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a b s t r a c t
In this study, cellulose acetate (CA) membranes were prepared by the dry-wet phase inversion tech-
nique for desalination application. The effect of evaporation time on the properties of the prepared 
cellulose acetate membrane has been investigated. Different evaporation time was selected such 
as (30, 60, 90 and 120 s). The membrane characterization was carried out by using Fourier trans-
form infrared (FTIR) analysis, scanning electron microscopy (SEM), contact angle measurements. 
Brackish water was used as a feed solution in a cross flow unit to evaluate the membrane perfor-
mance. The effect of the evaporation time on the membrane’s water flux and salt rejection was tested. 
The results showed that the different evaporation time has affected the structure as deduced by the 
FTIR analysis. The SEM analysis showed the asymmetric CA membranes structure, where a thin 
dense selective barrier layer was deposited (in a finger-like structure) on the surface of the prepared 
membranes. As the evaporation time increased, the thickness of this layer has increased and the 
value of the contact angle has decreased. The highest rejection, obtained from the membrane that 
was prepared with the evaporation time 60 s, reached 96.5% salt rejection with a relatively low flux 
of 1.0234 L/m2 h. 
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1. Introduction

The global demand for water is expected to increase by 
30% by the year 2030. Some investigators foresee that acces-
sible water supplies will fulfill just 60% of the demand at that 
time, perhaps less [1]. In the Arab Region, the majority of its 
countries are situated in areas that are considered as one of 
the world’s most water-stressed regions that have limited 
availability of renewable fresh water. Hence water scarcity is 
one of the most pressing challenges facing the Arab coun-
tries, displaying a substantial danger that could contrarily 
affect the financial improvement endeavors [2]. Egypt is 
one of these countries that have water scarcity problem [3]. 

To produce fresh water, desalination is needed, which is a 
separation process for removing dissolved salts and other 
minerals from various water sources, such as seawater and 
brackish water [4].

Reverse osmosis membrane manufacturing is one of the 
core element technologies in desalination industry. There 
are two types of RO membranes: cellulose acetate (CA) 
asymmetric membrane and thin-film composite (TFC) 
membrane. Nowadays, the TFC membrane is widely used 
in RO processes due to its low energy consumption and 
good permselectivity. CA membranes have been partially 
used for their excellent tolerance for chlorine ions and 
micro- organisms [4]. However, CA membranes have a tech-
nical limitation which is their relatively low water flux [4]. 
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Phase inversion is one of the most versatile and cost-effec-
tive membrane fabrication techniques for the preparation 
of polymeric membranes in a wide range of pore sizes with 
various hydrophilic/hydrophobic and charged properties at 
high values of average porosity [5]. The membrane prepared 
with the phase inversion process is affected by the choice of 
polymer, the choice of solvent and nonsolvent, composition 
of the casting solution, composition of the coagulant bath, 
gelation and crystallization behavior of the polymer, tem-
perature of the casting solution and the coagulation bath 
as well as the evaporation step [5]. If one or more of these 
parameters change, the membrane structure can change from 
a very open porous form to a very dense structure; as these 
parameters are not independent on each other [6].

In this work, the evaporation time, being one of the key 
parameters in the preparation of cellulose acetate membranes 
for RO, has been chosen for a “novel” system composed 
of cellulose acetate, acetone, dioxane, methanol and acetic 
acid. The effect of the evaporation time was investigated 
on the membrane characteristics; structure, hydrophilicity, 
and mem brane performance; mainly the salt rejection and 
water flux using salt water with 10,000 ppm sodium chloride. 
The chosen evaporation times were 30, 60, 90, 120 s, mem-
branes with evaporation time less than 30 s (7 and 15 s) were 
prepared, but when they were subjected to the applied pres-
sure; they got ruptured during the investigation steps.

2. Experimental work

2.1. Materials

Cellulose acetate was obtained from Across Company 
(Belgium) with 39.8% acetyl content and its average num-
ber molecular weight was 100,000 Da. Acetone and diox-
ane were used as solvents. Acetone was purchased from 
Fisher Scientific Company (United States), and dioxane was 
purchased from Cambrian Chemical Company (Canada). 
Acetic acid was used as a softener and was purchased from 
Carlo Erba reagent SPA Inc., (France). Methanol was used 
as a nonsolvent in CA membrane preparation, and was 
purchased from Carlo Erba reagent SPA Inc. Sodium chloride 
(NaCl) was used to form a simulated saline water solution 
with 10,000 ppm sodium chloride, and was purchased from 
MP Biomedicals, LLC, France. All chemicals and solvents 
of analytical grade were used as received.

2.2. Methods

2.2.1. Preparation of cellulose acetate membranes

CA-RO membranes were prepared from a homogeneous 
solution composed of CA (14 wt%), acetone (17.5 wt%), 
dioxane (45.9 wt%), methanol (13.9 wt%) and acetic acid 
(8.6 wt%), then the solution was stirred using a magnetic 
stirrer and left overnight then cooled to 4°C. The solution 
was casted using an automatic micrometer applicator with 
(250 µm clearance gap) on a clean glass plate at room tem-
perature. The solvents were allowed to evaporate within 
different durations (30, 60, 90 and 120 s), the membranes 
were given the names M30, M60, M90 and M120 were the 
number refers to the evaporation time. Then the cast films 
were immersed into a 4°C water bath and were kept for 2 h.  

The coagulated membranes were washed using deion-
ized water, then the prepared membranes were thermally 
annealed by immersion in a hot water bath of 80°C–85°C 
[7], and they were held for 10 min, to consolidate the dense 
layer which provides the high solute rejection of such 
membranes [8]. 

2.2.2. Cellulose acetate membrane characterization

The functional groups of the prepared CA membranes 
were analyzed using Fourier transform infrared spectros-
copy (FTIR spectrum BX 11 spectrometer FTIR LX 18-5255 
PerkinElmer, United States). The surface morphology of the 
membranes was studied using scanning electron microscopy 
(SEM). Samples were prepared as follows: the dried mem-
branes were cut under liquid nitrogen and mounted on a 
brass plate. The membranes were then sputter-coated with a 
thin film of gold. The surface and the cross-sectional images 
of the membranes were obtained using (Jeol JSM 5300, Japan) 
scanning electron microscope. AFM images were carried out 
by taking a sample with dimensions of 1 × 1 µm, 5 × 5 µm and 
10 × 10 µm, using SPM-9700, Shimadzu, (Japan), equipped 
with dynamic mode at ambient temperature. A microcantile-
ver OMCL-TR800PSA (Olympus, Japan) was used.

The hydrophilicity measurements of the CA-RO mem-
branes surfaces were measured using Rame-Hart, Instrument 
Company, France. A drop of distilled water (2 µL) was placed 
on the membrane surface (3 cm × 2 cm) using micro syringe 
(Hamilton Company, Reno, NV). The contact angle was 
measured within 30 s after the water drop was placed. To 
improve the statistics of the contact angle measurement, each 
reported data point is the average of five measurements at 
different positions and at the same condition. 

2.2.3. Lab-scale RO performance test

The performance measurements were carried out using 
reverse osmosis cell which consists of a commercially avail-
able cross-flow stainless steel CF042 cell (with a membrane 
area of 42 cm2), and a hydraulic pump of a maximum pres-
sure 69 bar, with a pressure control valve and gauge through 
the rejection line. A flow meter F-550 (USA) was connected to 
obtain a constant flow of 1 L/min. Fig. 1 shows a schematic 
diagram for the reverse osmosis cell that was used through-
out the experiments of the membrane evaluation.

Prior to introducing the saline feed water, the mem-
branes were flushed in the RO system with deionized water 
for 30 min until a steady permeate flux was achieved, then 
the saline water was introduced, where each filtration run 
was operated under contact-pressure mode. The RO per-
formance experiments were conducted with an initial feed 
concentration of NaCl (10,000 ppm). The pH and the tem-
perature of the feed solution were kept constant at 7°C and 
25°C, respectively. The test samples were taken from the feed 
and permeate every 10 min for analysis. The concentrations 
were determined using the TDS meter (430 portable, Jenway, 
England). The pure water flux was calculated using the 
following equation:

Flux =
×
Q

A t∆
 (1)
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where Q is the volume of permeate (L), A is the effective 
membrane area (m2) and Δt is the sampling time (h) [9]. 

The percentage salt rejection (SR) is calculated using the 
following equation:

SR% =
−( )












×

C C

C
f p

f

100  (2)

where Cf is the feed concentration and Cp is the permeate 
concentration [10].

3. Results and discussion

3.1. Effect of evaporation time on the CA membrane structure

During the evaporation step, the solvent goes out of 
the casted membrane surface, thus increasing the polymer 
concentration at the top surface layer of the membrane and 
induces a denser surface layer. The prepared membranes 
with evaporation time less than 30 s were ruptured during 
the operation. The membranes were tested for evaporation 
times that varied from 30 to 120 s to investigate the effect of 
the evaporation time. The membranes were denoted accord-
ing to the evaporation time as (M30, M60, M90 and M120). 
The FT-IR has been used as a useful tool for determining 
the specific functional groups or chemical bonds that existed 
in the membrane material. Fig. 2 shows the FT-IR spectra 
of the prepared membranes.

There is a broad band at 3,484 cm–1 which is assigned to 
the stretching vibration of the OH. The peak at 2,940 cm−1 
represents the aliphatic C–H group, the peak around 
1,748 cm−1 is attributed to the stretching vibration of the 
C=O bond of the aldehyde of CA. The peak at 1,636 cm–1 
represents free water molecule (water of crystallization), 
and the peak around 1,512 cm–1 is attributed to the stretch-
ing mode of the C=C bond. The characteristic peak around 
1,434 cm−1 represents the bending vibration of CH2. The peak 

around 1,372 cm−1 shows the O–H bending vibration, while 
the peak around 1,234 cm−1 is assigned to the stretching 
vibration of the C–O group, and the peak at 1,054 cm–1 rep-
resents the C–O–C ether linkage from the glycoside unit, 
and finally the peak at around 908 cm−1 corresponds to the 
out-of-plane C–H bend (pyranose ring) [11–14]. There is a 
slight change in the IR spectra of the CA membranes pre-
pared at different evaporation durations, for example the 
wavenumber shift of the ether group C–O–C was present in 
the range 1,040–1,056 cm–1. This is due to the different pack-
ing structures of the prepared membranes resulting from 
different evaporation durations. Also for the –OH peak, as 
the evaporation time increases, it became more pronounced 
and more intense; for example, in the M30 and M120 spec-
trum. It can be suggested that the wavelength change will 

Fig. 1. Schematic diagram for the cross-flow reverse osmosis unit.
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Fig. 2. FT-IR spectra of CA membranes prepared at different 
evaporation durations M30, M60, M90 and M120.
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be reflected in the membrane performance; this is in a good 
agreement with the work done by Kusworo et al. [15].

3.2. Effect of evaporation time on the CA membrane morphology

The SEM images of the surface, cross-section and bottom 
of the prepared membranes are presented in Fig. 3. All the 
structures of the membranes consist of a dense skin layer 
(air side) which acts as a barrier responsible for the salt rejec-
tion. It was supported by a spongy structure separated by 
finger-like porous substructure, which acts as a mechanical 
support for the membrane. The surface of the CA mem-
branes shows a ridge and valley structure. The morpholog-
ical studies of the membrane surfaces showed a decrease in 
surface roughness as the evaporation time increases. 

It is noticed that the ridges and valleys of the M120 sur-
face are broader and wider than other membranes, and its 
surface has less roughness than the membranes prepared 
with evaporation times less than 120 s. This difference in 
surface morphology and surface roughness were affected by 
the evaporation time. 

The thickness of the membrane dense layer was also 
affected by the evaporation time. During the evaporation 
step, the solvent goes out of the casted membrane surface, 
thus increasing the polymer concentration of the top surface 
layer in the membrane. The cross-section membrane mor-
phologies show that, as the evaporation time increases, the 
thickness of the thin selective layer increases. Similar results 
were found by Choi et al. [16]. Fig. 4 shows the variation 
of thickness of the selective dense layer for the membranes 
prepared at different evaporation time. It was measured 
using SEM and by Digitizer software.

The cross-section morphology differed from one mem-
brane to another. In our case, we chose a mixture of sol-
vents and nonsolvent; acetone was used as a vaporizable 
conventional solvent for cellulose acetate, dioxane was used 
in order to have a homogeneous casting solution, acetic 
acid as used as a softener to improve the polymer mobility 
for the development of the polymer structure. As well as, 
during the coagulation, the acetic acid froze the structure 
through hydrogen bonding. Finally methanol was used as 
a non solvent for the cellulose acetate; it simulated the water 
absorption by the membranes and therefore, tend to increase 
their flow performance [17].

The finger-like tears in the membrane’s cross section can 
grow only in the cast solution fluid lower layer as this fluid 
layer’s thickness decreases with the increase in the solvent 
evaporation time before leaching [18]. The formation of fin-
ger-like tears, growing in the fluid layer, is generally asso-
ciated with a high rate of precipitation [18–21]. At shorter 
evaporation time leads to instantaneous demixing while 
longer evaporation time leads to delayed demixing. When 
the solvent had evaporated, the concentration and the vis-
cosity of the polymer solutions increased; thus, the solvent– 
nonsolvent exchange process is restricted [22]. That is why 
we can see finger-like tears structure in M30 membrane. 

The M30 has finger-like tears separated by a sponge struc-
ture. The M60 has compacted fingers compared with M30, 
separated by thick walls. The M90 and M120 have broader 
fingers and thicker fingers walls. This difference in the 
cross-section morphology may be attributed to the skin layer 

thickness. As the skin layer thickness increases, the mem-
brane cross section is more likely to be dense. This change 
in morphology is probably because the skin layer controls 
the nonsolvent and solvent exchange. When the skin layer 
thickness increases, the nonsolvent, that is, water finds it dif-
ficult to penetrate the membrane, and similarly the mixture 
of solvents also finds it difficult to diffuse of the membrane’s 
skin. This situation leads to a slow demixing process and the 
produced membrane is likely to be dense. Similar interpre-
tation was found by Saljoughi and Mohammadi [23]. 

The pores appearing on the bottom of the membrane 
start to appear on the M90 and become bigger and more 
pronounced on the bottom of M120. This may be due to the 
fact that the longer the evaporation time, the more concen-
trated layer of CA will be found on the surface, which is more 

Fig. 3. Morphology of the CA membrane prepared with different 
evaporation time.
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detected on M90 and M120 membranes. Different shrinkage 
rates will be produced for the surface and the bottom during 
their immersion in water.

3.3. AFM analysis

For structure–morphology correlation purpose, the selected 
sample of CA membrane with evaporation time 60 s was 
subjected to AFM analysis as illustrated in Fig. 5 for M60 
membrane. The bright and dark regions are the peaks and 

valleys, respectively. Ra represents the average roughness 
and Rz is the difference in height between the average of the 
five highest peaks and the five lowest valleys along the assess-
ment length of the profile [24]. Ra of the CA M60 membrane 
is 245.733 nm, Rz is 1.966 µm. All the surface roughness 
parameters were calculated from the AFM images using an 
AFM software program. The surface roughness parameters 
represent high value of surface’s roughness. 

The change in the evaporation time had a small effect 
on the membranes’ hydrophilicity as shown in Fig. 6. As the 

Fig. 5. AFM analysis for CA M60 membrane.
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evaporation time increases, the value of contact angle has 
decreased. 

As mentioned above, the morphological studies of the 
membrane surfaces showed a decrease in surface roughness 
as the evaporation time increases, which may be contrib-
uted to the decrease of the contact angle measurements [25]. 
In addition, as the evaporation time increases, more solvent 
evaporates; consequently more polymer is concentrated at 
the top surface layer in the membrane, taking into consid-
eration the hydrophilic nature of CA as a polymer, that is, 
CA concentration at the M120 surface is higher than the CA 
concentration at M30 surface. The higher the CA concentra-
tion at the surface, the lower the contact angle would be and 
hence the higher is the hydrophilicity [26]. 

The M30 had the highest contact angle among the oth-
ers (64.82°), while M60 had the lowest contact angle (54.5°). 
The slight change in contact angle measurements between 
M60 and M120 is insignificant.

3.4. Effect of evaporation time on the CA membranes’ performance

Figs. 7 and 8 show the performance of the prepared 
membranes (M30-M120) and indicate their stability with the 
applied pressure. Generally, the percentage salt rejection for 
all the membranes is decreasing with increasing the operating 
pressure. This is due to the concentration polarization phe-
nomena, that is, the membrane fouling due to salt accumula-
tion on its surface. The concentration polarization of the salt 

has many factors which may affect the desalination process. 
First of all, the osmotic pressure which must be exceeded is 
corresponding to the salt concentration at the membrane’s 
surface and the concentration polarization allows that the 
effective osmotic pressure exceeds the bulk saline solution’s 
osmotic pressure. As well as, concentration polarization 
affects the product water salinity because this salinity gen-
erally increases when the salt concentration at the surface of 
the membrane in the feed solution side increases [10,27]. 

From Fig. 7, at 10 bar, M60 produced the highest per-
centage salt rejection, while M30 has the lowest. The M60 
case within the pressure ranging from 16 to 22 bar shows 
a stable profile salt rejection percentage that amounts to 
85%. This is due to the compaction of the membrane’s skin 
layer. This phenomenon could be attributed to the fact that 
as the pressure is applied, the Brownian movement of the 
polymer chains is restricted, and the structure of the poly-
mer is compressed. The water within the amorphous region 
becomes more tightly bound, and so the membrane becomes 
more of an impenetrable barrier to sodium chloride [28].

It was observed that within the pressure range from 
10 to 28 bar, the flux for all membranes is increasing with 
the increase in the transmembrane pressure as indicated in 
Fig. 8. This was due to the increase in the effective driving 
force (trans-membrane pressure) that is required for water 
permeation [24,29]. 

For all prepared membranes the permeate was obtained 
at 10 bar, so it has been taken as the reference pressure. From 
Fig. 7 it is obvious that the salt rejection has increased from 

Fig. 6. Contact angle measurements for CA membranes prepared 
with different evaporation time.

Fig. 7. Percentage rejection of different membranes prepared 
with different evaporation time and under different operating 
pressure.

Fig. 8. Permeate water flux of CA membrane prepared with different evaporation time.
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80% to 96.5% for the membranes M30 and M60, respectively. 
This refers to the formation of a selective skin layer with a 
very small thickness (0.70 µm) for M30 that was not capable 
of having high salt rejection [30,31]. This thickness also leads 
to a comparatively high flux for M30 (1.428 L/m2 h) as the 
thin selective layer facilitates water penetration. Although, 
the M60 membrane has achieved the highest salt rejection 
among the prepared membranes, its flux had the lowest 
value among other membranes (1.0234 L/m2 h). This may be 
due to the formation of a relatively dense thick selective skin 
layer (1.177 µm) on the M60 surface, which has a pronounced 
effect on the membrane properties.

The effect of the membranes morphology is clear on the 
M60’s performance and strength, whereas the finger-like 
sponge structure acted as a good support layer improving 
the membrane’s mechanical strength that tolerated the pres-
sure up to 28 bar. Meanwhile the M30 membrane did not tol-
erate the pressure more than 18 bar. This is probably due to 
the presence of the weak active dense thin layer, and the tear-
like shape in the cross-section structure that acts as a weak 
spot vulnerable for crack propagation during the application 
of high pressure. This leads to low compaction tolerance 
and reduces the mechanical stability. The M60 membrane 
endured maximum operating and rupture pressure of 28 bar 
indicating that M60 has the optimum properties in terms of 
mechanical strength and salt rejection compared with the 
other prepared membranes. The rupture pressure, illus-
trated in Table 1 was selected as a criterion for expressing 
the mechanical properties [32,33].

While the M90 and M120 membranes had a relatively 
thicker dense selective layer (1.516 and 3.134 µm, respec-
tively), they were supposed to show better performance in 
terms of salt rejection. On contrast they showed a decrease 
in salt rejection (93.07% and 89.06%, respectively), com-
pared with the percentage salt rejection of M60 (96.55%). 
They, however produced higher flux (1.224 and 1.647 L/m2 h, 
respectively) compared with M60 which produced 1.0234 L/
m2 h. The decrease in the salt rejection and the enhance-
ment of water flux of the M90 and M120 membranes can 
be explained by the fact that the active thin layer becomes 
denser and thicker due to long evaporation durations, it does 
not tolerate the applied pressure, so it makes it easy for a 
crack to propagate in it, which results in the active layer dis-
tortion. Similar results were obtained by Gizli [34]. 

4. Conclusion

The evaporation time has proved to be an important 
parameter for determining the membrane characteristics; 
selectivity and pressure endurance as it affected the structure, 

morphology and hydrophilicity. As the evaporation time 
increases, the structure of the membrane tends to be denser, 
and the hydrophilicity of the membranes increases. The 
appropriate evaporation time is necessary to produce high 
salt rejection. For a system composed of cellulose acetate, 
acetone, dioxane, methanol and acetic acid, it was suggested 
that the optimum evaporation time is 60 s to obtain high salt 
rejection (96.5%). Such membrane was composed of dense 
selective layer supported on a finger-like structure, which 
acts as a mechanical support for the membrane; hence; it 
tolerated the highest rupture pressure of 28 bar compared 
with other membranes.
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