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Abstract: The combination of high-temperature fermentation and membrane separation has the
potential to realize a simple on-site process to produce concentrated bioethanol. The performance of
dehydration membranes in separating bioethanol was investigated in this study. Three types of zeolite
membranes, LTA, MFI, and MOR, were synthesized. Their dehydration ability was compared using
a bioethanol solution produced by high-temperature fermentation followed by vacuum distillation.
The LTA zeolite membranes deformed and became amorphous while treating the distillate. On the
contrary, no significant changes were observed in the MFI and MOR zeolite membranes analyzed
by X-ray diffraction after treating the distillate. However, the flux declined when the membranes
were in contact with the distillate (pH = 3.8). Neutralizing the distillate to pH 6.6 with sodium
hydroxide did not prevent the flux decline. Even though flux decreased by about 20-30%, the MOR
membrane showed quite high water-selectivity, with a water concentration of over 99.9% in the
permeate, suggesting the feasibility of its application to concentrate bioethanol.

Keywords: zeolite membranes; high-temperature fermentation; thermotolerant microbes; dehydra-
tion; bioethanol

1. Introduction

The overreliance on fossil fuels is causing environmental challenges today. A shift to
more sustainable energy sources is urgently required. Biofuels are alternative choices that
can be renewable, if managed properly. Biorefinery is often proposed to be centralized at
a large scale to obtain benefits from the scaled-up process [1]. One of the drawbacks of
such a model is the high cost of collecting and transporting the feedstock to the biorefinery
plant. An alternative idea is the conversion of the biomass closer to its production area [2].
For example, transporting a concentrated ethanol solution instead of raw biomass, which
contains a large amount of water, will drastically reduce the energy required for transport.
Such an on-site conversion process may also facilitate recycling residues, for example as
animal feed. One of the keys to realizing an on-site biomass conversion process is the
development of environmentally friendly technology that is simple to operate and maintain,
and has a low capital cost. A small-scale refinery process can be made portable. This allows
the process to be moved according to the seasonal changes in biomass production. In
addition, the capital cost can be shared between a larger number of users, which facilitates
the implementation of the process.

We propose the combination of high-temperature fermentation and membrane sepa-
ration for an on-site biorefinery process. A high-temperature fermentation uses thermotol-
erant yeasts that are capable of growth at 40-50 °C, whereas conventional fermentation is
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performed typically at 30-35 °C [3,4]. The advantages of high-temperature fermentation
are the higher fermentation rate, lower risk of contamination, reduced cooling cost, and
the reduced enzyme cost in biomass hydrolysis for the simultaneous saccharification and
fermentation [5,6]. If designed well, the radiation heat from the fermenter may be enough
to remove the heat generated by the fermentation; then, the cooling water system can
be eliminated and a simpler fermenter can be achieved. On the other hand, the ethanol
concentration after the fermentation is low as a few percent. Therefore, a downstream
concentration process is required.

Distillation is often employed to concentrate ethanol after fermentation. Membrane
separation is an alternative choice that consists of a simple modular system and offers easy
operation [7]. Recently, a hybrid process combining distillation and membrane dehydration
was reported to significantly reduce the energy consumption compared to a conventional
distillation and azeotropic distillation process [8]. Since the successful industrial application
of such hybrid process with LTA zeolite membranes [9], a type of microporous hydrophilic
inorganic membrane, the application of membrane dehydration is expanding.

Employing ethanol-selective membranes instead of distillation is an option to concen-
trate bioethanol after fermentation that can reduce the energy required for the concentra-
tion [10]. For example, the permeate through hydrophobic inorganic membranes, such as
silicalite membranes, can be over 85% when 10% ethanol solution is applied [11]. After
an ethanol-selective membrane, a dehydration membrane can be applied to concentrate
the ethanol further [10]. The separation properties of membranes are often evaluated by a
pervaporation (PV) process, where a mixture liquid is supplied to the membrane and some
fraction permeates through the membrane as a vapor. Typically, a vacuum is applied to the
permeate side [12]. Alternatively, a sweep gas, such as compressed air, can be used [13].
In both cases, the permeated ethanol-enriched vapor needs to be collected. In laboratory
tests, liquid nitrogen traps are commonly used for this purpose [12]. A chiller may be used
in larger-scale applications. The possibility of concentrating a few percent of ethanol to
over 80% in a single step using an ethanol-selective membrane is attractive; however, the
energy demand at the chiller can be similar to the energy demand of distillation [10]. In
addition, the capital cost of the chiller and related facilities may be a challenge to realize in
a small-scale process.

The application of a water-selective membrane is another option to concentrate ethanol
after fermentation. One of the major drawbacks of this approach is the requirement of large
membrane area, as a huge amount of water needs to be removed through the membrane
to concentrate a few percent of ethanol to over 80%. Recycling the feed or applying the
membrane in a batch feed tank will reduce the membrane area, but it will require a long
separation time to increase the ethanol concentration. The advantage of this method is
the possibility of emitting the permeate vapor to the air if no toxic components permeate
through the membrane with water. A condensation facility is not required if sweep gas,
such as compressed air, is applied to the permeate side of the membrane at ambient
pressure. In this way, the configuration of a membrane process becomes simpler compared
to employing an ethanol-selective membrane.

Even though dehydration zeolite membranes, such as LTA membranes, are commer-
cially available [9], the application of these membranes is limited to fluids with a low water
concentration. The prediction of their performance and stability in separating water-rich
bioethanol is difficult to predict. Therefore, in this study, we examined the performance of
dehydration membranes using bioethanol obtained by a high-temperature fermentation.
This study focused on the influence of volatile components in the fermented solution.
Vacuum distillation was applied to remove solid materials in the fermented broth, such as
biomass, yeasts, salts, sugars, and other non-volatile fractions. Three types of membranes,
LTA zeolite membranes and newly developed MFI [14] and MOR [15] zeolite membranes,
with higher acid stability than a LTA membrane, were compared. A flux decline after
treating the distillate was observed in all types of membranes. MOR membranes showed
the least flux decline with a decline ratio about 20%. Ethanol and other contaminants
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were not detected in the permeate of MOR membranes when the distillate was applied,
suggesting that MOR membranes are one of the promising candidates for the process
mentioned above.

2. Materials and Methods
2.1. Yeast Strain and Media Used in this Study

For pre-cultivation, Kluyveromyces marxianus DMKU 3-1042 [16] cells were grown
in YPD medium containing 1% (w/v) yeast extract, 2% (w/v) peptone, and 3% (w/v)
glucose. For the process of semi-simultaneous fermentation and distillation, YP-20%
rice medium containing 1% (w/v) yeast extract, 2% (w/v) peptone, and 20% (w/v) rice
hydrolysate (equivalent to 13% glucose) was used. The rice hydrolysate was prepared from
steamed rice and Yuniase S containing «-amylase and glucoamylase (2000 U/g rice; Yakult
Pharmaceutical Industry Co., Tokyo, Japan) by incubation at 55 °C for 24 h.

2.2. Semi-Simultaneous Fermentation and Distillation

Semi-simultaneous fermentation and distillation was performed with a system con-
sisting of a 10 L fermentation and distillation tank, a distillation apparatus, an ethanol
recovery unit, a vacuum pump, and a drain unit, as described previously [5]. K. marxianus
was pre-cultivated in 50 mL of KMYP-5% rice medium at 30 °C for 18 h with shaking at
160 rpm. The pre-culture was inoculated at 1% (v/v) into 5 L of KMYP-20% rice medium.
Fermentation was conducted in a fermentation and distillation tank at 160 rpm for 36 h at
41 °C. During fermentation, samples from the culture were collected for the determination
of cell growth, ethanol concentration, and glucose concentration. The fermentation was
almost complete after 36 h.

Vacuum distillation was applied when the fermentation was almost complete. Figure 1a
shows a schematic of the experimental rig. The vapor pressure of the fermentation and
distillation tank was decreased to 70 mbar (the theoretical value of the saturation vapor
pressure of ethanol is 177.8 mbar at 40 °C). The line between the tank and the ethanol
collection bottle was chilled for 12 h. Solid materials in the fermented broth were completely
separated from the ethanol solution after the distillation. The ethanol yield from rice was
about 66% of the average theoretical yield.

Thermocouple

Vacuum pump
M)

A

Cooling water Ethanol recovery unit

Temperature control unit

Cold trap
(a)

Figure 1. Cont.
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Figure 1. Schematic views of the apparatus: (a) vacuum evaporation rig, (b) pervaporation test rig.

Glucose and ethanol concentrations in culture medium were determined by an HPLC
system, consisting of an L-2130 Pump, L-2490 Refractive Index Detector, L-2200 Au-
tosampler, L-2350 Column oven, and Hitachi Model D-2000 Elite HPLC System Manager,
equipped with a GL-C610-S Gelpack® column (Hitachi Chemical, Tokyo, Japan) using dis-
tilled water (ADVANTEC, Tokyo, Japan) as the mobile phase at a flow rate of 0.3 mL/min.
Analysis of pyruvate, malate, fumarate, succinate, formate, acetate, and propionate in the
sample was performed using Waters 2695 Alliance HPLC (Waters) equipped with RSpak
KC-811 column (Shodex) under a running condition; 1 mM perchloric acid as mobile phase
at a flow rate of 0.6 mL/min, and the column was maintained at 50 °C. The HPLC profile
was monitored using a refractive index and a photodiode array detector at 210 nm. Data

were collected and processed by Empower 3 software (Waters).

2.3. Membrane Preparation and Characterization

Zeolite membranes were synthesized on the outer surface of porous mullite tubes
purchased from Nikkato Co., Tokyo, Japan (0.d. 12 mm, i.d. 10 mm, length 100 mm, pore
size 1.3 pm). First, zeolite seed crystals were mechanically scrubbed on the outer surface of
the support. Then, the seeded supports were treated hydrothermally to grow the seeds
and to form dense zeolite membranes. Three types of zeolite membranes were prepared in
this study: LTA (A-type zeolite), with the smallest zeolitic pore size of ca. 0.4 nm, while
that of MFI (ZSM-5) and MOR (mordenite) was ca. 0.5 and 0.65 nm, respectively [17]. The
composition and the hydrothermal conditions used to synthesize these membranes are
listed in Table 1. Detailed preparation conditions can be found elsewhere [14,15]. After
the hydrothermal synthesis, membranes were washed with water until the pH of the rinse
water became neutral, then dried at 358 K in the air. Membranes were characterized by
X-ray diffraction (XRD, XRD-6100, SHIMADZU, Kyoto, Japan) with Cu-K« radiation and

by scanning electron microscopy (FE-SEM, JEOL JSM 6335 F, JSM-7600 F).
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Table 1. Membrane preparation conditions.

Hydrothermal Conditions

Membrane Type Synthesized Gel Composition
Temperature (°C) Time (h)
LTA 15i0;,: 0.5A1,03: 1NapO: 75H,0 100 4
1Si0,: 0.0447Al1,05: 0.134Na,O:
MFT 0.67NaF: 33.3H,0 180 48
1Si021 0.08A12031 0.15Na20:
0.10NaF: 35H,0

MOR 175 6

2.4. Membrane Separation

Permeation and separation properties of the membranes were tested with the pervapo-
ration (PV) rig at 75 °C. Figure 1b shows a schematic view of the apparatus. A membrane
with a plugged end was immersed into a feed solution at a controlled temperature. The
feed solution was stirred vigorously to prevent concentration and temperature polarization
close to the membrane surface. The other end of the membrane was connected to a vacuum
line. Liquid feed permeated through the membrane as vapor using the chemical potential
difference across the membrane as a driving force. Permeated vapor was collected using a
liquid nitrogen cold trap. After condensation for 30 to 60 min, the line was changed using
a three-way valve to introduce the permeate to a new cold trap. The test was continued for
more than three hours until the membrane properties were stable. After measuring the
mass of the permeate, its concentration was measured by a gas chromatograph (GC-TCD,
Shimadzu GC-8A). PV test was continued for at least a few hours to confirm a steady flux
and permeate concentration.

A synthetic mixture solution of 90 wt% ethanol and 10 wt% water was used as a
standard. The same conditions were used to evaluate dehydration membranes in previous
studies [14,15]. The standard tests were performed from time to time to evaluate the
membrane property changes. Flux (J) [kg-m~2-h~!] and separation factor («) [-] were used
to represent the membrane permeation and separation properties, which were calculated as:

J=m/(S)

o = (y#,0)/ Y(Eron)) / (X(1H,0) / X(Et0H)),

where m is the mass collected in time t, S is the effective membrane area (ca. 0.002 m?
in this study), xH,O (EtOH) is the water (ethanol) concentration in the feed, and yH,O
(EtOH) is that in the permeate. Before changing the feed solution, membranes were washed
with water.

The distillate obtained by vacuum evaporation of a fermented solution was applied
to the membranes as it is. In some cases, the distillates were pre-treated before being
applied to membranes. In the first pre-treatment, the distillate was neutralized by adding
0.1 mol/L sodium hydroxide solution dropwise. The pH of the distillate became 6.6 after
adding about 20 mL of 0.1 mol/L NaOH solution to 1000 mL of distillate. In the second
pre-treatment, the distillate was treated with activated carbon by dispersing 10 g of the
activated carbon granules (Fujifilm Wako Pure Chemical Co., Tokyo, Japan) to 1000 g of the
distillate. After keeping the solution in contact with the activated carbon for 100 h at room
temperature, the activated carbon was removed by filtration from the solution.

3. Results and Discussion
3.1. Comparison of Dehydration Performance between Different Types of Zeolite Membranes

A synthetic mixture of 90% ethanol and 10% water was applied at 75 °C to three
different types of zeolite membranes. The results are shown in Table 2, indicated as “Before”.
All the membranes showed water-selective permeation with a water concentration in the
permeate of over 98%. The LTA membrane showed the highest water selectivity and
flux. The higher dehydration performance of LTA membranes was due to its lower Si/ Al
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ratio (Si/Al = 1) compared to the MOR (Si/Al = 4.5) [15] and MFI (Si/Al = 13.1) [14]
membranes, which gives a strong hydrophilic property to the membrane. In addition, the
small zeolitic pore size of LTA (4.0 nm [17]) inhibited ethanol molecules with a 4.5 nm
kinetic diameter [18,19], penetrating through the zeolitic pores.

Table 2. Dehydration performance measured by pervaporation tests with a 90 wt% ethanol solution as feed at 75 °C.

Membrane No.  Conditions * P::r::::tien(:lte"/o) (Tl:)gta;lljlzu;:,({)) 1o (I::gjl FluX;J};a(I;ie)H) Selectivity (-)
LTA-1 lisgtoerre 22:? (35317 0.32 97 91?)
MFI-1 Bfﬁferf Zg:; 8:21 0.6 046 2%
MOR-1 B:lftc;rre 332(3) 8:249L 081 23 1426630

* before or after treating the distillate.

After checking the membrane properties of a synthetic mixture, the distillate obtained
after fermentation followed by vacuum distillation was applied to the membranes. The
distillate contained about 0.92 mM of fumarate and 1.77 mM of acetate, as measured by
HPLC. Due to the existence of organic acids, the distillate was acidic, with a pH of ca. 3.8.

Figure 2 shows an example of the dehydration performance in distillate as a function
of separation time. The results for the MFI zeolite membrane are shown. The deviation of
feed ethanol concentration over time was due to the continuous removal of water through
the membrane and the occasional back-mixing of the permeate to the feed solution after
GC analyses. The permeate ethanol concentration was less than 0.2% throughout the
separation test, which showed the good dehydration performance of the membrane. On
the contrary, the flux through the membrane gradually decreased and reached a stable
value after about 8 h. The time required to reach stable separation properties was much
longer with distillate than with a synthetic mixture, in which case the membrane properties
were generally stabilized in less than two hours.

Table 3 shows the separation and permeation properties when distillate was applied
to different types of zeolite membranes. Values in the table are the average after the
membrane performance reached steady-state. The permeate had a water concentration
of over 99% for all types of membranes, showing water-selective permeation. While the
LTA membrane showed the highest dehydration performance for separating a synthetic
mixture among the three types of zeolite membranes studied, as shown in Table 2, the
MOR membrane showed the best dehydration performance for separating the distillate:
the ethanol concentration in the permeate was below the detection limit, and the flux was
more than twice that of the flux of LTA and MFI membranes.

Table 3. Dehydration performance measured by pervaporation tests with a distillate solution as feed
supplied at 75 °C.

Membrane Ethanol in the Ethanol in the Total Flux (J) « ()
Type Feed (wt%) Permeate (wt%) (kgm-2h-1)
LTA-1 18.0 0.57 1.4 38
MFI-1 14.3 0.11 1.5 152

MOR-1 13.4 <0.01 3.3 245
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Figure 2. Membrane dehydration performance as a function of PV test time measured at 75 °C with
a MFI zeolite membrane.

3.2. Distillate Separation with LTA Membrane

The separation and permeation properties were reproducible when a standard test
with a synthetic binary mixture was repeated. On the contrary, membrane properties in
standard tests changed after treating distillate, as shown in Table 2. For example, ethanol
concentration in the permeate through fresh membrane (“Before” in the table) was less
than 0.1%, which increased to ca. 23% after treating the distillate with a LTA membrane
(“After” in the table). The total flux was 2.1 kg m~2 h~! with a fresh membrane, which was
reduced to less than half after treating the distillate. On the other hand, the ethanol partial
flux increased by about 100 times. Apparently, the LTA membrane lost its water-selective
properties after treating the distillate. The performance was not recovered by washing the
membrane with water.

A drastic change in the membrane morphology was observed by SEM and XRD
analyses. Figure 3a,b show the surface morphology of LTA membrane as synthesized and
after treating the distillate, respectively. The surface of the fresh membrane was totally
covered with cubic crystals, which is a typical shape for LTA zeolite crystals. On the
contrary, no cubes were found on the membrane after separating the distillate, but the
membrane surface was completely covered with a gel-like material. Figure 3c shows the
XRD patterns analyzed before and after separating the distillate. The fresh membrane
showed peaks corresponding to the LTA zeolite and the mullite used as a support. On the
contrary, only mullite peaks were found in the membrane after the distillate separation.
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These results suggest that the LTA zeolite became amorphous during distillate separation.
The aluminum in the zeolitic framework dissolves into an acidic medium [20], which
resulted in the deformation of a LTA zeolite membrane in the acidic distillate. The change
in hydrophilic LTA film to an amorphous layer caused the reduction in water selectivity
and flux.

X 10,000

LTA membrane after

ﬁ_._A__L.LL‘J_u_.

LTA membrane before

Millite support

l l N LTA powder

0 10 20 30 40 50
20/0 (°)
(0

Intensity

Figure 3. LTA membrane morphology: (a) fresh membrane surface; (b) membrane surface after treating the distillate;

(c) XRD patterns.

3.3. Distillate Separation with MFI and MOR Membranes

The influence of distillate treatment was smaller for the MFI and MOR membranes
compared to the LTA membrane, as shown in Table 2. The water content in the permeate
was over 98% for both membranes, even after treating the distillate. The total flux, however,
declined about 35% with MFI membrane and 20% with MOR membrane. The flux was not
recovered by washing the membranes with water nor by permeating water through the
membranes at 75 °C for a few hours.

Figure 4a,b shows the surface morphology of an MFI membrane as observed by SEM.
The surface of the membrane was completely covered with needle-like crystals and no
major changes were observed after the distillate separation. Figure 4c,d shows the XRD
patterns of the MFI and MOR zeolite membranes. No drastic changes were observed by
XRD. For example, the intensity ratios of the MFI zeolite peak (7.9°) and the mullite peak
(26.3°) were 0.18 and 0.18 for before and after treating the distillate, respectively. These
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results suggest no major deformation of zeolite crystals by treating distillate. These MFI
and MOR membranes were reported to show stable dehydration performance with acetic
acid solutions over 50% [14,15]. The higher acid stability of these membranes is considered
to be due to the higher Si/ Al ratio than that of the LTA membrane [21,22].

Millite support WOﬂ
MFI powder

T T
'FI membrane after
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MOR membrane
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Intensity

MOR powder
A 4

10

20 30 40 50 0 10 20 30 40 50
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(0 (d)

Figure 4. Membrane morphologies: (a) fresh MFI membrane surface; (b) MFI membrane surface after treatment; (c) XRD
patterns of MFI membrane; (d) XRD patterns of MOR membrane.

3.4. Changes in the Membrane Properties by Contacting a Distillate Solution

The change in membrane flux and separation ability with time of the separation
test includes influences of transition to a steady state permeation and some changes in
membranes by e.g., adsorption. To understand the influence of contacting the membranes
with distillate, membranes were soaked in the distillate and the property changes were
measured using a synthetic mixture separation. The MFI and MOR membranes were
soaked in a distillate solution for a fixed time and then washed with water before the
separation test. Each test was run for more than three hours to confirm stable flux and

separation properties. The stable values are shown in Figure 5 as a function of total
immersed time.
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Figure 5. Standard membrane performance measured after immersing the membranes into a distillate solution at 75 °C (CI:

MOR zeolite membrane, A: MFI membrane) (a): normalized flux as a function of total immersed time, (b): water content in

the permeate as a function of total immersed time).

The membranes showed reproducible flux and water-selectivity when the separation
tests with a synthetic mixture was repeated. On the contrary, flux decreased after immersing
the membranes in a distillate solution (Figure 5a). Apparently, the flux change was caused
by the contaminants in the distillate. A major flux reduction occurred after the first
immersion of three hours. After soaking for more than ten hours in total, the flux was about
75% and half compared to the fresh membrane for MOR membrane and MFI membrane,
respectively. Different from flux changes, water-selective properties were more or less
maintained (Figure 5b). A small decrease in water selectivity was observed with the MFI
membrane after the first immersion for three hours (Figure 5a). On the contrary, the water
concentration in the permeate was constantly over 99.9% with the MOR membrane and no
changes were observed by the immersion for 13 h in total.

3.5. Influence of Pre-Treatments

The adsorption of contaminants in the distillate was suspected as the main cause of
flux decline. In attempting to to reduce the flux decline ratio in bioethanol dehydration, the
distillate was treated with activated carbon. The acetic acid amount in the treated distillate
became about half of the untreated distillate. However, the flux in synthetic mixture
separation measured after testing the distillate became about 80% to the original flux as
shown in Table 4 (MOR-3 membrane, conditions F and A). This decline ratio is almost
the same with a membrane used to treat distillate without any pre-treatment (MOR-2
membrane). Even a small amount of acid may reduce the membrane flux. The permeate
was almost water with ethanol under the detection limit.

As another pre-treatment, the distillate was neutralized by the addition of NaOH
solution and then applied to a fresh MOR membrane. The pH of the distillate was 3.3,
which became 6.6 after the neutralization. The membrane properties are shown in Table 4
(indicated as MOR-4, D + NaOH). The flux in the dehydration of neutralized distillate
was similar to the flux when a distillate without any treatment was applied. On the
contrary, the flux decreased by about 40% in the standard test with a synthetic mixture after
treating distillate, a ratio decrease that was about twice that observed with distillate without
any pretreatment. Flux can be improved by neutralizing the bioethanol solution, which
increases the electrostatic repulsion between negatively charged acid ions and membrane
surface [23]. However, no strong influence of pH on the flux was observed in this study.
Neutralization may form some adsorbent and reduce the membrane properties.
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Table 4. Influence of distillate pretreatments on the dehydration performance of MOR membranes.
Water in the Water in the Flux
.. " a -
Membrane No. PV Conditions Feed (wt%) Permeate (wt%) (kg-m~2-h-1) JTo ) o ()
F 11.0 99.9 1.5 - 6190
MOR-2 D 88.7 99.9 3.3 - 127
A 11.8 99.8 1.3 0.82 +0.02 4810
F 10.1 99.9 1.4 - 10,300
MOR-3 D+AC 82.7 100 *# 3.0 - >2090
A 10.0 99.9 1.1 0.83 £+ 0.02 13,500
F 9.59 99.9 1.4 - 6320
MOR-4 D + NaOH 85.3 99.8 3.1 - 97
A 9.33 97.5 0.86 0.61 £ 0.02 378

* F: fresh membrane with a synthetic binary mixture as feed, A: after distillate treatment with a synthetic binary mixture as feed, D: distillate
as feed, D + NaOH: distillate neutralized with a NaOH aq. solution as feed, D + AC: distillate treated with activated carbon as feed, #,
ethanol was under the detection limit.

3.6. Other Possible Causes of the Flux Decline

Cation exchange from sodium to proton is another possible cause of the change in
membrane properties. As the neutralized distillate did not prevent the flux decline, such
influence is expected to be minor. To confirm, the membranes after distillate treatment
were soaked in a 1 M of NaCl solution for more than one day and the standard test was
performed. The post treatment did not recover the membrane performance, suggesting
that the influence of cation exchange was negligible.

When comparing different types of zeolite membranes, the silicalite membrane re-
sulted in about a 50% decrease after treating the distillate [10], a reduction rate that was
larger than the decrease observed with the MFI membrane (34%, shown in Table 2) and
the MOR membranes (ca. 20%, shown in Tables 2 and 3) in this study. The dilicalite
membrane has the same pore size as the MFI membrane (ca. 0.5 nm [17]), but is more
hydrophobic (Si/ Al = o0). The least influenced MOR membranes among these membranes
had the largest pore size (0.7 nm [17]) and the most hydrophilic property, as the Si/ Al
ratio of the membrane was 4.5 [15] and smaller than the MFI membranes used in this
study (5i/Al = 13.1 [14]). Acids or some other molecules in the distillate solution may
adsorb favorably to the hydrophobic sites of zeolite [24]. If an organic acid molecule, for
example acetic acid with molecule size of ca. 0.44 nm [25], enters the zeolitic pores and
strongly adsorbs in the pore, water and ethanol molecules, with a kinetic diameter of ca.
0.27 nm [18] and ca. 0.45 nm [18,19], respectively, can hardly pass over the acid. In this way,
water and ethanol fluxes through zeolite membranes will be suppressed. Zeolites with
a higher Si/ Al ratio are more strongly influenced by pore blockage by the contaminant
molecules and resulted in the larger flux reduction. If this is the major cause of the flux
decline, the surface modification of the membrane to narrow the zeolitic pore opening size
and inhibit the entry of contaminants may reduce the flux decrease in a distillate separation.
Increasing the separation temperature is an alternative to improve the flux [26], but it
will require more energy for the separation. In addition, the permeation of ethanol and
other chemicals may increase with temperature as the hindrance of adsorption by water
decreased. For a realization of the membrane process downstream of fermentation, further
study to improve the flux in distillate dehydration and a process simulation to optimize
the separation conditions are required.

4. Conclusions

The dehydration performance of three types of zeolite membranes was compared us-
ing bioethanol solution obtained from high-temperature fermentation followed by vacuum
distillation. The distillate was acidic, with a pH of 3.8, and contained various contaminants
in small concentrations, such as acetate and fumarate. While the LTA zeolite became
amorphous in the distillate, the MOR and MFI membranes maintained their crystal struc-
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tures. Treating the distillate did not have a significant influence on the water-selectivity
of the MOR and MFI membranes, but decreased the flux measured in a synthetic mixture
separation before and after treating the distillate. The flux decrease seemed to be larger
when the Si/ Al ratio of the membrane was higher.

The major flux decrease was observed in the first few hours when the membranes
were in contact with the distillate. Then, the flux reached a steady state and an almost
stable value for about 10 h of separation. The MOR membranes maintained their high
water-selectivity in the dehydration of the distillate with the concentration of contaminants
in the permeate under the detection limit. The results showed that the MOR membranes
were promising candidates for the dehydration of a bioethanol solution. The application
of these membranes is not limited to the dehydration of a distillate solution of high-
temperature fermentation, but can be applied to other types of fermentation solutions.
A further understanding of the causes for the flux decline and the developments of the
distillate pre-treatment or membrane surface modification will improve the flux, which
will reduce the required membrane area.
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