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Abstract—A pilot scale vapor permeation unit was assembled to study the dehydration of bioethanols with NaA
membrane. The operational parameters, such as feed concentration, temperature, and downstream pressure in perme-
ate, were varied. Long-term operation of an ethanol dehydration unit was demonstrated. Additionally, the lingocellu-
losic ethanol distillate was dehydrated to fuel grade ethanol with less than 1% water content. The changes in impurities,
such as methanol, ethylacetate, 2-propanol, 1-propanol, 1-butanol, and Isoamyl alcohol, were dependent on the volatil-
ity of the compounds. The ethanol concentrations in the permeate stream were lower than 1%, indicating high separa-

tion performance of the membrane system.
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INTRODUCTION

Biofuels, such as biodiesel and bioethanol, have been paid great
attention in recent years due to their renewability. In particular, lig-
nocellulosic ethanol, which is produced from using lignocellulosic
materials, has the advantages of abundance and non-food crop char-
acteristics over ethanol produced from corn and sugar cane. How-
ever, cost-effective conversion of lignocellulosic biomass into etha-
nol is still a challenging task due to the lack of integrated process
configurations. It is expected that lignocellulosic ethanol process
via a biochemical route will be commercialized before 2020 [1,2].

The steps in the lignocellulosic ethanol production process include
pretreatment (acid, base, high temperature, or high pressure), enzyme
hydrolysis, ethanol fermentation, and ethanol purification [1,3-6].
The most common method for ethanol purification is distillation.
However, the distillate, consisting of 90-95% of ethanol content,
cannot meet fuel specifications [7]. Further purification steps, such
as azeotropic distillation, molecular sieve adsorption, and mem-
brane separation, are needed to remove residual water to less than
0.5% (v/v) and to raise the ethanol level to 99.3% (v/v) [4,8].

Membrane separation is an energy-saving process for dehydrat-
ing ethanol. However, most commercially available ethanol dehy-
dration membranes are polymeric membranes [9,10]. Over the past
decades, the interest in the development of inorganic membranes
has increased. Specifically; the inorganic zeolite membranes appear
to have much better thermal, chemical, and mechanical stability
than polymeric membranes do, providing an alternative opportu-
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nity for industrial applications [11-13]. A successful demonstra-
tion by Mitsui Engineering and Shipbuilding Co. Ltd. showed that
one potential method of alcohol dehydration could be to use NaA
(or LTA) membrane [14].

Morigami et al. [14] showed that in a large-scale membrane plant,
90 wt% of ethanol was dehydrated by zeolite NaA membranes
with a separation factor of up to 30,000. The tested feed solution
included actual waste ethanol, IPA, and methanol. Further scaled
up plants owned by Nano-Research Institute Inc. (a 100% subsidi-
ary of Mitsui & Co.) achieved 3,000 L/d (in Brazil) and 30,000 L/d
(in India) using the same membrane, demonstrating the promise
of the technology [15]. Similarly, Richter et al. [16] reported that
NaA membrane had high separation performance. In that study,
both synthetic and industrial fermentation ethanols were tested.
They found that similar permeation fluxes were obtained when the
system was operated in pervaporation and vapor permeation modes.

Although ethanol dehydration by inorganic membranes has
been demonstrated successfully on laboratory [17,18], pilot [19],
and industrial scales [14,16], little has been reported about dehy-
dration of lignocellulosic ethanol produced from agricultural wastes,
especially from rice straw. Furthermore, detailed information about
the composition of lignocellulosic ethanol is usually unavailable [20].
During ethanol production, other fermentation by-products (such
as ethyl acetate, 1-propanol, and methanol) are generated simulta-
neously [21,22]. Concurrent dehydration of lignocellulosic ethanol
containing these by-products would provide invaluable information
on problems that would likely be encountered in an industrial-
scale fuel-grade ethanol production process.

In this study, dehydration of ethanol was systematically studied
by varying the feed ethanol concentration, feed temperature, and
downstream pressure. Several batches of ethanol were dehydrated
to demonstrate the stability of the system. Furthermore, lignocellu-
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Table 1. Characteristics of the membrane used in this study

Parameter Characteristics”
Configuration Tubular
Material Zeolite NaA
Filtration area (cm?) 890

Tube length/diameter (cm) 120/2
Number of channel 4
Channel diameter (cm) 0.6
Maximum operational temperature (°C) 150
Maximum operational pressure (Bar) 10
Water content in feed (%) <20%

“Data were taken from inocermic, Germany

losic ethanol obtained from a lignocellulosic ethanol pilot plant [4,
23,24] was dehydrated to further an understanding of the perfor-
mance of the separation system.

MATERIALS AND METHODS

1. The Membrane and Separation System

NaA zeolite membrane (purchased from Inocermic GmbH,
Germany) was used to study dehydration performance of synthetic
and lignocellulosic ethanols. The NaA zeolite membranes were
synthesized in the internal side of the tubular supports to offer best
mechanical and hydrodynamic conditions [11]. Typically, a sepa-
ration factor of 10,000 could be obtained [25], indicating high sep-
aration performance of the membrane. In this study; a single mem-
brane module with an effective area of 890 cm” was used (see Table
1). The tube length and tube diameter are 120 and 2 cm, respectively:
There are four channels in each tube. Additional membrane mod-
ule can be incorporated when it is necessary [26]. Fig. 1 shows the
schematic diagram of the pilot plant. The dehydration system con-
sists of a high pressure feed pump, an evaporator, a membrane mod-
ule, two coolers, and a vacuum pump. The system was operated in
vapor permeation mode. Ceramic fiber blankets were wrapped on
the tubing and housing of the membrane module to minimize the
loss of heat to air. No additional heating was provided on the tubing.
2. Experiment Protocol

Single-pass continuous mode (ie., no recycling of the concen-
trate) was conducted for dehydration of synthetic ethanol solution

(91%-97%), while batch circulation mode (ie., recycling of con-
centrate only) was adopted for dehydration of ethanol (85%-95%)
and lignocellulosic ethanol solutions. When the temperature in the
feed tank reached a desired value, the feed pump and the auto-
matic control valve were turned on to start the experiment. Typi-
cal feed rate was 5 kg/h. The operational temperatures varied from
80 to 127°C, corresponding to the gauge pressures of 0.1 to 4.6
bar. Temperature of the cooling trap on the permeate side was 2-
10°C. The system was equilibrated for about one hour before the
data were collected. For the synthetic ethanol experiments, the
time interval for each data point was more than 20 min. The feed
solution samples were taken before they entered the evaporator.
Ethanol product samples were taken from the outlet of membrane
module. A control valve in the permeate side needs to be closed to
allow taking permeate samples. The product and permeate streams
were sampled simultaneously for chemical analyses and for deter-
mining flux. For the batch circulation mode experiments, ethanol
concentration in the circulation tank was measured at selected
intervals.

3. Lignocellulosic Ethanol

The lignocellulosic ethanol pilot plant consists of four units, in-
cluding dilute acid hydrolysis pretreatment, enzymatic hydrolysis,
fermentation and ethanol distillation [23,24]. The design capacity
of the pilot plant is one ton of feedstock per day. Separate hydroly-
sis and fermentation (SHF) and simultaneous saccharification and
fermentation (SSF) processes were studied in the test runs. Simul-
taneous saccharification and co-fermentation (SSCF) process can
be applied after a glucose and xylose co-fermenting recombinant
yeast is developed. The design criteria for the pilot plant were as
follows: dilute acid pretreatment in continuous mode, 75%-80%
ethanol yield without detoxification for C5 sugar and high solid/
liquid ratio (20%-25%) with 75% ethanol yield for C6 sugar. The
current feed stock is rice straw but flexible to sugarcane bagasse,
hardwood, and other biomass.

The steam explosion pretreatment system was operated at 150-
250 kg/h. The pretreated cake was then subjected to enzymatic hy-
drolysis with a dosage of 20-25 FPU/g-cellulose. Typical reaction
time was 48 hours and final glucose concentration was 50 g/L. After
separating of lignin from the hydrolyzed, fermentation was con-
ducted with Saccharomyces cerevisiae in a 7,000 L fermenter. The
resulting fermentation broth with ethanol concentration of 1.5%-
3.0% was then subjected to distillation. The ethanol concentration
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Fig. 1. The schematic diagram of a pilot scale ethanol dehydration system.
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in the final distillate was 909%-94%.
4. Physical and Chemical Analyzes

The samples in the permeate stream were analyzed with high
performance liquid chromatography (HPLC) to determine ethanol
concentration. The chromatography analysis was performed on an
87H analysis column (Transgenomic Inc., USA) at 65 °C. 4 mM of
H,SO, solution was used as the mobile phase, flow rate was 0.8
mL min "', and the detection cell temperature in the RI detector
was set at 45 °C. For each analysis, 20 pL of sample solution was
injected into the system.

The samples in the feed and product streams were analyzed
with a density meter (DA-130N, Kyoto Electronics) and gas chro-
matograph with flame ionization detector (GC/FID) to determine
ethanol and the impurity content. A nonpolar HP-1 column with
length of 100 meter was used. The conditions for analyses were as
follows: injection temperature of 250 °C, split ratio of 50, column
flow rate of 1 mL/min, and detection temperature of 300 °C.

Flux J (kg/m’/h) can be determined with Eq. (1) where W is
weight of solution in permeate side (kg), A is filtration area of mem-
brane (m?) and t is filtration time (h).

w

I:A_t (1

The separation factor was calculated according to Eq. (2).

Cwater, Eer/Cethanol, per (2)

:Bwater/ethunol =
Cwater,feed/cethanol,feed

In Eq. (2), Cyuter, per A Ciz per are the concentrations of water
and ethanol in the permeate. C, ., feq aNd Copano feea are the con-
centrations of water and ethanol in the feed side.

To get the intrinsic membrane property but also better compare
the present study with existing data set, membrane permeances
(PS/D) and selectivities (0%, o) Were calculated in addition to
the parameters used above [27].

G

p; i
e ®
Pi,— P,
G
Pwa er/ !
yyater/ethanol = G - (4)
ethunol/ l

where PF is permeability (Barrers), / is membrane thickness (cm),
ji is molar flux (cm’*(STP)/cm’s), p;, and p; are the partial pressures
of component i on either side of the membrane (cmHg), and P,,,,/I
and PY,,,,/1 are the permeances of water and ethanol (gpu=10"°
cm’(STP)/cm’s cmHg). The NRTL model was used to calculate
the partial pressures of ethanol and water.

RESULTS AND DISCUSSION

1. Effect of Feed Temperature on Separation Performance

To understand the characteristics of the membrane, dehydra-
tion of ethanol was conducted using a single membrane module.
Single-pass continuous mode (ie., no recycling of the concen-
trate) was conducted. Fig. 2 shows the ethanol product concentra-
tion at various operational temperatures. It is clear that ethanol
product concentration increased as the feed temperature increased.
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Fig. 2. (a) Ethanol product concentrations and permeate fluxes at
various operational temperatures. (b) Water and ethanol per-
mances at various operational temperatures. Feed ethanol
concentration=92%. Downstream pressure=7-10 torr.

At feed ethanol concentration of 92%, ethanol product concentra-
tions were 95.5% and 98.4%, when the feed temperature was at 80
and 127 °C, respectively. At feed ethanol concentration of 97% and
127°C, the product concentration reached fuel grade level of
99.5%. Fig. 2 also shows that fluxes were from 1.6 to 3.2 kg/m’/h
at a feed ethanol concentration of 92%. Increasing the feed etha-
nol concentration from 92% to 97% decreased the permeation flux,
representing a decrease in driving force (ie., water content) for
separation. A further analysis (Fig. 2(b)) shows that water perme-
ance was greater than 1,000 gpu, but ethanol permeance was less
than 1 gpu, resulting in high selectivity of the membrane (>4,000).
Both the water and ethanol permeances decreased as the opera-
tional temperature increased. Note that the water permeance at
127 °C was about one-third of that at 80 °C. This phenomenon is
similar to the study reported by Sato et al. [17] who showed that
water permeance decreased with increasing of temperature from
100 to 145 °C with NaA membrane. However, Zah et al. [28] re-
ported that the water permeance in the zeolite NaA layer increased
as the temperature increased from 30 to 60 °C. In addition, Wang
and Tsuru [29] found that both the water (~3,000 gpu) and ethanol
(~0.6 gpu) permeances were approximately constant with increas-
ing temperature from 40 to 75 °C by using Co-SiO, membranes.
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The increase in flux with an increase in operational tempera-
ture was due to the increase in the vapor pressure across the
membrane because the intrinsic membrane permeance decreased
as the operational temperature increased. According to solution
diffusion model, the membrane permeance is the combination of
diffusion and sorption. Generally, the diffusion coefficient increases
with increasing operational temperature, but sorption coefficient
decreases with increasing temperature. The result in this study
showed that the change in sorption was more significant than the
change in diffusion. The differences in the results above may be
due to the differences in the intrinsic properties of membranes
and feed condition (VP vs. PV) employed. Additional study is
needed to further elucidate the temperature dependent effect of
water permeance during ethanol dehydration.

The analyses for the apparent activation energy for permeation
flux through the membrane were conducted with the following
equation:

j=hoesp(- ) ®

where J; (kg/m’/h) is the flux, ], (kg/m’/h) is the pre-exponential
factor, E; (kJ/mole) is the apparent activation energy for perme-
ation flux through the membrane, R (J/mole/K) is the gas con-
stant, and T (K) is the temperature. The calculated Ej,,,, and E, .,
were 23.4 and 16.6k]/mole, respectively. It is reasonable that the
apparent activated energy for water passing through membrane
was lower than that for ethanol since NaA membrane is hydro-
philic. However, E, . in this study is smaller than those reported
values of 32-35 kJ/mole in the literature [30,31]. This may be due
to different types of supports used in fabricating the membrane.
For example, Sato et al. [17] showed that activation energies for
asymmetric and monolayer supports during permeating ethanol
solution were 20 and 31k]J/mole, respectively. The authors suggested
different permeating mechanisms involved in the separation.
2. Effect of Downstream Pressure on Separation Performance

Fig. 3(a) shows the effect of downstream pressures on the etha-
nol product concentration and permeate flux. The downstream
pressure was adjusted by a needle valve. The lower the downstream
pressure, the higher the ethanol product concentration was. Simi-
larly, permeate flux increased as the absolute pressure in down-
stream decreased. In addition, the higher the feed temperature, the
higher the ethanol product concentration and permeate flux could
be obtained. Fig. 3(b) expresses the results in terms of permeance
and driving force across the membrane. The partial pressure dif-
ference across membrane for ethanol is much higher than that for
water because there are differences in the volatility of water and
ethanol. Generally, the vapor permeation is operated at higher tem-
perature in comparison to pervaporation. Therefore, the partial
pressure difference across membrane did not change much when
the downstream pressure was adjusted. However, caution must be
taken when the system is operated at low temperature. In such a
case, feed vapor pressure is low and therefore the changes in down-
stream pressure would significantly influence the driving force for
separation. Fig. 3(b) also shows that ethanol permeance was approxi-
mately unchanged at temperature of 80-120 °C, whereas water per-
meance decreased as temperature increased.
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Fig. 3. (a) Ethanol product concentrations and permeate fluxes as a
function of downstream pressure. (b) Water and ethanol per-
meances varied with driving forces. (c) The separation per-
formance. Feed concentration=92 wt%.

Fig. 3(c) demonstrates separation factors and selectivities of
water over ethanol at various downstream pressures and tempera-
tures. Generally, the separation factor was proportional to selectiv-
ity. To get an intrinsic membrane property that does not depend
on the operating conditions of the experiments, selectivity is pre-
ferred [27]. It is also recommended that the molar-based term is
better than the mass-based one. Since permeates were rich in water
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Table 2. Comparison of membrane performance for the dehydration of ethanol

Ethanol in the ~ Temperature Flux Water in Water permeance  Selectivity

Membrane o N References
feed (%) (O (g/m’/h)  permeate (%) (gpu) Olyatersethanal

Zeolite NaA 92 80 1,643 99.78 4,100 5,800 This study
Zeolite NaA 92 87 2,085 99.84 4,000 7,800 This study
Zeolite NaA 92 98 2,692 99.83 3,400 7,400 This study
Zeolite NaA’ 90 920 2,500 99.8 3,600 5100  Sommer and Melin [32]
Zeolite NaA’ 90 110 4,900 99.9 3,500 10,000  Sommer and Melin [32]
Zeolite NaA" 90 75 2,150 >99.9 5,700 >10,000 Okamoto et al. [31]
Zeolite NaA” 90 105 4,500 99.97 3,800 33,000 Okamoto et al. [31]
PVA 85.1 98 - - 710 100 Niemisto et al. [33]
CE >95 75 - - ~5,000 ~500 Baker et al. [27]

PVA: polyvinyl alcohol, CE: cellose ester composite
“The permeate pressure is assumed to be a hard vacuum

(>99% water in all cases), separation factors and selectivities were
high ranging from 1,700 to 6,600 and 2,100 to 7,400, respectively.
Table 2 compares the performance of membrane for ethanol dehy-
dration. The water permeance in this study was similar to those
reported values using NaA membrane. However, due to higher
ethanol permeances, the selectivities of 5,800-7,800 were lower than
those values reported in the literature [31,32]. Nevertheless, NaA
membrane performs much better than most commercially avail-
able organic membrane in terms of selectivity [27,33].
3. Continuous Dehydration of Ethanol in Batch Mode

To better understand long term stability of the dehydration sys-
tem, seven batches of experiments were conducted continuously.
Each batch lasted for more than 20 hr and the total operational
time was 171 hr (see Fig. 4). The initial ethanol concentrations in
the circulation tank ranged from 85% to 95%. The operational
temperature and inlet pressure were 90 °C and 0.6 bar, respectively.
The results showed that there was a sharp increase in ethanol
product concentration in the beginning phase of filtration. The
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Fig. 4. Continuous dehydration of ethanol in batch mode. The oper-
ational temperature and inlet pressure were 90°C and 0.6
bar, respectively.
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changes in ethanol product concentration with time gradually de-
creased when the ethanol product concentration was greater than
~95%. This was due to a decrease in the driving force (water con-
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pressure 5-7 torr. (a) Changes in ethanol concentration with
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tent) as the filtration proceeded. Final ethanol product concentra-
tion in the circulation tank increased to more than 98% in all the
cases. The results provided a benchmark for studying the dehydra-
tion of lignocellulosic ethanol from rice straw.

4. Dehydration of Ethanol Solution Produced from Rice Straw

The lignocellulosic ethanol used in this study was obtained from
a pilot plant in which rice straw was used as feed stock [23,24].
The rice straw was cut into small pieces and then subjected to
hydrolysis. Dilute acid and enzyme catalyzed hydrolysis processes
were employed. The resulting solution containing high sugar con-
centration was sent to fermentation. A broth with 1.5%-3.0% etha-
nol solution was obtained and then distilled to ca. 90% ethanol
solution. Fig. 5(a) shows the changes in ethanol product concen-
tration with time for a batch circulation experiment at 100 °C. The
initial ethanol concentration was 93.4% after distillation. The start-
up ethanol product concentration at membrane module outlet
was 96%, which was close to a quasi-steady state value of 96.8%
when synthetic ethanol was subjected to vapor permeation under
similar experimental condition (see Fig. 2(a)). The ethanol con-
centration in the circulation tank increased sharply to 96.2% after
1 hr, and then gradually increased to 99.5% after 13 hrs of opera-
tion. The ethanol concentration in the permeate was below 0.5%.
Note that dehydration rate decreased as the water content in the
solution decreased. The overall mass recovery of the liquid was
98%, indicating that small amount of uncondensed vapor was lost.

Fig. 5(b) shows the profile of impurities in the lignocellusic eth-
anol before and after treatment. The detected compounds included
methanol, ethylacetate, 2-propanol, 1-propanol, 1-butanol and Iso-
amyl alcohol. These alcohols and ester are common fermentation
by-products found during ethanol production [21,22,34,35]. For
example, ethyl acetate, 1-propanol, methanol, etc. were found
during fermentation of grape must [21]. Fadeev et al. [22] found
that glycerol, butanediols, butanols, propanols, etc. were generated
during glucose fermentation. Note that those compounds with rel-
atively high boiling points (~200 °C), such as glycerol and butane-
diols, were less likely to be present in the distillate after distillation.
Organic impurities found in lignocellulosic ethanol were pro-
duced from empty fruit bunches (EFBs) of oil palm fiber included
acetaldehyde, acetone, ethyl acetate, methanol, isopropyl alcohol ,
n-propyl alcohol, isobutanol and isoamyl alcohol [35].

The changes in composition of impurities depended on the vol-
atility of the compound. 1-propanol and methanol were the major
impurities in the feed ethanol, representing 47% and 24% of total
impurity, respectively. Due to the differences in boiling point (1-
propanol B.P=97.1°C, methanol B.P=64.7 °C), methanol domi-
nated the impurity in the product ethanol (i.e., in circulation tank)
instead and its concentration increased from 1,567 to 1,789 mg/g
(~0.18%). Note that high methanol concentration (>0.0236%) may
lead to corrosive problems [35]. This could be solved by using a
further step of distillation process. On the other hand, the concen-
tration of 1-propanol in the product ethanol decreased from 3014
to 1596 mg/g, ie., the proportion in the impurity decreased from
47% to 36%. Similarly; the concentrations of less volatile compounds
(1-butanol and Isoamyl alcohol) in the product ethanol dropped
significantly. Overall, the total amount of impurity decreased from
0.64% to 0.44% in the feed and product ethanols, respectively. The

concentrated higher alcohols in the residual ethanol can be fur-
ther separated after several batches of operation.

CONCLUSIONS

A pilot scale ethanol dehydration system was established for
upgrading ethanol to fuel grade level. The results showed that NaA
membranes could separate water from ethanol successfully. Typi-
cal permeate ethanol concentration was below 1%, indicating high
separation performance of the system. The system was operated
continuously for more than one week, demonstrating the stability
of the process. Furthermore, lignocellulosic ethanol produced from
rice straw was dehydrated from 93.4% to more than 99.3%. Cau-
tion must be taken when the methanol concentration is increased
in refined bioethanol. The information obtained in this study gives
a benchmark for scaling up a membrane dehydration facility.
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