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Highlights 

• Butanol flux and selectivity suppressed in the presence of butyric acid 

• The more butyric acid the poorer the butanol pervaporation 

• Mixture pervaporation selectivity strongly affected by adsorption tendency 

• High butyric acid concentration and low pH caused nearly 90% butanol flux reduction 

Abstract 

In this study, the utilization of silicalite-1 membrane pervaporation for butanol recovery from 

an acetone-butanol-ethanol (ABE) fermentation broth solution was investigated. In particular, 

the negative effect of butyric acid on the pervaporation performance was tested. The presence 

of butyric acid was observed to decrease both the butanol flux and selectivity of the membrane. 

Clear relation between the severity of the decreased performance and the amount of butyric 

acid was observed. Increasing the pH of the feed solution was observed to improve butanol 

pervaporation in the presence of butyric acid. In pervaporation of ethanol, butanol and butyric 

acid, there are significant interactions in adsorption and diffusion between the components. The 

presence of butanol restricts the permeation of ethanol while the butanol permeation is restricted 

by the presence of butyric acid. The effects likely arise from adsorptive competition and are 

further amplified due to the rates of diffusion. In addition, butyric acid exposure may change 

the membrane properties over time, although they may be restored by heating. The results 

suggest that the selective recovery of butanol with a silicalite-1 membrane is not feasible if the 

concentration of butyric acid is significant and the pH value in the solution is low.  



Introduction 

 

Butanol (n-butanol) can be produced from renewable lignocellulosic biomass through acetone-

butanol-ethanol (ABE) fermentation and is a potential biofuel to replace fossil alternatives. 

Furthermore, compared to well-known biofuel ethanol, butanol has a higher energy content and 

can be easily blended with petrol [1–3]. The butanol production by ABE fermentation suffers 

from its low economic sustainability compared to petrochemical processes or to ethanol 

fermentation [3–6]. For example, the production rate of bioethanol by the fermentation process 

is 10–30 times higher than that for biobutanol via ABE fermentation [3,6]. Therefore, the main 

challenges to tackle in ABE fermentation and the subsequent solvent recovery are the low 

productivity and low concentration of butanol in the broth, mainly due to product inhibition by 

butanol, and consequently high separation costs. 

New separation processes, including organophilic pervaporation, and possibilities for their 

integration with ABE production are continuously being proposed to decrease the costs of 

separation that often constitutes a major share of the total process costs, and also to avoid 

butanol inhibition in order to improve productivity [2,7–12]. Pervaporation and adsorption 

using organophilic membrane materials are amongst the most attractive methods due to their 

low energy requirements and potential for high selectivity [13–18]. One such material is MFI-

type zeolite analog silicalite-1, which can be used for the selective recovery of butanol by 

pervaporation from dilute aqueous solutions such as fermentation broths [19,20]. To obtain high 

purity commercial grade products, distillation is still usually required. However, it is energy 

intensive. Even using optimized sequence of conventional distillation, the energy requirement 

is 18.4 MJ kg-1 while the energy content of butanol is 36 MJ kg-1 [7]. Applying hybrid 

separation sequences involving membranes can reduce the overall energy costs by half or even 

more, helping to approach a more commercially viable level [21–23]. For this purpose, 

silicalite-1 and high silica MFI are interesting membrane materials due to their hydrophobic 

nature and butanol selectivity [16,24]. Membranes made of silicalite-1 or mixed matrix 

membranes containing silicalite-1 have been used for the pervaporative separation of butanol 

with good performance [9,19,25–27].  

The fermentative production of butanol via ABE fermentation is possible using many bacterial 

strains such as strains in the genus Clostridium (e.g., Clostridium acetobutylicum, C. 

beijerinckii, C. saccharoperbutylacetonicum, C. saccharobutylicum) and also by using non-

Clostridium, highly engineered strains (e.g., Escherichia coli, Lactobacillus brevis, 

Pseudomonas putida, Lactobacillus buchneri, Saccharomyces cerevisiae) [6]. Using widely 

available lignocellulosic feedstock is one way to improve the overall sustainability and 

economy of the production and here the Clostridium strains have the advantage of being capable 

of utilizing both the hexose and pentose sugars originating from lignocellulosic materials [28]. 

Clostridium strains are capable of utilizing both simple and complex carbohydrates, such as 

glucose, sucrose, and cellulose [29]. In particular, C. acetobutylicum and C. beijerinckii can 

produce high yields of solvents, most importantly butanol, ethanol and acetone if appropriate 

conditions are achieved during fermentation, such as the carbon to nitrogen ratio, pH, and 

mixture of mineral supplements in the fermentation media [13,30,31].  

The fermentation process of solvent-producing Clostridium species proceeds through two 

physiological stages: acidogenesis and solventogenesis [32]. In the initial growth phase, 

acidogenesis, the cells produce acetic acid and butyric acid in addition to hydrogen and carbon 

dioxide as their metabolic products. As the pH decreases due to the formation of acidic 

products, some of the microbial cells shift to the second phase (solventogenesis), during which 

the carboxylic acids are converted to solvents, i.e. butanol, ethanol, and acetone. 



Low production efficiency, leading to high price of the end product, is one disadvantage in 

butanol production from lignocellulosic biomass by fermentation [3]. Inefficient substrate 

utilization by bacteria is one reason that causes low rates of the desired solvent product, but 

also the produced butanol causes inhibition to the bacteria in fermentation media. In fact, even 

as low as 20 g L-1 butanol concentration will cease the cellular metabolism of Clostridium 

[32,33]. The mechanism of butanol toxicity is related to its hydrophobic nature, and the primary 

effect of this is the disruption of the phospholipid component of the cell membrane [34]. At low 

concentrations of butanol (< 5 g L-1), no effect on the cell membrane fluidity of C. 

acetobutylicum is detected, but the addition of higher yet subinhibitory concentration of butanol 

(10 g L-1) causes a 20 to 30 % increase in the fluidity of lipid dispersion of the cell membranes 

[35]. Thus, the butanol concentration in the broth cannot reach higher levels because of the 

inhibition effects. In situ pervaporation can improve the productivity, the overall concentration, 

and the sugar conversion significantly [36] and be beneficial for the total energy consumption 

[8]. 

Despite the observed potential of pervaporation integrated with ABE production in the 

literature, the complexity and nonidealities of the broth mixture create issues that may be 

problematic for the pervaporation performance and operation. The selective separation of the 

desired component by pervaporation can be disturbed by the unutilized sugars, proteins, and 

other solvents or metabolic products [19,20,37–40]. Adsorption experiments have shown that 

carboxylic acids such as acetic acid and butyric acid, which are crucial metabolites in ABE 

fermentation, easily adsorb onto high silica MFI [16,39,40]. Since silicalite-1 is all-silica MFI 

analog, this adsorption tendency may also affect the pervaporation performance and cause 

alcohol flux reduction in silicalite-1 film.  The adsorption of carboxylic acids on MFI has been 

shown to be pH-dependent, and the adsorption selectivity of butanol can be enhanced by 

increasing the pH [16,41], possibly also improving the overall pervaporation performance.  

For feasible process design, it is important to study the factors affecting the selective recovery 

of butanol by pervaporation. Understanding the mass transfer phenomena and the interaction 

of permeating components is crucial for the practical design of membrane separation. In this 

paper, the feasibility of butanol recovery by pervaporation is studied particularly in the presence 

of butyric acid, which is an inherent component in ABE fermentation and may be present in 

wide range of concentrations depending on the progress of the fermentation. Butyric acid has 

been shown in the literature to exhibit higher adsorption tendency to MFI type zeolite compared 

to e.g. acetic acid that is also an important carboxylic acid intermediate in ABE fermentation 

[16]. Thus, the butyric acid is seen as the major competitor for butanol in adsorption, and thus 

further affecting the diffusion of the permeating components and the overall pervaporation 

performance. Here were study the effect of different butyric acid concentrations on butanol flux 

and selectivity in pervaporation with silicalite-1 membrane on a ceramic support. The effect of 

different concentrations of carboxylic acids on butanol pervaporation with an MFI membrane 

have not been previously reported.  

 

Methods 

Microorganism culturing and ABE fermentation 

Freeze-stored C. acetobutylicum (DSM 1731, DSMZ, Braunschweig, Germany) was activated 

in RCM media for 14 h [42]. Then, active growing cells (1 mL) were inoculated in 50 mL of 

sterilized pre-fermentation P2 media prepared in a 125-mL screw-capped bottle. The P2 media 

contained 30 gL-1 glucose and 1 gL-1 yeast extract (Becton, Dickinson and Company). Before 

inoculation, a buffer (50 g L-1 KH2PO4 (J.T. Baker, Baker analysed), 50 g L-1 K2HPO4 (J.T. 



Baker, Baker analysed), ammonium acetate (220 g L-1) (Merck Pro analysis), minerals (20 g L-1 

MgSO4∙7H2O (J.T. Baker, Baker analyzed), 1 g L 1 MnSO4∙H2O (Merck Pro analysis), 1 g L-1 

FeSO4∙7H2O (J.T. Baker, Baker analyzed), 1 g L-1 NaCl, and vitamins (0.1 g L-1 para-

aminobenzoic acid (Sigma), 0.1 g L-1 thiamin (ICN), and 0.001 g L-1 biotin (Sigma) were added 

to the P2 media as filter-sterilized stock solutions. The culture was allowed to grow for 

approximately 16 h at 37 °C before inoculation in the ABE production media. 

The fermentation was based on hemicellulose hydrolysate (birch, water extraction at 170 °C, 

total pretreatment time 90 min). The pretreatment hydrolysate contained monosaccharides: 

2.78 g L-1 xylose, 2.7 g L-1 mannose, 1.17 g L-1 galactose, 0.84 g L-1 arabinose and 0.62 g L-1 

glucose. The concentration of oligosaccharidic carbohydrates in the prehydrolysate was 

analyzed as 16.7 g L-1.  

The liquid prehydrolysate was mixed with a heat-treated (121 °C for 20 min) barley grain slurry 

containing starch at a ratio of 3:2, and this mixture was used as the ABE fermentation media 

after a pH adjustment to 6.5 with 10 M NaOH. The medium was purged with N2 to maintain 

anaerobic conditions and then sterilized (121 °C for 20 min). Before inoculation, filter-

sterilized stock solutions of buffer (50 g L-1 KH2PO4, 50 g L-1 K2HPO4), and 220 g L-1 

ammonium acetate, minerals (20 g L-1 MgSO4∙7H2O, 1 g L-1 MnSO4∙H2O, 1 g L-1 

FeSO4∙7H2O, and 1 g L-1 NaCl), and vitamins (0.1 g L-1 para-aminobenzoic acid, 0.1 g L-1 

thiamin, and 0.001 g L-1 biotin) were added. Fermentation was started at a media temperature 

of 37 °C at which the C. acetobutylicum DSM 1731 culture (10 %, v/v) was inoculated. 

Fermentation was stopped after 96 h of incubation and the fermentation broth was stored chilled 

and filtered to remove solids. The liquid broth was frozen (-18 °C) and defrosted before the 

pervaporation experiments. 

 

Pervaporation 

Pervaporation experiments were performed with two tubular silicalite-1 membranes (A = 0.005 

m2) coated on the inner surface of an α-Al2O3 support (Fraunhofer Institute for Ceramic 

Technologies and Systems). The silicalite-1 layer exhibits MFI pore structure. The Al2O3 

support consists of four layers, the three interlayers have pores of 100 – 800 nm while the main 

support layer with 3 mm thickness has pores of 2.3 – 2.5 µm. The membrane thickness was 

approx. 80 µm. The feed flow was circulated through the tubular membrane at 40 °C at a flow 

rate of approx. 3 L min-1. This corresponds to a cross flow velocity inside the membrane of 

approximately 130 cm s-1. According to a Reynolds number analysis in the conditions, the feed 

flow was turbulent inside the membrane tube. The permeate side was under vacuum (Pperm ≤ 

300 Pa). The permeate was condensed in cold traps submerged in liquid nitrogen. The 

experimental set-up has been presented in more detail in [43]. The pervaporation samples were 

analyzed by high performance liquid chromatography (Agilent 1200 series HPLC) using an 

ICSep ICE-Coregel 87H3 (Transgenomic) column with RI and DA detectors.  

Two sets of experiments were done with the silicalite-1 membranes, called M1 and M2. The 

first set of experiments included experiments with the fermentation broth and synthesized 

model solutions using membrane M1. The main purposes of the first experimental set were to 

evaluate the performance of the silicalite-1 membrane using real broth and to make an initial 

investigation of the effects of alcohols and butyric acid on the performance of the membrane. 

The aqueous model solutions used as a feed contained either an alcohol and water or a ternary 

mixture of them or a multicomponent mixture of alcohols, water, and carboxylic acid. The 

model solutions were prepared by mixing approximately equal molar concentrations of butanol 

(n-butanol, Merck) and ethanol (ethanol absolute, VWR Chemicals) in water (ultrapure, 

Milli-Q). In the selected model solutions, acetic acid in form of sodium acetate buffer (0.1 M) 



or butyric acid (Acros Organics) was mixed in the solution to evaluate the effect of carboxylic 

acids on the pervaporation behavior. The sodium acetate buffer solution was done mixing 0.2 

M acetic acid solution (acetic acid, glacial (Merck KGaA), and ultrapure water), 0.2 M sodium 

acetate solution (sodium acetate trihydrate (J.T. Baker), and ultrapure water), and ultrapure 

water (Milli-Q) in suitable proportions to obtain the desired pH for the buffer solution.  In the 

experiments with butyric acid, the pH level was adjusted with sodium hydroxide to meet the 

desired pH in the range of 4.5 to 7.8 depending on the experiment. The range of butyric acid 

addition in the solution varied from 0.2 to 0.8 wt.%. The first set of experiments was performed 

starting from the real fermentation broth experiment followed by the model solution 

experiments. The order of the experiments is presented in more detail in the supplementary 

material. After each pervaporation experiment with membrane M1, a desorption procedure was 

applied to regenerate the membrane. The procedure consisted of increasing the temperature of 

the membrane at a rate of 50 °C h-1 to 120 °C, while applying vacuum on the permeate side of 

the membrane and having no feed stream at the feed side. After this, the temperature was kept 

at 120 °C for over 3 h. High temperature desorption at the same heating rate at max. 220 °C 

was applied after the first experimental set with model solutions containing butyric acid to 

ascertain the desorption of the majority of the retained molecules.  

The second experimental set with membrane M2 was performed using model solutions to verify 

the observations with membrane M1 and to broaden the range of experimental conditions. 

Primarily, the verification was necessary to limit the factors affecting the membrane 

performance, as the fermentation broth contains multiple compounds that could potentially 

contribute to changes in permeation behavior. In addition, in the first experimental set, butyric 

acid was observed as a potentially important factor in the separation. Thus, the second 

experimental set focused on the effect of butyric acid on the permeation behavior. The 

concentrations of butanol and water were fixed at 16 and 10 g L-1, respectively, when butyric 

acid was present in the feed. The separation performance of the membrane was tested with the 

binary aqueous alcohol solutions and ternary aqueous solutions containing both the alcohols to 

have an indicator of the separation performance changes over the experimental set. The 

experiments with butyric acid were started with 1 g L-1 butyric acid, which was gradually 

increased to 4 g L-1 while the pH was kept at a low level of 4.5. At butyric acid level of 4 g L-1 

the pH was adjusted higher to verify the effect of pH. The hypothesis was that by adjusting the 

pH level to high values, the alcohol separation factor would increase. The fraction of the 

protonated form of butyric acid should reduce to near zero at high pH values, and thus the 

readiness of butyric acid adsorption would be decreased. As a result, the sorption of butanol 

and ethanol would increase in relation to butyric acid and thus their permeation selectivity 

would increase. In contrast to the first experimental set, no desorption procedure was applied 

after each experiment in the second experimental set. Instead, the experiments at low pH (4.5) 

including butyric acid up to 4 g L-1 were done in succession, after which a high temperature 

desorption procedure at 160 °C was applied. Experiments were continued with 4 g L-1at a higher 

pH of 6-7.7, after which another high temperature desorption procedure was applied where the 

temperature was raised up to 180 °C. The heating rate was 50 °C h-1 and the hold time at the 

maximum temperature approx. 3 h. Both the experimental sets are presented in chronological 

order in the supplementary material. 

Performance characteristics 

The separation performance was evaluated using the flux and separation factor. Flux describes 

the mass transfer rate of components through the membrane surface area. The steady-state mass 

flux (J) was determined based on the mass of defrosted permeate sample (m, [kg]), sampling 

time (t, [h]), and membrane area (A, [m2]). 



 𝐽 =
𝑚

𝐴𝑡
.     (1) 

The separation factor (𝛼𝑖,sol) is a measurement of the selective nature of the pervaporation 

process for component i from the rest of the solution. The separation factor was calculated based 

on the component mass fractions in the feed and permeate. 

 𝛼𝑖,sol =
𝑤𝑖,perm/(1−𝑤𝑖,perm)

𝑤𝑖,feed/(1−𝑤𝑖,feed)
,    (2) 

where 𝑤𝑖,feed and 𝑤𝑖,perm are the mass fractions of component i on the feed and permeate side 

of the membrane, respectively.  

Results and Discussion 

Fermentation broth pervaporation (M1) 

The first experimental set was started with pervaporation at 40 °C using real fermentation broth. 

The experiment results are shown in Table 1. According to the literature concerning high-silica 

MFI adsorption and pervaporation, a silicalite-1 membrane is assumed to be selective for 

butanol [16,24]. Instead, the results showed that butanol was not detected in the permeate while 

the ethanol concentration in the permeate was 8.4 g L-1, which is significantly higher than the 

feed concentration of 0.6 g L-1. The calculated ethanol separation factor from the solution was 

high, 𝛼EtOH,sol = 14. The total flux continued to decrease from 159 to 34 g m-2 h-1 during 

operation, the average flux being 83 g m-2 h-1. This indicates that the permeation pathways were 

being blocked by one or several compounds present in the fermentation broth including e.g. 

carboxylic acids, proteins, and sugars, which have been observed to disturb selective 

pervaporation in the literature [19,20,37,40]. Proteins and phenolic compounds have been 

reported to decrease the alcohol flux [19,20]. Sugar adsorption onto high silica MFI is 

insignificant but it may alter the flux and separation selectivity by blocking non-zeolitic 

pathways [20]. In addition, the presence of carboxylic acids may contribute to the reduced flux 

and selectivity in the pervaporative separation of alcohols [2,3,14,16]. It is noteworthy that the 

fermentation broth used in this study was produced from a prehydrolysate, which means that 

the broth also contained furaldehydes (furfural and 5-hydroxymethylfurfural), which also have 

an affinity to silicalite-1 [44]. On the other hand, the fermentation broth was not used as such 

but it was first filtered (0.45 µm) to remove any solid particles. The filtered broth liquid was 

analyzed by high performance liquid chromatography (Agilent 1200 series HPLC). According 

to the HPLC analysis, the filtered solution that was used in pervaporation contained 0.5 g L-1 

butanol, 0.6 g L-1 ethanol, 1.7 g L-1 acetic acid, 1.3 g L-1 butyric acid, 0.3 g L-1propionic acid, 

and 3.2 g L-1 glucose. The reported values of carboxylic acids include both the forms of acetic 

acid and acetate, as well as butyric acid and butyrate or propionic acid and propionate. Acetone 

was not detected by HPLC in the thawed and filtered broth solution. The concentration of the 

ABE solvents in the broth was quite low and it is probable that the volatile acetone had escaped 

from the solution during freezing and thawing, explaining its apparent absence or concentration 

below the detection limit. In addition, small amounts of other sugars, furfural, and 5-

hydroxymethylfurfural were detected in the filtered broth solution. It should be noted that the 

composition of the broth is strongly dependent on the substrate and microbial strain used, and 

the stage of the fermentation. Here, the proportion of carboxylic acids in relation to the ABE 

solvents was quite high. As a reference, a final concentration of 6.7 g L -1 butanol, 0.6 g L -1 

ethanol, 3.4 g L -1 acetone, 1.6 g L -1 butyric acid and 3.9 g L-1 acetic acid was reported when 

using lignocellulosic hydrolysate supplemented with starchy slurry for ABE production [45]. 

To give some comparison, the broth used by Oudshoorn et al. [46] in their adsorption studies 

contained 9.02 g L -1 butanol, 0.25 g L -1 ethanol, 2.33 g L -1 acetone, and 0.45 g L -1 butyrate, 



while the broth used in adsorption studies by Faisal et al. [41] contained 2.3 g L -1 butanol, 0.36 

g L -1 ethanol, 0.39 g L -1 acetone, 4.35 g L -1 butyric acid, and 5.59 g L -1 acetic acid. The above-

mentioned fermentations were conducted with clostridial strains. The comparison of literature 

sources regarding ABE fermentations shows that there is a lot of variation in the proportion of 

the carboxylic acids to the alcohols in the solution. Thus, the significance of the carboxylic 

acids to membrane separation performance is relevant. 

 

Table 1. Membrane M1 performance with real broth and with synthetic solutions in the absence 

of carboxylic acids (acetic and butyric acid). 
Solution  Feed 

[g L-1] 

Permeate 

[g L-1] 

Flux 

[g m-2 h-1] 

𝛼𝑖/sol 

[-] 

Butanol Ethanol Butanol Ethanol Total Butanol Ethanol Butanol Ethanol 

Real broth a 0.5 0.5 0.0 b 13.6 36.3 0 0.5 
 

28.6 

BuOH 10 
 

81 
 

18.2 1.5 
 

8.7 
 

BuOH 10 
 

99 
 

15.1 1.5 
 

10.9 
 

EtOH 
 

9 
 

106 278.2 
 

29.5 - 13.1 

BuOH/EtOH 16 9 86 7 27.4 2.4 0.2 5.8 0.8 
a also contained butyric acid, propionic acid, acetic acid, glucose, hemicellulosic sugars, furfural, 

HMF, and possibly other fermentation substrate/product compounds.  
b Butanol was not detected in the permeate with the HPLC configuration having detection limit of 

butanol concentration approximately <10-2 g L-1 

 

Alcohol pervaporation 

After the experiment with the real broth, binary alcohol-water pervaporation experiments were 

performed with the same membrane (M1) to confirm whether the membrane is selective for 

alcohols, and to explain the reason for the low or even apparently non-existent butanol 

permeation observed through the membrane. As can be seen in Table 1, pervaporation with an 

aqueous ethanol solution of 9 g L-1 resulted in a separation factor 𝛼EtOH/H2O = 13, and the 

ethanol concentration in the permeate was 106 g L-1. In turn, using a feed solution of 10 g L-1 

butanol in water resulted in a permeate butanol concentration of 99 g L-1, yielding 𝛼BuOH/H2O =

11. These binary alcohol/water pervaporations showed that the silicalite-1 membrane is 

selective for alcohol as expected and can generally be used to recover alcohols from an aqueous 

solution. It is also noteworthy that the flux of ethanol from a binary solution is significantly 

higher than that of butanol.  

In contrast, when the feed solution contained both butanol and ethanol in addition to water, the 

ethanol flux was significantly reduced, and ethanol was not concentrated in the permeate, as 

shown in Table 1. The main reason for this is probably the preferred sorption of butanol on an 

MFI-type zeolite as it is a more hydrophobic alcohol than ethanol [16]. In addition, ethanol 

diffusion in the zeolite pores is slowed down by the presence of the slower butanol. Likewise, 

it could be speculated that the butanol flux could be improved by the faster-diffusing ethanol, 

effect which has been observed in molecular simulations [47]. In the present pervaporation 

experiments it is not possible to separate the effect of adsorption and diffusion and the presence 

of this effect cannot be verified.  Nevertheless, the results imply that the presence of ethanol in 

the fermentation broth neither significantly decreases nor increases the permeation rate of 

butanol through the silicalite-1 membrane, while the presence of butanol restricts ethanol 

adsorption and permeation.  

 



Effect of carboxylic acids 

The first experimental set was continued by investigating the effect of carboxylic acids on the 

membrane behavior. The fermentation broth contained both acetic acid (1.7 g L-1) and butyric 

acid (1.3 g L-1) in appreciable amounts. The presence of carboxylic acids is often linked to both 

decreased alcohol selectivity and flux reductions in the pervaporative separation of alcohols 

[19,20,37,40]. For example, Bowen et al. (2007) [40] suggested that acetic acid competes for 

the adsorption sites in a ZSM-5 zeolite-filled polydimethylsiloxane membrane with ethanol and 

water, thus reducing the performance of the membrane. Additionally, the acetate groups of 

otherwise attached acetic acid molecules near the pore openings of the zeolite may inhibit the 

transport of ethanol through zeolite particles [40]. It has also been suggested that carboxylic 

acids interact with silanol groups and make the membrane more hydrophilic [37,40]. Thus, the 

carboxylic acids are also likely to have significance in the permeation behavior of butanol and 

ethanol. To investigate this, experiments were performed using solutions of aqueous butanol 

and ethanol with acetate buffer and acetate buffer mixed with butyric acid. An 0.1 M acetate 

buffer was used to adjust the pH to the desired level and to provide acetic acid. The molar extent 

of the alcohols in the model solutions was roughly equal. The results in presence of the 

carboxylic acids are shown in Table 2 and compared with the results from experiments with the 

real broth and alcohol-water solution. 

 

Table 2. Permeation in presence of acetic and butyric acid.  
Experiment Feed concentrations  

[g L-1] 

 Flux  

[g m-2 h-1] 

Permeance 

of butanol/ 

permeance 

of ethanol d 

Butanol Ethanol Butyric 

acid a 

Acetic 

acid b 

pH Total Butanol Ethanol 

Brothc 0.5 0.6 1.3 1.7 4.5 83.4 0 0.70  

BuOH/EtOH 16 9   ~6 27.4 2.4 0.2 15 

BuOH/EtOH/AA 3.3 2.0  5.9(2.3) 4.6 32.0 1.26 0.10 16 

BuOH/EtOH/AA/BA 4.7 3.1 2.8 7.8(2.0) 4.7 31.5 0.29 0.09 5 
a Value of both butyric acid and butyrate.  
b Value of both acetic acid and acetate. Sources of acetate were sodium acetate and acetic acid. The part of 

the acetic acid in the model solutions is given in parentheses. 

c Real broth also contains glucose, hemicellulosic sugars, furfural, HMF, and possibly other fermentation 

substrate/product compounds. 
d Permeance [mol m-2h-1Pa-1].  

As shown in Table 2, the selectivity of the membrane for butanol or ethanol is not significantly 

affected by the presence of acetic acid in the feed solution. In the presence of acetic acid, the 

butanol flux is significantly higher than the flux of ethanol, and the results show no decrease in 

the relative flux or the separation factor. In fact, the calculated separation factors of both butanol 

(𝛼BuOH/sol = 12.4) and ethanol (𝛼EtOH/sol = 1.6) were higher than in the reference case of 

aqueous butanol/ethanol solution (𝛼BuOH/sol = 5.8, 𝛼EtOH/sol = 0.8). In contrast, in the 

presence of acetate buffer and butyric acid, butanol flux and membrane selectivity decrease 

considerably in relation to the results observed in the alcohol/water solution experiment; with 

the butanol separation factor decreasing to 2. These results imply that acetic acid cannot be 

regarded as the reason for the non-existent flux of butanol from the fermentation broth, whereas 

butyric acid seems a potential candidate for this.  

 

  



Effect of butyric acid 

The effect of the butyric acid concentration level and the pH were evaluated using a series of 

experiments with varying butyric acid concentrations using membrane M1 in the pervaporation 

experiments. According to the literature, the adsorption tendency of butyric acid on MFI type 

zeolite is even higher than that of butanol [16,39,46], which most likely affects also the 

pervaporation. However, as shown by Ikegami et al. [39] and Faisal et al. [16], increasing the 

pH decreases butyric acid adsorption. The reason for this is that the protonated form of butyric 

acid, which is dominant at low pH values (below pKa 4.8), has a higher affinity for the 

hydrophobic MFI zeolite compared to the deprotonated form [16,39,41]. This is further 

explained by the hydrophobicity of the molecules, as the protonated form is less polar than the 

deprotonated one [16,39,41]. Butyric acid can thus affect butanol adsorption and, if the 

molecules compete on the same adsorption sites, the effect may be amplified at low pH. To 

investigate this more closely, several experiments were performed with feed solutions of 

varying butyric acid concentrations and pH. These experiments were compared with the 

pervaporation experiment with the real broth and experiments in the absence of butyric acid. 

The results of these experiments are presented in Table 3.  

 

Table 3. Aqueous butanol/ethanol/butyric acid experiments with membrane M1. (pKa=4.8 for 

butyric acid) 
 

Feed concentrations 

g L-1 

pHa Flux 

g m-2 h-1 

Permeance of 

butanol/ 

permeance of 

ethanol c 
Butanol Ethanol Butyric acid Total Butanol Ethanol 

16 9 
 

 27.4 2.35 0.19 15 

15 12 2 7.5 36.4 1.54 0.30 9 

15 11 8 7.8 27.2 0.77 0.13 9 

13 12 5 7.7 39.6 0.67 0.15 9 

14 10 5 5.5 35.1 0.35 0.21 3 

14 11 5 4.5 37.4 0.28 0.26 2 

2 3 9 4.6 21.0 0.002 0.008 0.3 

2 3 4 4.6 38.6 0.08 0.03 4 

10  
 

 15.1 1.49 
 

  
9 

 
 278.3 

 
29.49  

0.5 b 0.6 b 1 b  36.3 0 0.208  
a pH adjusted with NaOH before PV when butyric acid was present (except for real broth). 
b broth also contained other components. 
c Permeance [mol m-2h-1Pa-1]. 

 

As can be seen in Table 3, the presence of butyric acid was observed to restrict the butanol flux, 

whereas the flux of ethanol remained relatively constant, although at a low level. The ethanol 

flux was comparable to the level observed with the ternary butanol/ethanol/water mixture. The 

flux of butanol in the absence of butyric acid from the ternary butanol/ethanol/water mixture 

was 2.4 g m-2 h-1, while the flux of ethanol was 0.19 g m-2 h-1. When a feed solution containing 

butanol, ethanol, and butyric acid in water was applied in the same 40 °C pervaporation 

conditions, the ethanol flux was 0.13 – 0.30 g m-2 h-1. This is roughly the same as in the absence 

of butyric acid. In contrast, the butanol flux was drastically affected by the addition of butyric 

acid. The effect of butyric acid on the butanol flux was the most prominent at low pH values, 

as expected according to the sorption data of Ikegami et al. [39] and Faisal et al. [16,41]. At 



low pH values, the majority of the butyric acid is in the protonated form, which has a higher 

affinity for high silica MFI compared to the deprotonated form [16,39]. At pH 4.5, the butanol 

flux was 0.28 g m-2 h-1, i.e., approximately 12% of the flux (2.4 g m-2 h-1) observed without 

butyric acid in the feed solution. Even though a pH increase is beneficial for the butanol 

adsorption and flux due to the decreased competition with butyric acid of the sorption sites, the 

presence of butyric acid even at small concentrations appears to disturb the butanol permeation. 

In conditions with a low butyric acid feed concentration of 2 g L-1 and elevated pH of 7.5, the 

butanol flux was 1.54 g m-2 h-1, which is still one third short of the reference level in the absence 

of butyric acid.  

 

Verification of the effect of butyric acid (M2) 

The first experimental set results described above imply that the extremely low selectivity of 

the membrane for butanol with real broth is caused by the presence of butyric acid, and that the 

effect is more drastic at low broth pH due to the higher amount of the protonated form of butyric 

acid. However, it is noteworthy that the first experiment in the first experimental set was done 

with the fermentation broth. Thus, the subsequent experiment results may have been 

compromised as the membrane characteristics may have in fact changed due to the contact with 

the other components in the fermentation broth that could potentially have affected the 

permeation behavior, e.g., proteins and sugars [19,20]. Therefore, the effect of butyric acid was 

investigated with the second experimental set, which was performed using the fresh silicalite-1 

membrane M2. Table 4 shows the results using membrane M2.  

 

Table 4. Aqueous butanol/ethanol/butyric acid experiments with membrane M2. (pKa=4.8 for 

butyric acid) 
 

Feed concentrations 

[g L-1] 

pH a 

 

Flux 

[g m-2 h-1] 

Permeance of 

butanol/ 

 permeance of 

ethanol b Butanol Ethanol Butyric acid Total Butanol Ethanol 

16 10  6 119 4.6 1.2 5.4 

16 10 1 4.7 77.6 1.8 0.7 3.6 

16 10 1.5 4.6 71.6 1.5 0.6 3.3 

16 10 2 4.6 70.6 1.4 0.6 3.0 

16 10 4 4.5 62.8 0.6 0.4 2.3 

16 10 4 6 65.9 1 0.5 2.6 

16 10 4 7.6 41.9 1.5 0.3 
6.7 

16 10 4 6.3 43.2 1 0.3 4.3 

16    169.2 4.8  
 

 10   1636.2  122.5  

a pH adjusted with sodium hydroxide when butyric acid was present 
b Permeance [mol m-2h-1Pa-1]. 

 

Table 4 shows that the butanol flux in reference conditions without butyric acid is 4.6 g m-2 h-1, 

and at pH 4.5 and high butyric acid concentration of 4 g L-1, the butanol flux is only 0.6 g m-2 h-1, 

corresponding to 87% reduction of butanol flux. Also, the separation factor of butanol, 𝛼BuOH,sol, in 

these conditions is decreased below unity, to value 0.6 from the initial value of 2.5. Comparison of 

Tables 3 and 4 shows that the fluxes using membrane M2 are in general greater than with 



membrane M1 in corresponding experiments. This may indicate that the active surface area of 

membrane M1 was blocked due to the exposure to the fermentation broth compounds. 

However, membrane M1 seems to be more selective for butanol over ethanol than membrane 

M2, which in turn has higher fluxes. This implies that the proportion of defects may be larger 

in M2 than in M1. Fig. 1 shows how the butanol separation factor changes in different 

conditions in presence of butyric acid. 

 

Figure 1. The separation factor of butanol from solution A) in the presence of butyric acid in 

the feed at an average concentration of 5 g L-1 (M1) (open diamond) or 4 g L-1 (M2) butyric 

acid (open square) at different pH levels, and B) at high pH (M1, average pH 7.7) or at low pH 

(M2, average pH 4.6) when the butyric acid feed concentration is altered. The reference state 

without butyric acid is shown with corresponding black markers. The linear trends are shown 

with solid lines (thin line for M1 and thick line for M2). 𝜶𝐁𝐮𝐎𝐇/𝐬𝐨𝐥 = 𝟏 is indicated by the 

dashed line for guidance. 



As shown in Fig 1a, an increase in the pH results in the increase of the separation factor of 

butanol with both membranes. It is noted that the separation factors even in the absence of 

butyric acid are relatively low, and literature has many membranes with better butanol 

separation performance (see also supplementary Material Table S4), but the trends observed 

here as the function of pH and butyric acid concentration are clear and  consistent. At low pH, 

the separation factor of butanol decreases so drastically that the separation factor 𝛼BuOH,sol is 

less than unity. The ethanol separation factor, not presented in Fig. 1, was below unity when 

butanol was present in the solution, regardless of the changes in the other parameters of the 

experimental conditions. It is worth noting that the butanol separation factor at high pH (7.6) 

was at a comparable level to the value observed in the absence of butyric acid when using 

membrane M2. This supports the assumption that the high affinity of butyric acid especially in 

its protonated form, blocks the adsorption of butanol. Furthermore, the separation factor of 

butanol is also better when the amount of butyric acid is low, as shown in Fig. 1b. The 

dependence of butanol flux on the conditions is in turn illustrated in Fig. 2. The experiments 

included in Figs. 1a and 2a were conducted at a constant butyric acid feed concentration of 4 

g L-1 with membrane M2, and 5 g L-1 with membrane M1. Correspondingly, Figs. 1b and 2b 

include experiments at an average pH of 4.6 using membrane M2 and an average pH of 7.7 

using membrane M1. In addition, the butanol and ethanol concentrations were fixed. 



 

Figure 2. The flux of butanol A) in the presence of butyric acid at a feed concentration of 5 

g L-1 (M1) (open diamond) or 4 g L-1 (M2) (open square) at different pH levels, and B) at high 

pH (M1, average pH 7.7) or at low pH (M2, average pH 4.6) at different butyric acid 

concentrations. The reference state without butyric acid is shown with closed markers. The 

linear trend lines are shown with solid lines (thin line for M1 and thick line for M2).  
 

The observed trends in Fig. 2 are similar to those in Fig. 1. As can be seen in Fig. 2a, the flux 

of butanol increases steadily as the pH is increased. On the other hand, it can be seen in Fig 2b 

that at a low pH of 4.5 there is a steep decrease in the butanol flux through membrane M2 as 

the concentration of butyric acid in the feed solution is increased. A similar, but not as steep-

sloping, effect was observed at elevated pH using membrane M1. Fig. 2a shows that there is a 

clear linear relation between the pH and butanol flux: The lower the pH, the lower the butanol 

flux. Thus, pH elevation appears to be beneficial for butanol recovery by pervaporation in the 

presence of butyric acid as both the butanol flux and butanol separation factor are higher.  

However, interestingly, the ethanol flux is not significantly affected by the addition of butyric 

acid, as shown in Tables 3 and 4. On the other hand, it can be stated that, in general, the butanol 

flux is higher than the flux of ethanol. However, the butanol flux decreases as the concentration 



of butyric acid is increased. At low pH, when there is a reasonably large amount of butyric acid, 

particularly in protonated from, the fluxes of butanol and ethanol are at a comparable level. For 

example, in the case of membrane M2, at pH 4.5 and a butyric acid feed concentration of 4 

g L-1, the fluxes of butanol and ethanol were 0.6 g m-2 h-1 and 0.4 g m-2 h-1, respectively. Based 

on the trends, the selectivity between the two alcohols could turn around if the presence of the 

protonated form of butyric acid was further increased either by reducing the pH or introducing 

a higher concentration of butyric acid. An additional experiment with membrane M1 using a 

feed solution containing 3.4 g L-1 butanol, 2.2 g L-1 ethanol, and 9.2 g L-1 butyric acid at pH 4.6 

resulted in the inverted selectivity of butanol and ethanol, i.e., the permeate contained more 

ethanol than butanol. On the other hand, all the organic fluxes were extremely low. In the 

absence of butyric acid, the selectivity for butanol over ethanol is significantly higher. 

Interestingly, the data (see Tables 3-4) shows that the ethanol flux is slightly enhanced at low 

pH, in which conditions the butanol flux is most restricted. It is possible that the significant 

suppression of butanol adsorption due to competition with butyric acid results in a higher 

ethanol flux. This would suggest that there are adsorption sites available for ethanol that are not 

available for butanol adsorption. Molecular simulations have shown that the preferred 

adsorption site of ethanol in silicalite is located in the zig-zag channels and then in the channel 

intersections [47,48]. Butanol is a larger molecule, which may restrict its adsorption on certain 

sites. The length of the molecules generally affects the preferred adsorption sites, with larger 

ones locating in straight channels while smaller molecules fill the zig-zag channels [49]. As a 

whole, the results suggest that the presence of components such as proteins and sugars in the 

fermentation broth in the first experimental set (with M1) did not cause the low selectivity of 

the membrane, but rather the effect is linked to the concentration of butyric acid and pH of the 

fermentation broth. Furthermore, these observations indicate that the behavior can be deduced 

to originate from adsorption phenomena. Butanol and butyric acid are shown to exhibit high 

affinity to high silica MFI [16,39,41,46], thus potentially suppressing the adsorption of ethanol 

on silicalite-1, which is the all-silica MFI. The negative effect of butyric acid on butanol flux is 

reduced with increasing pH, as a high proportion of the acid dissociates in these conditions (pKa 

4.8 for butyric acid) [16,40,41] (Fig. 2b).  

Moreover, despite the preferential adsorption of butyric acid, the concentration of butyric acid 

could not be quantified in the permeate in any of the experiments in the two experimental sets 

until after a long exposure time, indicating that the diffusion of butyric acid in silicalite-1 pores 

is very slow. This can be attributed both to the strong sorption of butyric acid to the adsorption 

sites and the large molecular size of butyric acid in relation to the zeolite pore size resulting in 

size exclusion effects. In addition, if a butyric acid molecule occupies a site near a zeolite pore 

opening, it may physically block the permeation of ethanol and butanol through the zeolitic 

pores [40]. This kind of effect was assumed by Bowen et al. [40], as they suggested that acetate 

groups of acetic acid molecules near the zeolite pore opening could inhibit ethanol transport 

through the zeolite in pervaporation using MFI-filled PDMS. In addition, the adsorption of 

carboxylic acids may make the surface of the membrane more hydrophilic [39,50], thus 

decreasing the selectivity toward alcohols, also allowing a higher water flux in relation to the 

organic flux. 

 

Membrane performance 

Due to the strong sorption affinity of butyric acid on zeolite and its slow diffusion in the zeolite 

pores, some butyric acid molecules are likely to remain sorbed on the silicalite-1 after the 

membrane was exposed to the butyric acid during the experiments. Therefore, desorption 

procedures at elevated temperatures were used to desorb butyric acid after the set of 



experiments, as described in the Methods section. The success of the desorption procedure was 

evaluated using the maximum quantity of butyric acid sorbed on the zeolite film.  

The theoretical maximum quantity of butyric acid sorbed was estimated using literature 

knowledge of butyric acid saturation loadings on a high silica MFI adsorbent of 0.025 g g-1 or 

0.13 g g-1, at pH 6 and pH 4, respectively [16,46]. In addition, it was approximated that the 

silicalite-1 film volume was 0.38 cm3. The density of silicalite-1 is 1.763 g cm-3 [51]. Thus, 

combining this knowledge resulted in a maximum value of 16 – 86 mg butyric acid sorbed on 

the silicalite-1 film, depending on the pH of the solution. 

In the first case of the experimental set using membrane M1, the desorption procedure was 

performed by increasing the membrane temperature up to 120 °C. During the desorption 

procedures after experiments containing 4 or 9 g L-1 butyric acid at low pH 4.6, a total of 

approximately 24 mg or 37 mg of butyric acid, respectively, was collected as permeate. The 

collected amount of butyric acid fits within the range calculated for the theoretical maximum 

sorbed amount of butyric acid. Thus, it was assumed that at least the majority of the butyric 

acid was mobilized from the adsorption sites during the temperature elevation to 120 °C and 

therefore the adsorbed compounds should not have interfered with the subsequent experiments. 

However, the first experimental set with membrane M1 was finished with experiments using 

solutions containing butanol, ethanol, and water, i.e., no butyric acid. After these experiments 

a high temperature desorption procedure was applied with a maximum temperature of 220 °C. 

The sample collected during the desorption procedure contained 2 mg ethanol, 13 mg butanol, 

and 3 mg butyric acid. Most of the butanol was detected in the samples collected at temperatures 

around 160 ° C, i.e., during heating from 120 to 160 °C and subsequently from 160 to 220 °C, 

which is in line with the desorption temperatures presented by Faisal et al. [16] for high-silica 

MFI. However, most of the butyric acid was collected while heating up from 160 to 220 °C and 

cooling back to 160 from 220 °C, indicating that butyric acid requires even more efficient 

desorption procedures than butanol. It can be stated that some butyric acid remained in the 

membrane despite the fact that the normal desorption procedure at 120 °C was applied after 

each experiment. 

In the second experimental set with membrane M2, desorption at 160°C was applied after 

experiments at low pH (4.5) including butyric acid up to 4 g L-1. Another high temperature 

desorption procedure where the temperature was increased up to 180 °C was applied after the 

experiments that were performed with 4 g L-1 butyric acid at elevated pH values of 6 – 7.7. In 

both desorptions, the highest amount of butanol was recovered during heating between the 

temperatures of 120 – 160 °C, while the highest amount of butyric acid was collected during 

maintaining the temperature at 160 °C. At temperatures higher than 160 °C no more permeate 

was collected. Based on the amounts recovered during the desorption procedure, it was 

calculated that the membrane loading was 0.11 – 0.14 g g-1 for butanol and 0.004 –0.02 g g-1 

for butyric acid after experiments at high or low pH, respectively. Butanol saturation loading is 

reported to be between 0.0854 and 0.12 g g-1 [16,46,52] while butyric acid saturation loading 

is reported to be 0.025 gg-1 at pH 6 or 0.13 gg-1 at pH 4 [16,46].The range of the calculated 

butanol loadings based on desorbed amounts is close the saturation loading. The desorbed 

amount of butyric acid corresponds quite well to the lower literature value of saturation loading 

at high pH. It should be noted that these loadings are only rough estimates,  based on the amount 

of the components obtained in cold traps during desorption and approximation of silicalite-1 

mass, and should be regarded merely as indicative of the efficiency of the applied desorption 

procedures in mobilizing the remaining sorbed components from the membrane to the permeate 

side. However, it can be assumed that the membrane is regenerated by this procedure. The 

theoretical comparison of the adsorption loadings supports the assumption that butyric acid is 

strongly adsorbed on the silicalite-1 film and its diffusion is slow. The strong adsorption of 



butyric acid, and its slow diffusion, which is partly due to its large size, are likely to block the 

adsorption of butanol as butyric acid is occupying the adsorption sites. Furthermore, adsorption 

of butyric acid could possibly enhance water adsorption due to the hydrogen bonding tendency 

of the carboxyl group. Ikegami et al. [39] suggested that the adsorption of butyric acid occurs 

through an aliphatic chain leaving the carboxyl group available for interaction with water, for 

example. 

Although at least the majority of butyric acid was desorbed from the silicalite-1, the reference 

experiments without butyric acid using solution of butanol/ethanol/water showed a decrease in 

flux over time. (For more details, see experimental summary in the supplementary material, 

Table S1 and Table S2.) This implies that there occurred some changes in membrane properties 

as a result of the characteristics of the solutions, conditions, and duration of the experiments. 

As an example, any remaining butyric acid may gradually block the membrane adsorption sites 

thus decreasing the membrane performance. On the other hand, performance is regenerable at 

least to some degree. For example, in the first experimental set with M1, the initial fluxes of 

butanol and ethanol were 2.35 g m-2 h-1 and 0.19 g m-2 h-1, respectively. In contrast, 

pervaporation with a solution of butanol/ethanol/water immediately after the experiments 

including butyric acid resulted in butanol and ethanol fluxes as low as 0.27 g m-2 h-1 and 

0.24 g m-2 h-1, respectively. These were roughly equal to the preceding experiment with 5 g L-1 

butyric acid at pH 4.5. After the high temperature desorption that was applied to restore 

membrane performance, the butanol flux was improved to 1.35 g m-2 h-1, while the ethanol flux 

remained at 0.24 g m-2 h-1. Application of the high temperature desorption procedure resulted 

in the partial regeneration of the butanol flux, presumably by evicting the adsorbed species, 

butyric acid in particular. A temperature increase is thus a possible way to regenerate the 

performance of non-polymeric membranes. Washing and soaking of the membrane surface with 

water or aqueous alcohol solutions can also be used to regenerate deteriorated membranes after 

exposure to ABE broths [20]. 

Membrane deterioration may also occur through other mechanisms. It has been suggested that 

weak acids may make a hydrophobic membrane more hydrophilic by interacting with silanol 

(Si-OH) groups [37,40]. In general, the hydrophobic nature of zeolite membranes is caused by 

the presence of ≡Si–O–Si≡ –bonds in the zeolite, resulting in a lack of ionic sites for water 

adsorption. The ≡Si–O–Si≡ –bonds can be broken, for example because of the interaction with 

weak acids and as a result the surface will have silanol groups. This in turn decreases the 

hydrophobicity of the zeolite. Extra-framework cations and silanol groups are two of the main 

defect types increasing the water adsorption potential [53].  

It is probable that alteration of the silicalite-1 membrane properties and membrane deterioration 

to some degree occur due to contact with the components in a fermentation broth. If there occurs 

deterioration, it may cause problems in long-term operation. The potential structural changes 

and membrane characteristics alteration were evaluated using x-ray diffraction (Rigaku 

SmartLab XRD, Centre of Material Analysis, University of Oulu) and nitrogen adsorption 

methods (ASAP2020, Micromeritics, Environmental and Chemical Engineering, University of 

Oulu). The potential changes in the membrane characteristics could not be quantitatively or 

qualitatively verified with the selected methods. Uncertainties brought mainly due to the high 

fraction of the alumina support compared to the fraction silicalite-1 in the analyzed membrane 

samples also affected the success of the analyses. The analyses are described in supplementary 

material. However, the results presented here still show a clear response to changes in process 

conditions, indicating that possible membrane alteration does not have any significant effect on 

the pervaporation characteristics throughout the experiments, and that the trends presented for 

membrane performance in the presence of butyric acid are indeed credible. A graphical 



presentation of the performance and the changes in process conditions such as pH and butyric 

acid concentration can be found in the supplementary material (Figure S1).  

The silicalite-1 membrane may be selective to butanol from binary aqueous solution, but the 

performance is affected by other solvents in the solution in multicomponent pervaporation. 

Thus, the effect of butyric acid should not be ignored in design of novel butanol recovery 

methods applying pervaporation. In industrial scale, stable operation is important. Since 

pervaporation has shown its potential to selectively recover organic solvents such as bio-

alcohols even from low concentration solutions, the future process design will benefit from the 

knowledge how different conditions may disturb the process. The effect of butyric acid on 

butanol recovery with silicalite-1 seems to be clear: the higher the butyric acid concentration 

and the lower the pH, the poorer the pervaporative recovery of butanol. On the other hand, 

ethanol cannot be recovered by this type of membrane in the presence of butanol. Even though 

the fluxes and separation factors of the silicalite-1 membrane used in this work were relatively 

low compared to the observed butanol selectivities or fluxes presented in literature [9,19,24–

27], similar negative effect of butyric acid as observed here is likely to occur also in better-

performing membranes of MFI type, or in membranes containing silicalite-1 particles. We 

suggest that the observed effects are mainly due to the differences in the adsorption affinities 

of the compounds, but further studies on the diffusivity of the carboxylic acids and alcohols by 

molecular simulation, for example, could give better understanding of all the phenomena. The 

understanding could help to predict the performance of the separation processes, benefitting the 

process design in these applications.  

 

Conclusions 

It was observed that both the butanol flux through the silicalite-1 membrane and the membrane 

selectivity for alcohols were reduced in the presence of butyric acid. The magnitudes of the 

effects were proportional to the amount of butyric acid and pH: significantly poorer 

performance was observed at lower pH and at higher butyric acid concentration. It can be also 

concluded that significant interactions were observed in the adsorption and diffusion behavior 

of mixtures containing alcohols and carboxylic acids. 

Silicalite-1 shows significant selectivity for both ethanol and butanol from binary aqueous 

solutions. When both ethanol and butanol are present in the solution, the flux of ethanol is 

significantly suppressed, and silicalite-1 thus shows higher selectivity for butanol over ethanol. 

In contrary, the butanol flux was strongly suppressed in the pervaporation experiments with the 

real fermentation broth that contained high concentrations of acetic and butyric acids. 

Experiments using alcohol-water solutions with either acetic acid or butyric acid showed that 

the presence of acetic acid had insignificant effect to the butanol pervaporation. Instead, the 

butanol flux was significantly suppressed in the presence of butyric acid in the solution with 

clear trend: the higher the butyric acid concentration, the worse the butanol flux. Also, the lower 

the pH and thus the higher the concentration of the protonated form of the butyric acid, the 

lower the butanol flux.  

A probable cause for this disrupting effect of butyric acid is its high tendency to adsorb on the 

surface of a silicalite-1 film. In addition, butyric acid diffusion within the zeolite pores appears 

to be slower than that of butanol and ethanol. As a result, butyric acid occupies the majority of 

the sorption sites on the silicalite-1 and subsequently also blocks the diffusion of butanol and 

ethanol within the zeolite pores. The observed effects between butyric acid, butanol and ethanol 



are likely largely due to the preferred adsorption tendency of the compounds on silicalite-1 in 

decreasing order: butyric acid, butanol, and ethanol. 

Thus, selective recovery of butanol with a silicalite-1 membrane may not be feasible if the 

concentration of the carboxylic acids, especially butyric acid, is significant and the pH in the 

solution is low. Here, almost 90 % reduction of butanol flux was observed at conditions with 

high concentration of butyric acid and low pH. Similar negative effect is probable also in the 

case of higher performance membranes.  

The effect caused by butyric acid is at least partly reversible by removing adsorbed species 

from the membrane. However, the experiments and available analysis methods could not 

exclude, nor verify, if there occurs any permanent damage to the membrane due to the exposure 

to carboxylic acids. 

The effect of carboxylic acids and other components on the membrane-assisted recovery 

process should be taken into consideration when designing processes that apply novel recovery 

methods for bioalcohols. The results obtained here give insight to the effects that can be present 

in presence of reasonable concentrations of carboxylic acids, especially butyric acid in the 

recovery of butanol by pervaporation using a hydrophobic zeolite membrane. 
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