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Abstract
In this study, two different methods were used to introduce functionalized graphene oxide (GO) onto the surface of nano-
filtration (NF) membrane to improve its performance for heavy metal removal. The first method was based on coating in 
which the surface of NF membrane was coated with cross-linked GO, while the second method was introducing GO into 
monomer solution during interfacial polymerization. The efficiency of different methods was then compared by character-
izing membrane physiochemical properties, as well as separation performance. With regard to performances, the water flux 
of TFN-i2 membrane (with GOs incorporated into thin layer) was reported to be 95 L/m2 h compared to 75 L/m2 h found 
in the TFN-c2 membrane (with GOs coated on the surface) at 8 bar. Both modified membranes exhibited higher water flux 
than the control membrane without GO incorporation (40 L/m2 h). Although the water flux of TFN-c2 membrane was lower, 
it achieved higher cobalt removal (97%) than that of TFN-i2 membrane (73%) due to its higher negative surface charge that 
improved separation via the Donnan exclusion effect.
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Abbreviations
CA  Contact angle
NF  Nanofiltration
GO  Graphene oxide
IP  Interfacial polymerization
TFN  Thin-film nanocomposite
RO  Reverse osmosis
UF  Ultrafiltration
TFC  Thin-film composite
PA  Polyamide
NPs  Nanoparticles
TiO2  Titanium dioxide
SiO2  Silicon dioxide
APTES  3-Aminopropyltriethoxsylane
PSF  Polysulfone
NMP  N-methyle-2-pyrrolidone
PVP  Polyvinylpyrrolidone
TMC  Trimesoyl chloride
PIP  Piperazine
EDC  (1-Ethyl-3-(3-dimethylaminopropyl) carbodi-

imide hydrochloride
DI  Deionized water

GO-NH2  Modified GO
FTIR  Fourier transform infrared spectroscopy
SEM  Scanning electron microscopy

Introduction

Insufficient clean water supply coupled with severe water 
pollution are the main problems faced by many countries 
in the world (Montgomery and Elimelech 2007; Pendergast 
and Hoek 2011). One of the problems causing water pollu-
tion is the discharge of heavy metals by industrial activities 
such as mining and petrochemical process (Csavina et al. 
2012). These heavy metals are highly toxic and stable and 
cannot be easily metabolized. They can accumulate in liv-
ing organisms and enter to the food chain, causing great 
threats to the ecosystem, as well as human (Celis et al. 
2000; Özcan et al. 2018).

Accumulation of low concentration of heavy metals in 
human body can cause serious health problems such as 
endocrine illnesses, cardiac diseases, chronic respiratory 
diseases (asthma, pneumonia and fibrosis), nervous system 
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disorders and even cancer (Finch et al. 2011; Fu and Wang 
2011). Thus, removal of heavy metals from wastewater has 
become increasingly important in recent years (Farokhi 
et al. 2021; Gheimasi et al. 2021).

In comparison with other heavy metal’s elimination 
methods, membrane filtration process is more appeal-
ing due to its high separation efficiency, no phase change 
requirement, small footprint and environmentally friendly 
(Escobar and Van der Bruggen 2011; Qdais and Moussa 
2004). Membrane-based techniques in particular nanofiltra-
tion (NF) which is based on combined sieving and Don-
nan exclusion effect are currently drawing a lot of research 
interest in water purification. This pressure-driven mem-
brane is different with reverse osmosis (RO) and ultrafiltra-
tion (UF) membranes in terms of membrane pore size and 
charge properties (Bowen et al. 1997).

Typically, the NF membrane is in the structure of thin-
film composite (TFC) that is composed of an ultrathin pol-
yamide (PA) layer reinforced by a highly permeable poly-
meric support. Numerous methods are available to develop 
ultrathin barrier layer of TFC NF membrane. These include 
the most popular interfacial polymerization, grafting, dip-
coating, electron beam irradiation and plasma-initiated 
polymerization (Lau et al. 2012).

Different nanoparticles such as titanium dioxide 
 (TiO2) (Emadzadeh et al. 2014), silicon dioxide  (SiO2), 
silver, carbon nanotubes (CNTs) and zeolites have been 
used to modify PA layer of NF membrane which lead to 
the formation of new type of membrane known as thin-
film nanocomposite (TFN) (Emadzadeh et al. 2015; Lau 
et al. 2015). Embedding nanoparticles within PA layer is 
one of the most significant achievements for improving 
membrane performance for water applications. Currently, 
nanocomposite membranes are extensively used in NF 
because of their potential for high selectivity and perme-
ability, thermal and mechanical properties, electrochemical 
and anti-swelling performance, and anti-fouling proper-
ties. However, the use of nanoparticles in modifying PA 
layer also leads to another problem, i.e., surface defects in 
selective layer as the result of nanoparticles agglomeration 
and poor bonding/compatibility between NPs and polymer 
(Buonomenna 2013; Lau et al. 2015; Pendergast and Hoek 
2011).

To address the abovementioned issues, surface modi-
fication of nanoparticles is a simple and effective method 
to increase their dispersion in monomers solutions during 
interfacial polymerization process and to enhance their 
compatibility with organic materials (Vatanpour et  al. 
2014). Chemically modified graphene (a carbon atomic 
hexagonal) has received great attention due to its excel-
lent electrical, mechanical and thermal properties (De Silva 
et al. 2017; Yin et al. 2013). Graphene oxide (GO) contains 

a range of reactive oxygen functional agents such as car-
boxyl (–COOH), hydroxyl (–OH) and epoxy (–C–O–C) 
that make it potentially suitable for absorbent in environ-
mental applications. (Chen et al. 2015; Zhao et al. 2016). 
Thus, modification of GO using other functional groups is 
required. Moreover, functionalization could improve the 
properties of GO and increase its capacity to adsorb heavy 
metal ions from wastewater (Gul et al. 2016). Although GO 
has an effective adsorption capacity over metal ions, it does 
not have the selective adsorption property of heavy met-
als, therefore, several metal cations can be adsorbed on the 
surface of GO from their mixtures. As a result, competi-
tive adsorption occurs and the percentage of adsorption is 
dependent on the differences between affinity and the metal 
ions toward GO (Sitko et al. 2013).

In this study, the self-synthesized GO was first modi-
fied using (3-aminopropyl) triethoxysilane (APTES). Then, 
the functionalized GO was introduced onto the membrane 
surface using two different techniques. The first method 
was to deposit the GO on the membrane surface via coat-
ing and the second method was to incorporate GO into PA 
layer during interfacial polymerization (IP). All resulting 
membranes were then characterized using different analyti-
cal instruments before they were evaluated with respect to 
water flux and cobalt removal rate.

Materials and methods

Materials and reagents

To fabricate membrane substrate, polysulfone (PSF) 
(Solvay Advanced Polymers with 22,400 g/mol), N-meth-
yle-2-pyrrolidone (NMP) (99.5%) and polyvinylpyrro-
lidone (PVP K30, mol wt ~ 40,000, Sigma-Aldrich) were 
used to form the polymeric dope solution followed by 
casting. Trimesoyl chloride (TMC, 98%), piperazine (PIP, 
99%) and n-hexane were purchased from the Merck Com-
pany and used to develop selective layer atop substate. In 
addition, graphite particles (average particle size smaller 
than 100 nm), 3-aminopropyltriethoxsylane (99%), potas-
sium permanganate  (KMnO4), ethanol  (C2H6O, 95%), sul-
furic acid  (H2SO4, 98%), phosphoric acid  (H3PO4, 85%) 
and chloride (37%) were obtained from Merck and were 
used to synthesize GO followed by modification. (1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC, 98%, Sigma-Aldrich) was used as a cross-linker. 
Cobalt(II) nitrate hexahydrate (Sigma-Aldrich) was 
selected as a heavy metal sample for the preparation of 
feed solution. Deionized water (DI) was prepared using 
MilliQ water purification system.
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Graphene oxide (GO) synthesis

GO nanoparticles were prepared using graphite powder by 
the modified Hummers’ method (Marcano et al. 2010). In 
brief, 3 g of graphite was added into a mixture of  H2SO4 
(98%) and  H3PO4 in a ratio of 9:1 followed by 2-h mix-
ing. Then, 18 g of  KMnO4 was added to the mixture and 
stirred (using magnetic stirrer) at 50 °C for 24 h to obtain 
a homogeneous solution. External heating is required for 
this step as it is essential for the reaction. After 24 h, the 
solution was cooled followed by lowering its temperature 
to approximately 0 °C by adding ice water into the mixture. 
To complete the oxidation process, 3-mL hydrogen perox-
ide was added and the mixture was placed in an ice bath to 
maintain its temperature. It was then washed with DI water, 
HCl and  C2H6OH, respectively. Finally, the GO nanopar-
ticles were placed in the vacuum oven to dry completely.

Chemical modification of GO

The chemical modification of GO nanoparticles is very 
important in order to create a new functional group and 
increase its reactivity with the PA layer of the composite 
membrane during the interfacial polymerization process. 
In this study, modifications have been applied to improve 
the adsorption capacity of GO using APTES—a silane 
coupling agent with two amino groups in one molecule. 
The amino group (–NH2) could be then attached onto the 
GO nanoparticles (Hong et al. 2013; Li et al. 2013). To 
modify GO, firstly, 300 mg of GO was dispersed in a 150-
mL ethanol followed by sonication for 30 min at ambient 
temperature. Then, 2.3 mL of APTES substance was added 
to the prepared mixture in the presence of  N2 gas. The mix-
ture was then stirred at room temperature under reflux for 
24 h. Finally, the solid phase was centrifuged for 10 min at 
4000 rpm and washed eight times with ethanol and water 
to eliminate residual APTES. The final product obtained 
(GO–NH2) was then dried at 100 °C in a vacuum oven to 
release bubbles.

Preparation of polysulfone substrate

In the current research, the casting solution was prepared 
by dissolving 16.5 wt% of PSF in 82.5 wt% NMP. Then, 1% 
(w/v) of PVP solution was added and stirred on magnetic 
stirrer for 24 h. The solution was then poured onto a glass 
frame using special molding film and immersed it imme-
diately in a water-coagulating bath at room temperature. 
Membranes were then developed within few seconds due to 
phase separation. Finally, the fabricated membranes were 
washed to remove residual solvents with water and sorted 
in a DI water bath until they were examined.

Preparation of composite membranes

TFC membrane was synthesized using interfacial polym-
erization. In detail, PIP and TMC were dissolved in deion-
ized water and hexane, respectively. To obtain the permea-
ble polyamide layer from TFC membranes, the synthesized 
PSF substrate was placed on a glass plate and fixed with 
a rubber gasket. Then, 2% PIP solution was added to the 
substrate for 2 min. After that, 0.15 wt% of TMC solution 
was added to first monomer for 1 min. To eliminate unre-
acted PIP and TMC from the surface of TFC membrane, 
the prepared membrane was rinsed with n-hexane. Then, 
the fabricated membrane was placed in oven at 60° C for 
5 min as post-treatment.

In the present study, to modify the surface of PA layer, 
modified GO (i.e., GO–NH2) was added on the TFC mem-
brane surface using two different methods. In the first 
method, GO nanoparticles were coated atop membrane 
using EDC activator which thereafter called as TFN-c1, 
TFN-c2 or TFN-c3 depending on amount of nanoparticles 
added (0.01, 0.05 and 0.1%). The carboxyl groups of PA 
were first converted into amine-reactive esters by contact-
ing the membrane with EDC.

In the second method, functionalized GO was incorpo-
rated into TMC as chloride monomer to fabricate PA layer 
during IP. The synthesized membranes based on nanoparti-
cles concentration ranging from 0.01, 0.05 and 0.1% called 
as TFN-i1, TFN-i2 or TFN-i3.

Evaluation of membrane performance

In the present study, the performance of the synthesized 
TFN membranes and TFC membranes with various con-
centrations of GO in different pH values (3, 7 and 8) was 
evaluated. Feed solution composed of 100 ppm cobalt ions 
was made by dissolving the appropriate weight of cobalt 
nitrate hexahydrate (Co(NO3)2 6  H2O) in DI water. Separa-
tion characteristics of the membrane such as permeability 
and rejection rate were measured using a cross-flow system 
as shown in Fig. 1.

The laboratory-scale system includes a tank, flow meter, 
pump, valves, pressure indicator and a membrane cell. The 
membrane effective surface area in the cell was 23  cm2, and 
the pH value was measured using a pH meter (HQ411d, 
HACH, USA). Prior to the evaluation of membranes in the 
cross-flow system, the membranes were first compacted 
by placing them in the cell membrane and then pressed at 
8 bar at 0.5 L/min flow rate. In addition, a 2-L tank con-
taining aqueous solution of  Co2+ ions at concentration of 
100 ppm was supplied as a feed solution. The performance 
of TFC and TFN membranes in the constant state was eval-
uated by measuring the solute volumetric flux and rejection 
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of passing solution through the system under steady-state 
condition (8 bar and flow rate of 2 L/min) at room tem-
perature. In this experiment, the permeate volume flux  (Jv, 
 Lm−2  h−1) of membranes is evaluated using Eq. (1).

where V is volumetric water volume (L), A is effective mem-
brane surface area  (m2) and T is filtration time (h). In addi-
tion, the heavy metal rejection (R, %) of membrane was cal-
culated based on the feed (Cp) and permeate concentration 
(Cf) (mg/L) using the following equation.

Membrane characterization

Fourier transform infrared spectroscopy (FTIR, EQUIO-
NIX55) was used to record the changes of functional 
groups and elements in the GO nanoparticles, as well as 
flat sheet TFC and TFN membranes based on Omnic™ 
Software. The membrane was dried at 60 °C for 24 h before 
being analyzed. The membrane surface was randomly cho-
sen and scanned at a rate of 16 scans per second to investi-
gate the functional groups presented in different samples. 
The contact angle between the dry surface of the membrane 
and the DI water droplet was measured using the Angle 
Contact Meter (CA-VP, Kyowa) made by the Japanese 
company Interface Science. The cross section and surface 
morphology of the membrane were monitored by scan-
ning electron microscopy (SEM, VEGAIII, TESCAN). The 
samples were first washed with ethanol and were frozen 

(1)Jv =
V

(A)(ΔT)

(2)R =

(

1 −
Cp

Cf

)

× 100

and fractured in liquid nitrogen for cross-sectional photog-
raphy. The samples were then sputtered with a layer of gold 
followed by visualization under SEM. The surface charg-
ing properties of fabricated membranes were measured as 
a function of pH using a zeta potential analyzer (Particle 
Metrix ZetaView).

Results and discussion

FTIR analysis of nanomaterials and membranes

Infrared spectroscopy analysis was performed in order to 
examine the functional groups on the surface of GO (Fig. 2) 
and membranes (Fig. 3). The graphite sample includes 
two intensive peaks at a wave numbers of 3420  cm−1 and 

Fig. 1  Schematic diagram of 
cross-flow NF filtration unit

Fig. 2  FTIR spectra of GO and APTES-modified GO
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1641  cm−1 which indicate the tensile hydroxyl group and 
the skeletal vibration of graphite, respectively, due to the 
absorption of water and the C=C aromatic ring stretching. 
Meanwhile, the peak at 1723   cm−1 is assigned to C=O 
bonding of the GO skeleton. The detection of two other 
peaks at 1047  cm−1 and 1250  cm−1 indicates the presence 
of a bending C-O bond and oxygen functional group in 
the GO sample, respectively. Concurrently, the transi-
tion of C=C aromatic peak from 1637  cm−1 in graphite to 
1627  cm−1 in GO demonstrates the binding of some func-
tional groups to the aromatic ring after oxidation. A broad 
peak is also seen at around 3121  cm−1, and it is mainly due 
to the presence of the hydroxyl group in the original GO 
structure. This is where a broad peak is assigned to stretch-
ing vibration of O–H bond and confirms the presence of 
hydroxyl functional group. However, this peak intensity 
was greatly reduced after APTES modification due to 
reduction of hydroxyl groups (–OH) and reaction between 
OH and silane (Si–O) groups. A new peak appeared at 
1628  cm−1 is corresponded to C=N group, confirming the 
successful APTES functionalization (Xiao et al. 2016).

GO shows characteristic peaks at 3121, 1723, 1384 and 
1041  cm−1 which are belonged to hydroxyl groups, car-
bonyl groups and C–O vibration of epoxy groups, respec-
tively. After APTES is used to functionalize GO, the peak 
belonging to carbonyl group is converted to amide group. 
As a result, peak at 1723  cm−1 is omitted and a strong peak 
(1628  cm−1) corresponding to amino functional groups is 
detected.

Figure 3 illustrates the FTIR spectra of TFC (control) 
and different TFN membranes. For TFC membrane, the 
specific wave number of 1145  cm−1 (symmetric O=S=O 
stretching), 1300  cm−1 (asymmetric O=S=O stretching), 
1250  cm−1 (asymmetric C–O–C stretching), 1500  cm−1 

(CH3-C–CH3 stretching) and 1405  cm−1 (C=C aromatic 
ring stretching) is corresponded to the specific functional 
groups of substrate made of PSf. Peaks are clearly seen 
at 1732  cm−1 and 1626  cm−1 in the composite and nano-
composite membranes, respectively, which overlap with 
the amide peaks in both membranes. However, the peak 
at 1732  cm−1 which only appeared in the TFN membranes 
might indicate the reaction between  NH2 groups of modi-
fied GO and -COOH of PA layer.

Membrane morphology

Figure 4 compares the micrographs of the TFC and TFN 
membranes made of two different methods. Figure 4a 
reveals a TFC membrane, which contains a relatively 
smooth surface that is corresponded to a thin and com-
pacted PA formed atop the PSF substrate. The considerable 
increase in the concentration of GO on the surface of the 
TFC membrane alters the membrane structure and sur-
face morphology changes (Fig. 4b) which might be due to 
increasing hydrophilicity. Thus, it creates more sites in the 
PA layer and increases the membrane surface area. How-
ever, Fig. 4c demonstrates the surface structure modified by 
coating. As can be seen, its surface is rougher compared to 
the TFC membrane and this could be due to the accumula-
tion of nanoparticles on the membrane surface.

Zeta potential

Figure 5 shows the zeta potential of TFC and TFN mem-
branes at various pH value ranging from 3 to 8. It can be 
observed that by increasing the pH, the negative charge on 
the surface of the TFC and TFN membranes is increased 
accordingly. Compared to the TFC membrane, the nega-
tive charge property of TFN membrane is reported to be 
higher. The zeta potential for TFN-c2 membranes showed 
a more negative surface charge than the TFC and TFN-i2 
membrane at all pH range due to the presence of more 
carboxylic groups. In addition, the greatest negative zeta 
potential of TFN-c2 membrane can also be attributed to 
the presence of abundance of nanoparticles on its surface 
by coating (Kaleekkal et al. 2017; Mukherjee et al. 2016).

Performance evaluation of the TFC and TFN 
membranes

For the first method (coating method), the TFN-c mem-
brane was fabricated by coating its surface with GO. Since 
there are some inactive functional groups such as carbox-
ylic acid (–COOH) on the surface of the polyamide layer, 
these groups can be changed to active sites for bonding 
to the nanoparticles. Thus, intermediate compound such 
as EDC can be used to provide more reactive sites on the 

Fig. 3  FTIR spectra of TFC and TFN membranes
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surface of the PA membrane before depositing GO onto its 
surface. Therefore, GO is firstly modified using APTES. It 
is followed by converting the hydroxyl (OH) group to the 
active  NH2. Then, EDC, which is an intermediate compo-
nent, activates the membrane surface and converts –COOH 
functional group to COO-, aiming to increase its reactivity. 

When modified GO (GO–NH2) is added to TMC aqueous 
solution during interfacial polymerization process, it might 
compete with PIP and react with TMC to form an amide 

Fig. 4  SEM micrographs of a 
TFC, b TFN-i2 and c TFN-c2 
membrane

Fig. 5  Zeta potential of TFC, TFN-i2 and TFN-c2 membrane at dif-
ferent pH values

Fig. 6  Possible interaction between modified GO and PA layer, a via 
coating method and b IP method



4622 International Journal of Environmental Science and Technology (2022) 19:4615–4626

1 3

bond which eventually affects the PA cross-linking degree. 
The GO–NH2 nanoparticles react with the  COO− group via 
 NH2 as illustrated in Fig. 6a. Meanwhile, for the second 
method, the TFN-i2 membrane was fabricated by incor-
porating GO during interfacial polymerization process as 
shown in Fig. 6b as explained in methodology section.

The performance of TFC and TFN membranes was 
evaluated using 100 ppm Co solution as a feed solution. 
Table 1 reveals the water flux and water contact angle (CA) 
for TFC membrane and TFN membranes. The contact 
angle of membrane decreased upon the addition of nano-
particles, and subsequently, water flux was also increased 
due to improved hydrophilicity. According to the data, 
the CA of the nanocomposite membrane for both modi-
fied methods was significantly reduced, indicating that the 
GO-NH2 functionalization provides a strong hydrophilic 
polar amide functional on the surface of the membranes. 
Thus, the CA in coated method was reduced from 64.7◦ 
for the TFC membrane to 18.5◦ for the TFN membrane at 
different concentrations from zero for TFC to 0.01, 0.05, 
0.1 for TFN membranes, respectively. It was also reduced 
in the IP method from 64.7◦ to 58◦ . Therefore, in both 
modification methods, adding different concentrations of 
modified GO nanoparticles on the PA surface improved the 
hydrophilic properties of nanocomposite membrane com-
pared with TFC membrane. This increase in membrane 
hydrophilicity could be attributed to the existence of abun-
dant hydrophilic (-OH) functional groups of nanoparticles 
and the hydrophilic nature of GO nanoparticles which have 
also been reported in similar studies (Rezaee et al. 2015; 
Yu et al. 2006).

Owing to high hydrophilic properties of modified 
membrane made of coating method, these membranes 
are supposed to have greater water flux than the modified 
membranes made of IP method. However, the results are 
opposite as the water flux of TFN-i membranes is found to 
be higher than those of TFN-c membranes. Adding modi-
fied GO nanoparticles to the surface of the TFC membrane 
using coating method and also simultaneously with the 
formation of a thin layer and IP improved their flux and 
permeability compared with the TFC membrane. In addi-
tion, the flux improvement could be explained by various 

reasons. First, GO contains large number of hydroxyl 
(-OH) and carboxylic (-COOH) groups which can give 
unique properties to the membrane, change its morphol-
ogy and directly affect flux and membrane permeability. 
As a result, the presence of PA layer and the distribution 
of hydrophilic functional groups can accelerate and facili-
tate the movement of water molecules through the mem-
brane. On the other hand, because of the natural structure 
of nanoparticles, placing them on the membrane surface 
and also changing its morphology cause the formation of 
new channels for filtration and passing water molecules 
through the membrane (Wu et al. 2013; Yin et al. 2012; 
Zhao et al. 2013).

Figure 7 compares water flux of membranes made of 
two different methods. As can be seen, the water flux of 
TFN membranes is better compared to the typical TFC 
membrane. By increasing the nanoparticles from zero to 
0.05%, the percentage of water flux increment is found to 
be greater for the TFN-i membrane compared to the TFN-c 
membrane and this may be due to the changes in membrane 
structure and the channels existed in the selective layer. 
For the membranes made of coating method, increasing 
the nanoparticles concentration on the membrane surface 
created an additional layer with more nanoparticles which 
subsequently reduced the membrane cross-flow compared 
with the membrane made of IP method. Moreover, the 
decrease in the flux for the coated membrane with the 
highest nanoparticles (TFN-c3) can be attributed to the 
severe accumulation of nanoparticles in the membrane 
structure that blocks the membrane pores. Similar results 
are obtained from other nanoparticles such as silica and 
ordered mesoporous carbon (OMC) that negatively affected 
the membrane water flux due to the high concentration of 

Table 1  Pure water flux and contact angle of prepared membrane by 
coating and IP method

Membrane PWF (L/
m2 h)

CA ( ◦) Membrane PWF (L/
m2 h)

CA(◦)

TFC 42 64.7 TFC 42 64.7
TFN-c1 60 47.2 TFN-i1 63 62
TFN-c2 82 26.6 TFN-i2 99 60
TFN-c3 71 18.5 TFN-i3 125 58

Fig. 7  Comparison of water flux for TFC and TFN membranes with 
different modification methods (TFN-c and TFN-i)
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nanoparticles and their accumulation in the thin-film layer 
(Kim and Deng 2011; Yin et al. 2012).

Figure 8 presents the rejection trend of TFC membrane 
and TFN-c membranes. As shown, in the high pH value 
(basic), the rate of heavy metal rejection of all membranes 
was higher compared to the low pH value (acidic). How-
ever, these changes were not seen at pH 7. On the other 
hand, with the increase in the concentration of nano-
particles, the rejection rate at all basic pH is reported to 
increase, which may be due to the higher negatively charge 
property of TFN membranes that tends to reject  NO3− of 
Co(NO3)2 through the Donnan exclusion effect. Further-
more, the addition of modified GO nanoparticles to the 
surface of PA layer is found to increase the rejection rate 
of TFC membrane at pH ranging from 3 to 7. However, 
TFN-c membranes with various concentrations of nano-
particles did not show any change at pH 7 because  CO+2 
at pH greater than 7 tends to precipitate as CO(OH)2 and 
could remain almost constant at pH > 8.

The addition of GO nanoparticles to the membrane sur-
face could increase the cobalt ion rejection because of the 
higher negatively charge of the resultant TFN membranes. 
Additionally, pH value is one of the most important param-
eters in the removal of heavy metals during NF process due 
to its effect on the surface charge, ionization, speciation 
and binding site of the adsorbent (Kamani et al. 2016; Shah 
and Murthy 2013). Based on the results obtained from zeta 
potential, pH variation is predominantly attributed to the 
presence of polar groups including hydroxyl (–OH)- and 
carboxylic (–COOH)-modified GO on the membrane sur-
face, which provides prerequisites for the removal of heavy 
metals on the membrane surface (Rezaee et  al. 2015). 
Therefore, the increase in pH from 3 to 8 results in a higher 

negative charge of the membrane due to the increase in 
–OH group which causes the adsorption of heavy metal 
ions at the surface of the TFC. The adsorption of heavy 
metal is also related to the electrostatic interaction at the 
surface of membrane, which affects not only the water flux 
but also the rejection. In addition, the membrane charge 
can also differ significantly due to the equilibrium between 
the surface groups of the membrane. Studies have sug-
gested that the mechanisms of adsorption of heavy metal 
ions on GO surface are attributed to electrostatic attraction, 
ion exchange and surface complexation (Cao and Li 2014; 
Li et al. 2015). Electrostatic attraction between positively 
charged heavy metal ions and negatively charged GO pro-
vides available active sites on the membrane surface for 
cobalt ions absorption.

Increasing the pH (reduction in hydrogen ion concen-
tration) results in increased dissociation of carboxyl and 
hydroxyl groups in GO nanoparticles membranes. Con-
sequently, the density of negative charge on GO at pH ≥ 7 
was higher than pH ≤ 7, which revealed that the gravity 
force of GO at pH ≥ 7 would be stronger than that acidic 
and neutral conditions (Zhang et al. 2017).

According to Fig. 9, the rejection rate of heavy metal 
in the basic pH was higher than that of acidic pH which 
could be observed in all membranes with different percent-
ages of nanoparticles in IP method. It is also clear that 
with increase in nanoparticles, the rejection rate in all pH 
was decreased due to changes in the surface of membrane 
as discussed before. In fact, these results support that the 
addition of modified GO to the PA membrane using IP 
method decreased the effective reaction between GO and 
membrane surface due to the inactivation of active site 

Fig. 8  Effect of pH on rejection performance of TFC and TFN mem-
branes by coating method in various pH values

Fig. 9  Effect of pH on rejection performance of TFC membrane and 
TFN membranes at different pH values
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of polar groups including –OH and –COOH on the PA 
surface.

Figure 10 compares the cobalt metal removal by two 
types of membranes with different GO loading at pH 7. 
The rejection sequence was governed by three mechanisms, 
i.e., Donnan exclusion, size exclusion and adsorption. The 
surface charges of TFC, TFN-i2 and TFN-c2 membranes 
at pH 7 were −38.32 mV, −46.80 mV and −75.20 mV, 
respectively. At pH 7, when the Co(NO3)2 was used as feed 
solutions, the negatively charged membranes tend to reject 
 NO3− through the Donnan exclusion effect. As a result, the 
counter ions of Co also got rejected to preserve the elec-
troneutrality of the solution around the membrane. This 
trend for TFN-c2 membrane is far more obvious which 
might be due to its higher negatively charge available on 
the PA surface. However, the reason for the decrease in 
the heavy metal rejection by IP method may be due to 
the lower effective interaction rates between GO and the 
membrane surface. Additionally, modified GO membranes 
provided various active sites to interact with metal ions. 
Thus, –OH and –COOH groups can interact with metal 
ions on the membrane surface. For this reason, the removal 
of ions by GO was increased because of increased active 
sites (Kamani et al. 2016; Shah and Murthy 2013).

Conclusion

In this study, novel PA TFN membranes were fabricated in 
the presence of modified GO via IP and coating method. 
The FTIR analysis confirmed the successful modification 
of GO by APTES, as well as presence of GO in the TFN 
membranes. In addition, the SEM micrographs revealed the 
changes in the surface morphology of membranes made of 

different methods. With regard to performances, the water 
flux of TFC membrane was increased from 40 to 75 L/
m2 h in the TFN-c2 membrane. By comparing with TFC 
and TFN-c2 membrane, the TFN-i2 membrane achieved 
much higher water flux, recording 95 L/m2 h. On the other 
hand, cobalt removal was decreased from 85 to 73% for 
TFN-i2 while this result was improved from 85 to 97% 
for TFN-c2. In fact, unreacted COOH groups of PA layer 
which activated by EDC would react with  NH2 groups 
of modified GO, thus the amount of nanoparticles on the 
surface of PA may increase significantly negative surface 
charge that improved separation via the Donnan exclusion 
effect. Moreover, the effect of pH demonstrated that for 
all membranes, cobalt could be significantly removed in 
alkaline environment. However, in neutral condition, the 
membranes made of coating method showed better results 
compared to the membranes made of IP method for cobalt 
removal. This is due to its higher negative surface charge 
that improved separation via the Donnan exclusion effect.
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