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Radical grafting of acrylic acid (AA) monomer onto the aromatic polyamide
reverse osmosis (APRO) membrane was performed. The physical adsorption by
free radical initiator technique was applied to modify the surface of the 

asymmetric membrane. The hydrophobic initiator adsorbed on the APRO membrane
was used to initiate the water-soluble monomer in aqueous phase. The APRO 
membrane was immerged into ether solution of benzoyl peroxide (BPO). The BPO was
physically adsorbed onto the membrane surface. The hydrophobic initiator was 
inhibited to diffuse through membrane surface into the aqueous solution of the acrylic
acid monomer because of a hydrophilic/hydrophobic barrier. The grafting process was
triggered by the residing BPO on the membrane surface in an aqueous medium at
70°C for a certain time interval. The surface changes of grafted membrane were 
characterized with ATR-FTIR, SEM, AFM and contact angle measurements. The results
showed the PAA is successfully grafted on the APRO membrane surface. When the
grafting rate of PAA was increased from 0% to 8.02%, the edge of leaf-like surface of
APRO membrane was gradually curled and the roughness of APRO membrane was
decreased about 36% (Ra). These changes of membrane surface increased the
hydrophilicity of the APRO membrane surface and the contact angle decreased by
about 50%.

INTRODUCTION

In membrane desalination, water
diffuses through a membrane,
while salts are almost completely
retained [1]. The membranes used
for removing the salts are always of
reverse osmosis type membrane of
polymeric materials including 
cellulose acetate and aromatic
polyamide. Aromatic polyamide
reverse osmosis (APRO) mem-
brane has excellent performance in
seawater desalination and ultra-
pure water preparation due to its

high selective performance and
thermal-chemical stability. APRO
membranes are usually synthesized
by the interfacial polymerization
from hydrophobic monomer, such
as aromatic polyamides and their
analogues, to form the functional
thin-film-composite (TFC) layer,
an asymmetric membrane [2-4].
This hydrophobic functional layer
of the aromatic polyamide usually
leads to unwanted adsorption of
non-polar solutes, hydrophobic
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particles and protein in the treatment process [5-7].
This unwanted adsorption restricts its application. To
solve this problem, much research has been 
devoted to the surface modification [8-10]. Surface 
modification is not only to introduce the functional
materials onto a membrane surface but to essentially
preserve the bulk structure of the membrane. Surface
modification methods usually involve both chemical
and physical processes. These methods include 
surface grafting [11-13], surface coating [14,15], 
surface cross-linking [16,17] and plasma treatment
[18,19]. Although these methods can improve the 
surface hydrophilic APRO membrane, the surface
grafting with hydrophilic chains has several 
advantages that include easy and controllable intro-
duction of high density grafted chains accompanied
by minor changes in the membrane bulk properties. 

Grafting methods are generally divided into two 
classifications known as grafting-from and grafting-
to [7,20,21]. The grafting-to process occurs when
pre-formed polymer chains with reactive functional
groups are covalently coupled onto the surface.
Several researchers [22-24] used the grafting-to
method successfully to induce the polymeric chains
onto the surface of a thin-film composite polyamide
reverse osmosis membrane. However, the densities of
the polymeric chains by grafting-to method often are
lower due to the steric hindrance. In grafting-from
method, the copolymerization is carried out by 
reaction of a vinyl monomer with the primary radical
of the membrane surface [25] and the monomer poly-
merizes to form a dense grafted chain from the 
surface. The primary radical can be formed by ion
beam [26,27], plasma [12,19,28], and irradiation
[7,29,30] or by electron transfer from a free radical
initiator. The free radical is generated by hydrophobic
components such as benzoyl peroxide or azodiiso-
butyronitrile as initiators using heat or by hydrophilic
components using a redox reaction between a suitable
oxidizer and reductant. For a water-soluble monomer,
the grafting process usually starts in aqueous media at
room temperature without an external activation.
Belfer et al. [31,32] have modified the polyamide
reverse osmosis membranes by grafting hydrophilic
chains using the oxidant-reductant initiator system.
The grafting copolymerization is performed in 
the aqueous medium at room temperature to obtain 

higher hydrophilic membranes by the grafting-from
method. However, the water-soluble monomer in
aqueous phase forms the monomer radical by a redox
initiator. This process is poorly controlled because the
monomer radical hardly meets the membrane surface
and it is easily homopolymerized in aqueous phase.
Recently, a novel physisorbed free radical grafting
technique has been developed [21,33]. In this 
technique, a hydrophobic/hydrophilic diffusional 
barrier is created between the membrane surface and
the aqueous solution of the monomer. This barrier
obstructs the hydrophobic initiator diffusing through
membrane surface to enter into the aqueous solution.
Thus, the initiator remains on the membrane surface
before the generation of a primary radical. Finally, 
the primary radical is generated by immersion of 
the membrane having the absorbed initiator in a 
hot monomer solution. Hu et al. [21] reported a 
grafting-from technique in which hydrophilic poly-
mers were created on the surface of poly(dimethyl
siloxane) using a physisorbed free radical initiator. It
was speculated that this method exploited the polari-
ty disparity between the hydrophobic initiating
species and the polar polymerization medium.
McGinty et al. [33] applied this physisorbed free rad-
ical grafting technique to modify the surface
hydrophilic property of the poly(vinyl chloride) film
by creating a hydrophobic/hydrophilic diffusional
barrier that promotes radical generation upon heating
at the polymer surface. The surface polymerization
was initiated by a physically adsorbed free radical
initiator system. However, the aim of their research

was to modify the surface hydrophilicity of a 
homogeneous membrane or complex geometries. For
asymmetric membranes, their works are rarely
applied.  

In the present paper, we report the results achieved
by the physically adsorbed free radical initiator 
system to modify the surface of the asymmetric 
membrane. In the modification process, the
hydrophobic initiator was used to initiate the 
water-soluble monomer such as an acrylic acid 
selectively grafting-from the top surface of an 
asymmetric membrane. The effect of grafting process
on the reverse osmosis membrane surface properties
was investigated. The properties of the grafted 
membranes were characterized by ATR-IR, SEM,
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AFM and contact angle technique. 

EXPERIMENTAL

Materials
A commercially available aromatic polyamide reverse
osmosis membrane such as ULP21 from Vontron
Enviro-Tech Co. (China) was used in the present
study. The active layer of ULP21 was aromatic
polyamide prepared by interfacial polymerization
which employed m-phenylene diamine and trimesoyl
chloride as monomers. Acrylic acid (AA) (analytical
reagent, Chengdu Kelong Agent Co., China) was 
distilled under reduced pressure at 78 ~ 80°C for
removing the inhibitor before use. Benzoyl peroxide
(BPO), ether, acetone and ethyl acetate (analytical
reagent, Chengdu Kelong Agent Co., China) were
used without further purification. 

Graft Copolymerization
The process of the graft polymerization on the top 
surface of APRO membrane by pre-adsorbed 
initiators is shown in Figure 1.

The solvent aimed to dissolve the BPO should be
selected carefully. The solvents such as acetone, ethyl
acetate and ether were used to prepare the BPO 
solution. In our experiments, the APRO membrane
was first immersed in the BPO/acetone. The acetone
might make the polyamide layer of reverse osmosis
membrane separated from the polysulphone support
layer. Another trial was to employ BPO/ethyl acetate
solution which led to dissolution of polysulphone 
support layer. We finally selected ether as the solvent
for dissolving the BPO. The support layers of APRO
membranes were protected using stainless steel sheet
(3.0 cm × 3.0 cm). The APRO membrane with the
weight of W1 was dipped into an ether solution of 5%
BPO (w/w) for 15 min. The membranes were
removed from solution and placed into a vacuum
oven drying at 25°C for 48 h. The monomer solution
(15% AA monomer) and the BPO-pre-adsorbed
reverse osmosis membranes were transferred into a
sealed glass vessel, purged with nitrogen for 1 h and
heated at 70°C for 10 min to 90 min. In order to
remove the residual monomers and copolymers, the
samples were then exhaustively washed with hot 

distilled water (80°C) until neutral pH. The samples
were dried in vacuum oven at room temperature for
48 h. The weight of the samples was designated as
W2. The graft ratio was determined by the percentage
increase in weight as the following equation:

where W1 and W2 represent the weights of initial and
grafted APRO membranes, respectively.

Characterization of APRO Membranes
Fourier Transform Infrared Spectra
The functional group composition of the membrane
surfaces was measured by attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy.
FTIR Spectra were obtained on a Fourier transform
infrared spectrometer (FTS3000, Digilab LLC, USA).
The samples were fixed on ATR accessory (PIKE
Technologies Inc., USA). The instrument was purged
with dry nitrogen to prevent interference of 
atmospheric moisture with the spectra. All spectra 
(10 scans at a resolution of at least 4 cm-1) were
recorded at 25°C.

Electron Microscopy Analysis
To characterize the morphology of the membrane 
surface, a scanning electron microscope (SEM) and
an atomic force microscope (AFM) were employed. 

For SEM, the surfaces of the membrane samples
were sputtered with gold in 2-3 nm thickness using
the EIKO IB-3 ion coater (EIKO Engineering Co.,
Japan). The SEM microphotographs were taken by
JSM-5900LV (Jeol Co., Japan).

The AFM images of dry modified membranes with
different degrees of the polymer grafting and non-
modified APRO membrane were taken on the
AFM/SPM instrument (SPA400, Seiko Instruments,
Japan). The dynamic force mode was used in the 
surface analysis. The surface area of the images
scanned was  5×5 μm2. The surfaces of various 
membranes were compared in terms of roughness
parameter [34]. The roughness parameters obtained
from the AFM images should be considered as the 
relative roughness value. The same tip was used in 
all experiments and all the captured surfaces were
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treated in the same way. All AFM images were
obtained at 25°C.

Contact Angle 
Static contact angle measurements were conducted
using a DataPhysics contact angle system (OCA200,
Germany). The samples of 25×50 mm2 and 0.2 mm
thickness were used for the determination of surface
hydrophilicity of membranes. A 7.5 μL droplet of 
filtered, de-ionized water (carbon dioxide in the
water was removed by heating to its boiling point for
10 min before use) was placed on the surface of the
samples at room temperature. Each reported value is
the average of five independent measurements.

RESULTS AND DISCUSSION

Grafting Acrylic Acid onto the Top Layer of
APRO Membranes by Physisorbed Free Radical
Initiation 
To modify the hydrophilic property of APRO 
membrane surface, the hydrophilic monomer such as

acrylic acid was grafted by initiation of a 
pre-adsorbed initiator. The process of graft copoly-
merization is shown in Figure 1. In order to selective-
ly graft the acrylic acid chains onto the top layer of
the APRO membrane, the support layer of APRO
membrane was protected by stain steel sheet. The
APRO membrane was immersed into the ether 
solution of BPO. The BPO as an initiator was
adsorbed on the top layer of APRO membrane. The
penetration of BPO into the polymer matrix was 
relatively restrained, with a depth of less than 1 μm
from the top layer [21]. When the APRO membrane
with absorbed BPO, as a hydrophobic organic 
compound, was immersed into the aqueous solution
of acrylic acid, a barrier was formed between the
membrane surface and the aqueous solution. BPO
could not diffuse into the aqueous solution and
remained on the top layer of APRO membrane. When
the reactive system was heated up to 70°C, the
decomposition of BPO yielded a pair of primary free
radicals (Scheme I). 

The free radical on the top surface might undergo
the reactions such as combination type reaction with 
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Figure 1. Process of graft polymerization.
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Scheme I. Schematic decomposition of benzoyl peroxide.



another benzoyl radical, the addition of an acrylic acid
monomer in the aqueous solution to a primary radical
to yield a chain radical, or abstraction of hydrogen
from the aromatic polyamide backbone (Scheme II).
Because the free radical was also hydrophobic, it was
obstructed to diffuse from the top surface into the
aqueous solution. The free radicals still remained on
the top surface of APRO membrane and extracted the
hydrogen from the aromatic polyamide backbone to
form the surface radicals. Then the top surface 
radicals initiated the graft copolymerization of AA
monomer in the aqueous solution. The schematic
illustration of grafting process is shown in Figure 2.
After an appropriate time interval, the membrane was
removed from the vessel and washed with water until Figure 3. Graft ratio versus reaction time.
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Figure 2. Possible mechanism of membrane surface grafted free radical polymerization.

Scheme II. Structure of the top layer of APRO membrane.



the pH of washing water was neutral in order to
remove the monomers and homopolymer. 

The change in grafting ratio with reaction time in
the grafting process of AA onto APRO at a monomer
concentration of 15% (by weight) is shown in Figure
3. It is clear that the grafting ratio increases with the
increased reaction time from 10 to 90 min. The 
grafting ratios are from 0.98% to 8.02%. 

Fourier Transform Infrared Spectra
Original membrane and modified membranes were
characterized by ATR-FTIR spectroscopy. The ATR-
FTIR spectra of original membrane and modified
APRO membranes are shown in Figure 4. The new
grafted polymers on the APRO membranes were 
identified in two regions as follows. The spectra in the
region of 3600-2600 cm-1 of membranes modified
with AA are given in Figure 4a. A remarkable 
feature of the spectra in Figure 4a is the significant
change occurred in the shape of the central broad band
and its spreading and flattening after a certain stage of
grafting. In the spectrum of original membrane, this
band has a complex profile due to the overlapping of
the hydroxyl stretching mode, 3400 cm-1 and the NH
stretching mode, 3301 cm-1. Because of grafting and
intrusion of the polyacrylic acid the carboxyl groups
association may occur through hydroxyl groups. This
is reflected in the IR spectra as a band shift attributed

to hydroxyl stretching to a lower frequency [20]. The
striking similarity between our spectra and the spectra
for reverse acid-amide transformation described in 
literature [35], provided additional support for the
occurrence of grafting. In the region of aliphatic
vibration 2690-2870 cm-1, the growth of the peak at
2850 cm-1 and 2942 cm-1 was identified as an 
evidence of AA grafting (Figure 4a). In the region of
carbonyl absorbance, the appearance of the two new
peaks attributed to the C=O vibration in the acid
group (1699 cm-1 and 1716 cm-1) was observed in the
spectra of membranes modified with AA (Figure 4b). 
The intensity of these peaks was greater with increas-
es in grafting ratio. We see here the direct relationship
between the macroscopic behaviour of the polymer
and the microscopic picture of the grafted layer

Morphological Analysis by SEM 
The morphology of the surface of original membrane
and modified membranes was characterized by SEM.
The SEM images of the membranes are shown in
Figure 5. Figures 5a to 5e illustrate the morphology
changes during the surface grafting. We observe 
that the surface of original APRO membrane is 
porous and has many leaf-like sheets (arrowed 
in the photographs) above the surface of the 
membrane (Figure 5a). However, for the AA-grafted
membranes (Figures 5b to 5e), we observed that the
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Figure 4. ATR-FTIR Spectra of modified reverse osmosis membranes: line 0 is original membrane, grafted rate lines 1-4 are
0.98%, 1.31%, 4.45% and 8.02%, respectively.



pores were filled by grafted PAA and the edges of the
leaf-like sheets were curled due to the PAA grafting
from the APRO membrane. The curling degree of
these edges has increased with the increase of the

grafting ratio. This change was the result of new poly-
mer chains onto the membrane surface. Because the
new PAA chains were introduced onto the skeleton of
the aromatic polyamide, changes occurred in tension
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Figure 5. Morphology of original and modified reverse osmosis membranes: (a) original membrane,
(b) to (e) grafted rates are 0.98%, 1.31%, 4.45% and 8.02%, respectively.
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Figure 6. Three-dimensional AFM images of original and grafted APRO membranes: (a) original
membrane, (b) to (e) grafted rates are 0.98%, 1.31%, 4.45% and 8.02%, respectively.
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of the skeleton on the leaf-like sheets surface. The
higher the graft ratio, the larger the deformation of the
leaf-like sheets occurred. These results are consistent
with the supposition that the AA monomer was 
successfully grafted onto the APRO membrane 
surface.   

Morphological Analysis by AFM
The AFM was used to further study the 
morphology and roughness of the original membrane
and grafted membranes [15,22,35]. The results are
shown in Figure 6 and Table 1. According to the AFM
images in Figure 6a, we observed that the surface of
the original membrane shows the typical nodular 
morphology. There appeared a peak-and-valley 
structure consistent with that in literature [23]. In the 
membrane surface, we could also observe the porous
structure the same as the SEM result. However, the
grafted membranes (Figures 6b to 6e) were different
not only in the surface morphology but in the porous
structure. With increasing the duration of grafting 
reaction, the AA copolymers gradually grafted from
the top surface of the APRO membrane to form a thin
coating and filling the valleys. This thin coating
closed some pores in the membrane. For open pores,
we speculated that the inner surface of these pores
should be simultaneously modified by hydrophilic
polymers. This is because the hydrophobic initiator
should be adsorbed on the inner surface of APRO
membrane [21]. Therefore, the graft copolymerization
was permitted to occur on the inner surface at 
appropriate condition.

In contrast, the graft copolymerization led to lower
surface roughness. The surface roughness is described

by roughness parameters such as the mean roughness
(Ra), the square mean roughness (RMS) and the 
maximum difference of peak and valley (P-V) [34].
The values of the surface roughness of each sample
are shown in Table 1. The surface roughness values of
Ra and RMS of original membrane are 119.3 nm and
155.5 nm, respectively. When the grafted rate of the
APRO membranes increased from 0.00% to 8.02%,
the mean roughness, Ra, decreased from 119.3 nm to
75.5 nm and the square mean roughness, RMS,
decreased from 155.5 nm to 94.0 nm. These results
demonstrate that not only the grafting process of the
AA monomers took place on the top surface of the
APRO membrane but the PAA chains were propagat-
ed along the normal direction of the top 
surface. The data of P-V further supported the results
(Table 1). 

AFM analysis results again confirmed that the
PAA chains were grafted from the top surface of the
APRO membrane.

Contact Angle
The objective of surface modification is to improve
the hydrophilic properties of the surface of APRO
membrane. The contact angle is usually used to char-
acterize the hydrophilic and hydrophobic properties
of the surface of the membrane. Table 2 shows the
effect of the grafting rate of PAA on the water contact
angle of the surface of the modified membranes. The
contact angle of water decreased with an increase of
the grafting ratio from 0.00% to 8.02%. As the graft
ratio was 8.02%, the contact angle of water decreased
to 33.9°. This means the hydrophilicity increased with
higher PAA grafting ratio. 
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Grafting ratio
(%)

Roughness

Ra* (nm) RMS# (nm) P-V § (nm)

0.00
0.98
1.31
4.45
8.02

119.3
116.7
113.0
83.6
75.7

155.5
150.7
149.0
105.1

94.0

1326
1320
1211
764
595

Table 1. Surface roughness of original and grafted APRO membranes.

(*) Mean roughness; (#) square mean roughness; (§) maximum difference of peak and valley. 



Table 2. Water contact angles for original and grafted APRO
membrane.

CONCLUSION

The physically adsorbed free radical technique was
demonstrated to successfully apply and modify an
asymmetric membrane. In this modification process
of the asymmetric membrane, the solvent selection for
dissolving the hydrophobic initiator was the key step.
The copolymerization of AA monomers initiated by
the physically adsorbed BPO on the APRO membrane
was performed. The results of characterization by
ATR-IR, SEM, AFM and contact angle demonstrated
that the PAA chains are covalently grafted-from the
APRO membrane surface. In the grafting process, the
graft polymerization had a significant impact on the
surface morphology of reverse osmosis membrane.
The surface roughness decreased and the hydrophilic-
ity increased about 50%. 
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