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ABSTRACT

A pervaporation apparatus was designed and tested in an effort to develop an
integrated fermentation and product recovery process for acetone-butanol—etha-
nol (ABE) fermentation. A crossflow membrane module able to accommodate flat
sheet hydrophobic membranes was used for the experiments. Permeate vapors
were collected under vacuum and condensed in a dry ice/ethanol cold trap. The
apparatus containing polytetrafluoroethylene membranes was tested using buta-
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nol-water and model solutions of ABE products. Parameters such as product
concentration, component effect, temperature, and permeate side pressure were
examined.

INTRODUCTION

Production of acetone and butanol via industrial fermentation has been
relatively inactive for more than 30 years. Favorable economic conditions
and environmental concerns, however, have led to a renewed interest in
industrial acetone—butanol—ethanol (ABE) fermentation (1-5). Alterna-
tive recovery processes, to use in lieu of or in conjunction with distillation,
have the potential to reduce recovery energy requirements and costs asso-
ciated with several industrial fermentations (4-7). This is especially true
with fermentations such as the ABE fermentation which yields dilute
quantities of butanol and acetone (3).

The toxic nature of butanol is one of the factors that limits the productiv-
ity and viability of the producing organism (2, 3, 8). Continuous removal
of butanol may enhance fermentation performance (2, 4, 5). Alternative
recovery processes, such as membrane separations, have also been shown
to reduce butanol recovery costs and increase fermentation productivity
(4, 9—11). One membrane process in particular, pervaporation, may have
the greatest potential for industrial application because of cost, selectivity,
and ease of use (4, 5). A recent review of butanol recovery integrated
with fermentation processes indicated that of the five methods, stripping,
adsorption, extraction, pervaporation, and perstraction (membrane as-
sisted liquid-liquid extraction), the two with the greatest potential on a
large-scale are liquid-liquid extraction and pervaporation (12).

Pervaporation, as described by Boddeker (13), denotes the transfer of
matter from the liquid phase to the vapor phase through a nonporous
polymeric membrane. One theoretical approach to describe this phenom-
ena is the solution-diffusion model which consists of three steps: 1) sorp-
tion of the permeant from the feed liquid to the membrane, 2) diffusion
of the permeant in the membrane, and 3) desorption of the permeant from
the membrane as a vapor. A more recent transport model proposed by
Okada and Matsuura describes pervaporation on the basis of a pore-flow
model (14). The difference between the two models is that the pore-flow
model denotes a boundary between the liquid and gas phase at some dis-
tance from the membrane surface in the pore of the membrane, while the
solution-diffusion model does not incorporate a phase change. The pore-
flow model incorporates the surface-flow model of Gilliland et al. (15).
An adsorption layer of vapor molecules on the pore wall flows down the
length of the pore without superimposition of any other gas flow. The
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pore model loses validity when the pore size is so large that there is
considerable contribution from Knudsen flow.

Microporous hydrophobic membranes have been investigated for per-
vaporation of alcohols derived from fermentation, though they do not
adhere to the definition of Boddeker (13) as being nonporous. Microporous
polytetrafluoroethylene (PTFE) (16, 17) and polypropylene (PP) mem-
branes (18, 19) have been used for the pervaporation of ethanol. Friedl
et al. (20) investigated the pervaporation of ABE from immobilized Clos-
tridium acetobutylicum using a 0.2-pm PP hollow fiber module.

The objectives of this research were threefold: 1) to determine the flux
and selectivity of PTFE microporous membranes for the pervaporation
of model solutions, 2) to determine the effect of individual components
on the flux and selectivity of butanol using model solutions, and 3) to
evaluate a commercially available plate and frame crossflow filtration sys-
tem for pervaporation.

MATERIALS AND METHODS
Configuration of the Pervaporation System

The pervaporation system consisted of an X-Flo crossflow membrane
module (Bio-Recovery Inc., Hoboken, New Jersey). The module con-
sisted of two stainless steel plates, 20 cm x 15.2 cm X 2.5 cm each, and
a solvent-resistant membrane support plate, 20 cm X 15.2 cm X 1.1 ¢m,
made of polyetheretherketone (PEEK) placed between the two stainless
steel plates. The channel depth of the support plate was 0.16 cm. The
membrane support plate was able to accommodate one flat sheet mem-
brane on each side of the support plate for a total membrane area of 0.02
m?. Compression bolts and two stainless pins held the membranes in place
(Fig. 1).

A positive displacement rotary vane pump (PROCON Products, Mur-
freesboro, Tennessee) recirculated the feed solutions with a capacity of 15
L/min. A shell/tube heat exchanger connected to a Model 8000 IsoTherm
recirculating water bath (Fisher Scientific, Pittsburgh, Pennsylvania) pro-
vided temperature control. Permeate vapor was drawn through § in. PEEK
tubing (Upchurch Scientific, Oak Harbor, Washington) by a Model 75
Precision vacuum pump (Precision Scientific, Chicago, Illinois) or a Model
DD 100 Precision vacuum pump. The permeate passed through a series of
two dry ice/ethanol cold traps. Glycerol filled gauges (Dresser Industries,
Stratford, Connecticut) measured feed pressures and permeate side vac-
uum. Vacuum was regulated with a Model VR3600 vacuum regulator
(Squire-Cogswell Company, Northbrook, Illinois). A diagram of the per-
vaperation system is shown in Fig. 2.
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FIG. 1 Schematic of X-Flo membrane module.

Membranes

Polytetrafluoroethylene microporous flat sheet membranes were ob-
tained from Bio-Recovery, Inc. The PTFE active layer was supported
with polypropylene backing, and three pore sizes were tested: 0.10, 0.20,
and 0.45 pm. All membranes were precut to fit the X-Flo membrane sup-
port plate.

Acetone—Butanol-Ethanol Solutions

The model acetone-butanol-ethanol (ABE) solution consisted of re-
agent-grade butanol, acetone, butyric acid, acetic acid, and ethanol (Al-
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FIG. 2 Configuration of pervaporation system.

drich, Milwaukee, Wisconsin) at the following concentrations (v/v %),
respectively: 1.25, 0.83, 0.18, 0.16 and 0.10%. The organic acids were
added as free acids. These concentrations reflect ordinary ABE fermenta-
tion product proportions as reported by Soucaille (8). The solutions were
adjusted to pH 5.3 with 10 N NaOH.

Pervaporation Procedure

Membranes were first seated in the membrane module with distilled
water as recommended by Bio-Recovery, Inc. The inlet and outlet pres-
sure was maintained at 10 psig, and the water was allowed to recirculate
for 15 minutes. The distilled water was pumped out of the system. To
determine if membranes were operating within set parameters, a standard
flux (L/m?-h) was performed with a 1.25% butanol solution for 0.5 hour.
The standard operating parameters were: recirculation rate, 3 L/min; tem-
perature, 39°C; and permeate vacuum, 100 mmHg. Experiments other
than the standard flux lasted 2 hours. Permeate and retentate samples
were taken every hour. After three experiments the standard flux was
repeated to determine membrane performance as defined by the selectiv-
ity (o):

Qi = (Y,/Yj)/(Z,/ZJ)
where i/ = solvent volume and j = total volume of the permeate (Y) and

the retentate (Z). Selectivity is the ratio of solvent in the permeate over
the ratio of solvent in the retentate (4). Flux was measured by dividing
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the permeate volume by the membrane area X time, with the units of
liters/(meter)*hour.

Each parameter was repeated in triplicate, i.e., temperature, product
concentration and composition, membrane material, flow rates, and per-
meate side pressure. Temperatures examined were from 30 to 55°C. This
range was chosen because the optimum growth temperature of the ABE
fermentation (37-39°C) falls approximately midway in the range (3).

The effect of membrane flux and selectivity as a function of the butanol
concentration, 0.3 to 3.0% (v/v), was investigated. This range was chosen
because a typical fermentation yield of butanol is about 1.25% (v/v) (1,
3, 8). The recirculation rate ranged from 2 to 8 L/min. The effect of each
ABE component on the flux and selectivity of butanol was also examined.

Three different permeate side pressures, 250, 100, and 60 mmHg vac-
uum, were investigated. Pressures higher than 250 mmHg resulted in very
low fluxes which were difficult to measure accurately.

Analytical Methods

Permeate and retentate sample concentrations were determined by gas
chromatography (GC) using a Hewlett-Packard 5890 Series II (Avondale,
Pennsylvania) with a flame ionization detector, a Hewlett-Packard 3396
A integrator,and a2 m X 2mmi.d. glass column packed with Chromosorb
101, 80/100 mesh size. GC conditions and column preparation were based
on conditions described by Soucaille et al. (8). Oven temperature was
155°C (isothermic), and injector and detector temperatures were 200 and
350°C, respectively. Nitrogen carrier gas flow was 20 mL/min. Retentate
samples were diluted twofold and permeate samples 10-fold with the inter-
nal standard, 50 mM isobutyric acid, prior to gas chromatography
analysis.

RESULTS AND DISCUSSION
Membrane Comparisons

Results using three different pore size PTFE membranes, 0.1, 0.2, and
0.45 pm, are shown in Table 1. The data showed that 0.2 and 0.45 pm
PTFE membranes had comparable selectivities. The flux rate was higher
for the 0.45-pm membrane with the butanol/water solution, while lower
with the model ABE solution. The 0.2-pm membrane experienced a higher
flux rate with the ABE solution as compared to the 0.45-pm membrane.
The 0.1-um PTFE membrane was unable to prevent feed solutions from
permeating through the membrane, and it wetted when a vacuum was
applied to the permeate side. The fact that the 0.1-n.m membrane wetted
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TABLE 1
Comparison of Microporous PTFE Membrane
Flux (LMH) Selectivity
Pore size (um) Model ABE BuOH/H,O Model ABE BuOH/H,O
0.1 Wetted ND# ND ND
0.2 0.98 (0.16) 0.17 (0.08) 9.5 (1.08) 8.5 (2.40)
0.45 0.41 (0.04) 0.54 (0.023) 10.4 (1.98) 10.4 (1.41)

4 ND = not determined.

was unexpected. When the thicknesses of the PTFE membranes were
measured, it was found that the 0.1-pm PTFE pore size was less thick
(12 wm) compared with the 0.2 and 0.45 wm pore sizes which had thick-
nesses of 40 and 25 wm, respectively. This may be attributed to its inability
to selectively permeate solvents. A thicker membrane should be more
resistant to water permeation. Hickey and Slater showed that water flux
increased as membrane thickness decreased, though selectivity stayed
constant throughout the range of thicknesses examined (21). Nakao et al.
stated that hydrophobicity is a very important property of a microporous
membrane. If the membrane is not sufficiently hydrophobic, feed solution
leakage will occur (17).

The 0.2-pm membrane was selected for the rest of the studies since
it gave the highest selectivity for the model ABE solution. The 0.2-pm
membrane should also be less resistant to plugging/fouling when dealing
with whole broth systems.

Effect of Flow Rate and Permeate Side Pressure

Experiments were performed using recirculation rates ranging from 2.20
to 8.0 m/s and permeate side pressures of 250, 100, and 60 mmHg vacuum.
There were no measurable differences in flux and selectivity for the recir-
culation rates examined (data not shown). Matsumura et al. (11) reported
similar findings with butanol/isopropanol solutions in water, indicating
that concentration polarization did not occur under their conditions.

As shown in Table 2 for a butanol/H,O solution, a permeate side pres-
sure higher than 100 mmHg caused the flux to drop dramatically. Butanol
selectivity also dropped, but not as dramatically as the flux. A similar
trend was seen by Hickey et al. (22) for an ethanol-water system over
a pressure range from 1 to 40 mmHg when using a nonporous poly[1-
(trimethylsilyl)-1-propyne] (PTMSP) membrane. The ethanol selectivity
varied by approximately 20% while the flux decreased 10-fold as the pres-
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TABLE 2
Effect of Permeate Side Pressure on Flux and Butanol Selectivity
of a Butanol/H,O Mixture

Temperature (°C) Permeate pressure (mmHg) Flux (LMH) Selectivity
38 250 0.018 6.6
38 100 0.170 8.5
38 60 1.040 12.7

sure increased from 1 to 40 mmHg. Because the permeate side pressure
provides the driving force for this process, a lower flux would be expected.
Boddeker (13) stated that the effect of permeate pressure on pervaporation
performance is dictated by the magnitude of the vapor pressures encoun-
tered and by the difference in the vapor pressure between them.

Effect of Butanol Concentration on Flux and Selectivity

The concentration of butanol in the ABE model solution and butanol/
water solution was varied from 0.3 to 3% (v/v). The total flux of the model
ABE solution gradually increased from 0.75 L/m?-h at 0.3% to 1.01 L/
m?-h at 1.75% and then dropped to 0.58 L/m?-h at 2.50 v/v % (Table 3).
The selectivities of the ABE model solution started at 14.5 (0.3%), dropped
to 9.5 (1.25%), and increased to 15 (1.75%) and remained relatively con-
stant up to a butanol concentration of 3.0%. The total flux of the butanol/
water mixture was consistently less than the ABE mixture and remained
relatively constant at 0.15 L/m?-h from 0.30 to 1.25% butanol. The flux
increased to 0.48 L/m?-h at 1.75%, maintaining this flux rate up to a buta-
nol concentration of 3.0%. The selectivity of the PTFE membrane for the
butanol/water system increased from 4.8 to 8.5 over a butanol concentra-

TABLE 3
Effect of Butanol Concentration on Flux and Butanol Selectivity
Flux (LMH) Selectivity

BuOH concentration

(viv %) Model ABE BuOH/H,0 Model ABE BuOH/H,0
0.30 0.75 (0.05)° 0.15 (0.02) 14.5 (1.78) 4.8 (0.96)
0.50 0.68 (0.11) 0.14 (0.07) 10.0 (1.32) 5.6 (0.93)
1.25 0.98 (0.16) 0.17 (0.08) 9.5 (1.08) 8.5 (2.35)
1.75 1.01 (0.06) 0.48 (0.07) 15.0 (0.25) 3.9 (0.35)
2.50 0.58 (0.13) 0.54 (0.13) 12.4 (1.67) 2.6 (0.20)
3.00 0.53 (0.04) 0.49 (0.09) 14.8 (2.40) 2.7 (0.82)

@ Standard deviation.
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tion range of 0.3 to 1.25% and then decreased to 3.9 at 1.75% butanol
with no significant difference in selectivity (~2.6) between 2.5 and 3.0%
butanol. Hickey et al. (22) reported a linear increase in both total flux and
butanol flux for both n-butanol and ¢-butanol over a concentration range
of 1 to 10% (w/w) with nonporous PTMSP. Nakao et al. (17), however,
showed that ethanol flux with microporous PTFE membranes was inde-
pendent of ethanol concentration.

Based on these results, it appeared that one or a number of components
of the ABE model solution influenced the flux and selectivity of butanol.

Effect of Individual Components

In Table 4 the effects of individual fermentation product components
on butanol flux and selectivity are shown. The butanol concentration re-
mained constant (1.25%) as each of the ABE components was varied up to
three times the standard concentration. The total flux remained relatively
constant except when acetone was added. The total flux rate increased
as the concentration of acetone increased. The selectivity of butanol in
the presence of acetone appeared to reach a maximum at 0.83% (v/v)
while the selectivity in the presence of acetic acid reached a minimum at
0.15% (v/v). Butyric acid appeared to have a negative effect on butanol
selectivity as the concentration increases.

The effect of individual components on the flux of butanol may be attrib-
uted to flux coupling. The concept of flux coupling has been described
by Mulder and Smolders (23) and Yeom and Haung (24). According to
Mulder and Smolders, given a binary mixture, the flux is not only depen-
dent on solubility and diffusivity in the membrane, but the flux of compo-

TABLE 4
Effect of Acetone, Acetic, and Butyric Acid on the Flux and Selectivity of Butanol®
Using a 0.2-pm PTFE Membrane

Component viv % Flux (LMH) Selectivity
Acetone 0.27 1.63 (0.01)? 15.6 (0.28)
0.83 1.80 (0.01) 24.7 (1.1)
2.40 2.22 (0.12) 16.1 (5.44)
Acetic acid 0.05 1.84 (0.01) 25.0 (0.85)
0.15 1.73 (0.06) 18.2 (2.82)
0.45 1.73 (0.10) 25.2 (3.39)
Butyric acid 0.06 1.65 (0.01) 18.3 (0.78)
0.18 1.72 (0.08) 17.9 (5.02)
0.54 1.58 (0.07) 10.0 (1.13)

% Butanol concentration is 1.25% (v/v).
# Standard deviation.
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nent [ can be dependent on the diffusivity of component j. In cases of
strong coupling, one component can be dragged along with the other.
This could explain the increased selectivity of butanol in the presence of
acetone and the decreased selectivity in the presence of butyric acid.
Efforts are ongoing to determine if this is indeed occurring in this system.

Effect of Temperature

The model ABE solution showed a flux increase of approximately 10-
fold, while the butanol/water solution showed a 60-fold increase over a
temperature range from 30 to 55°C (Table 5). Figure 3 indicates an Arrhen-
ius effect of temperature on the permeation of butanol through the mem-
brane within the temperature range examined. It is interesting to note that
the flux of the ABE solution was less temperature-sensitive than was the
butanol/water system. Hickey et al. (22) reported an Arrhenius effect on
the permeation rate for an ethanol/water system using nonporous PTSMP
membranes.

Selectivities for the ABE system increased slightly with increasing tem-
perature, while selectivities for butanol/water solutions were variable
(Table 5). Butanol selectivities for the ABE model solutions were less
variable, except at 50°C. Nguyen (25) stated that the relationship between
temperature and membrane selectivity depends on the phenomenon that
governs selectivity. If it is due to sorption, then selectivity will decrease
with increasing temperature because the heat of sorption of the preferen-
tially sorbed component would be negative while sorption of another com-
ponent might be isothermal or endothermic. If selectivity is due to a differ-
ence in diffusion rates, then selectivity would increase with increasing

TABLE $
Effect of Temperature on Flux and Butanol Selectivity®
Flux (LMH) Selectivity
Temperature (°C) Model ABE BuOH/H,0 Model ABE BuOH/HO
30 0.19 (0.01)” 0.035 (0.03) 7.2 (0.70) 5.6 (2.35)
35 ND¢ 0.053 (0.01) ND 3.7 (0.78)
40 0.98 (0.16) 0.170 (0.08) 9.5 (1.08) 8.5 (2.35)
45 1.23 (0.15) 0.680 (0.08) 8.1 (1.48) 12.9 (3.10)
50 1.79 (0.09) 0.805 (0.16) 13.7 (1.67) 9.9 (3.28)
S5 ND 2.10 (0.07) ND 5.2 (0.78)

“ Permeate side pressure was 100 mmHg and 1.25% BuOH/H-O solution.
# Standard deviation.
¢ Not determined.
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FIG. 3 Arrhenius plot of flux vs temperature for a 0.2-pm PTFE membrane on butanol/
water and ABE model solutions.

temperature (25). Based on the data presented here, microporous PTFE
membranes do not fall into either of these categories.

CONCLUSIONS

The recirculation rate of the pervaporation system did not affect butanol
flux and selectivity at the rates examined in this study. Recirculation rate
may be a factor when processing fermentation broths because of the poten-
tial fouling or polarization problems which have been reported in mem-
brane systems that have been coupled to fermentation (17).

A tenfold difference in butanol concentration did not affect flux or selec-
tivity in the model ABE solutions. Overall, the butanol/water system expe-
rienced lower selectivities as compared to the model ABE system. This
indicates that the presence of the ABE mixture enhances the flux and
selectivity of the PTFE membranes, suggesting flux coupling between the
components. Nguyen (25) stated that a component that interacts strongly
with the membrane polymer can allow components with less affinity to
penetrate. Temperature had an obvious effect on the performance of the
pervaporation system. By increasing the temperature, the flux increased
by over 10-fold for model ABE solutions and 60-fold for butanol/water
solutions. The increase followed an Arrhenius-type relationship.

It would appear that butyric acid has a negative effect on selectivity,
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though at this time there is no explanation. Future research will focus on
further understanding the interaction of butyric acid and butanol.
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