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Abstract

Cellulose acetate (CA) membranes are used in ultrafiltration applications, although they show low chemical,
mechanical and thermal resistance. In order to prepare membranes with improved properties, modification of cellulose
acetate with polyethelene glycol (PEG 600) has been attempted. In this study, CA has been mixed with PEG 600 as an
additive in a polar solvent. The effects of CA composition and additive concentration given by a mixture design of
experiments on membrane compaction, pure water flux, water content and membrane hydraulic resistance have been
studied and discussed. The efficiency of protein separation by the developed CA membranes have been quantified using
model proteins such as pepsin, egg albumin (EA) and bovine serum albumin (BSA). The thermal stability of the
developed membranes prepared with PEG 600 additive has also been investigated using thermogravimetric analysis and

differential scanning calorimetry.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Efficient separation processes are needed for the
whole spectrum of industrial sector. These include food
and pharmaceutical industries to obtain high-grade
products [1-3], supply of high-quality water for com-
munities and industries [4] and removal or recovery of
toxic or valuable components from various industrial
effluents [5-7]. With the advent of membrane technol-
ogy, separation, concentration and purification have
become industrially viable unit operations due to its high
efficiency of separation. Further, low energy of opera-
tion, spatial requirements, simplicity of operation using
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modern compact modules as well as recycling and reuse
of chemicals and water promote membrane processes as
a promising technique in separation processes. The heart
of the process, membrane, plays a key role in dictating
the applicability and efficiency of the process.

The first generation cellulose acetate (CA) mem-
branes yield low flux and are susceptible to chemical and
bacteriological agents [8]. The performance of CA may
be improved by mixing it with appropriate additives to
fulfill new requirements and associated membrane
properties. The phase separation (inversion) method is
one of the most popular methods used to produce por-
ous polymeric membranes. Polyethylene glycol (PEG)
has been widely used in the field of controlled drug re-
lease [9]. In this study, PEG (MW 600) was used as a
plasticizer as well as a pore-forming agent and incor-
porated into CA membrane preparation. Various com-
binations of CA and additive have been derived using
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mixture design of experiments concept [10]. The mem-
brane compaction, pure water flux, water content,
membrane resistance (R,,) and protein rejection have
been determined. Characterization of prepared mem-
branes for thermal behavior has also been made and
discussed.

2. Experimental
2.1. Materials

Commercial grade CA was procured from Mysore
Acetate and Chemicals Company Ltd., India. Analar
grade N,N'-dimethyl formamide (DMF) from Qualigens
Fine Chemicals, Glaxo Ir}dia Ltd. was sieved through
molecular sieves (Type-4 A) for removing moisture and
stored in dried condition prior to use. Other solvents
such as acetone and methanol as well as surfactant,
sodium lauryl sulphate (SLS), were purchased from
Qualigens Fine Chemicals Ltd., India, which were of
analytical grade. PEG 600 was procured from Merck
(India) Ltd., and used as such, as an additive for the
whole study. Sodium monobasic-phosphate anhydrous
and sodium dibasicphosphate heptahydrate were pro-
cured from CDH Chemicals Ltd., India and used for the
preparation of phosphate buffer solutions in protein
analysis. Proteins viz., bovine serum albumin (BSA),
M,, = 69 kDa and pepsin, M,, = 35 kDa were purchased
from SRL Chemicals Ltd., India. Egg albumin (EA),
M, = 45 kDa was obtained from Council of Scientific
and Industrial Research (CSIR), Bio-Chemical center,
New Delhi, India. Deionized and distilled water used for
all the studies.

2.2. Blending of polymers

The varying combinations of CA was dissolved with
PEG 600 [10] in a polar solvent, DMF, under constant
mechanical stirring at a moderate speed of rotation in a
round bottom flask for 3-4 h at 40 °C. The homoge-
neous solution obtained was allowed to stand for at least
3 h in air tight condition to get rid of the air bubbles.

2.3. Membrane preparation

The preparation method was the same as that of the
“phase inversion” method employed in the earlier work
[11]. The casting environment viz., relative humidity
(35+2%) and temperature (10 £2 °C) was maintained
for the preparation of membranes with better physical
properties such as homogeneity, thickness and mor-
phology. The thickness of the membranes was main-
tained at 0.22 + 0.02 mm and verified with a micrometer
having precision of 0.01 mm. The casting and gelation
conditions were kept constant through out, since the

thermodynamic conditions would largely affect the
morphology and performance of the resulting mem-
branes [12]. Prior to casting, gelation bath of 2 1
consisting 2.5% (v/v) DMF, to reduce the rate of liquid—
liquid demixing and macrovoid, and 0.2% (wt basis)
SLS, to reduce surface tension at the polymer—non-
solvent interface, in distilled water was prepared. The
membranes were prepared by casting using doctor blade
on the glass plate and maintaining the desired thickness
by adjusting the height of the doctor blade and fixing an
oil sheet paper at both ends of the doctor blade. After
casting, the solvent present in the cast film was allowed
to evaporate for 305 s, and the cast film along with
glass plate was gently immersed into the gelation bath
for at least 1-3 h for complete precipitation and for-
mation of membranes. The membranes were removed
from the gelation bath and washed thoroughly with
distilled water to remove DMF and surfactant. The
membranes were subsequently stored in 0.1% of for-
malin solution to prevent microbial growth.

2.4. UF set up

The UF experiments were carried out in a batch type,
dead end cell (UF cell-S76-400-Model, Spectrum, USA)
with a diameter of 76 mm, fitted with a Teflon coated
magnetic paddle. This cell was connected to a com-
pressor with pressure control valve and gauge through a
feed reservoir.

2.5. Membrane characterization

2.5.1. Compaction

The prepared membranes were cut into desired size
needed for fixing it up in the ultrafiltration kit of 38.5
cm? area and initially pressurized with distilled water at
414 kPa for 6 h. The water flux was measured at every 1
h. The flux generally declines initially and attained
steady state after 4-5 h of compaction. The prepres-
surized membranes were used in subsequent ultrafiltra-
tion experiments at 345 kPa [13].

2.5.2. Pure water flux

Membranes after compaction, were subjected to pure
water flux estimation at a transmembrane pressure of
345 kPa. The permeability was measured under steady
state flow. The pure water flux was determined [14] using

Eq. (1).

Jy =—= 1
A-AT M

where J, =water flux, ] m—?h~!; Q= quantity of per-
meate, /; A=membrane area, m’; AT =sampling
time, h.
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2.5.3. Water content

Water content of the membranes was obtained as
follows. The membranes were soaked in water for 24 h
and weighed after mopping with blotting paper. These
wet membranes were placed in a vacuum oven at 75 °C
for 48 h and the dry weights were determined. The
percent water content was derived [15] by Eq. (2).

Y%Water content

__ Wet sample weight — dry sample weight o

100
Wet sample weight

2

2.5.4. Membrane hydraulic resistance (R,,)

To determine membrane hydraulic resistance (Ry),
the pure water flux of membranes were measured at
different transmembrane pressures (AP) viz., at 69, 138,
207, 276 and 345 kPa, after compaction. The resistance
of the membrane, R,, was evaluated from the slope
obtained [16] by plotting water flux versus transmem-
brane pressure difference (AP), using Eq. (3).

AP

Rm
Jw

3)

2.5.5. Protein rejection studies

Molecular weight cut-off (MWCO) is a pore charac-
teristic of membranes and is related to rejection for a
given molecular weight of a solute. The molecular
weight has a linear relationship with the pore radius or
pore size of a membrane. In general, the MWCO of a
membrane is determined by the identification of an inert
solute, which has the lowest molecular weight and has a
solute rejection of 80-100% in steady state UF experi-
ments. Therefore, proteins of different molecular weights
such as trypsin (20 kDa), pepsin (35 kDa), EA (45 kDa)
and BSA (69 kDa) were chosen for the estimation of
MWCO. All the protein solutions were prepared indi-
vidually at a concentration of 0.1 wt% in phosphate
buffer (0.5 M, pH 7.2) using deionized and distilled
water and used as standard solutions and filtered
through each membrane individually. The permeate
protein concentration, collected over measured time
intervals, was estimated using UV-Visible spectropho-
tometer (Shimadzu, Model UV-160A) at a wavelength
of 280 nm. The percentage rejection was calculated [17]
using Eq. (4).

%SR=1— (&> % 100 )
Cr

where, C, and C; are the concentrations of permeate and
feed solutions, respectively. The permeate fluxes of all

protein solutions as a function of PEG was also deter-
mined.

2.6. Thermal studies

2.6.1. Thermo gravimetric analysis (TGA)

The TGA was carried out using a STA 409PC Seiko
Instruments Inc., thermal analysis instrument. A sample
of 3 mg of membranes was dried at 100 °C to remove
moisture for 30 min, and then programmed from 30 to
600 °C at a rate of 20 °C/min under the nitrogen
atmosphere.

2.6.2. Differential scanning calorimetry (DSC)

DSC measurement of prepared membranes was car-
ried out using a Seiko Instruments Inc. DSC 5200 series
differential scanning calorimeter at a heating rate of 10
°C/min under nitrogen atmosphere. The glass transition
temperature, 7,, was calculated at the intersection of the
tangents to the corresponding DSC curve.

3. Results and discussion

A series of membranes using combinations of CA
and PEG 600 have been prepared based on mixture
design concept of design of experiments procedure [10]
in order to improve the performance with respect to
water flux, membrane resistance, etc. The various com-
binations of CA and additive, as shown in Table 1, were
derived using Design Expert software [10]. This study
probes the role played by additive on the pore formation
as well as membrane performance such as pure water
flux, hydraulic resistance, water content and separation
of proteins.

3.1. Membrane compaction

The compaction was aimed to make membranes with
rigid pore structure and size, which could further yield
reproducible results in characterization and perfor-
mance evaluation. The developed membranes were
hydrostatically compressed at 414 kPa pressure for 5 h
to get constant flux. During compaction, initially the

Table 1
Combinations of CA, solvent and PEG 600 for the preparation
of membranes®

Membrane CA (%)

Solvent (%) Additive (%)

no.

1 15 82.5 2.5
2 20 71.5 2.5
3 25 72.5 2.5
4 21.25 72.5 6.25
5 15.5 78 6.5
6 10 82.5 7.5
7 17.5 72.5 10

#Derived from design of experiments.
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Fig. 1. Effect of time on pure water flux of CA membranes with
PEG 600.

pure water flux was found to be high and declines
gradually and reaches a steady state after 3 h for all the
membranes, as shown in Fig. 1. This initial reduction in
flux may be due to the fact that the membrane pores are
being compacted leading to uniform pore size and
steady state water flux.

3.2. Pure water flux

The effect of additive concentration on pure water
flux of CA membranes was investigated, which is shown
in Fig. 1, in order to find the possible improvement in
the efficacy of the membranes. It is seen that the pure
water flux is increasing upon increase in the concentra-
tion of additive. This fact is clearly demonstrated from
the values obtained for M1 and M5 membranes. The
corresponding pure water flux values are 13.5 and 98.7
Lm~2h~!. The increase in additive concentration in-
creases the water flux because greater number of pores
formed [18]. It is observed that membranes, corre-
sponding to M2, M5 and M7, prepared from cellulose
acetate with 2.5%, 6.5% and 10% PEG 600 showed a
steady state pure water flux of 42.6, 98.7 and 43.6
Lm~2h~!. It seems that the increase in the concentration
of PEG 600 does not increase the pure water flux line-
arly. This may be due to the change in the concentration
of CA as well as solvent.

3.3. Water content

The pore former, PEG 600, concentration in casting
solution of cellulose acetate was increased from 2.5 to 10
wt% and the water content of the membranes is shown
in Table 2. It is found that the addition of PEG 600 to
casting solution of pure cellulose acetate enhances the

Table 2
Water content of the prepared membranes

Membrane no. Water content (%)

80.33
77.51
76.22
78.05
80.95
87.22
78.46

NN N R W~

water content of the membranes. This is clearly evi-
denced from the values obtained for M1 to M3 mem-
branes, where increase in the CA concentration
decreases the water content at a constant additive con-
centration. A similar trend is also obtained for M4 to
M6, where the additive concentration is increased
slightly while the CA concentration is decreased signif-
icantly resulting in increased water content in the
resultant membranes. This increase in water content
may be due to the addition of PEG 600 to casting
solution, which gets leached out upon gelation leading
to formation of pores and becomes the domain of water
molecules [19]. It is also possible that the PEG is
hydrophilic that could attract water molecules inside the
membrane matrix. Thus, the water content of 75.15% at
0 wt% PEG 600 [20] has attained a maximum of 87.22%
at 7.5 wt% PEG 600 and 10% CA.

3.4. Membrane hydraulic resistance (R,,)

Membrane hydraulic resistance is the intrinsic resis-
tance of the membrane determined using pure water as
feed [21]. It is an indication of the tolerance of the
membranes towards hydraulic pressure. It is determined
by subjecting the membranes to varied pressures (69-414
kPa) and measuring the pure water flux of the mem-
branes. Thus, the R, values for the membranes were
deduced from the inverse of the slope of a plot of the
transmembrane pressures versus pure water fluxes [22].
The pure water fluxes of the membranes were measured
at transmembrane pressures of 69, 138, 207, 276, 345
and 414 kPa. The plot of transmembrane pressures
versus pure water fluxes is shown in Fig. 2. In general,
the pure water flux is increasing with the increase in
transmembrane pressure. This is because the increase in
the operating pressure increases the driving force for
permeation of water. More particularly, the CA and
PEG 600 combinations corresponding to M5 offers
better hydraulic resistance compared to any other
membranes, which may be due to the increased additive
content in a most favorable CA concentration. This re-
sult is in agreement with that of pure water flux exper-
iments. The R,, of the membranes were calculated from
the slope of the plot and given in Table 3. It is seen that
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Fig. 2. Effect of transmembrane pressure on pure water flux of
CA membranes with PEG 600.

Table 3
Membrane hydraulic resistance of the prepared membranes
Membrane no. R
1 31.15
2 9.44
3 39.84
4 23.70
5 4.15
6 25.97
7 9.66

the R, of M5 is the lowest in comparison to other
membranes indicating that the pure water flux would be
higher, which is in agreement.

3.5. Protein rejection studies

Studies on the rejection of proteins such as BSA, EA
and pepsin through the prepared membranes at 345 kPa
TMP is important in order to find the role of additives.
The pH of the individual feed solution was kept constant
at 7.2, since a change in pH may increase the adsorptive
fouling of the membranes [23]. Furthermore, intermo-
lecular forces between protein molecules and membranes
will predominate and affect the efficiency of membranes
if the pH of the solution changes [24]. The permeate flux
of proteins such as BSA, EA and pepsin through the
developed membranes is shown in Fig. 3. It is seen that
the permeate flux of all the proteins is increased signif-
icantly when higher PEG 600 is added to CA (M7).
Typically, a maximum flux of 900 Lm~2h~! is obtained
for pepsin among the selected proteins. The fluxes for
BSA and EA are 864 and 790 Lm2h !, respectively.
This may be due to that the presence of PEG 600 in the
casting solution favors the formation of larger sized
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Fig. 3. Permeate flux of various proteins passed through CA
membranes with PEG 600.

pores on the skin layer, during the gelation process of
the membrane through leaching [25]. However, when the
wt% of CA is increased from 15% to 25% at a constant
additive input (2.5 wt%), the permeate flux of all the
proteins decreases significantly.

While considering the percentage rejection during the
separation of proteins an inverse trend is observed as
seen in Fig. 4 in comparison to the permeate flux values.
Higher wt% of PEG 600, which had shown a higher flux,
provides lower rejection of proteins in the range of 33%—
40%. Membranes (M1 to M3) prepared using increasing
percentage of CA with a constant wt% of additive
(2.5%) show increasing percent rejection of all the pro-
teins on contrary to permeate flux values. M4, prepared
using 21.25% CA and 6.25% PEG 600, offers maximum
rejection of proteins. The corresponding rejection of
BSA, EA and pepsin is 77%, 64% and 49%, respec-
tively. Since none of the prepared membranes provide a

100

—— Pepsin

—&— EA

90+
801  _—a—Bsa
70+
60+

50

>

40

¥

301

Solute rejection, %

20 3

10 1

0 T T T T T
3 4 5 6 7

Membrane number

-
N

Fig. 4. Percentage rejection of various proteins separated
through CA membranes with PEG 600.
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rejection in the range of 80-100%, the MWCO of the
membranes could not be arrived. In general, BSA is
found to have higher rejection among the proteins
studied. The order of percentage rejection is
BSA > EA > pepsin. This may be due to the decreasing
molecular weights of BSA, EA and pepsin, which is 69,
45 and 35 kDa, respectively.

3.6. Thermal Studies

3.6.1. Thermo gravimetric analysis (TGA)

The TGA curves of all the prepared membranes are
shown in Fig. 5. In general, it is seen that the degrada-
tion of all the cellulose acetate based membranes occurs
in three steps. The first step, from the room temperature
(30 °C) to ~330 °C, represents the volatilization of the
volatile matter and/or the evaporation of residual ab-
sorbed water. The second step, starts at ~330 °C and
ends at ~450 °C, represents the main thermal degrada-
tion of the cellulose acetate chains. The third step, starts
at ~450 °C, symbolizes the carbonization of the de-
graded products to ash. These three steps may corre-
spond to the steps suggested by Chatterjee [26],
representing the thermal degradation of the cellulose
based materials. Further, it can also be observed that
the thermal stability of CA is slightly modified by the
presence of additives. It has been reported that the
degradation of CA starts at 260 °C without any addi-
tives [27]. In this study, it is seen that some of the
combinations of CA and PEG 600 results in increased
thermal stability. More particularly, membranes MI,
M4, M5, M6 and M7 show improvements in thermal
degradation starting at as high as 300 °C compared to
the value for pure CA. It should be noted that the
effective additive content per unit percentage of CA is
higher in all these membranes. In other words, mem-

TG (%)

0 100 200 300 200 500 600
Temperature (°C)

Fig. 5. TGA curves of various CA membranes with PEG 600.

Heat flow (pW)

-50 1 L 2 1 1
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Heating Temperature (°C)

Fig. 6. DSC thermograms of various CA membranes with PEG
600.

branes M2 and M3 have lower PEG 600 wt% per unit
percentage of CA.

3.6.2. Differential scanning calorimetry (DSC)

DSC curves of the CA/PEG 600 membranes pre-
pared in this study are shown in Fig. 6. The glass tran-
sition temperature (7,) is generally used to interpret
membrane structure when employing a thermal analysis
on a membrane [28]. A higher 7, indicates that mem-
brane possesses more free volume fraction, therefore, a
looser structure and vice versa. It is reported that pure
CA membrane exhibits a T, of ~55 °C [29] without any
additives. It is interesting to note that the endothermic
peak shifts to higher temperature region, if higher
additive is added. Typically, for M6, which has the
highest additive (0.75 wt%) per unit percentage of CA,
the T, is ~100 °C. On the whole, membranes M2, M3,
M4, M6 and M7 possess 7, greater than 60 °C. In
general, all the membranes show broad endothermic
peaks. M3 has more endothermic heat flow (~—4750
uW) compared to all other membranes. The differences
seen in the endothermic heat flow could be due to the
differences in the CA and PEG 600 contents as well as
packing density among the different membranes.

4. Conclusion

Various membranes with CA and PEG 600 have been
prepared using mixture design of experiments concept
for enhancing ultrafiltration membrane characteristics
such as pure water flux, water content and membrane
hydraulic resistance. It is found that the CA composi-
tion, the presence of hydrophilic additives (PEG 600)
and their concentration play a key role in changing the
membrane characteristics since the resulted membranes
possess changes in porosity and pore size. Protein
rejection studies reveal that the increase in additive
concentration has a direct influence on the permeate flux
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as well as percentage rejection values. It is seen that PEG
600 has significant role in altering the thermal proper-
ties, especially thermal stability, of the developed mem-
branes. There seem to be a positive linear relation
between the additive concentration and 7, although the
percentage of CA has some influence.
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