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A B S T R A C T   

Downstream processing of ABE fermentation broth is challenging issue. In this work, results of the application of 
both hydrophobic and hydrophilic commercial membranes during the pervaporation of ABE aqueous mixtures 
were investigated and presented. Hydrophobic pervaporation experiments were performed using ABE-water 
mixtures containing 0–5 wt% of organics in feed, using commercial membranes: POMS, PEBAX, and Per-
vap™4060. Separation factor and Pervaporation Separation Index were employed to discuss hydrophobic per-
vaporation results. Pervap™4060 membrane revealed the best separation performance in the removal of ABE 
components from diluted aqueous mixtures mimicking the fermentation broth, resulting in two-phase permeate 
containing ca. 34 wt% of organics. The subsequent liquid-liquid phase separation resulted in the organic phase 
containing 62 wt% of ABE. Hydrophilic pervaporation experiments were performed in contact with ABE-water 
system initially comprising 38 wt% of water applying both the Pervap™4100 PVA based polymeric membrane 
and modified silica ceramic one. Application of hydrophilic membranes allowed for the complete dewatering of 
ABE-water mixtures. Eventually, the combination of membrane separation processes (microfiltration, hydro-
phobic pervaporation, hydrophobic thermopervaporation, membrane distillation, and hydrophilic pervapora-
tion) enhanced by the liquid-liquid phase separation was suggested for the recovery and dehydration of ABE 
aqueous mixture.   

1. Introduction 

The growth of human population contributes to the intensification of 
energy demand for industrial activities, transportation, and households, 
accelerating the depletion of fossil fuel resources. The usage of fossil 
fuels results in many environmental problems such as pollution increase 
and climate changes. Therefore, biofuels have become a promising 
alternative to gasoline considering energy security and environment 
protection [1–7]. Biofuels such as bioethanol, biobutanol, biomethanol, 

biodiesel, syngas, biohydrogen, and biomethane are the renewable en-
ergy products from biomass [8–11]. Nowadays, biofuels are produced 
from the non-edible feedstock mitigating the competition with food 
production [5,12–15]. Recently, butanol has been considered to be the 
highly developed and promising renewable liquid transportation biofuel 
[1,3,8,16]. In comparison with ethanol, butanol possesses lower vola-
tility, a lower freezing point but higher energy density which is around 
80% of gasoline. Furthermore, butanol has a gasoline-octane rating and 
air-fuel ratio similar to petrol, permitting it to be directly used in car 

Abbreviations: A, membrane area [m2]; ABE, acetone-butanol-ethanol; AcO, acetone; BuOH, butanol; EtOH, ethanol; Ji, permeate flux of component i [g m− 2 h− 1]; 
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engines [12,17]. 
ABE (acetone-butanol-ethanol) fermentation [18–26] and IBE (iso-

propanol-butanol-ethanol) fermentation [27–30] have regained great 
interest recently as they are the solutions for the development of more 
environmentally benign butanol production. To improve the fermenta-
tion efficiency and sustainability, sustainable, ecological and 
cost-effective lignocellulosic and hemicellulosic feedstocks [31–39] 
have been used in the fermentation processes for biobutanol production. 
The activity of bacteria strains can be improved to increase the yield and 
productivity of butanol [40–43]. Qureshi et al. [44] conducted ABE 
fermentation from Physaria fendleri press cake using Clostridium beijer-
inckii P260. It was found that when the feedstock concentration is 125 g 
L− 1, the highest ABE concentration equal to 28.8 g L− 1 was obtained. 
The concentrations for acetone, butanol, and ethanol were 14.2, 14.03, 
and 0.57 g L− 1, respectively. The productivity and total ABE yield were 
0.7 g L− 1 h− 1 and 0.54, respectively. Al-Shorgani et al. [45] conducted 
ABE batch fermentation from acid-pretreated de-oiled rice bran 
(SADRB) using Clostridium acetobutylicum YM1 for butanol production. 
When 39.7 g L− 1 of SADRB was used as fermentation medium, the 
concentrations of ABE and butanol were 11.92 and 7.53 g L− 1, respec-
tively; the ABE yield and butanol yield were 0.38 and 0.25, respectively; 
and the ABE productivity was 0.166 g L− 1 h− 1. 

Most importantly, various separation techniques can be applied to 
remove products and increase fermentation process efficiency, such as 
adsorption, distillation, gas stripping, liquid-liquid extraction, as well as 
membrane based processes [46–52]. Pervaporation (PV) is a membrane 
separation process, in which a binary or multicomponent liquid mixture 
is separated by partial vaporization through a dense liophylic membrane 
[53–55]. Compared with other available separation methods for liquid 
mixtures, PV offers a number of advantages, such as higher separation 
efficiency, lower energy consumption, and more flexible operating 
conditions. Hydrophobic polymeric membranes are of great interest for 
the recovery of acetone, butanol, and ethanol components from water 
[16,56]. There are several polymeric materials, which can be applied for 
such applications [48,57,58]. Recently, mixed matrix membranes 
(MMMs) [59–64], have also been applied in the hydrophobic pervapo-
ration for butanol separation. 

Liu et al. [65,66] prepared a PDMS/ceramic composite membrane by 
using the dip-coating method and applied the prepared membrane in the 
ABE fermentation-PV coupled process for the in situ recovery of ABE 
products from their fermentation broth. It was found that the ABE ac-
tivity and the membrane selectivity were improved by the presence of 
inorganic salts in the fermentation broth, while the PV performance was 
decreased by the microbial cells adsorbed on the membrane surface. The 
PDMS/ceramic composite membrane showed a high flux of 0.67 kg m-2 

h-1 and an ABE separation factor of 16.7 [65]. The ABE separation factor 
was mainly determined by the intrinsic solubility parameter and driving 
force. The in situ removal of ABE products from fermentation broth by 
the integrated PV could double the ABE productivity [65]. To tackle the 
biofouling issue of PDMS membrane, Zhu et al. [67] prepared a fluori-
nated PDMS membrane by using a crosslinking reaction between fluo-
rosilane and PDMS and evaluated its performance in the ABE 
fermentation-PV coupled process. It was found that the prepared 
membrane exhibited excellent anti-biofouling property due to the 
improved hydrophobicity and lipophobicity. The higher stabilized total 
flux of 0.74 kg m-2 h-1 and ABE separation factor of 21.8 were obtained 
during the fed-batch fermentation for 140 h. It was revealed that the 
ABE productivity was improved by 51% in the fluorinated PDMS 
membrane coupled fed-batch fermentation process [67]. 

Chen et al. [68] combined PV as in situ separation system with 
conventional distillation to decrease the energy consumption of the ABE 
downstream separation process. A hydrophobic PDMS/PVDF membrane 
was applied in PV. The PV permeate containing acetone, butanol, 
ethanol, and water was used as the feed for distillation. It was found that 
the product purities were 100 wt% of butanol, 99.7 wt% of acetone and 
95 wt% of ethanol, respectively. The energy cost was only 37.54% of it 

in conventional distillation process [68]. 
On the other hand, two kinds of membranes are mainly used in hy-

drophilic pervaporation: polymeric and inorganic ones. Membranes 
based on poly(vinyl alcohol)-PVA are the most often used among the 
polymeric membranes. PVA based membranes are characterized by 
relatively high water separation and good mechanical and thermal sta-
bility [69,70]. Compared with polymeric membranes, inorganic mem-
branes possess a number of advantages such as better chemical and 
thermal stability as well as much higher permeate fluxes [71]. Another 
advantage of ceramic over polymeric membranes is the fact that the 
former ones do not swell [72]. Moreover, ceramic membranes can be 
applied at higher temperatures and can be used for the separation of 
aggressive solvents [69,73]. 

The in situ products recovery (ISPR) from the ABE fermentation 
broth not only increases the productivity and the yield of ABE by 
eliminating the inhibition by fermentation products, but also reduces 
the energy consumption and the separation cost [74]. Unfortunately, up 
to now, a single ISPR technique is not efficient enough to concentrate 
ABE solvents into reagent grades. Recently, two-stage hybrid ISPR 
processes were applied for ABE recovery from fermentation broth in 
order to combine the individual advantages of different techniques and 
avoiding their shortcomings [74–76]. 

Cai et al. [75] also proposed a two-stage GS-PV process coupled with 
distillation to enhance the butanol concentration and to reduce the cost 
of product separation processes. This GS-PV process enhanced the 
butanol selectivity by pervaporation and avoided the membrane 
contamination and membrane fouling because of the clean condensate 
provided by gas stripping. 706.68 g L-1 of ABE was collected on the 
permeate side of pervaporation membrane, with a recovery rate of 
butanol, acetone, and ethanol achieved of 98.8%, 99.5% and 82.8%, 
respectively. Compared with that of the gas stripping–distillation pro-
cess (26.3 MJ kg-1), the total energy requirement of the novel 
GS–PV–distillation consolidate hybrid process was only 23.07 MJ kg-1 of 
butanol [75]. 

Borisov et al. [76] proposed a hybrid process based on thermo-
pervaporation with a porous condenser (TPV-PC) assisted by 
liquid-liquid phase separation in liquid permeate. In the proposed 
hybrid process, PDMS based flat sheet membranes were used. The feed 
mixture was maintained at a temperature of 60 ◦С; the permeate 
condensation temperature was 10 ◦С. The permeate vapors were 
condensed on the cooled surface of the porous condenser and moved by 
evacuation from the air-gap through the pores due to the lower pressure 
in the coolant circuit, which solves the problem of the air-gap flooding. 
The water enriched solution containing ca. 7.5 wt% of butanol was 
directly used as a coolant, while the organic components were accu-
mulated in the organics-enriched solution and separated in the decanter 
for further fractionation and purification using distillation. After 50 h, 
the degree of recovery of organic components was nearly 80% [76]. 

The aim of this work was to evaluate the efficiency of the hydro-
phobic pervaporation process for the recovery of acetone, butanol, and 
ethanol from diluted aqueous mixtures. Moreover, for the first time, 
hydrophilic pervaporation was applied for the final dewatering of the 
ABE mixture. The additional goal of this work was the elaboration and 
discussion of the comprehensive concept of the application of membrane 
separation combining microfiltration, hydrophobic pervaporation, and 
hydrophilic pervaporation in the downstream processing of the ABE 
mixtures. The enhancement of the process efficiency by applying the 
liquid-liquid phase separation stage is also discussed. 

2. Experimental part 

2.1. Materials 

1-Butanol (BuOH), acetone (AcO), and ethanol (EtOH) of analytical 
grade were purchased from Avantor Performance Materials Poland S.A. 
(Poland). Deionized water (RO) was used for the preparation of 
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water–organic mixtures. 1-propanol, purchased from Avantor Perfor-
mance Materials Poland S.A. (Poland), of analytical grade purity was 
used for the homogenization of 2 phase permeate samples obtained 
during hydrophobic pervaporation experiments. All chemicals were 
applied without further purification. 

The poly(dimethylsiloxane) (Pervap™4060) and poly(vinyl alcohol) 
(Pervap™4100) based commercial flat sheet membranes were pur-
chased from DeltaMem AG (Switzerland). Hydrophobic PEBAX and 
POMS membranes, as well as modified silica hydrophilic ceramic 
membrane, were purchased from Pervatech (the Netherlands). 

2.2. Pervaporation experiments 

Hydrophobic pervaporation experiments were performed in contact 
with a model quaternary (water-acetone-butanol-ethanol) aqueous 
mixture using a standard laboratory set-up described in detail elsewhere 
[53]. The constant flow rate of the feed solution equal to 1 m3 h− 1 was 
applied to diminish the concentration polarization effects. The ratios of 
organic components in feed mixtures were equal to 3 : 6 : 1 (acetone : 
butanol : ethanol) and 1 : 1 : 1. The total content of organic components 
in the feed was in the range of 0–2 wt% (or 0–3.2 wt% in the case of 1:1:1 
ABE mixture). The pervaporation experiments for both types of com-
positions were accomplished at 40 ◦C and 60 ◦C. 

Hydrophilic pervaporation experiments were performed for the both 
ceramic and polymeric membranes in contact with water-butanol- 
acetone-ethanol quaternary mixture containing up to 38 wt% of 
water. The composition of the feed mixture for the dewatering experi-
ments resulted from the liquid-liquid phase separation of the hydro-
phobic pervaporation permeates. Experiments were carried out in a 
batch mode at 60 ◦C and were run until the content of water in the 
retentate was below 0.5 wt%. The membrane effective area was equal to 
170 cm2. 

Results from the pervaporation experiment describing transport and 
separation properties were presented using total (Jt) and partial (Ji) 
fluxes, separation factor (β) and pervaporation separation index (PSI) 
[77]. 

Total fluxes were calculated according to Eq. (1) [77]: 

Jt =
Δm
AΔt

(1)  

where Δmi is a mass of permeate (g) collected over Δt time (h), and A 
denotes the active membrane surface area (m2). 

The flux of component i was calculated using Eq. (2) [77]: 

Ji = Jt⋅Yi (2)  

where Yi is a weight fraction of component i in permeate. 
Separation factor Eq. (3) was used to determine the separation effi-

ciency [77]. 

β =
yi(1 − yi)

xi(1 − xi)
(3)  

where xi and yi are molar or weight fractions of component i in feed and 
permeate, respectively. 

To compare the efficiency of different investigated membranes dur-
ing the recovery and dehydration of ABE mixture, a Pervaporation 
Separation Index (PSI) [56] expressed by Eq. (4) was utilized [77]: 

PSI = Jt(β − 1) (4)  

2.3. Gas chromatography 

Collected feed and permeate samples were analysed utilizing a gas 
chromatograph (Varian 3300) equipped with a thermal conductivity 
detector (TDC), packed column filled with Porapak Q, and using helium 
(He) as the carrier gas. The data acquisition and processing was 

performed using Borwin software (version 1.21.07, JMBS, Grenoble, 
France). In the case of two-phase mixtures, permeates were first ho-
mogenized using 1-propanol. 

2.4. The miscibility of water/butanol/ethanol/(acetone) mixture 

Butanol and water form a binary mixture with limited miscibility in 
the range 7.1–79.4 wt% BuOH at room temperature [78,79]. On the 
other hand, butanol and water are fully miscible with ethanol and 
acetone. The mutual miscibility of liquids can be evaluated by using the 
phase diagrams. Within this research, the Gibbs composition triangle 
method was applied [80]. Mixtures of butanol and water, with a specific 
composition, were placed in the thermostated vessel. Subsequently, the 
vessel was closed and mixed by magnetic stirrer at 25 ◦C. Mixtures were 
thermostated for 10 min. Afterwards, the tested mixtures were titrated 
with ethanol or acetone until the Tyndall effect was not visible. After 
each addition of ethanol or acetone, the sample was equilibrated during 
5 min to ensure the constant temperature in the vessel. The addition of 
the third component (ethanol or acetone) causes an increased miscibility 
of the binary water-butanol mixture (Fig. 1). 

The phase diagrams for two types of the investigated systems were 
prepared, i.e. water-butanol-acetone and water-butanol-ethanol. As it 
can be seen in Fig. 1, two zones divided by the bimodal line are iden-
tified as the two phase heterogeneous zone I and one phase homogenous 
zone II. Inside zone I, the limited miscibility of butanol-water and 
butanol-water-aceton (ethanol) mixtures takes place. Due to the physi-
cochemical nature of the mixture, the phase separation occurs in this 
phase. On the other hand, the zone II refers to the homogeneous phase 
in which butanol-water (binary mixtures) or butanol-water-acetone 
(ethanol) ternary mixtures are completely miscible [80]. An important 
finding was the fact that the phase equilibrium in the quaternary system 
(water-butanol-acetone-ethanol) can be represented by the equilibrium 
for the ternary one (water-butanol-acetone or water-butanol-ethanol). 
This phenomenon is related to the similar homogenizing ability of 
water-butanol mixture by acetone and ethanol. Zhou et al. [81] noticed 
the same tendency in the homogenization of water-butanol mixture by 
adding not only pure ethanol or acetone, but also when adding the 
mixtures of acetone and ethanol (7:3, 5:5, and 3:7). 

Fig. 1. Phase ternary diagram of water-butanol-acetone and water-butanol- 
ethanol mixtures at 25 ◦C: I – heterogeneous region, II – homogeneous region. 
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3. Results & discussion 

3.1. Removal of acetone, butanol, and ethanol from the quaternary ABE 
aqueous solution 

The separation ability of Pervap™4060, POMS, and PEBAX mem-
branes was investigated in the pervaporative removal of acetone, 
butanol, and ethanol from the multicomponent aqueous solutions at 
60 ◦C. All of the selected membranes were the composite ones possessing 

the selective and support layers. The selective layer, having significant 
importance during the pervaporation process, was built from siloxane in 
the case of Pervap™4060 and POMS membranes [82]. However, the 
siloxane unit for the Pervap™4060 possessed a much shorter side chain 
than the POMS one. The mentioned difference, particularly the presence 
of a longer alkyl side chain in POMS could result in a less compact 
structure for this membrane than for PDMS one. On the other hand, the 
PEBAX membrane was prepared from the polyether block amide selec-
tive layer [83]. 

Fig. 2. A: Water fluxes through Pervap™4060, POMS, and PEBAX membranes as a function of total organics content in the feed (ABE-3:6:1). B: Partial fluxes of 
organic components through Pervap™4060 (B1), POMS (B2), and PEBAX (B3) membrane as a function of total organics content in the feed. C: Comparison of 
membranes performance during the separation of ABE-water mixtures; (at 2 wt% of the total organics content in feed). 

K. Knozowska et al.                                                                                                                                                                                                                            



Chemical Engineering and Processing - Process Intensification 166 (2021) 108462

5

As can be seen from Fig. 2A, water fluxes across Pervap™4060, 
Pebax, and POMS membranes were constant and practically indepen-
dent from the feed composition. This observation also points out that 
water molecules are transported independently from the organic 
component. Similar relations were observed by Liu et al. [84] and Vane 
et al. [85]. 

The highest water flux was observed for the POMS membrane and 
the lowest for the Pervap™4060 one. It must be remembered that both 
the membrane thickness and the membrane morphology affect transport 
properties. POMS membrane possesses a selective layer based on poly 
(octylmethylsiloxane). The molecular structure of that polymer presents 
long octyl side chains improving the transport rate of the components 
across the membrane. Moreover, the thickness of the selective layer in 
POMS membrane is much smaller than in PEBAX and Pervap™4060 
ones. 

The data presented in Fig. 2B1-B3 showed that the fluxes of organic 
compounds increase linearly with an increase of organic solvents con-
tent in the feed. The highest flux was observed in the case of butanol. 
However, it should be remembered that the content of butanol in the 
feed was higher compared with those of ethanol and acetone. Ethanol 
was the least preferentially transported organic component through the 
tested membranes, due to its the smallest affinity to polymeric mem-
branes, according to Hansen’s Solubility Parameters theory [86]. 
Comparing transport through the tested membranes, the highest fluxes 
of organic components were observed in the case of the POMS mem-
brane (Fig. 2B2). The transport of acetone, butanol and ethanol through 
PEBAX membrane is significantly lower compared with the fluxes ob-
tained for the Pervap™4060 and POMS membranes (Fig. 2B1-B3). 

The similar observations have been presented by Knozowska et al. 
[87] who evaluated the efficiency of Pervap™4060, POMS, and PEBAX 
membranes in the separation of water-acetone, water-butanol, and 
water-ethanol mixtures. The results showed that the POMS membrane 
demonstrated the highest permeate fluxes [87]. The values of permeate 
fluxed in the case of water-organic, i.e. water-ethanol and water-butanol 
differentiated from 6.8 to 10 kg m− 2 h− 1. In the case of the current study 
and utilization of ABE mixture as a feed the flux across the POMS 
membrane was equal to 7.65 kg m− 2 h− 1 (Fig. 2C). However, the highest 
content of organic solvents (butanol, ethanol, and acetone) in the 
permeate was noted during the pervaporation with Pervap™4060 
membrane [58,87]. 

Fig. 2C presents a comparison of membranes performance during the 
separation of ABE-water mixtures containing 2 wt% of the total organics 
in the feed. The Pervaporation Separation Index (Eq. (4)) was used for 
the comparison of various membranes applied for the separation of the 
same mixture. The higher the PSI value, the more effective the mem-
brane is. As can be seen in Fig. 2C, the lowest separation efficiency was 
found for the PEBAX membrane, whereas the best separation ability was 
observed for the Pervap™4060 membrane. Moreover, Pervap™4060 
showed the lowest value of water flux. Despite the highest butanol flux 
found for the POMS membrane, it presents low efficiency in the sepa-
ration of butanol from ABE-water mixture, which results from a high 
value of water flux through this membrane (Fig. 2A). It should be also 
mentioned, that PEBAX and POMS membranes demonstrate similar 
separation performance in the removal of ethanol from the ABE-water 
mixture, expressed by PSI index. 

PDMS, POMS and PEBAX membranes have also been intensively 
studied in the pervaporation recovery of ABE from an aqueous solution 
[69,88–93]. van Hecke et al. [90] investigated the pervaporation per-
formance of a POMS membrane in batch and continuous ABE fermen-
tations and compared it with the performance of PDMS membranes. The 
authors found that the membrane performance of the POMS membrane 
was superior in terms of solvent fluxes, separation factors (for aceto-
ne/water and butanol/water), and PSI in comparison to results obtained 
with PDMS membranes. The total flux varied from 0.871 to 1.392 kg 
m− 2 h− 1 for the POMS and 0.564 to 0.719 kg m− 2 h− 1 for the PDMS 
membrane, depending on the solvent concentration in the fermenter. 

During the tests with wheat straw hydrolysate, the solvent and water 
fluxes were affected significantly by the permeate pressure. Rom et al. 
[91] investigated the properties of the POMS membrane in pervapora-
tion of binary water-butanol, ternary water-acetone-butanol, and qua-
ternary ABE-water mixtures. Rom et al. [92] revealed that butanol flux is 
affected by the concentration of butanol and the temperature of the feed 
solution. Moreover, the authors reported that the addition of acetone to 
the feed mixture causes an increase of butanol flux. Acetone shows a 
high affinity to POMS membrane, therefore the presence of acetone in 
feed mixtures increases the membrane swelling, which promotes the 
enhanced diffusion of molecules [91]. Pervaporation with filtered 
fermentation broth was also examined, showing that the POMS mem-
brane could be used for the separation of ABE from the fermentation 
broth. However, the authors observed lower butanol fluxes compared 
with model ABE-water solution due to progressive membrane fouling 
[91]. 

Kießlich et al. [93] investigated batch-wise butanol removal using 
vacuum pervaporation to assess its feasibility for the integration with a 
continuous fermentation process of 1,3-propanediol-butanol-ethanol 
PBE. Pervap™4060 membrane was characterized using binary model 
solutions and fermentation broths, while varying feed temperature, 
butanol concentration and flow rate. It was found that butanol had the 
highest removal rate of all fermentation products while glycerol, acetic 
acid, and 1,3-propanediol (1,3-PDO) did not cross the membrane. The 
separation performance can be improved by operating pervaporation at 
a higher temperature (50 versus 35 ◦C) and higher feed butanol con-
centration. Under the best operating conditions, 8.8 g h− 1 (517.3 g m− 2 

h− 1) of butanol was removed when the feed concentration of butanol 
was 11 g L− 1 (1.1 wt%) [93]. 

3.2. Effect of operating temperature 

The effect of operating temperature on the pervaporation efficiency 
of Pervap™4060 and the influence of feed composition of ABE quater-
nary aqueous mixtures on partial permeate fluxes were also investigated 
(Fig. 3). 

In the case of feed temperature, it was found that permeate fluxes 
increase with an increase of the operating temperature (Fig. 3A1 and 
A2). The most important impact of the temperature was noted for water 
transport, as an increase in feed temperature from 40 ◦C to 60 ◦C caused 
an enhancement of water transport ca. 1.2 times. On the other hand, no 
such significant influence was observed regarding the separation prop-
erties (Fig. 3B1 and B2). It is worth highlighting that the ethanol content 
in the permeate practically did not depend on total organics content in 
the feed, in the concentration range 0.4–1.8 wt%, and as well did not 
depend on the temperature of the pervaporation process. Moreover, it 
was also noticed that the Pervap™4060 hydrophobic membrane 
demonstrated higher separation efficiency of removal of organic com-
pounds at a lower temperature, which can be attributed to the higher 
activation energy for water transport (Fig. 3B2) [94,95]. The ABE 
aqueous quaternary (3:6:1) mixtures were investigated also by Niemistö 
et al. [56] with the application of PDMS at 42 ◦C as well as by Kujawski 
et al. [53] who tested the PDMS 2.0 membrane at 65 ◦C. Considering the 
impact of feed temperature, significant differences were observed 
especially regarding the transport of each component, which can be 
explained by the differences in the vapor pressures and activation en-
ergies for each transported solvent [94,95]. 

The effect of feed composition of ABE aqueous mixtures on partial 
fluxes is shown in Fig. 3C1 and C2. In this particular case, acetone, 
butanol, and ethanol were used in a 1:1:1 mass ratio in the feed mixture. 
Based on the established data, it can be seen that acetone was the most 
preferentially transported compound (Fig. 3C1 and C2) at both inves-
tigated temperatures. However, for the total concentration of organic 
solvents below 2.9 wt%, a higher transport rate was observed for 
butanol (Fig. 3C1 and C2). Ethanol was transported across the mem-
brane with the lowest effectiveness. Taking into account the effect of the 
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feed temperature, similarly to the results obtained for 3:6:1 of ABE- 
water mixture, an increase of the process temperature caused the 
growth of the permeate fluxes. van Wyk et al. [95] also evaluated the 
effect of feed temperature on the efficiency of commercial Pervatech 
PDMS based membrane. The authors observed that an increase of the 
temperature of experiments from 30 ◦C to 50 ◦C resulted in the increase 
of the permeate fluxes of separated components. However, it was found 

that the separation factor decreased with increasing temperature and the 
highest reduction of separation factor, from ca. 25 to ca. 17, was found 
for acetone [95]. 

3.3. Dehydration of ABE-water-mixtures 

Within this project, hydrophobic and hydrophilic pervaporation 

Fig. 3. Transport (A1, A2) and separation (B1, B2) properties of Pervap™4060 contacting quaternary ABE (3:6:1) mixture at 60 ◦C (A1, B1) and 40 ◦C (A2, B2). 
Transport (C1, C2) features of Pervap™4060 membrane contacting quaternary ABE (1:1:1) mixture at 60 ◦C (C1) and 40 ◦C (C2). 
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experiments were performed to follow all stages of the process leading to 
the dehydrated ABE mixture. In the first step butanol, acetone, and 
ethanol were recovered from an aqueous solution by hydrophobic per-
vaporation. The pervaporation experiment with ABE-water mixture 
showed that the best recovery of organics was found for Pervap™4060 
membrane (Fig. 2C). It was confirmed that during the hydrophobic 
pervaporation of 2 wt% of the quaternary mixture using the Per-
vap™4060 membrane, the ABE mixture was concentrated up to 34 wt% 
of total organic solvents and owing to the physiochemical properties of 
such quaternary mixture, the permeate formed finally 2 phase system, i. 
e. the water-rich phase and the organic-rich phase (Fig. 1). At the room 
temperature, the organic-rich phase contained 38.1 wt% of water, 1.2 wt 
% of ethanol, 51.3 wt% of butanol, and 9.4 wt% of acetone, whereas the 
water-rich phase comprised of 81.1 wt% of water, 0.9 wt% of ethanol, 
11.6 wt% of butanol, and 6.4 wt% of acetone. 

The water-rich phase can be easily recycled and re-separated by 
hydrophobic pervaporation to recover the remaining 20 wt% of organic 
solvents. On the other hand, the organic-rich phase can be headed to 
pervaporation stage with the hydrophilic membranes to remove water 
from the mixture of organic solvents. 

The pervaporation performance of polymeric (Pervap™4100) and 
ceramic (modified silica) membranes was determined in hydrophilic 
pervaporation during the dehydration of ABE-water solution at 60 ◦C, 
within a water concentration range of 0–38 wt%. 

Fig. 4 presents the results of the dehydration of ABE-water mixture, 
containing initially 38 wt% of water. The ceramic membrane demon-
strated a much higher water flux compared with the polymeric Per-
vap™4100 membrane (Fig. 4A1 and B1). Moreover, it was observed that 
water flux decreases with the decrease of the water content in the feed. 
The results of the batch-wise dewatering stage by using hydrophilic 

pervaporation revealed that starting from the feed containing 38 wt% of 
water it was possible to obtain the dehydrated mixture of ABE solvents 
containing more than 80 wt% of butanol and less than 0.5 wt% of water. 

It can be seen in Fig. 4A2 and Fig. 4B2, at the low water content in the 
feed, separation factor decreases with decreasing water content in the 
feed. In the case of high-water content in the feed (>10 wt%) both 
Pervap™4100 and ceramic membranes demonstrated excellent separa-
tion toward water. 

This trend was also observed by Boutikos et al. [72], Sommer et al. 
[96], and van Veen et al. [97]. Gallego-Lizon et al. [98] utilized com-
mercial polymeric (Pervap™2202, Pervap™2510), microporous silica 
(Pervap™SMS), and zeolite (NaA type) membranes in the pervaporative 
dehydration of t-butanol-water mixtures. The Pervap™2510 membrane 
showed twice as high water flux as the Pervap™2202 membrane, and 
for that reason, the Pervap™2510 membrane has been chosen for 
further studies to compare with the inorganic membrane. Moreover, 
pervaporation with a solution containing 10 wt% of water at 60 ◦C 
revealed that much higher water flux was obtained for Pervap™SMS 
membrane compared with the Pervap™2510 membrane. The authors 
[98] also observed an increase in water flux with increasing water 
content in the feed solution and with increasing temperature. 

3.4. Implementation of membrane processes for the recovery, 
concentration, and dehydration of ABE mixture from the diluted aqueous 
stream 

The results of the research made it possible to elaborate the 
comprehensive concept of the implementation of membrane separation 
in the downstream processing of the filtered ABE fermentation broth. 
According to the patent application WIPO ST 10/C PL425450 [99], the 

Fig. 4. Pervaporation performances of polymeric (A) and ceramic (B) membranes in the dewatering process of the ABE mixture. Water fluxes through Pervap™4100 
(A1) and Pervatech ceramic (B1) membranes as a function of water content in the feed. Water concentration in permeate as a function of water concentration in feed 
– Pervap™4100 membrane (A2), ceramic membrane (B2). 
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general idea of which is presented schematically in Fig. 5, the proposed 
solution consists of the microfiltration of the fermentation broth, fol-
lowed by vacuum pervaporation (VPV) in a module with hydrophobic 
membranes and using a reduced temperature on the permeate side to 
liquefy the permeate. The feed mixture containing a diluted aqueous 
mixture of ABE is split into permeate enriched in acetone, butanol and 
ethanol (ABE), and retentate containing mainly water with small 
amounts of organics. Subsequently, the permeate is directed to the phase 
separator, in which the phase separation occurs into the upper organic 
phase containing from 60 wt% to 70 wt% ABE and from 30 wt% to 40 wt 
% water and the lower aqueous phase containing about 80 wt% water 
and 20 wt% of ABE mixture (Fig. 1). The final compositions of both 
phases are dependent on the temperature and the selectivity of the 
pervaporation process. In the next stage of the process, the upper 
organic phase is headed to a hydrophilic vacuum pervaporation (VPV) 
module for the final dehydration using polymeric or ceramic mem-
branes. Dehydration is carried out at the elevated temperature 
depending on the nature of membranes. Ceramic membranes allow for 
the processing temperatures of up to 150–180 ◦C, operated at vapor 
phase. After the dewatering step, the dehydrated ABE mixture contains 
more than 80 wt% of butanol and optionally can be fractionated into 
individual components (i.e. acetone, butanol, and ethanol) by using 
distillation. The permeate in the dewatering step (permeate III – Fig. 5) 
contains over 90 wt% of water and ca. 10 wt% of the mixture of ABE 
solvents This stream can be also redirected further to the stage of hy-
drophobic pervaporation. 

The aqueous phase from the phase separator containing ca. 20% of 
organics (Fig. 5) could be combined with the filtrate stream after 
microfiltration (permeate I) and directed again to the vacuum perva-
poration module with hydrophobic membranes. Optionally, the aqueous 
phase could be headed to an additional hydrophobic pervaporation 
module, and the permeate obtained in this additional pervaporation 
module could be directed to a phase separator and subsequently to the 
final dewatering stage using hydrophilic pervaporation. 

Pervaporation possesses two main advantages over the classic 
distillation process: i) it requires much less energy, since only the 
components transported through the membrane undergo phase change; 
ii) the selectivity of separation of components in the pervaporation 
process results from differences in the selective sorption of the mixture 
components to the membrane and from the differences in their diffusion 
rates through the membrane, but not from the liquid-vapor phase 
equilibrium as in distillation. As a result, the diluted solution can be 
concentrated by pervaporation and phase separation to over 60 wt% of 
ABE. Such an approach significantly reduces the energy needed in the 
next stage of separation of ingredients in the distillation process. 

This complete concept presented here made it possible also to sug-
gest two additional approaches to the processing of the fermentation 
broth, by applying either hydrophobic thermopervaporation (patent 

application WIPO ST 10/C PL425451 [100]) and/or membrane distil-
lation (patent application WIPO ST 10/C PL425452 [101]) instead of 
hydrophobic pervaporation, at the stage of solvents recovery from the 
filtrated fermentation broth. 

Various separation methods are reported in literature to have po-
tential during ABE fermentation products recovery: distillation, 
adsorption, gas stripping, liquid-liquid extraction and pervaporation. 
The methods differ in operation mode and necessary substrates and/or 
materials etc. [16,102]. However, all processes listed above relieve 
toxicity of ABE fermentation products to microorganisms [107]. When 
we consider energy demand, described as energy required for any re-
covery operation per mass amount of butanol [102], distillation is the 
most energy demanding process, whereas during liquid-liquid extraction 
energy requirements are the smallest (Table 1). In case of pervaporation 
process energy demands depend on process operational conditions. 
Heating of feed mixture significantly affects overall process costs and 
due to that such wide range of possible energy demands for PV process. 
It has to be mentioned that during pervaporation only components 
transported through the membrane are evaporated, due to that total 
energy demand is smaller comparing with distillation [110]. Energy is 
required only for evaporation of permeate, what makes pervaporation 
process very attractive, especially if concentration of preferentially 
transported component in feed is low [110]. 

Although adsorption is not high energy demanding process, pro-
duction cost of 1 dm3 of butanol applying the mentioned method is very 
high comparing with other techniques (Table 1). 

Selectivity of various methods towards butanol depends significantly 
on material type (sorbents in adsorption and membranes in pervapora-
tion) and extractants (liquid-liquid extraction) applied during separa-
tion process, what makes comparison of various methods difficult. 
Generally, it can be stated that application of material or extractant of 
higher affinity towards butanol makes separation process more 
selective. 

Each separation method possesses its own advantages and limita-
tions as it was mentioned above. Selecting the most appropriate sepa-
ration method to be coupled with fermentation broth negative effect to 
the cells should be considered. Due to that liquid-liquid extraction, 
applying toxic extractants, does not meet the requirement. It has to be 
also remembered that ABE fermentation process efficiency is low (3 wt% 
total concentration of acetone, butanol and ethanol), what implies that 
during separation process solvents will be recovered from diluted solu-
tion. From that point of view methods utilizing materials of high affinity 
towards butanol, like adsorption and pervaporation seem to be 
attractive. 

4. Conclusions 

The properties of hydrophilic and hydrophobic commercial 

Fig. 5. Concept of the membrane based process for the recovery, concentration, and dewatering of ABE from fermentation broth.  
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membranes were evaluated in the removal of acetone, butanol, and 
ethanol from ABE-water mixture. Butanol was the most preferentially 
transported during the pervaporation experiment and with all the tested 
membranes Pervap™4060 demonstrated the best efficiency in perva-
porative separation of ABE from an aqueous solution. Microfiltration of 
fermentation improved membrane efficiency and could suppress the 
membrane fouling. It was proved that pervaporation can be used in the 
dehydration of ABE-water mixtures. The application of a hydrophilic 
membrane allows the complete removal of water. 

The presented results made it possible to elaborate the comprehen-
sive concept of the implementation of membrane separation for the 
processing of ABE fermentation broth. Further research is needed 
regarding the optimization of the solution from the economical point of 
view. 
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