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Abstract: The application of the pervaporation process in biotechnology is rapidly growing. A two stage pervaporation
process can be applied to the downstream processing of ethanol fermentation. In this paper, the second stage process in
which the water-ethanol composition was 50:50 wt.% was investigated in more detail by using Nylon 4 and its blended
membranes containing poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA). Nylon 4 membranes were tested for
compositions at 25, 30, and 35 *C. Nylon 4 membranes had a separation factor of 4.18 with a permeability of 0.69 kg/mi
hr at water—ethanol composition of 50:50 wt.%, while nylon 4-PVA blended membranes crosslinked by 5 Mrad gamma-
ray irradiation showed a higher separation factor of 10.56 with permeability 0.55 kg/nihr at the same composition.
Nylon 4 also showed a high separation factor 27.8 at the ethanol-water azeotropic composition among the homopolymer
membranes.
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1. Introduction terest in the production of organic solvents from

biomass to be used as a fuel or chemical feedstock.

The dependence on traditional petrochemical en- The traditional separation techniques, such as, distil-

ergy resources for meeting the world’s chemical and lation, adsorption, and liquid-liquid exraction, etc.,

energy needs will lead to worldwide energy shorta— are still responsible for the greatest part of the ener-
ges in the future, This situation has accelerated in- gy costs.
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Fig. 1. Schematic diagram of the coupled fermenta-

tion.

Soukop[ 1] presented the economic analysis for a
pervaporation plant with a daily production of 6,000
L of pure ethanol. The cost of a combined pervapo-
ration—distillation plant is 2-3 times lower than that
of a traditional plant, while the running costs are
reduced by a factor of 1.5-2.5. Membrane applica-
tions in biotechnology can be regarded as an eco-
nomical alternative, since the biomass and the nutri-
ents can be reduced and the product inhibition prob-
lem can be reduced under the continuous operation.

In principle, a two stage pervaporation process
can be applied for the concentration of ethanol from
the fermentation broth. Gudernatch et al.[2] intro-
duced the direct application of a pervaporation unit
to a fermentation reactor by using poly(dimethyl-
siloxane) hollow fiber membranes. They showed
that permeation rate was typically 0.6kg/m’hr and
the separation factor reached up to 55 (e/w),
which means that the ethanol concentration of per-
meate could be 50 wt.% because most of ethanol
produced from fermentation contains 5 to 13 wt.%
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ethanol.

Fig. 1 gives the process scheme of the coupled fer-
mentation pervaporation unit with ethanol-selective
membrane, such as, poly(dimethylsiloxane)
(PDMS), in the first stage and water—selective
membrane in the second stage. During the continu-
ous operation, the produced ethanol can be concen-
trated in the first downstream, so that the product
inhibition effect can be reduced and the cells are re-
turned to the fermenter. Mulder et al[3] have
checked the selectivities of PDMS membrane for 5
wt.% ethanol in water with D—glucose and sodium
chloride. PDMS membrane showed complete rejec-
tion of D-glucose and sodium chloride. As a result,
ethanol can be purified up to 99% or more in the
second stage.

In this paper, the second separation stage is inves-
tigated in more detail by using Nylon 4 and its
blended membranes containing PVA and PAA.
Nylon 4 membranes were also tested for the total
range of compositions at 25, 30, and 35C

2. Experimental

2. 1. Materials

Nylon 4 polymers were synthesized in our labora-
tory by the CO,initiated polymerization of 2-
pyrrolidone using potassium 2-pyrrolidonate as the
catalyst and the CO,/KOH/18-Crown—6 ether cata-
lyst system[4]. The intrinsic viscosities of Nylon 4
used in this study varied from 2.23 to 6.07. Nylon 6
with molecular weight 42,000 and poly(acrylic
acid) with molecular weight 150,000 (in 25 wt.%
aqueous solution) were obtained from Polysciences
Inc. Fully hydrolyzed poly(vinyl alcohol) of 72-60
grade was obtained from Du Pont. The solvents
used in the present study were of analytical grade.

2. 2. Membrane preparation
2. 2. 1. Nylon 4 membrane
The casting solution with 8 wt.% Nylon 4 poly-

mer was prepared from 90% formic acid. The mem
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brane was cast onto a clean glass plate using a
Gardner knife with predetermined drawdown thick-
ness. The membrane was predried for 5 min. at
room temperature and was then heated in ther—
mostatted oven for 1 hr. at 60°C and then cooled for
10 min. The formed film on a glass plate was
soaked in deionized water for at least 24hr. The
membrane was then peeled off and stored In
deionized water for further use.

2. 2. 2. Blended Nylon 4-PAA membrane

A 8wt.% Nylon 4 in 90 % formic acid and 10 wt.
% aqueous solution of PAA were mixed together
by varying each component composition to form a
homogeneous solution. The membrane was then pre-
pared following the same procedure as the case of
Nylon 4. The prepared film was then crosslinked n
a 10 wt.% aluminum nitrate crosslinking bath for
30 hrs., then immersed in deionized water for 24
hrs. with frequent water changes.

2. 2. 3. Blended Nylon 4-PVA membrane

A 8wt.% Nylon 4 solution in 90% formic acid
and a 8wt.% PVA solution in water were blended
together with various compositions to form a homo-
geneous solution. Then the membranes was pre-
pared following the same procedures of the above
Nylon 4 membranes, gamma-ray irradiation tech-
nique was used for crosslinking. First, the formed
Nylon 4-PVA blended film was immersed in an ag-
ueous solution of 40 vol.% methanol and allowed to
equilibrate for 24 hrs. Then nitrogen gas was
bubbled through the solution to remove the dis-
solved oxygen. The bottle containing the solution
and film was capped and irradiated at room temper-
ature with dose ranges of 1-10 Mrad. The source
employed was a Cobalt—60 Gamma-Cell 220 irradia-
tion unit (Atomic Energy of Canada, Litd.).

2. 2. 4. Blended Nylon 4-Nylon 6 membrane
The casting solutions with 8wt.% Nylon 4 and
Nylon 6 polymer, respectively, were prepared from

90% formic acid and then mixed together with vari-
ous compositions to form a homegeneous solutions.
The membrane was then cast onto a clean glass
plate using a Gardner knife with predetermined
drawdown thickness. The membrane was prepared
following the same procedures of the above Nylon 4

membranes.

2. 2. 5. Blended Nylon 6-PVA membrane

A 8wt.% Nylon 6 in 90% formic acid and a 8wt.
9% PVA solution in water were blended together
with various compositions to form a homegeneous
solution. Then the membrane was prepared follow-
ing the same procedures of the above Nylon 4-PVA
blended membranes.

2. 2. 6. Apparatus and experimental procedure
Details about the permeation cell, the pervapora-
tion apparatus and experimental procedure have
been reported elsewhere {5]. The necessary vacuum
in the downstream was maintained by a vented ex-
haust. The vacuum was measured by a Fisher, close
end, Bennet type vacuum manomater in the vacu-
um line near the cell and was always kept below
2mmHg. The analysis of the permeate was done
using a Anton-Paar DMA 60 digital densitometer.

3. Results and Discussion

In membrane material science, it is difficult to se-
lect a polymer which is suitable for separating polar
-polar mixture systems, such as the water—ethanol
mixture because of complex interactions between
the membrane material and the feed mixture to be
separated. The basic idea presented in this paper is
that the water solubility for a given mixture could
be increased by adding hydrophilic polymer, so that,
as a result, the ethanol selectivity is decreased.

The separation factor, @, calculated in the pres-
ent work is defined as

a= (Ywater/ Yethanol)/ (Xwater/ Xe(hanol)
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Table 1. Permeability and Selectivity of Nylon 4

Table 3. Permeability and Selectivity of Nylon 4~

Nylon 6 Blended Membranes* PAA Blended Membranes *
Nylon 4 Nylon 6 | 25C 30C 35¢C Nylon 4-Nylon 6 | 25T 30C 35C
i Blending
Blendin, . e | P | P
Ratilog e | P* | @we | P lawe | P Ratio Gwie | D" | Gu G
e 123 0425 116 65701 139 o622 Nylon 4 418 0.69 | 2.85 [ 0.76 | 2.33 | 0.96
. PO POS Dl D D e : 21052 (3.77 | 0.68 | 3.40 | 0.91
6:4 2.66 {0.450| 2.26 |0.632| 2.33 [0.721 2; 32; 022 <78 | 043 | 140 | 063
8:2 3.14 [0.549] 2.61 |0.735| 2.4 {0.876 : 220 | Voo ] 9.70 | D29 ) 240 | O

Nylon 4 4.18 |0.687| 2.85 {0.760| 2.33 |0.964
2 Feed mixture composition, 50wt.% ethanol in water
* Permeability, kg/m*hr

Table 2. Permeability and Selectivity of Nylon 6-

PVA Blended Membranes*
Nylon 6-PVA 25T 30C 35C
Blending .
Ratio @ue | P° | Qe | P | we| P
9:1 2.0210.37 | 2.21 | 0.45| 2.07 | 0.62
8.5:1.5 4.1110.19|3.84|0.46 | 3.71 | 0.61
8:2 3.25(0.22 | 2.51 { 0.48 | 2.45 | 0.70

* Feed mixture composition, 50 wt.% ethanol in water.
y-ray dose, 1 Mrad.
® Permeability, kg/m?hr

where Y/'s are the weight fraction of permeates and
X/s are those of the feeds, respectively.

First, Nylon 4-Nylon 6 blended membranes were
tested by varying the polymer content of each. As
can be seen in Table 1, the permeation rate and the
separation factor increase with increasing Nylon 4
content as expected. Next we have tested the Nylon
6-PVA blended membranes. As shown in Table 2,
the separation factors go up to 4.11 and then de-
crease with more hydrophilic polymer, PVA, con-
tent. This can be explained in terms of the
hydrophilic/hydrophobic balance of the membranes,
Le., the Nylon 6-PVA membrane with the blending

ratio of 8.5:1.5 has the best balance at 50:50 wt.% 7

of water—ethanol mixture. The results shown in
Table 1 and Table 2 are not good in terms of the
separation efficiency, however, both of Nylon 4-
Nylon 6 and Nylon 6-PVA blended membranes
good examples which strongly support the
hydrophilic/hydrophobic balance mentioned earlier.
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*Feed mixture composition, 50 wt.% ethanol in water
® Permeability, kg/m?hr

Table 4. Permeability and Selectivity of Nylon 4-

PVA Blended Membranes®
Nylon 4-PVA 25C 30°C 35C
Blending N
Rﬂti() Que p Awje P (1298 P
Nylon 4 4,18 [ 0.69 | 2.85|0.76 | 2.33 | 0.96
9:1 4.06 | 0.87 { 3.58 | 1.04 | 2.88 | 1.30
8:2 450 [ 0.81 | 3.9410.92 | 3.23 | 1.03

“Feed mixture composition, 50 wt.% ethanol in water.
y-ray dose, 1 Mrad.
* Permeability, kg/mhr

Table 5. Effect of y-Irradiation on Permeability and
Selectivity of Nylon 4-PVA (8:2) Blended
Membranes at 257 @

Mrad Quse pr
1 4.50 0.81
2 5.48 0.78
5 10.56 0.55
10 5.64 0.84

* Feed mixture composition, 50 wt.% ethanol in water
® Permeability, kg/m*hr

Table 3 shows the permeation rate and the sepa-
ration efficiency of Nylon 4-PAA blended mem-
branes. As can be seen, the separation factors in-
crease with increasing PAA content. The wet tech-
nique[ 6] was chosen as the crosslinking method of
PAA. A good quality membrane can be prepared
from this technique because the presence of Nylon 4
in the membrane slows down the fast diffusion
problem of metal ion into membrane during cross-
linking. In this case 20 wt.% of PAA is the opti-
mum content.

Table 4 shows the permeation rate and the selec-
tivity of Nylon 4—PVA blended membranes. One
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Fig. 2. Separation factor of Nylon 4 membrane.

can see that the separation factor does not increase
much even though hydrophilic PVA polymer 1s
added gradually. Therefore it was attempted to con-
trol the hydrophilic/hydrophobic balance of the
membrane by changing the crosslinking degree. The
control of the hydrophilic/hydrophobic balance
could arise from the chemical and physical changes
of the polymer, Le., (i) changes of the chemical
structure in the polymer; the resulting selectivity is
dependent on the crosslinking agent (ii) changes of
the chain mobility; in this case the resulting selec-
tivity depends on the sizes of the mixture to be sep-
arated.

Table 5 shows the effect of gamma-irradiation on
the permeability and separation efficiency for the
Nylon 4-PVA with blending ratio of 8:2 which pre-
sents the best selectivity. According to Katz and
Wydeven[7], PVA membrane swelling ratio in
water indicated a steep decrease with dose below 10
Mrad whereas beyond 10 Mrad, it changed only

Permeability, g/m*hr X 1072
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Fig. 3. Permeation rates of Nylon 4 membrane.

slightly with dose. Thus we checked the radiation
dose of the membrane up to a dose of 10 Mrad.
Table 5 shows that the maximum separation factor,
10.56, was observed at the dose of 5 Mrad. Conse-
quently, the optimum hydrophilicity/hydrophobicity
balance is the membrane with the blending ratio of
8:2 and crosslinking dose of 5Mrad in this system.
From these result, it should be recognized that the
affinity of the polymer towards water must not be
too high because this leads to extensive swelling,
resulting in sorption increase of ethanol. Thus cross-
linking the polymer plays an Important role in con-
trol of the balance between the hydrophilicity and
swelling.

Fig. 2 shows the separation factors at various
temperatures for the entire range of the feed com-
position. Fig. 3 shows the relation of the permeation
rate to the feed composition at various tempera-
tures by Nylon 4 membrane. The increase of the
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Fig. 5. X~y diagram.

water content in the feed mixture causes the perme-
ation rate to become greater and the same trends
are noted at other temperatures.

Individual permeation rates of water and ethanol
at 25 C are illustrated in Fig. 4. Even if pure etha-
nol permeation rate is very small, the ethanol per-
meation rate increases with the increase of the
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water content and shows a maximum rate at 50 wt.
% ethanol in feed mixture. This could be due to the
coupling effect, i.e., the presence of water facilitates
the ethanol permeation rate. According to our sorp-
tion and diffusion studies of water and ethanol in
Nylon 4 membranes, the sorption capacity is not
much different from each other, i.e., the diffusion
rate of ethanol in Nylon 4 membrane is much slow-
er than that of water[8]. The separation factors in-
crease exponentially for Nylon 4 membrane with
the change in feed composition. At azeotropic com-
position the Nylon 4 membrane gives higher separa-
tion factor when compared with that of other homo-
polymer membranes while at 50 wt.% of ethanol in
feed mixture, moderately high separation factor is
obtained. This is also illustrated in the x—y diagram
in Fig. 5.

4. Conclusions

It has been demonstrated that the separation effi-
ciencies can be enhanced by controlling the hyd-
rophilicity/hydrophobicity balance based on the
changes of the blending ratio of two polymers and
the crosslinking degree. Nylon 4-PAA membranes
with the blending ratio of 8:2 showed the highest
separation factor of 9.36 at 50 wt.% ethanol con-
centration in the feed. Nylon 4-PVA membrane
with the blending ratio of 8:2 crosslinked y —irradia-
tion with the dose rate of 5 Mrad showed the high-
est separation factor of 10.56 at 50 wt.% ethanol
concentration in the feed. At azeotropic composi-
tion, Nylon 4 gave a higher separation factor of 27.
8 when compared with that of other homopolymer
membranes while at 50 wt.% of ethanol in feed, a
moderate high separation factor was obtained.

References

1. P. B. Soukop, “Aufkonzentrierung und Absolu-
tierung von Aethanol aus Wasserigen Mis—
chungen durch Pervaporation”, 4th Symposium
on Synthetic Membranes in Science and Indus-
try, Tubingen, FRG, September 6-9 (1983).

2. W. Gudernatsch, H. Strathmann, and H. Chemi-



Pervaporation Separation of Ethanol-Water Mixtures Using Nylon 4 and Its Blended Membranes 797

cal, “Continuous biosolvent fermentations by 5. R. Y. M. Huang, A. Moreira, R. Notarfonzo, and

means of hollow pervaporation”, 1st North Y. F. Xu, J. Appl. Polm. Sci., 35, 1191 (1988).
American Membrane Society (NAMS) meeting, 6. A. C. Habert, R. Y. M. Huang, and C. M. Burns,
Cincinnati, OH., U.S.A., June 3-5 (1987). J. Appl. Polym. Sci., 24, 489 (1979).
. M. H. V. Mulder, J. Hendrikman, J. Hegeman, 7. M. C. Katz and T. Wydeven, Jr., J. Appl. Polym.
and C. A. Smolders, J. Membrane Sci., 16, 269 Sci., 26, 2935 (1981).
(1983). 8. J. W. Rhim and R. Y. M. Huang, J. Membrane
. R. Y. M. Huang and J. W. Rhim, J. Appl. Polym. Sci., 70, 105 (1992).

Sci., 24, 55 (1989) .

J. of Korean Ind. & Eng. Chemistry, Vol.4, No.4, 1993



