar conversion decreased from 96% to 93% in comparison with the simple
pervaporation model. Figure 7-6b presents the plot of the average output butanol concentration
as a function of the butanol productivity. Compared to Scenario 1, the average output butanol
concentration of Scenario 2 is essentially the same with a small decrease from 29.8 to 28.6 (kg m’
%). As for the other cases, an increase in the butanol productivity is associated with a decrease in

the average butanol concentration and the sugar conversion.

Figure 7-6¢ and 7-6d present the plots of the feed sugar concentration and the total membrane
area as a function of the dilution rate. The total membrane area for the best ranked solutions 8200
m® which is significantly less than the area obtained in Scenario 1 with a value of nearly 40000
m?. The significant decrease in the membrane area is due to the higher permeability of the
species at higher temperature and, as a result, a much higher permeation flow rate was achieved.
To obtain this total area for the best ranked solution, a total of 10 modules in series composed of
82 stacked parallel units were required along with their associated heat exchangers. In the end,
the three objective functions are essentially the same for both membrane pervaporation
scenarios. Scenario 2 is more realistic as it takes the effect of the stream hydrodynamics,

individual permeability and temperature into consideration.

The dilution rates for both scenarios were essentially the same. The minimum cell retention
factor was increased to 0.2 for Scenario 2 compared to 0.1 for Scenario 1. The higher minimum
value was necessary to maintain the cell concentration to a reasonable value. Since the
permeation flowrate (F4) was significantly higher than for Scenario 1, flowrates of Streams 8 and
12 were lower and a higher cell retention factor was required to limit the cell concentration

inside the fermenter.
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Figure 7-6 Plot of the objective and decision variables for the continuous fermentation with the in-
situ recovery using membrane pervaporation for Scenario 2. (a) Sugar conversion versus
butanol productivity, (b) Butanol concentration versus butanol productivity, (c) Feed

sugar concentration versus dilution rate, (d) Total membrane area versus dilution rate.

Table 7-4 presents the summary of the results for three case studies at steady state for the best
ranked solution: the final concentration of the components in the fermenter, the values of the
decision variables and the values of the objectives. These results indicate that the concentration
of the cellular biomass increased in the fermenter when fermentation is integrated with a

membrane pervaporation process. The use of a pervaporation membrane allows to remove a
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fraction of the butanol that is produced and to reduce product inhibition. The reduction in
production inhibition allows to have a higher feed sugar concentration and to convert a greater
amount of sugar, resulting in a higher butanol productivity and higher average butanol
concentration. Moreover, the concentration of the intermediate products such as acetic acid and
butyric acid reached a relatively small value in the fermenter for Scenario 2 when compared to

the other case studies.

Table 7-4 Summary of the steady state concentrations inside the fermenter, values of the decision

variables and the objective functions under optimal conditions for the three case studies.

O egdraled
ernario ernario
O pOone v c allo
Concentration in fermenter (kg/m°)
Acetone 5.64 2.45 2.72
Acetic acid 2.10 5.88 0.70
Butanol 9.68 6.54 11.94
Butyric acid 2.00 5.61 1.64
Ethanol 7.25 0.76 0.20
Sugar 10.29 7.30 52.38
Biomass 14.74 52.62 94.55
Decision variables
Dilution rate (h™) 0.48 0.45 0.45
Sugar feed concentration (kg/m°) 60.96 150 118.60
O etgion factor, as 0.1 0.1 0.2
Membrane area (m?) - 39520 8200
Number of stacks - - 82
Number of modules - - 10
Objective functions

Butanol productivity, (kg/m>.h) 4.63 13.39 12.74
Butanol concentration, (kg/m®) 9.67 29.83 28.60
Sugar conversion 83% 96% 93%

The model of Mulchandani and Volesky [37] takes into consideration the inhibition effect of the
combined concentration of butanol and butyric acid such that the fermentation will cease when
the combined concentration reaches 13.9 kg/m®. However, the fermentation model does not
consider a limitation to the concentration of cellular biomass such that it is possible to reach

unfeasible concentrations. The cellular biomass concentration can be controlled by manipulating
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the cellular retention factor (as-12). In the optimisation for all case studies, the cell retention
factor converged to its minimum set values, which were 0.1 for the fermentation without a
membrane pervaporation process and the fermentation with the integration of a pervaporation
unit (Scenario 1) whereas a limiting lower value of 0.2 was used for Scenario 2. To examine the
impact of the cell retention factor on the three objectives and the steady state biomass
concentration in the fermenter for the best ranked solutions for the three case studies, a series of
optimisation studies were performed for different values of the minimum cell retention factor.
Results are presented in Figure 7-7. It is shown that the butanol productivity (Figure 7-7a) and
the cellular biomass concentration (Figure 7-7d) decreases exponentially as the cell retention
factor is increased. For Scenario 2 of the fermentation system with the integration of a membrane
pervaporation process, the biomass concentration reaches physically unrealistic values at lower
values of the cell retention factor and it is the reason why the lower limiting value for Scenario 2
was set at 0.2. The average butanol concentration (Figure 7-7b) remains essentially constant for
the whole range of the cell retention factor. The sugar conversion (Figure 7-7¢) remain
essentially constant as a function of the cell retention factor for the two cases studies for the
fermentation with the integration of a membrane pervaporation process whereas the sugar
conversion increases with the cell retention factor for the fermentation without a membrane
pervaporation process. These results point to the necessity to adapt the fermentation model to
realistically determine the impact of the cell concentration on the rate of production and
consumption of all species in the fermenter. This can only be done with a well-planned series of

fermentation with cell recycling with and without a membrane pervaporation process.



50
[ .
® Pure Fermentation
® Scenario1
40 i
= ® Scenario 2
)
E i
=
o 3,
2
= ®
2
22 |®
S °
- ]
BE_ ° ® °
10 | Y °
* [ J
@ °* e .
0
004 008 012 0.16 0.2 024 0.28
Cell Retention factor o
1
le .
0.95 ® A L
° ™ ° ™ o
c ®
© 09 ®
o
o ]
2
S 0.85 L
(@]
= | o
S
3 0.8
(7]
® Pure Fermentation
075 | g )
[ Scenario 1
] ® Scenario 2
(c)
0.7 ‘
0.04 0.08 012 0.16 0.2 024 0.28

Cell Retention factor o

Chapter 7

35
a
£ e
30
£01e ¢ g 38 ¢
c [ J ®
°
e
gzs
c
d, N : Y
Q ® Pure Fermentation
S 20 .
3 ® Scenario1
e 7 @ Scenario 2
15
et
-
m
gw ° ° ° ®
c>) | ®
b
] (b)
004 008 012 0.16 0.2 024 0.28
Cell Retention factor o
400
[ o
® Pure Fermentation
;’; ) ® Scenario1
5 [ ] Scenario 2
& 300
c
e
e
£
S 200 |
Q
2 [
<)
S ]
wn
g [ ]
g 100 ® PY
2 O
m
° o Y e (d
0 hd e ® !‘ )
0.04 008 012 0.16 0.2 0.24 0.28

Cell Retention factor o

Figure 7-7 Plots showing the impact of the cell retention factor on the (a) productivity, (b) overall

butanol concentration, (c) sugar conversion and (d) biomass concentration in the

fermenter for the best ranked solution for the non-integrated fermentation, Scenarios 1

and 2.

Conclusion

The simulation and the multi-objective optimisation of the ABE continuous fermentation process

integrated with and without a membrane pervaporation in-situ recovery process was performed

to determine optimal steady state solution. The investigation was performed for three different
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case studies, including the non-integrated fermentation process and two scenarios of an
integrated fermentation process with a membrane pervaporation unit with a different level of
complexity. The optimal solution of the integrated process was compared with the stand-alone
continuous fermentation. By adding an in situ separation system to the continuous ABE
fermentation, the productivity, the overall concentration and the sugar conversion have
significantly increased. Moreover, the results of the integrated fermentation systems showed that
the average total area of the membrane decreased when the pervaporation system changed from a
unit membrane module to a multiple membrane modules system. Results also revealed that the
cell retention factor has an important effect in the optimisation process and it should be
controlled. This is due to the tendency of the optimisation algorithm to keep this value as low as
possible to have a higher population of microorganisms inside the fermenter to produce more
butanol. It would be important to perform a comprehensive fermentation study with cell recycle,
with and without the integration of a membrane pervaporation process, to gather reliable data

that would allow adapting the fermentation model.

Nomenclature
a Activity
Membrane area (m%)
As Flow area (m?)
C/ s Concentration of the ABE fermentation components (moI/m3)
Co Specific molar heat capacity (J/mol.K)
dn Hydraulic diameter (m)
D Mass diffusivity (m?/s)
De Dilution rate for feed stream (h™)
Dijj Inter-diffusion coefficient in an infinitely-dilute solution (m?/s)
E Activation energy of permeation (kJ/mol)
Fi...F1, Flow rate of stream 1 to 12 (kmol/h)
J Permeation flux (kmol/m?.h)
Kp Mass transfer coefficient (m/s)

Im Membrane thickness (m)
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Greek symbols
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4
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P
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Subscripts

Length of the membrane module (m)
Molecular weight (kg/mol)
Pressure (kPa)

Permeability (mol/m.s)

Flow (mol/h)

Universal gas constant (J/mol K)
Mass transfer resistance
Reynolds number

Sugar feed concentration (kg/m°)
Schmidt number

Sherwood number

Temperature (K)

Volume (m°)

Molar volume of solute (m*mol)

Fraction of Stream 2 passing through the microfiltration
Fraction of Stream 4 exiting in Stream 10

Cell retention factor

Activity coefficient

Water viscosity (N s/m?)

Dynamic viscosity (Pa.s)

Velocity (m/s)

Density (kg/m°)

Molar density (kmol/m®)

Bulk
Butanol
Boundary
Feed

Index of components

Chapter 7



sel

tot
Superscripts
ref

sat

0

Abbreviations

ABE
EPDM
LLE
PAI
PAN
PDMS
PE
PEBA
PMS
PP
PTFE

References

Membrane
Element number
Permeate

Sugar

Selective

Total

Reference
Saturation

Saturated

Acetone-Butanol-Ethanol
Ethylene propylene diene rubber
Liquid-liquid extraction
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Polyacrylonitrile
Polydimethylsiloxane
Polyethylene
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Polypropylene

Polytetrafluoroethylene
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Appendix |

Stream and component mass balances for the fermentation process
integrated with a membrane pervaporation system

This appendix describes the procedure used to perform stream and component mass balances
for the integrated fermentation process (Table I-1). Eight components are considered in these
mass balance models. Each component is designated with an index i as follows: 1=Acetone,
2=Acetic acid, 3=Butanol, 4=Butyric acid, 5=Ethanol, 6=Sugar, 7=Biomass, 8=Water). The
fraction of stream F, flowing through the microfiltration membrane is defined by a3 and is

equal to 0.5. Finally, the cell retention factor ¢, ,, =F,/(F, +F,)is a decision variable that

will be determined via the optimisation algorithm.
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Table 1-1 Description of the stream and component mass balances.

Stream Calculation Concentration
F1 DV C,oand C, are given; C,, =0 fori=1-57
Fermenter - C., calculated by kinetic reaction model
F 15F, C,=C, Vie[18]
Fs a,F, C,;=C,, Vie[1-6,8] and C,, =0
Fa Calculated from pervaporation model
C ,F,-C ,F
Fs (1—054710)F4 Ci,s _ 4’4 i,10° 10
FS
C.F-C,F
Fo F,-F, C,= i3’ 3 Ti4 4
i F6
F,xC
= F,-F, C.,=C, Vie[1l-6,8] and C,, =2 = 7.2
3
Fs F=a,, X( R -K - FlO) Ce=C;, Vie [1’ 8]
Fo F, -F C,=C,, Vie[18]
C.o =0 fori=2,4,6,7
C. =0.45C,,
e . C,0 =0.2C,,
1 a0 C5,10 =0.35C;,
C - Pot _(Cl,lO MW, +C; ,,MW; +C; 4 M\Ns)
8,10 MW8
F11 Fe — Flz Ci,ll = Ci,ﬁ VI S [1, 8]
F12 (1_0‘8712)X( F-FK - FlO) Cn=Cy Vie [11 8]
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Appendix I

Set of equations for the pervaporation model of Scenario 2

In this appendix the set of equations which have been used for the pervaporation model of
Scenario 2 is presented. Figure 11-1 shows the basic diagram of a plate-and-frame pervaporation
module. In this study, the length of the membrane in the direction of the flow was divided into a
number of discrete elements. It was assumed that the mass transfer driving force through these
discrete elements is proportional to the difference between activities of permeate and feed side

and the component properties remain constant.

< >

~— ta

S= Wp

Figure 11-1 Basic diagram of the flat pervaporation membrane module used in this study.

Permeate and retentate streams exiting the pervaporation module were calculated based on the
permeability of each component through the PDMS membranes. The values of the permeability

of the four compound of interest, obtained from the literature, are presented in Table [35].

Table 11-1 Pervaporation PDMS membrane performance parameters used for the first case of study.

Permeability (mol/m.s) Ref
Acetone Butanol Ethanol Water [35]
5.18x10%  2.26x107  2.00x107  1.68x10°
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In this investigation, the number of pervaporation units stacked in parallel and the number of
stacked modules in series were two deviation variables that are determined using the
optimisation algorithm. These two numbers allow determining the total membrane area. In this
scenario, to compensate the decrease in temperature as the stream on the retentate side flows
along the membrane and provide the latent heat of vaporisation to the permeating stream. Inter-
module heat exchangers are used to return the temperature of the retentate stream between two

modules to a higher value to enhance permeation.

Factors such as the permeation flux of each component through the membrane, the feed side
hydrodynamics and the feed side component concentration were considered to establish the mass
transfer equations on the feed side. In Eq. (I1-1), the permeation flux of the component i can be
estimated based on the activity of this component in the liquid bulk (ajg) and its activity at the
membrane surface (ajrwm)-

Kk 3
Ji = o1 (ai,F — 8 m ) (11-1)
ViE

In order to determine the mass transfer coefficient (ky,; ), the Sherwood correlation was used (Eq.

(11-2)).

d d
Sh=aRe} s&( n.F ] (11-2a)
module
k .d
Sh — b,i~*h,F _
—Dij (11-2b)
4 x volume between plates
d, = (11-2¢)
wetted surface between plates
vd
Re=ZT0r (11-2d)
U
U
Sc=— -
D (11-2¢)
g > T
D, =7.4x107°| (2.6xM,, x p)> iG (11-2f)
w'A

where, the inter-diffusion coefficient in an infinitely-dilute solution has been estimated based on
the Wilke and Chang equation. In this equation, Dj is the inter-diffusion coefficient in an
infinitely-dilute solution (cm?/s), ¢ is the parameter of association of solvent (recommended

value for water is 2.6), My, is the molecular mass of water, Va is the molar volume of solute (A)
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at a boiling point under normal conditions (cm*mol), 7., is the water viscosity (N s/m?), and T is
the temperature (K). In addition, the diffusion coefficient Dj; is calculated as binary coefficient
relative to water since the solution is dilute with concentrations much less than 10 mol%. Table
shows the constant of a, b, ¢ and d for Eq. (11-2).

Table 11-2 Variables used in the Sherwood correlation.

Flow region a b c d
Laminar (Re < 2300) 1.615 0.33 0.33 0.33
Turbulent (Re > 2300) 0.026 0.8 0.3 -

In addition, the solution-diffusion model was used to determine the mass transfer through the
membrane. Based on this model, the flux of the penetrant can be calculated based on the driving
force corresponding to the difference between the membrane surface activity on the feed side
(aiFm) and the activity on the permeate side (ajp) (Eq. (11-3)).

J, =%(aiﬂ,, —a,,) (11-3)
Based on the resistance-in-series model, there are two main resistances for the mass transport for
membrane pervaporation. As a result, expressing this equation in terms of the overall resistance

and the driving force, Eq. (11-4) gives the resistance-in-series permeation flux for component i.

3= 1” (ar-a,) (11-4a)
3 =m(ain —a,) (11-4b)
R :—(ai'FJ__ai’P) ='% (11-4d)

Based on Eq. (I1-4) and assuming steady state, Eq. (11-5) can be obtained.

(11-5)

where a; p is considered to be zero.

To calculate the variation of the permeability with temperature, Eq. (11-6) was used.
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R(Te)=R" exp(%(fm —TiB (11-6)

Moreover, to simulate the change in temperature along the membrane module, a heat balance

was performed (Eq. (I1-7)).

Qn+l,totCPavg‘n+1Tn+1 = Qn,totCP Tn —AH J dAf

g n avg,n¥n

(11-7a)

Q.Cr T, —AH,, I dA

T . ot (11-7b)

Qn +1,tot C P,

avg,n+l

where Q is the molar flowrate, C, vy is the molar average heat capacity of the solution, AHay is

the average latent heat of vaporization, J is the average permeate molar flux, dA; is the flow area

of the discrete element and n shows the element number.

Some of the values that are required for the equations in this appendix are provided in Appendix
.
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Appendix 11

Required information for the pervaporation model of Appendix Il

Saturated partial pressure of components

Antoine equation has been used to calculate the saturated partial pressure of each component in

the retentate stream at each discrete element (Eq. 111-1).

A_B
p =10 T+C (1-1)
where A, B and C are the constants of the Antoine equation. The Antoine constants for each

component are presented in Table 111-1. In Eq. I11-1, T is in °C and p; is in mmHg.

Table I11-1 Antoine equation constants for each permeating component.

Component A B C
Butanol 7.3666 1305.198  173.427
Water 7.96681 1668.21 228
Acetone 7.11714 1210.595  229.664
Ethanol 8.1122 1592.364  226.184

Activity coefficient of the components

The activity coefficients of the four components of interest at different temperatures were
estimated using Egs. (I11-2a-111-2d). These equations have been obtained by fitting experimental

data of the activity coefficients from the literature at different temperatures.

Vowuner = —0.0069T2 +4.71T —738.07 (111-2a)
Vuater =1 (111-2b)

Vacoone = —0.00162T 2 +1.053T —162.24 (111-2¢)
Vewang = 0.053T —11.847 (11-2d)

Activation energy of permeation

Table 111-2 presents the activation energy of permeation of the components for PDMS membrane

based on the reported data in the literature.
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Table 111-2 Activation energy of the permeation of the components for PDMS membrane.

Component

Butanol

Water

Acetone Ethanol

Ei (kd/mol)

46.4

Properties of components of interest

36.56

29.11 48.05

Table shows the required properties which have been used for the optimisation process in this

investigation.

Table 111-3 Physical properties of the components.

Component Butanol Water Acetone Ethanol
Mw (kg/mol) 0.07412 0.01801 0.05808 0.4607
p (kg/m®) 810 1000 791 789
n (Pa.s) 0.002593 0.00089 0.000304 0.001078
Va (cm*/mol) 85.9 18.7 66.8 53.7
Cp (3/mol.K) 177.06 75.29 126.6 112.25
AH (J/kmol) 43.29 40.66 29.1 38.56
Additional information |
R(J/K.mol) 8.31451
pr (kPa) 0
T (K) 298

Module properties

The membrane and module geometry used in the optimisation process for the pervaporation

process are given in Table .

Table 111-4 Membrane and module geometry used in this study.

Thickness Module quule Feed Permeate
Membrane (m) Module Type length width channel channel
(m) (m) height (m)  height (m)
PDMS 5x10%®  Plate-and-frame 0.5 0.5 0.004 0.004
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Conclusions and recommendations

Biobutanol produced from ABE fermentation could be used as an alternative for fossil fuels.
However, the low final concentration of this alcohol is limiting its economic viability and its
widespread adoption. In this thesis, the pervaporation separation of butanol from binary aqueous
solutions and ABE model solutions have been investigated in an attempt to improve the in situ
and ex situ recovery of the butanol from ABE fermentation broths. This chapter includes the

accomplishments of this work and the recommendations and suggestions for future works.

Conclusions

In this study, activated carbon nanoparticles have been embedded into the matrix of PDMS
membranes to enhance their separation performance for pervaporation separation of butanol.
Results of the experimental program showed that activated carbon nanoparticles could enhance
the performance of PDMS membranes up to a certain particle loading. It was found that a
particle concentration of 6 wt% within the matrix of the PDMS gave the best performance for the
pervaporation separation of butanol from binary aqueous solutions where the total permeation
flux and butanol separation factor increased by 42.6% and 51.9%, respectively, compared to neat
PDMS membranes. With respect to ABE model solutions, an 8 wt% nanoparticle loading led to
the best performance for the separation of butanol. Both the separation factor for butanol and the
total permeation flux more than doubled in comparison to neat PDMS membranes prepared in
this work. Furthermore, a commercial PDMS membrane was used in order to compare PDMS
membranes available on the market with the PDMS/AC mixed matrix membranes developed in
our laboratory. They were compared in terms of performance for pervaporation separation of
butanol from binary and ABE model solutions. Results of butanol separation from ABE model
solutions showed that mixed matrix membranes with 8 wt% nanoparticle loading had a better
performance than the commercial once. Indeed, results revealed that the presence of activated
carbon nanoparticles embedded in the matrix of PDMS would be beneficial for the pervaporation
separation of butanol from ABE fermentation broths.

Experiments were performed to assess the effect of pH of the feed solution on the separation of
butyric acid from dilute aqueous solutions using three separation methods: distillation,

pervaporation and adsorption. Results confirmed that the pH of the solution, which dictates the
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level of butyric acid dissociation, controls the degree of separation of butyric acid from dilute
aqueous solutions. Furthermore, results showed that the separation performance is strongly
correlated with the pH of the feed solution and, as anticipated, an increase of pH reduces the
level of separation for these three processes.

A review has been done on the mathematical models which have been used for pervaporation
separation of butanol. Based on the literature, Maxwell-Stefan model was an accurate model for
membrane separation in pervaporation due to its ability to predict the flux and selectivity of the
multi-component systems based on the results of single components, which decreases the
number of pervaporation experiments to be performed. Moreover, this model has the potential to

be used for module and process design together with membrane development.

To better understand the underlying mechanism and the reasons for the enhancement in
performance following the addition of activated carbon nanoparticles in the polymeric
membranes, a series of numerical simulations were performed. The Fick’s second law of
diffusion was solved by finite differences to determine the concentration profile and the fluxes of
permeants in mixed matrix membranes by pervaporation for a wide range of permeability ratios
of the dispersed to the continuous phase, the nanoparticle loading, the particle shape, particle size
and for different filler adsorption isotherms. Results revealed that the effective permeability of
MMM s strongly depends on the permeability ratio of the dispersed phase to the continuous phase
and the volume fraction of the filler material. Moreover, the shape and the size of the particle
material had no influence on the effective permeability of the MMMs for filler volume fractions
less than 0.4. For numerical estimations performed with different sorption isotherms, results
showed that the effective permeability of the membrane depends on the type and parameters of

the isotherm.

Finally, the optimization of butanol pervaporation separation process from ABE fermentation
broth at an industrial scale was studied. For the continuous ABE fermentation coupled with
pervaporation, results revealed that increasing butanol productivity in pervaporation requires

higher membrane area which will increase the overall process costs.
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Recommendations for future works

In this work, pervaporation separation of the butanol from binary aqueous solutions and ABE
model solutions have been investigated via using PDMS/AC mixed matrix membranes. It was
required to first validate the performance of mixed matrix membranes for ideal solutions, which
was the purpose of this thesis. The next step is to evaluate the performance of mixed matrix
membranes for butanol separation from a real ABE fermentation broth. In addition, the in-situ
recovery of the product from an ABE fermentation broth in view of increasing the final
concentration of the butanol using PDMS/AC mixed matrix membranes should be undertaken.

This study demonstrated that the presence of activated carbon nanoparticles embedded in the
matrix in a PDMS membrane is beneficial for the pervaporation separation of butanol. However,
the particle concentrations were limited to relatively low values. It is therefore suggested to
examine surface modification of the nanoparticles in order to enhance the surface interaction
between particles and the matrix of the host polymer since a higher particle loading could further

increase the performance of these membranes.

Since PDMS membranes are subjected to the trade-off between the permeability and selectivity,
the modification of PDMS membranes by having the block copolymer of the PDMS and an
appropriate polymer such as PTMSP is recommended with the objective of improving the

weaknesses of PDMS polymeric membranes.

The mass transfer of the components through mixed matrix membranes has been studied in this
work using finite differences. It would be interesting to examine the impact of non-ideal
interface morphology by considering a third phase in the numerical simulation. The impact

would be evaluated in terms of the effective permeability and flux.



