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ABSTRACT: The pervaporation performance of cellulose
acetate (CA) membranes prepared from acetone (AC), ace-
tone/tetrahydrofuran (AC/THF), acetone/chloroform
(AC/CF), and acetone/cyclohexane (AC/CYH) was studied
for separating MeOH/MTBE (methyl tert-butyl ether) mix-
ture with 5 (wt) % MeOH. The dilute-solution properties
and Huggins constant (KH) of CA dissolved in AC and
AC/solvent mixtures with 15 vol % of the second solvent
(tetrahydrofuran, chloroform, or cyclohexane) were exam-
ined. J and � of the CA membranes were affected by the
types of solvent mixtures used to prepare the casting solu-
tions. Under the same conditions, the membrane with AC/
CYH had the highest J value and the lowest � value, and it
was followed by the membranes with AC/CF, AC/THF,

and AC. The increasing value of J and decreasing value of �
for the CA membranes from different solvent mixtures were
in good agreement with the increasing value of KH of CA in
corresponding solvent mixtures. Furthermore, differences in
the morphology from scanning electron microscopy images
of the cross sections or from atomic force microscopy pho-
tographs of the surfaces of the membranes existed, and they
provided proof of the different pervaporation performances
of the CA membranes prepared from AC and AC/solvent
mixtures. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97:
1891–1898, 2005
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INTRODUCTION

A solvent is one of the most important factors when
altering the dilute-solution behaviors (association,
complex, micelle, and core-shell structure of polymer
chains in solution) of a polymer. The measurement of
viscosity is the simplest way of assessing the solution
properties.1–13 The intrinsic viscosity ([�]), viscosity
slope coefficient (b), and Huggins constant (KH) for the
viscosity behavior are common parameters for char-
acterizing the dilute-solution properties of a polymer,
especially KH, which is the theoretical representation
of the thermodynamic property and hydrodynamic
property14 of a polymer solution. Therefore, KH could
reflect the nature of the solvent thermodynamically,
the interaction between the polymer chain and sol-
vent, and the rheological behavior of the solution.

Extensive studies have been conducted on the effect
of casting solvents on the morphology and perfor-
mance of the resultant membranes prepared via the

wet-phase inversion method, such as ultrafiltration
membranes,15 reverse-osmosis membranes,16 gas-sep-
aration membranes,17 and pervaporation (PV) mem-
branes.18 The addition of a second solvent to the cast-
ing solution is often used for increasing the perme-
ation flux (J) of a membrane, and the second solvent is
mostly a nonsolvent.19 Some studies20–22 have pointed
out that the structures, boiling point, and content of
the second solvent are factors affecting the perfor-
mance of membranes. Other studies have shown that
the performance of membranes is dependent on [�] or
the surface tension of the casting solution.16,23,24

Therefore, Joly et al.1 and Khulbe et al.25 pointed out
that polymer solution properties should be paid con-
sidered for the preparation of membranes.

Usually, a PV membrane is made with a single
solvent. Only a small study reported solvent mixture
being used to prepare PV membranes by a dry-cast
process.26 In addition, cellulose acetate (CA) is a com-
mon material for making membranes, but CA mem-
branes give low flux in separating MeOH/methyl tert-
butyl ether (MTBE) mixtures with a low content of
MeOH in the feed.26–28

In this study, CA membranes were fabricated from
various solvent mixtures to improve the fluxes. In
particular, we explored the effect of KH of CA in dilute
solutions on the morphology and PV performance of
the resultant membranes and sought to elucidate the
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relationship between the flux and KH in view of chain
association and chain aggregation in polymer solu-
tions and membranes.

EXPERIMENTAL

Materials

CA with an acetyl concentration of 39.6 wt % and an
[�] value of 171.9 mL/g in acetone (AC) at 30° was
purchased from Shanghai Chemical Station (Shanghai,
China). Acetone (AC), THF, chloroform (CF), and cy-
clohexane (CYH) solvents for studying the solution
properties of CA were analytical regents, and MeOH
and MTBE for PV were industrial regents.

PV membrane preparation

A casting solution with concentration of 8 g/100 mL
was prepared by the dissolution of CA in a solvent
mixture at 45°C for 3 days. The membrane was pre-
pared by a dry-cast process; that is, we scratched its
solution on the plate surface of a polyacrylonitrile
(PAN) ultrafiltration membrane as a support layer and
evaporated the solution in an oven without air flow at

about 25°C for 2 days. The dried membrane detached
from the glass plate by itself, and the average mem-
brane thickness was 30 � 1 �m.

PV experiments

The PV experiments were conducted with the same
equipment reported previously.28 The vacuum system
of the downstream side was maintained at about 180
Pa. The experiments were carried out in a continuous
steady state at a constant temperature with an MeOH/
MTBE mixture with 5 wt % MeOH. The permeation
was condensed by liquid nitrogen. J and the separa-
tion factor (�) for all membranes were calculated as
follows:

J �
�g

S � �t (1)

� �
y1/y2

x1/x2
(2)

where �g is the permeation weight collected in cold
traps during the operation time �t; S is the membrane

Figure 1 �solv2 dependence of (�,‚,E) J and ( ,Œ,F) � values of CA membranes from three kinds of AC/solvent mixtures
at a feed temperature of 30°C. The second solvent was ( ,�) THF, (Œ,‚) CF, or (F,E) CYH.

TABLE I
Properties of the Solvents Used for the Preparation of the Dilute and Casting Solutions

Solvent
V

(cm3/mol)
Tb

(°C)
Tm

(°C)
�

(g/cm3; 20°C)
�

(mPa s; 25°C)
�

(J/cm3)1/2
�d

(J/cm3)1/2
�p

(J/cm3)1/2
�h

(J/cm3)1/2

AC 73.3 57 �95 0.792 0.32 20.2 15.5 10.4 7.0
THF 81.2 65 �65 0.888 0.36 19.5 17.85 5.7 8.0
CF 79.7 60 �64 1.499 0.54 19 17.9 3.1 5.7
CYH 108 81 7 0.779 0.90 16.7 15.6 0 0

V � molar volume; Tb � boiling temperature; Tm � melting temperature; � � surface tension; � � viscosity.
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area (15.9 cm2); x and y represent the weight tractions
of the corresponding solute in the feed and permeate,
respectively; and subscripts 1 and 2 refer to the more
permeable component (MeOH) and less permeable
one (MTBE).

The physical properties29 of all the solvents are
listed in Table I.

Viscosity measurements

CA solutions with AC or different solvent mixtures
were prepared at 45°C for 24 h and then filtered
through G2 sintered glass filters. Viscosity measure-
ments were performed with an Ubbelohde dilution
viscometer at a designated temperature. The flux time
was recorded with an accuracy of �0.05 s. The extrap-
olation procedure was used to evaluate KH, b, and [�].

Scanning electron microscopy (SEM) experiments

The membranes were fractured in liquid nitrogen and
coated with gold by sputtering. Images were obtained
with a JEOL/EO scanning electron microscope (To-
kyo, Japan).

Atomic force microscopy (AFM) experiment

A casting solution with a concentration of 2 g/100
mL was prepared by the dissolution of CA in a
solvent mixture at 45°C for 3 days. Membranes were
cast onto glass plates, and membrane formation was
completed in air at 25 � 0.2°C. The images of the
membrane surfaces were obtained on a Seiko
SPI3800N machine (Tokyo, Japan) in the tapping
mode. All the AFM images were taken at 25°C. The
surfaces of the membranes were compared in terms
of the mean diameter of the nodules (Rz) and
the roughness parameter (Ra). The diameter of the
nodules is the average of at least 50 measurements.
The mean roughness is the mean value of the sur-
face with respect to the center plane (the plane for
which the volumes enclosed by the image above and
below the plane are equal) and is calculated as
follows:

Ra �
1

LxLy
�
0

Lx

�
0

Ly

�f�x,y��dxdy (3)

Figure 2 (a) Temperature dependence of J values of CA membranes from the AC and AC/solvent mixtures with 15 vol %
of the second solvent and (b) temperature dependence of � values of CA membranes from the AC and AC/solvent mixtures
with 15 vol % of the second solvent.

TABLE II
Effect of the AC and AC Solvent Mixtures on the Dilute-Solution Properties of CA

[�] (mL/g) b � 10�3 KH Km � KH[�]/b ��p/s

AC 171.9 10.94 0.370 10.602 10.90
AC/THF 169.2 10.84 0.379 10.688 10.70
AC/CF 158.4 10.60 0.422 11.141 11.17
AC/CYH 156.2 10.73 0.439 11.429 12.35

Solubility parameters of CA: � � 25.88 (J/cm3)1/2; �d � 15.55 (J/cm3)1/2; �p � 16.13 (J/cm3)1/2; �h � 12.95 (J/cm3)1/2.20
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where f(x,y) is the surface with respect to the center
line and Lx and Ly are the dimensions of the surface in
the x and y directions, respectively.20

RESULTS AND DISCUSSION

PV performance of the CA membranes

Effect of the solvent mixture composition

Figure 1(a,b) presents the variation of J and � values of
CA membranes from AC/solvent mixtures with dif-
ferent volume fractions of the second solvents (�solv2)
THF, CF, and CYH at a feed temperature of 30°C.
Figure 1 shows that all J values of the CA membranes
from the three kinds of AC/solvent mixtures are
larger than that from the pure solvent AC and increase
with increasing content of the second solvent; this
opposite is true for �.

Effect of the feed temperature

Figure 2(a,b) shows the effect of the feed temperature
on the J and � values of CA membranes from the AC

and AC/solvent mixtures with 15 vol % of the second
solvents. Figure 2 shows that the variation of the J and
� values with the feed temperature for CA membranes
from three kinds of AC/solvent mixtures with 15 vol
% of the second solvents THF, CF, and CYH is similar
to that of the CA membrane from the pure solvent AC;
that is, J increases and � decreases with increasing
feed temperature.

Obviously, the J (or �) values at a given temperature
increase (or decrease) with second solvents THF, CF,
and CYH in that order and are higher than those of the
membrane from the pure solvent AC. Khulbe et al.22

reported the effect of the boiling point of the casting
solvent on the membrane performance. They pointed
out that the permeability increased and the selectivity
decreased for separating O2/N2 and CO2/CH4 with a
dense poly(2,6-dimethyl-1,4-phenylene)oxide (PPO)
membrane with an increase in the boiling point. Ru-
aan et al.23 and Tan et al.24 suggested that the mor-
phology or performance of a polymer membrane was
affected by the surface tension of the casting solution.
Lai et al.30 found that the solubility parameter differ-
ence between the polymer and solvent (��p/s) was

Figure 3 Plots of �sp/C versus C for CA in AC and in AC/THF, AC/CF, and AC/CYH solvent mixtures.

Figure 4 Relation between J and KH. Figure 5 Relation between J and Km.

1894 QIAN ET AL.



proportional to the porosity of asymmetric poly(4-
methyl-1-pentene) membranes.

Unfortunately, the flux and separation factor of the
CA membranes presented in this study could not be
correlated to the boiling point and surface tension of
the solvents (see the values of the boiling point and
surface tension in Table I), and they are not in agree-
ment with ��p/s (see the values of ��p/s in Table II).
��p/s can be calculated with the following formula:

��p/s � ����d,s 	 ��d,p�
2 
 ���p,s 	 ��p,p�

2


 ���h,s 	 ��h,p�
2	1/2

where subscripts p and s represent the CA polymer
and solvent (solvent mixture), respectively; d, p, and h
stand for the dispersion-interaction, polar-bonding,
and hydrogen-bonding components, respectively; and
�s of the solvent mixture (AC and a second solvent) is
assumed to be the volume fraction average of the �
values of the pure components (i.e., �i,s � �1�i,1

 �2�i,2, where �1 and �2 represent the solvent AC

and the second solvent THF, CF, or CYH and the
subscript i represents d, p, or h, respectively).

Dilute-solution properties of the CA polymer

Solubility tests of CA were conducted in the single
solvents AC, THF, CF, and CYH at room temperature.
The results demonstrated that CA was soluble in AC
and THF, swollen in CF, and insoluble in CYH. They
indicated that the thermodynamic properties of the
solvents were worse in the order of AC, THF, CF, and
CYH. This is in agreement with the trend of their
solubility parameters (in Table I).

Figure 3 shows plots of the reduced specific viscos-
ity (�sp/C) versus the concentration (C) for CA in AC
and in acetone/tetrahydrofuran (AC/THF), acetone/
chloroform (AC/CF), and acetone/cyclohexane (AC/
CYH) solvent mixtures at 30°C.

All the curves of �sp/C versus C of CA in the single
solvent AC or in the AC/solvent mixtures with 15 vol
% of the second solvent remain straight and linear and
obey the following Huggins equation:31

Figure 6 SEM images of CA membranes prepared with different solvent mixtures: (a) AC, (b) AC/THF, (c) AC/CF, and (d)
AC/CYH.
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�sp/C � ��	 
 bC � ��	 
 KH��	2C (4)

where [�] is the intrinsic viscosity representing the
effective hydrodynamic volume of an isolated macro-
molecule in solution and b is the viscosity slope coef-
ficient or interaction coefficient characterizing the in-
teraction between polymer species.32 From Figure 3,
the values of [�], b, and KH for each polymer–solvent
system with or without the second solvent were ob-
tained by the linear regression of each line, and they
are listed in Table II.

Relation between the PV performance and the
dilute-solution properties

The results from Hamza et al.16 indicated that [�] of a
polymer in a casting solution could affect the coil
shape in solution and the surface structure of reverse-
osmosis membranes. The PV membrane performance
from a single solvent was related to the b value, that is,
J � b�1, in our previous study.33 According to the
results of J and KH in Table II, however, the PV mem-

brane performance from solvent mixtures was better
related to the KH value, and this is shown in Figure 4.

As mentioned previously, KH reflects the interaction
between a polymer and a solvent and also represents
the chain shape and molecular dimension. Therefore,
KH is high when the polymer is branched or the poly-
mer is dissolved in a poor solvent.34 Obviously, the
increase of KH here can be attributed to the second
solvent getting worse in the order of THF, CF, and
CYH. Recently, Cheng et al.35,36 proposed a cluster
model to describe the concentration dependence on
the viscosity of polymers in dilute solutions. Accord-
ing to his model, KH is equal to 6Km/[�], where Km is
the association constant of a polymer in a solution.
Figure 5 shows the Km dependence of J. Therefore, it is
believed that the chain association of a polymer in a
solution could affect the performance of its membrane.
Clearly, the chain association of a polymer in a solu-
tion must result in the inhomogeneity of the coil den-
sity in the solution, which could affect the morphology
and performance of the membrane in bulk. It leads us
to consider that KH or Km is proved to be a good

Figure 7 SEM images of CA membranes prepared with different solvent mixtures: (a) AC, (b) AC/THF, (c) AC/CF, and (d)
AC/CYH.
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criterion for choosing a suitable casting solvent and
predicting membrane performance.

Morphology of the CA membrane from SEM and
AFM

Some studies have reported that the chain shape of a
polymer in a solution could affect the morphology of
the polymer in bulk.37–40 SEM images of CA mem-
branes prepared with different solvent mixtures are
shown in Figure 6. The CA–AC membrane morphol-
ogy is dense, smooth, and homogeneous, and the mor-
phologies of the other three kinds of membranes from
CA–AC/THF, CA–AC/CF, and CA–AC/CYH seem
to be loose and irregular and cellular, leafy, and pore-
like, respectively. This changing trend of the morphol-
ogy is probably due to the increase in the chain ag-
gregation inhomogeneity in the membranes with the
decrease of the second solvent solvation.

Figure 7 shows AFM photographs for CA mem-
branes prepared by AC and different AC/solvent mix-
tures. Each micrograph shows that the membrane sur-
face is not smooth and consists of many nodules.
These nodules are considered to be aggregates of poly-
mer chains. Some difference can be observed in the
nodule size, nodule boundaries, and roughness on
each membrane surface. Table III gives the average
size of the nodule and roughness calculated via eq. (3).

Obviously, the average size increases as the second
solvent solvation decreases in the order of THF, CF,
and CYH. In comparison with the nodule model pro-
posed by Kesting,41 the nodule here is not the nodule
aggregate or supernodular aggregate but is just the
nodule. However, it can be believed that the chain
association in the solution must be one of the factors
affecting the nodule morphology of the membrane
surface.

CONCLUSIONS

From this study, the following conclusions can be
drawn:

1. All CA membranes were prepared by a dry-cast
process in three type of casting solvent mixtures
(AC/THF, AC/CF, and AC/CYH) and the pure
solvent AC. J of the CA membranes from the
solvent mixture was always higher than J of the
CA membranes from the pure solvent AC for
separating MeOH/MTBE mixtures with 5 wt %
MeOH, and the flux increased (� decreased)
with an increasing second solvent volume frac-
tion. The trend of the flux was JCYH � JCF � JTHF
at the same second solvent volume fraction in
the casting solvent mixture.

2. The types of second solvents significantly influ-
enced the membrane morphology. The SEM im-
ages showed that the morphology inside the
membranes changed in the order of smooth,
cellular, leafy, and porelike, and this was attrib-
uted to a solvent effect caused by the different
solvents: AC, AC/THF, AC/CF, and AC/CYH,
respectively. The average size of the nodule
from AFM photography increased with the sec-
ond solvent in the order of THF, CF, and CYH.

3. The results from the dilute-solution study for
the CA polymer showed that KH of the CA
solutions increased with the solvents in the or-
der of AC, AC/THF, AC/CF, and AC/CYH.
From a comparison of the solution properties of
CA and its membrane performance, J � KH was
obtained. This indicates that the KH value of a
polymer solution is an important variable gov-
erning the morphology and performance of PV
membranes. The reason could be that the chain
association in a polymer solution results in mac-
romolecular aggregates in the membranes and
brings about different PV performances of the
membranes ultimately.
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6. Katime, I.; Cabańas, P. G.; Ochoa, J. R.; Garay, M.; Vera, C. R

Polymer 1983, 24, 1015.
7. Qian, J. W.; Li, J.; Oi, G. R.; Feng, L. X. Chin J Polym Sci 1999, 17,

323.
8. Qian, J. W.; Wang, X. H.; Oi, G. R.; Wu, C. Macromolecules 1997,

30, 3283.
9. Qian, J. W.; Oi, G. R.; Cheng, R. S. Eur Polym J 1997, 38, 1263.

10. Qiuntana, J. R.; Janez, M. D.; Hernaez, E. Macromolecules 1998,
31, 6865.

11. Qian, J. W.; Zhou, G. H.; Yang, W. Y. Eur Polym J 2001, 37, 1871.
12. Qian, J. W.; An, Q. F.; Zhou, G. H. Eur Polym J 2003, 39, 375.
13. Xu, Z. S.; Yi, C. F.; Cheng, S. Y.; Feng, L. X. Polym Bull 2000, 44,

215.

TABLE III
Mean Size of Nodules and Surface Roughness Parameter

(Ra and Rz) of Membranes Prepared from AC and AC
with Different Second Solvents

Cast
solvent

Mean size of
nodules

(nm)
Ra

(nm)
Rz

(nm)

AC 120.8 0.902 9.92
116.3 1.17 10.4

AC/THF 119.0 0.76 6.26
120.1 0.732 5.30

AC/CF 134.8 1.519 12.07
138.0 1.405 12.50

AC/CYH 181.1 1.86 15.05
178.1 1.774 15.88

DILUTE-SOLUTION PROPERTIES OF CA 1897



14. Elias, H. G. Macromolecules. 1 Structure and Properties; Ple-
num Press: New York, 1977; p 352.

15. Torrestrana-Sanchez, B.; Ortiz-Basurto, R. I.; Brito-De La Fuente,
E. J Membr Sci 1999, 152, 19.

16. Hamza, A.; Chowdhury, G.; Matsuura, T.; Sourirajan, S. J
Membr Sci 1997, 129, 55.

17. Peinemann, K. V.; Maggioni, J. F.; Nunes, S. P. Polymer 1998, 39,
3411.

18. Kim, S. G.; Kim, Y. L.; Yun, H. G.; Lim, G. T.; Lee, K. H. J Appl
Polym Sci 2003, 88, 2884.

19. Wang, D. M.; Wu, T. T.; Lin, F. C.; Hou, J. Y.; Lai, J. Y. J Membr
Sci 2000, 169, 39.

20. Tan, J. M. A.; Matsuura, T. J Membr Sci 1999, 160, 7.
21. Matsuyama, H.; Teramoto, M.; Uesaka, T. J Membr Sci 1997, 135,

271.
22. Khulbe, K. C.; Matsuura, T.; Lamarche, G.; Kim, H. J. J Membr

Sci 1997, 135, 211.
23. Ruaan, R. C.; Chou, H. L.; Tsai, H. A.; Wang, D. M.; Lai, J. Y. J

Membr Sci 2001, 190, 135.
24. Tan, J. M. A.; Noh, S. H.; Chowdhurry, G.; Matsuura, T. J

Membr Sci 2000, 174, 225.
25. Khulbe, K. C.; Matsuura, T.; Noh, S. H. J Membr Sci 1998, 145,

243.
26. Bhat, A. A.; Pangarkar, V. G. J Membr Sci 2000, 167, 187.
27. Niang, M.; Luo, G. S.; Schaetzel, P. J Appl Polym Sci 1997, 64,

875.

28. Qian, J. W.; Chen, H. L.; Zhang, L.; Qin, S. H.; Wang, M. J Appl
Polym Sci 2002, 83, 2434.

29. Van Kreveln, D. W. Properties of Polymers; Elsevier: New York,
1990; p 774.

30. Lai, J. Y.; Lin, F. C.; Wang, C. C.; Wang, D. M. J Membr Sci 1996,
118, 49.

31. Huggins, M. L. J Am Chem Sci 1942, 64, 2716.
32. Willliamson, G. R.; Wright, B. J Polym Sci Part A: Polym Chem

1965, 3, 3885.
33. Qian, J. W.; Miao, Y. M.; Zhan, L.; Chen, H. L. J Membr Sci 2002,

203, 167.
34. Bohdanechy, M.; Kovar, J. Viscosity of Polymer Solutions;

Elsevier: Amsterdam, 1982.
35. Cheng, R. S.; Yang, Y.; Yan, X. H. Polymer 1999, 40, 3773.
36. Yang, Y.; Yan, X. H.; Cheng, R. S. J Macromol Sci Phys 1999, 38,

237.
37. Huang, D. H.; Ying, Y. M.; Zhuang, G. Q. Macromolecules 2000,

33, 461.
38. Wang, S.; Wang, Q. H.; Cheng, R. S. Chin J Polym Sci 2002, 20,

381.
39. Hopkins, A. R.; Rasmussen, P. G.; Basheer, R. A. Macromole-

cules 1996, 297, 838.
40. Dondos, A.; Papanagopoulos, D. J Polym Sci Part B: Polym Phys

1996, 341, 281.
41. Kesting, R. E. J Appl Polym Sci 1990, 41, 2739.

1898 QIAN ET AL.


