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Graphene oxide modified polyamide nanofiltration membrane
with improved flux and antifouling properties
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'Korea Research Institute of Chemical Technology, Daejeon 305-606, Republic of Korea
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ABSTRACT:

Organic-inorganic hybrid materials are considered the most promising candidates in preparation of nanofiltra-
tion (NF) membranes. Incorporation of nano-particles in a polymer matrix have provided a new approach for
preparation of membranes with enhanced permeability, high selectivity and improved anti-fouling properties.
In this study, polyamide (PA) nanofiltration (NF) membranes embedded with various graphene oxide (GO)
content to improve the membrane flux and anti-fouling properties are proposed and successfully prepared for
desalination applications. The prepared PA/GO membranes exhibited much higher flux than did pristine PA
membranes. A twelve-fold increase in water flux, with a negligible change in salt rejection, was observed af-
ter incorporating GO (0.2 wt%) in the PA membrane. Addition of GO also provided a significant improve-
ment in the anti-fouling property of the membrane due to an increase in the hydrophilicity of the membrane.
These results indicate that incorporation of GO into a PA membrane can effectively enhance its hydrophilicity
and consequently improve its flux and antifouling properties. Because no deleterious effect on the perfor-
mance of the PA membrane was observed from this modification, this concept provides an effective way to

develop high performance NF membranes with greater stability.

Introduction

Graphene oxide is a one-atom-thick carbon wafer and has been hyped in recent years as a super material. It
has gained much interest in the field of material research owing to its spectacular electrical and mechanical
properties.' Very recently, the eccentric permeability of graphene oxide membrane for water was described,
*> which opened a new horizon for its application in water desalination and pervaporation separation of wa-
ter-organic mixtures.”"” Pure GO membranes prepared by solution filtration are unsuitable for water separa-
tion because of their instability under extremely hydrophilic conditions. Additionally, pure GO membranes
are easily damaged and detached from their support when exposed to the high trans-membrane pressure in

NF. Therefore, stable bonding between the GO nano-sheets must be created, or the GO must be blended with
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a suitable polymer to overcome this problem. ® The appropriate blending of the atomically thin GO into a pol-
ymer matrix, can significantly improve the physical properties of the host polymers at extremely low doping
concentrations.”"" In particular, the oxygen-containing functional groups in graphene oxide offer enormous
potential for making functional nano-composite (NC) materials with superior chemical stability, strong hy-

drophilicity, and excellent antifouling properties, compared to the neat polymer. '~

On the other hand, the thin-film composite (TFC) polyamide membranes are widely used for the production
of ultrapure water in reverse osmosis and nanofiltration processes.'*'> The major problem associated with
these membranes (fouling) restricts their application for water purification technology.'®" Additionally, these
membranes have the drawback of low water flux and low energy efficiency.”” ** The vulnerability of PA
membranes to fouling is mainly related to the hydrophobicity of the polyamide active layer. Though periodic
cleaning of membranes is a routine practice used to reduce fouling, it does not solve the problem completely,
and the membrane eventually has to be replaced.”” Much effort has been devoted to improving the flux and
anti-fouling properties of PA membranes but surface modification with hydrophilic, low-fouling material is
one of the best ways to tune the characteristics of the membrane.'” >*” Recently, the development of a new
approach involving incorporation of nanoparticles have resulted in the preparation of membranes with en-
hanced permeability, high selectivity and good anti-fouling properties.”®** A variety of nano-materials (e.g.,
metal oxide, Zeolite, carbon nano-tubes, C60 fullerenes, and graphene oxide) can be used to modify PA
membranes.** ™ However, few research studies have involved the use of GO in nanofiltration membranes for

desalination.”!!

Here, we report novel GO-incorporated PA membranes prepared by interfacial polymerization. To the best of
our knowledge, this is the first attempt to use GO for interfacial polymerization. The high water flux of the
GO, in combination with the high rejection characteristics of polyamide membrane, leads to an NF membrane
of exceptionally high performance. Moreover, the incorporation of GO not only results in increased water

flux, but also enhances the antifouling properties of the PA membrane.

Experimental Section

2.1 Materials and reagents
Graphene oxide was manufactured by using graphite flakes purchased from Sigma Aldrich. Analytical grade

sodium nitrate (NaNQOs;), potassium permanganate (KMnO,) and concentrated sulfuric acid (H,SO,) (98
wt.%) were obtained from the Samchin Chemical Company, Korea. Polysulfone (Psf) UF Membrane was
supplied by the WoongJin Chemical company, Korea. The membranes were used as support for interfacial
polymerization. 1,3-phenylene diamine (MPD) was purchased from DuPont. 1,3,5-Benzenetricarbonyl tri-
chloride (TMC), triethylamine (TEA), 2-ethyl-1,3-hexane diol (EHD), camphorsulfonic acid (CSA), dime-
thylsulfoxide (DMSO), tributyl phosphate (TBP), were purchased from Sigma Aldrich used as additives. Iso-

paraffin (ISOL-C) was provided by SK Chemical in Korea. All chemicals were used as received. The deion-
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ized (DI) water used here was produced with a Milli-Q system (Millipore).All of the reagents and chemicals

were of analytical grade and used without further purification. Bovine serum albumin (BSA, MW=67,000).

2.2. Preparation of polyamide / graphene oxide (GO) composite membrane
In this work, Graphene oxide was prepared from graphite using the modified Hummers method.***' Poly-

amide membranes were prepared by interfacial polymerization on a Psf UF membrane as described previous-
ly.”! The Psf membrane was dipped into an aqueous solution containing MPD/GO and MPD/GO with addi-
tives [(TEA (2-3 wt.%), DMSO (1 wt.%), EHD (0.2-0.3 wt.%), and CSA (1-2 wt.%)] in DI water, after which
the excess solution was removed by squeezing with a soft rubbery roller after 1 min. The Psf membrane was
then immersed in a solution of 0.1 wt.% TMC and 0.3 wt.% TBP in isoparaffin. After 1 min of reaction, the
membrane was dried in oven at 60 °C for 10 minutes. The membrane was put in a 2000ppm Na,COj; solution
for 2 minutes. In order to check the effect of GO different wt.% (0.1-0.3 wt.%) were added in aqueous solu-
tion. The types of membrane preparations were designated as PA and GO/PA (without additives), or as PA-A
and PA-A/GO (with additives) Fig. 1 exhibit formation of PA/GO TFN membrane via interfacial polymeriza-

tion.

MPD+GO
g 0000000000 TMC
—_— T e

Polysulfone(Psf) support Psf+ MPD+ GO IP

N e ARt

Polyamide/GO

Figure 1 Conceptual illustration of PA/GO nanocomposite membranes

2.3. Membrane characterization
Fourier transform infrared spectroscopy (FI-IR, Perkin-Elmer-283B) was used to detect chemical composi-

tions of the GO and membrane surface. The surface and cross-section morphologies of the membranes were
observed with a scanning electron microscope (SEM Tescan Mira 3 LMU FEG) and transmission electron
microscope (TEM Tecnai, G2T-20S, 2004). The effect of GO loading on surface roughness was studied by
analyzing the membrane surface topology using atomic force microscopy (AFM Seiko, SPA 400, SPI 3800N)
technique. The surface hydrophilic behavior of the membrane surface was measured using the water contact
angle measurement. To minimize experimental errors, an average value for the contact angle of each mem-

brane was obtained using five measurements.

2.4. Membrane performance testing
Membrane permeation performance was measured with nanofiltration cell. The membrane effective area was

19.6 cm’, and the permeation test was conducted at 15 °C and 15 bar. Prior to the permeation testing, each
membrane was first compacted at 15 bar with feed solution for 20 minutes to obtain a steady flux. The Flux

was calculated by using following equationl:

=5 (D
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Where J is the flux (L.m2.h™"), V is the permeate volume (L), S is the membrane area (m?), and t is the time

(h). The solute rejection percentage was calculated using the following equation 2,

Salt Rejection (%) = (1— CC—*;) x 100 ?)

Where, C, and C; are concentration of permeate and feed solution respectively.

2.5. Antifouling testing

The antifouling property of membranes was measured by using two standard reagents as foulant. A 200ppm
BSA solution and 200ppm humic acid with 20ppm calcium chloride was used as the model fouling character-

istics of original PA and GO-modified PA membranes. The flux is calculated with variation of time.

Results and Discussion
The interaction of GO with polyamide polymer was confirmed by attenuated total reflectance Fourier trans-

form infrared (ATR FT-IR) spectra (Fig. 2).
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Figure 2 a) FTIR Spectra of PA TFC and PA/GO TFN 2 composite membrane b) Interaction of GO with TMC and MPD
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Fig. 2a shows a comparison of the PA and GO modified PA membranes. The most distinctive features of the
IR spectra of polyamides are the bands associated with amide linkages. These bands (amide-I and amide-II)
are characteristic of amides and appeared at fixed positions with strong intensities.” *® The prominent peak at
1,651 cm™ is due to the carbonyl stretching, vibration, whereas, the amide II band that appears at 1,583-cm™
is chiefly due to couplings of in-plane N-H bending and C-N stretching vibrations of the amide group.* Fig.
2a shows an enhancement in absorbance at 1,651 cm™ for the PA/GO membranes, which confirms the reac-
tion of the -COOH group of GO and -NH, group of MPD to form some new amide linkages. When GO was
introduced into MPD aqueous solution then some of the OH and COOH groups present in GO would be ex-
pected to react with MPD to form the amide linkages and thus be incorporated into the polyamide structure
during interfacial polymerization.** In comparison with the pure PA membrane, the GO modified PA mem-
branes showed an intense and wider absorption band at 3,367 cm’’, which confirms that the surface hydro-
philicity is obviously improved.”** The considerable increase in the hydrophilicity of GO-modified PA

membrane was also confirmed by the contact angle measurement.

TFC membranes were relatively hydrophobic '* with a higher contact angle. Table 1 shows that the contact
angle decreased with increasing GO content and that this resulted in an increase in the hydrophilicity. The
presence of oxygen-containing functional groups in GO are thought to improve the hydrophilicity of the
membrane, which in turn would result in greater water flux B 11424345

Table 1 Contact angle and root mean surface roughness (RMS), root average arithmetic roughness (R,), and root peak-to-valley (R,)
values of the TFC and TFN membranes

Sample GO Roughness [nm] Contact angle
[%] RMS R, R,, [’]

TFC 0.0 69.88 56.50 435.70 88+3

TFN 1 0.1 43.35 35.56 335.73 662

TEN 2 0.2 3442 26.00 245.73 65+3

TEN 3 0.3 22.49 16.38 174.41 60+1

The surface properties of the membrane were further investigated using the zeta potential. Fig. 3 shows that
the addition of GO to the PA membrane not only decreased its contact angle, but also induced a surface nega-
tive charge. Furthermore, at higher pH, membrane with high GO content, exhibited a more negative surface

charge because of the presence of more carboxylic groups and their deprotonation, respectively. *>*’
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Figure 3 Surface charge vs GO contents over pH range

The surface morphology and surface roughness of the membrane were analyzed using scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM). The SEM and AFM images of the top surface of thin-
film composite (TFC/PA) and thin-film nanocomposite (TFN/PA/GO) membranes are shown in Fig. 4, parts
a—d. Both TFC and TFN membranes had a rough and leaf like structure on their surfaces that is a peculiar fea-
ture of the PA membrane surface.’>>> However, the TEN membrane (Fig. 4b and 4d) has a denser structure
throughout the plane as compared to the TFC membrane with its nodular surface. This is because the for-
mation of the polyamide layer over the support layer depends on the reaction rate during interfacial polymeri-
zation, and on hydrogen bonding. The membrane surface morphology greatly changed after addition of GO-

containing hydroxyl and carboxyl groups.

(a)

[nm] [nm]
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Figure 4 AFM, SEM and TEM images of polyamide TFC (a, c,e) and TFN 2 (b, d,f) membranes

The denser surface in Fig. 4d may be attributed to the carboxyl groups grafted onto the GO surface. The slow
reaction of TMC with the GO-carboxyl groups resulted in a leaf-like surface. In contrast, the fast reaction of
MPD with TMC during interfacial polymerization resulted in a nodular structure. Additionally, the hydroxyl
groups present on GO underwent hydrogen bonding, resulting in a more compact chain structure. Similar re-
sults have been reported for carbon-nanotube modified PA membranes.” On the other hand, three-
dimensional AFM images of thin-film composite membranes, with and without GO, exhibited the characteris-
tic “ridge-and-valley” structure of polyamide, distributed throughout the plane. The root mean square rough-
ness (RMS), root average arithmetic roughness (R,) and root peak-to-valley distance (R,,) of the membrane
surface is listed in Table 1. The incorporation of GO into the TFN polyamide matrix (Fig. 4b) somehow cre-

ates more variable and broader ridges. This observation agrees with the SEM images wherein the TFN mem-
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branes generated more obvious “leaf-like” folds, which correspond to the ridges seen in AFM. Transmission
electron microscope images of pure PA and PA/GO are presented in Fig. 4e, f. PA membrane exhibits na-
noscale roughness in x-section that is the particular property of TFC membrane, while on the other hand
PA/GO membrane possesses relatively smooth surface with GO apparently visible in cross section of TFN.
The PA/GO surface smoothness is also evident from AFM images. Both of the membranes have an active
layer thickness in 50-200nm range.**

To investigate the effect of GO on the permeance properties of a GO/PA membrane, TFN membranes with

different GO concentrations were prepared and tested in an NF experiment. Fig. 5 shows that the flux in-

creases with increasing the GO content (up to 0.2%) and then starts decreasing. (Fig. 5)
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Figure 5 Permeation properties of PA membrane with different GO contents [NaCl, Na,SO,4, MgSO, 2000ppm each]

The increase in water flux with increasing amount of GO could be attributed to various factors. The incorpo-
ration of GO improves the hydrophilicity of the membrane and thus contribute to an increase in water perme-
ability. It is also known that the improved hydrophilicity of the membranes can enhance the water permeabil-
ity by attracting water molecules inside the membrane matrix and facilitating them to pass through the mem-
brane.* In addition to that, certain other factors may also be involved. First, the GO may provide an addition-
al passageway for water molecules passing through. Second, the mobilization of GO disrupts polymer chain
packing, leading to an increased system free volume. Third, some voids are unavoidably introduced into the
thin-film layer at the GO/polymer interface by the incorporation of GO.*”>* However, the decrease in water
flux caused by incorporating more than 0.2% GO might be caused by the aggregation of GO, at higher con-

centrations. The aggregation may lead to uneven distribution of GO in the thin-film layer, and similar results
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448 were due

were observed in other work with silica nanoparticles and ordered mesoporous carbon (OMC),
to the aggregation of filler, less water uptake and permeable flux were detected with higher loading of nano-

particles in the thin-film layer.

The effect of GO on permeation properties of polyamide membranes was also examined in terms of salt rejec-
tion. (Fig. 5) Three different salt solutions (of NaCl, MgSQO,, and Na,SO,) of (2,000 ppm) were used for this
testing. With the increasing GO content, the flux of the salt solution increased, but with only a negligible
change in the rejection properties of the membrane. The salt rejection of the PA membrane was 89% for NaCl
and 98% for MgSQO,, while that of PA/GO was maintained above 88% and 97% for NaCl and MgSO,, respec-
tively. As expected, the salt rejection of the GO/PA membrane decreased as per the order MgSO,4 > Na,SO,
>NaCl. The better rejection of MgSO, than NaCl is likely due to the combined actions of electrostatic repul-
sion and size sieving effects.*” The prepared membranes were negatively charged within the pH range of (6—
10), and thus offered a stronger repulsive force to divalent SO,* than to monovalent Cl1". Therefore, SO~
ions face more resistance when penetrating the membrane. These results exhibit a sequence similar to the one
reported previously for a negatively charged membrane. **"*> Conversely, a small decrease in the salt rejec-
tion with increasing GO concentration, revealed that modification of the PA active layer with GO did not
negatively affect the performance of the PA membrane. These results indicate that GO is a significant nano-
material for modification of TFC membranes. Clearly, 0.2% GO should be considered the optimal GO con-
centration as the membrane prepared by adding this amount of GO exhibited the maximum flux. Further ex-

periments were conducted in which additives were introduced into the MPD solution.”’
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Figure 6 Permeation properties of PAA and PAA/GO (0.2%) membrane [MgSO, 2000ppm]

The addition of different additives in the aqueous phase has been attempt to improve the water flux of the

TFC membrane without a significant loss of its salt-rejection capability.”’ Although, the use of additives can
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influence the rate and extent of interfacial polymerization as well as the extent of cross linking, ** it can sim-
ultaneously increase the susceptibility of the membrane to fouling. Polyamide membranes with additive (PA-
A) were prepared with and without 0.2% GO (PA-A/GO), and their permeation characteristics were examined
using a feed solution of 2,000 ppm MgSO,. The PA-A membrane exhibited a higher flux value than the PA
membrane, with no significant change in salt rejection. However, the flux of the PA-A membrane was further

improved with the addition of 0.2% GO, as shown in Fig. 6.

It is widely accepted that the fouling behavior of a membrane is related to both surface morphology and to
surface charge. To evaluate their fouling resistance, both PA-A and PA-A/GO membranes were subjected to
permeation tests with aqueous solutions of a model protein (bovine serum albumin BSA at 200 ppm) and a

mixture of humic acid and calcium chloride (200ppm-20 ppm) as shown in Fig. 7.
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Figure 7 Characterization of PA-A and PA-A/GO membrane with humic acid (HA) and Bovine serum albumin (BSA)
In Fig. 7, the permeation trends for the PA-A and PA-A/GO membranes are compared as a function of time.
The flux of PA-A/GO membranes slightly declined at first and then remained almost constant, while the PA-
A membrane presented a continuous decrease in flux with time. Interestingly, the PA-A/GO membrane al-
ways maintained higher flux, which means that the performance of the membrane was significantly improved
by the addition of GO. This suggests that the incorporation of GO improves the anti-fouling ability of mem-
brane, which may be ascribed to the higher hydrophilicity that results from the hydrophilic groups of GO.*
The surface adsorption properties of the membrane depend upon the hydrophilicity, thus improving the hy-
drophilicity of a membrane can reduce fouling to some extent. The hydrophilicity also helps to mitigate the
adhesion of hydrophobic fouling materials to the membrane surface.” Model foulant such as BSA easily get
adsorbed on hydrophobic surfaces to minimize the interfacial energy, but for surfaces with high hydrophilici-

ty, this kind of adsorption does not offer any significant thermodynamic advantage. Therefore, this form of
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fouling is inhibited. Thus, decreasing the hydrophobic character of the membrane by adding GO to introduce

a more hydrophilic character, affects membrane performance dramatically.

Membrane roughness is another important parameter which affects fouling properties. Table 1 shows that the
average surface roughness of the membrane decrease with the addition of GO. This is due to the reactions be-
tween the carboxyl groups of GO and TMC, which lead to decreased surface carboxylic groups. As a result,
the effect of the divalent cation in humic acid solution can be reduced. Therefore, the addition of GO to a PA

membrane not only increases its permeability, but also makes it stable against fouling.

Conclusions
A novel TFN membrane was prepared in the present study by interfacial polymerization, using an aqueous

mixture of MPD-GO and organic TMC solutions on a polysulfone support. The GO loadings varied from (0
to 0.3) wt%. A better dispersion of GO occurred in the PA thin-film layer, as indicated by the ATR FT-IR re-
sults. With increasing concentration of GO, the hydrophilicity and zeta potential of the membranes, increased,
and surface roughness decreased. The resultant increase in the permeate water flux was from (1.8 L.m>h™ to
22 L.m~h™") while salt rejection was maintained at essentially the same level (above 80%). The modified PA
membranes exhibited excellent anti-fouling properties towards bovine serum albumin (BSA) and humic acid
(HA). These results reveal that GO is a promising nano-material that could be used for the effective modifica-

tion of commercial PA membranes at a relatively low cost.
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