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ABSTRACT

The objective of this work was to develop a suitable and highly efficient reverse osmosis
membrane incorporating a co-solvent system. A polyamide thin-film composite membrane has
been prepared by interfacial polymerization in n-heptane using diethyl ether and ethyl acetate
as co-solvents at various concentrations. Heptane has a molecule of larger C–C chain than that
of traditionally used hexane. Heptane was selected in order to study its effect on the morphol-
ogy of the prepared membrane as well as on salt rejection ability and flux volume. Heptane
appeared to produce an improved morphology, salt rejection ability, and flux volume, com-
pared to hexane. To the best of our knowledge, this is the first attempt to prepare and character-
ize TFC RO membrane in n-heptane mixed with co-solvent. The membranes were characterized
using microscopy, spectroscopy, and contact angle measurement techniques. From surface
spectroscopic analyses, the addition of co-solvents led to a decrease in the roughness properties
of the membranes. The synthesized polyamide membranes consist of large and ordinal ridge-
and-valley formations. The salt rejection and water permeate flux were well controlled by the
categories and amounts of co-solvents that were added. Thermal gravimetric analysis results
indicated that all of the membranes exhibited high thermal stability with degradation tempera-
tures of about 481 ± 2˚C. The high stability of the membranes was attributed to the sulfonic
groups on the polymer chains. The contact angle also increased with an increasing co-solvent
concentration. The performance characteristics of the membranes were evaluated by measuring
the flux and rejection of isopropyl alcohol, NaCl, and MgCl2 solutions. The rate of flux was
proportional to the co-solvent concentration (i.e. flux increases with an increasing concentra-
tion), whereas the salt rejection properties were constantly high. Membranes formed with
diethyl ether showed the highest salt rejection. Based on these data, membranes prepared using
diethyl ether or ethyl acetate as a co-solvent in a non-polar heptane medium performed effi-
ciently and exhibited high salt rejection characteristics with large flux values. These membranes
represent promising candidates for freshwater desalination and removal of organic impurities.

Keywords: Interfacial polymerization; Modified reverse osmosis membrane; Desalination;
Co-solvent
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1. Introduction

Most of the water used by humans is collected
from rivers, lakes, canals, ponds, and underground
aquifers since ancient times [1]. These freshwater
sources are being depleted at an increasing rate by
population growth, industrialization, modernization,
and climate change. Industrial and agricultural wastes
contaminate lakes, canals, and rivers and ultimately
leach into underground water sources. These effluents
contain a wide range of dangerous contaminants, such
as metals, dyes, pesticides, fertilizers, and biological
agents, which are toxic to humans and therefore
unsuitable for human consumption [2,3]. For this rea-
son, significant research efforts have been directed
towards developing new technologies and processes
for the production of fresh drinking water.

New and innovative techniques for the desalination
of ocean water and the purification of industrial effluents
are being continuously developed. Thus, filtration of
ocean water or contaminated industrial effluents through
membranes, reverse osmosis (RO), and nanofiltration
(NF) membranes with good desalination performances
and high permeate flux has been developed [4–11].

RO membranes exhibit a very high level of
rejection towards inorganic solutes such as monova-
lent ions and hardness components (e.g. calcium and
magnesium), and organic materials such as tri-
halo-methane precursors, pesticides, and deodorants
[12]. RO membranes are generally composed of three
layers, including (a) unwoven polyester, (b) polysul-
fone or polyethersulfone, and (c) polyamide or
polyetherimide. The polyamide membranes used in
RO membranes are prepared by an interfacial poly-
merization reaction between 1,3-phenylenediamine
(MPD) in the water phase and 1,3,5-benzenetricar-
bonyl trichloride (TMC) in the non-polar organic
phase. FT-30 is an industrially produced RO mem-
brane, which has a high salt rejection of more than
99% and a flux greater than 1 m3/m2d for 2,000 ppm
NaCl at 1.55 MPa [13]. To assess the PS support mem-
brane, a dead-end test system was used for measuring
pure water permeate flux and molecular weight cut-
off (MWCO). The MWCO of a membrane is generally
defined as the molecular weight of a solute at which
above 90% of the solute is retained.

Kamada et al. developed a series of polyamide-
based RO membranes with controlled surface mor-
phology via the interfacial polymerization of MPD
with TMC on a polysulfone ultrafiltration support
using hexane as a non-polar organic reaction solvent
[14]. The addition of a co-solvent to the organic phase
such as acetone, ethyl acetate, or diethyl ether was also
investigated by Kamada to control both the surface

morphology and the polyamide network matrix.
Optimum results of 99% (NaCl rejection and a perme-
ate flux of more than 1.8 m3/m2d at 1.5 MPa) were
achieved when 3 wt% ethyl acetate was used. Notably,
the permeate flux rate was threefold higher than that
of the corresponding RO membrane prepared without
any co-solvent. Kong et al. investigated the use of ace-
tone (2 wt%) as a synergistic co-solvent in the hexane
phase to control the polymerization reaction as well as
modifying the membrane network matrix [15]. This
membrane showed selective molecular sieving proper-
ties with a preference for small molecules over larger
molecules. Furthermore, the addition of a larger
amount of the acetone co-solvent to the hexane solu-
tion led to an increase in the pore size and water flux
properties of the resulting membrane. RO membranes
produced using 2 wt% acetone as a co-solvent showed
a rejection of more than 99.4% and high water trans-
port at a rate of more than 1 × 10−11 m3/m2 Pa s, which
was more than fourfold higher than that obtained from
the RO membrane prepared without acetone. Polya-
mide membranes with controllable, thin dense layers,
and effective nanopores were also fabricated by Kong
et al. [16] by the interfacial polymerization of MPD
with TMC using acetone as a co-solvent with hexane
as the non-polar organic phase, and the resulting mem-
branes exhibited high water flux and salt rejection
properties. Addition of 2 wt% acetone as a co-solvent
in this case led to an approximate fourfold increase in
water flux with no loss of salt rejection compared with
the corresponding membrane prepared without ace-
tone. The incorporation of a co-solvent to the organic
phase during the interfacial polymerization of MPD
with TMC induces structural and morphological
changes in the resulting RO membranes [17–19]. Yu
et al. developed a thin-film composite (TFC) RO polya-
mide–urethane membrane for sea water desalination
via interfacial polymerization of MPD and 5-chloro-
formyloxyisophthaloyl chloride (CFIC) microporous
polysulfone supporting membrane support using hex-
ane as a organic reaction solvent. The water flux of the
developed membrane increases from about 35 l/m2 h
to around 42 l/m2 h and the salt rejection is constantly
above 99.4% [20]. Zou et al. synthesized RO thin-film
composite membrane via novel approach of interfacial
polymerization of MPD, trimethylamine (TEA), and
camphor sulfonic acid on polysulphone supports. The
membrane performance of water flux is 33.35 l/m2 h
and salt rejection is above 98.5%, and it is varied
greatly with the contact time [21].

This was the primary high-performance polyamide
membrane manufactured using co-solvent-assisted
interfacial polymerization (CAIP). This attractive and
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encouraging approach opened up new ways to further
improve polyamide membranes with the addition of
co-solvents into the organic phase. We selected two
types of co-solvents, diethyl ether and ethyl acetate, to
use, which result in high water flux and salt rejection.
In the present study, heptane has a molecule of larger
C–C chain than that of traditionally used organic
solvents. Heptane appeared to produce an improved
morphology, salt rejection ability, and flux volume,
compared to other organic solvents.

2. Experimental

2.1. Materials and methods

2.1.1. Materials

All of the chemicals and reagents used in this study
were purchased at the highest purity grades available.

Polyamide composite membranes were prepared on an
ultrafiltration polysulfone (PS-20, The microporous
polysulphone supporting film with (MWCO) molecu-
lar weight cut-off 20 k Da and, Water Permeate
Flux 1,000 LMH/bar, Sepro) 1,3-phenylenediamine
(MPD, >99%, Sigma, St. Louis, MO, USA) with 1,3,5-
benzenetricarbonyl trichloride (TMC, >98%, Sigma). A
detailed description of the method used for the
preparation the polymers is provided below.

2.1.2. Preparation of membrane

PS was immersed in an aqueous solution of 2 wt%
MPD for 2 min. The excess MPD solution was then
removed by pressing the commercially available poly-
sulfone product support (PS-20) PS material under a
rubber roller. The freshly pressed material was then
immersed in a 0.1 wt% solution of TMC in heptane

Fig. 1. Schematic illustration of forward cross-flow filtration system.

Fig. 2. SEM images: (a) PS membrane and (b) TFC reference membrane.
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(99%, Sigma) for 1 min containing different quantities
of co-solvent (0.5, 1, 2, 3, and 5 wt%). The product
was then rinsed with 0.2 wt% Na2CO3 (>99%,
Scharlau,), washed with DI water, and then stored in a

refrigerator at about 4˚C in DI water prior to being
used. Ethyl acetate (>99%, Sigma) and diethyl ether
(>99%, Sigma) were investigated as co-solvents in the
current study [15,16]. In this way, a total of 11

Diethyl ether 1 wt%Diethyl ether 0.5 wt%No additive

Diethyl ether 5 wt%Diethyl ether 3 wt%Diethyl ether 2 wt%
(a)

(b)

Ethyl acetate 1 wt%Ethyl acetate 0.5 wt%No additive

Ethyl acetate 5 wt%Ethyl acetate 3 wt%Ethyl acetate 2 wt%

Fig. 3. SEM images showing the effect of the added co-solvent (a) diethyl ether and (b) ethyl acetate on the morphology
of the resulting membrane.
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different polyamide membranes were fabricated
in this study. All of these membranes were fully
characterized using a range of different analytical
techniques to evaluate their performance characteris-
tics with respect to their salt-rejecting ability and
water permeate flux volume.

2.1.3. Characterization and instrumentation

The morphological and microstructural characteris-
tics of the composite membranes were examined by
scanning electron microscopy (SEM, FEI Nova-Nano
SEM-600, Netherlands). Atomic force microscopy
(AFM) was used to analyze the surface morphology
and roughness of the membranes. AFM images were
recorded on a nanosurf scanning probe-optical micro-
scope (Bruker Corporation). Small squares of the
membranes (approximately 1 cm2) were cut out and
glued on to the surface of a glass substrate for analy-
sis. The thermal stability properties of the membranes
with different co-solvent concentrations were charac-
terized by thermogravimetric analysis (TGA) using a
Pyris 1 TGA system (PerkinElmer, USA). The TGA
experiments were heated from ambient temperature to
800˚C at a heating rate of 10˚C/min and a nitrogen
gas flow of 20 ml/min using a ceramic pan. FT-IR
spectroscopy was conducted with an attenuated total

reflection (ATR) plate (Perkin Elmer) to identify the
chemical compositions of the membrane. The polya-
mide layer surfaces of the membrane samples were
placed face-down on the crystal surface. The FT-
IR-ATR spectra were measured at frequencies in the
range of 4,000–600 cm−1 at a resolution of 4 cm−1. Con-
tact angle analysis was performed using a Ramé-Hart
Model 250 Standard Goniometer/Tensiometer with
drop image advanced software (Ramé-Hart Instrument
Co., Succasunna, NJ, USA). A water droplet was
placed on a dry flat homogeneous membrane surface,
and the contact angle between the water droplet and
the membrane was measured until no further change
was observed. The average contact angle for distilled
water was determined following a series of eight mea-
surements for each of the different membrane sur-
faces. The performance characteristics of the prepared
membranes were analyzed using a cross-flow system
(CF042SS316 Cell, Sterlitech Corp., USA). The valid
membrane area in this system was 42 cm2. The feed
water temperature was set at 25˚C with a pH value in
the range of 6–7, and a 2,000 ppm NaCl feed stream at
a flow rate of 1 gallon per minute (gpm). The filtration
was carried out at the pressure of 225 psi. All of the
water flux and salt rejection measurements were taken
after 30 min of the water filtration experiments to
ensure that the system had reached a steady state. A

TFC reference, Ra=32nm

Diethyl ether, Ra=28 nm Ethyl acetate, Ra=25 nm

Fig. 4. AFM images of the different membranes.
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schematic diagram of the cross-flow filtration system
is shown in Fig. 1.

The flux was calculated using the following
equation [20]:

J ¼ Vp

A� t
(1)

where J is the water flux (L/m2 h), Vp is the permeate
volume (L), A is the membrane area (m2), and t is the
treatment time (h). The salt rejection (R) was
calculated using the following equation:

R ¼ 1� Cp

Cf

� �
� 100 (2)

where Cp and Cf are the salt concentrations of the
permeate and the feed, respectively.

3. Results and discussion

3.1. SEM analysis

SEM images of the polysulfone (PS) base and TFC
reference materials are shown in Fig. 2(a) and (b),
respectively. These images show that the surfaces of
these membranes were smooth and homogeneous.

SEM images of membranes after addition of
co-solvents show that the co-solvent concentration has
a significant effect on the morphology of the mem-
branes (Fig. 3(a) and (b)). The current results were in
agreement with those reported by other researchers
working in this field [17–19]. The polyamide layer is a
non-porous dense layer. The surface morphology of the
synthesized polyamide membrane without co-solvent
addition displayed the ordinal ridge-and-valley struc-
tures. The morphology increased the surface area and
surface roughness of the polyamide membrane, which

(a)

(b)

Fig. 5. TGA results obtained for membranes containing
polyamide and polysulfone with different concentrations
of a co-solvent: (a) diethyl ether and (b) ethyl acetate.

Table 1
TGA values obtained from the membranes of polyamide with polysulfone

Conc. (wt%) Code First high peak Second high peak Weight loss % at 800˚C Residual mass % at 800˚C

0 Polysulfone 479.90 576.30 72.30 27.70
0 TFC-reference 483.11 581.89 79.23 20.77
0.5 Diethyl ether 481.76 581.38 79.33 20.67

Ethyl acetate 483.64 582.62 79.27 20.73
1.0 Diethyl ether 481.7 581.43 78.13 21.87

Ethyl acetate 484.15 587.8 79.89 20.11
2.0 Diethyl ether 481.74 580.87 79.19 20.81

Ethyl acetate 482.28 582.44 79.46 20.54
3.0 Diethyl ether 480.95 579.53 78.97 21.03

Ethyl acetate 481.7 583.89 78.73 21.27
5.0 Diethyl ether 485.16 583.83 78.44 21.56

Ethyl acetate 482.2 580.81 77.93 22.07
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was effective for water permeation flux and salt
rejection. From the literature review, it should be
well-known that with the addition of co-solvents in
polyamide membrane displayed a ridge-and-valley
structure with a height of several hundred nm.
However, in contrast to Kamada’s study, heptane was
used as the non-polar organic phase in the current
study instead of hexane.

3.2. Atomic force microscopy

AFM images of the membranes are shown in
Fig. 4. The surfaces of the membranes had roughness

values in the range of 25–32 nm. The surfaces of the
membranes consisted of continuous ridges and
valleys, and these results were therefore consistent
with those reported by other researchers [17–19].

3.3. Thermogravimetric analysis

Fig. 5(a) and (b) shows the thermal degradation
behaviors of the different membranes prepared using
polyamide on a polysulfone platform with different
concentrations of the co-solvents in the TMC layer. It
is clear from the figure that the thermal decomposition
of the PS and PA membranes involved two main

(a) (b)

(c) (d)

Fig. 6. ATR-FTIR spectra of membranes containing diethyl ether or ethyl acetate as a co-solvent: (a) heptane-diethyl ether,
(b) heptane-diethyl ether, (c) heptane-ethyl acetate, and (d) heptane-ethyl acetate.

A.S. AL-Hobaib et al. / Desalination and Water Treatment 57 (2016) 16733–16744 16739



steps, with the first of these steps occurred at
temperatures in the range of 400–500˚C, and the sec-
ond degradation step occurred at temperatures in the
range of 550–600˚C. These results are in good agree-
ment with the results reported by other researchers
[8,22,23]. Interestingly, however, a small degradation
step was observed at temperatures in the range of
100–170˚C for PS, this was due to the release of physi-
cally absorbed water. This peak was observed in only
PS and it was not observed in PA membrane because
the peaks are caused by amide linkage, and sulfone
base fracture of polyamide membrane structure is
quite stable. Only when the temperature is rather
high, the amide and sulfone will rupture. Data for the
degradation peaks, weight loss, and residual mass
derived from Fig. 5(a) and (b) of the different mem-
branes formed in the presence of different quantities
of the two co-solvents are shown in Table 1. These
results indicate that all of the membranes prepared in
the current study possess high thermal stability with
degradation temperatures of about 481 ± 2˚C. This
high level of stability could be attributed to the sul-
fonic acid groups on the polymer chains. These find-
ings are consistent with those reported by other
researchers working in this field [24]. However, the
second degradation step around 580 ± 3˚C was caused
by the occurrence of polymerization and cross-linking
processes during the formation of the polyamide
membrane [25]. Table 1 shows the residual weights of
all of the samples at 800˚C. The residual weights were

Fig. 7. Contact angles plotted against concentration of
co-solvent.

(a)

(b)

(c)

Fig. 8. Flux rates through membranes containing different
co-solvents: (a) flux of IPA, (b) flux of NaCl, and (c) flux of
MgCl2.
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found to be 20–22.1% of the original sample weights
depending on the concentration of co-solvent.

3.3.1. Attenuated total reflection Fourier transmission
infrared spectroscopy

ATR-FTIR spectra under the absorbance mode for
the polyamide layers that were synthesized with
the addition of ethyl acetate and diethyl ether as
co-solvents, ranging from 0.5 to 5 wt% in order to attain
a quantitative amount of polyamide skin layer and
amide bond content. FT-IR spectra of the membranes
prepared using diethyl ether or ethyl acetate as a
co-solvent were recorded in the range of 600–4,000 cm−1

(Fig. 6(a)–(d)). These spectra also show the effect of the
co-solvent concentration, in that the transmission (%) of
light decreased with an increasing co-solvent concentra-
tion. Furthermore, the absorption of light energy
increased with an increasing co-solvent concentration,
which was indicative of the formation of a thicker mem-
brane layer. The signal attributed to the –CH2– groups
at 780 cm−1 appeared to be influenced by the addition
of ethyl acetate. Long-chain methyl rock (780) is noted
on this ethyl acetate spectrum and a strong band
appeared at about 1,752 cm−1 which is the characteristic
of a C=O stretch, although a similar effect was not
observed in the diethyl ether because of C–O stretch in
the region 1,300–1,000 cm−1 in diethyl ether. A stretch-
ing vibration was observed at 1,680 cm−1 in all of the
membranes regardless of the co-solvent, which was
attributed to the C=C bonds. From the figures, it is
clearly observed that the intensity of the typical bands
of polyamide was increased by the addition of co-sol-
vents, which specifies that the amounts of polyamide
were increased by the addition of a co-solvent. Superior
amounts of polyamide also look like to widen the
expansion and thicken the polyamide skin layer. More-
over, the formation of a polyamide is based on the types
and concentrations of co-solvents that are added, while
both diethyl ether and ethyl acetate exhibited an
increase in the absorbance ratio with increases in the
concentrations that were added.

3.3.2. Contact angle measurements

Contact angle measurements were collected for all
of the different membranes produced in this study
using a droplet of DI water, which was placed on the
homogeneous surfaces of the membranes prepared
with different concentrations of co-solvent in the range
of 0.5–5 wt%. The results of these experiments are
shown in Fig. 7. The results revealed that the contact
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Fig. 9. Salt rejection properties of membranes containing
different co-solvents: : (a) salt rejection of IPA, (b) salt
rejection of NaCl, and (c) Salt rejection of MgCl2.
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angle increased significantly with an increasing
co-solvent concentration, and reached its maximum
value for membranes containing 2 wt% diethyl ether
or ethyl acetate before decreasing with further
increases in the co-solvent concentration. Wettability
of ethyl acetate is higher than diethyl ether, because
ethyl acetate is chosen as bridging liquid, all being less
soluble in water and showing good wettability. The
present study displays that the bridging liquid has a
significant influence on the product properties; in
ethyl acetate, no agglomerates are formed and also
ethyl acetate has very low interfacial tension 6.8 dyn/
cm compared to diethyl ether. So, the wettability of
ethyl acetate is higher than diethyl ether. Furthermore,
the contact angle was found to be higher for mem-
branes containing ethyl acetate then diethyl ether at
all of the concentrations tested.

4. Membrane performance

4.1. Permeate flux

Isopropyl alcohol (IPA), NaCl, and MgCl2 solutions
were used to measure permeate fluxes through
the different PA membranes containing different
co-solvents. The results of these experiments are shown
in Fig. 8(a)–(c) for IPA, NaCl, and MgCl2, respectively,
and it clearly show that the rate of flux generally
increased with an increasing co-solvent concentration.

High flux was observed in the presence of both the
co-solvents tested in the PA membranes, which was
attributed to the large pore sizes of these membranes.
These results were also found to be in agreement with
those obtained by other researchers [18,19,26,27].

4.2. Salt rejection

Fig. 9(a) shows that the salt rejection of IPA
decreased with an increasing co-solvent concentration
for both ethyl acetate and diethyl ether, whereas
Fig. 9(b) and c shows that there was very little salt
rejection of NaCl or MgCl2 with either of the two
co-solvents (i.e. diethyl ether and ethyl acetate).

4.3. Summary of modified RO membranes properties of
previous studies

There have been numerous reports in the literature
regarding the performance of commercial membranes
prepared by the interfacial polymerization of TFC
membranes and aromatic polyamides, as well as TFC
desalination membranes prepared from MPD and
TMC. The transport properties of the membranes pre-
pared in this study were therefore compared with the
properties of several similar membranes from the
literature, and the details of this comparison process
have been provided below in Table 2. As can be seen

Table 2
Summary of the data from previous studies

Co-solvents type Method Type

Modified
membrane
properties

NaCl salt
rejection (%)

Flux
L/m2 h Refs.

Diethyl ether and
ethyl acetate

IP (MPD/TMC) In
n-Heptane solvent

3 wt% diethyl ether Flux increased Salt
rejection decrease

99 42.17 a

5 wt% ethyl acetate Flux increased Salt
rejection decrease

97 54.23 a

Acetone, diethyl
ether and ethyl
acetate

IP (MPD/TMC) In
n-Hexane solvent

1 wt% acetone Flux increase salt
rejection decrease

99 50.1 [14]

3 wt% ethyl acetate Flux increased salt
rejection decrease

99 75.1

5 wt% diethyl ether Flux increase salt
rejection decrease

99.4 50.1

Acetone IP (MPD/TMC) In
n-Hexane solvent

2 wt% acetone Increased pore size
flux increase salt
rejection decrease

99.4 1E−11
m3/m Pa s

[15]

Acetone, diethyl
ether, ethyl
acetate, Toluene,
Isopropyl alcohol

IP (MPD/TMC) In
n-Hexane solvent

Acetone Flux increase 98 41.74 [19]
ethyl acetate Flux increase 99.5 45.9

aCurrent Study.
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from Table 2, the RO performance of the resulting
membrane is enhanced effectively by adopting the
co-solvent-assisted interfacial polymerization method
in the manufacturing process of the polyamide mem-
brane. The water flux of the TFC membrane increases
from about 42.17 l/m2 h for 3 wt% diethyl ether and
as high 54.23 l/m2 h for 5 wt% ethyl acetate, while the
salt rejection ascends simultaneously from around
97% to a higher value of 99%.

5. Conclusions

Several PA thin-film composite membranes have
been developed by interfacial polymerization in a
non-polar heptane medium using diethyl ether or
ethyl acetate as a co-solvent. SEM images showed that
the membrane surfaces were smooth with an average
surface roughness in the range of 25–32 nm. TGA
analysis indicated that these newly developed
membranes have high thermal stability. High contact
angles were also observed in the PA membranes
prepared using diethyl ether or ethyl acetate as a
co-solvent. Notably, high fluxes and steady salt rejec-
tion properties were observed for the PA membranes
produced using diethyl ether and ethyl acetate as
co-solvents.
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