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a b s t r a c t

To enhance the desalination of reverse osmosis membranes, thin film nano composite reverse osmo-
sis membranes were prepared by inter-facial polymerization that trimesoyl chloride (TMC) solu-
tion in n-hexane blended in aqueous solutions of m-phenylenediamine (MPD) containing modified 
single-walled carbon nano tubes (SWCNTs) (0.93 nm diameter). The functionalized SWCNTs were 
obtained by chemical process and analyzed by TGA, XPS, and HRTEM, etc. The experimental results 
showed that the expected functional groups were successfully grafted on the tip and inner wall 
of the single-walled carbon nano tubes. The surface characteristics of membranes were studied in 
SEM images, salt rejection, water flux tests and surface contact angle analysis. Membrane perfor-
mance test showed that the water flux and salt rejection were significantly increased for modified 
SWCNT-polyamide thin film nano composite membranes (especially those containing hydrophilic 
groups such as carboxyl groups and amino groups) compared with the bare polyamide membrane.
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1. Introduction

Carbon nano tubes (CNTs) have been studied since they 
were discovered by Iijima [1] in 1991. A great many but 
unique properties of CNTs including extraordinary chem-
ical, physical, and mechanical properties have aroused a 
worldwide interests [2–6]. Despite of the excellent perfor-
mance of CNTs, there still existed some problems to be 
solved such as easily to reunite, bad dispersion in organic 
solvents and weak interaction between the CNTs and the 
polymer matrix, etc. which restrained their application.

To enhance the hydrophilicity and the dispersity of car-
bon nano tubes as well as the intensified adhesion to the 
polymer, different strategies have been reported, such as 
enhancing adhesion strength between carbon nano tubes 

and substrate interface by covalent bond [7,8], function-
alization by chemical agents and attaching polar groups 
to CNT sidewalls [9–13] or inner walls [14–16], etc. These 
experimental results showed that the oxidation of CNTs 
could not only remove the residual impurities in process 
of preparation, but introduce oxygen-containing functional 
group and improve the dispersion of CNTs in polar solvent. 
More importantly, it allowed the structure of CNTs for fur-
ther modification.

Reverse osmosis (RO) membranes are widely used in 
commercial RO systems due to the low cost, high energy effi-
ciency and sample operation. However, the disadvantages of 
low water flux, low salt rejection, low antifouling and poor 
dispersity delay its space. So, some researchers made efforts 
to modify the reverse osmosis membranes. For example, Far-
ahbakhsh et al. [17–19] and Rahimpour et al. [20] prepared 
polyamide reverse osmosis membrane with functionalized 
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CNTs and investigated the effects of polyamide reverse 
osmosis membrane containing raw and oxidized carbon 
nano tubes on the desalination, water flux, and fouling resis-
tance. Other researchers [21–23] synthesized the polyamide/
MWNTs reverse osmosis membrane with high membrane 
performance and observed the effects of the amount of car-
bon nano tubes on water flux and desalination. Experimental 
results showed that the flux and salt rejection of membranes 
increased by addition to proper concentrations of modi-
fied MWCNTs, and the membranes fouling resistance was 
improved by reducing surface roughness and increasing 
hydrophilicity of the membrane surface.

Our researching group has done a series of simulations 
on water flux and salt rejection of modified single-walled 
and multi-walled carbon nano tubes [24,25]. The results 
showed that when certain number and type of functional 
group (–COOH, –CONH2 and –NH2) were added to the 
interior and/or on the tip of single-walled (10,10) (1.356 nm) 
or (13,13) (1.763 nm), 100% salt rejection could be obtained 
with high water flux (13 times of the traditional reverse 
osmosis membrane). In view of that, a series of tip and inner 
wall modification of SWCNTs (with 0.93 nm inner diam-
eter) were directly conducted in this article and then thin 
film nano composite reverse osmosis membranes by incor-
porating functionalized single-walled carbon nano tubes 
(SWCNTs) were prepared by interfacial polymerization. 

2. Experiments

2.1. Materials and solvents

Single-walled carbon nano tubes (SWCNTs) ( purity 
> 95%, diameter 0.93 nm, length 5-30 μm, Ash < 0.5wt%, 
SSA > 450 m2/g, EC > 100 s/cm ), sulfuric acid (95–98%), 
nitric acid (65–68%), pyridine (Py), dimethylformamide 
(DMF), thionyl chloride (SOCl2), ammonium carbonate 
((NH4)2CO3), tetrahydrofuran (THF), methanol, sodium, 
bromine, PTFE membrane (diameter 50 mm, pore size 
0.22 μm). Polysulfone (PSF) membranes, m-phenylene-
diamine (MPD, 99%), trimesoyl chloride (TMC, 98%), 
n-hexane (97%).

2.2. Preparation of functionalized SWCNTs

Since SWCNTs are generally bundled, pristine SWCNTs 
were immersed in 60 ml of concentrated H2SO4/HNO3 (3:1, 
v/v) solution at 60°C and treated by stirring reflux for 6 h 
(Oxidized SWCNTs were prepared by an optimized reaction 
condition, the maximum graft rate was confirmed by TGA). 
The resulting solution was diluted by deionized water and 
vacuum-filtered in PTFE membrane until the PH of the fil-
trate turned to be neutral. The obtained SWCNT-COOH was 
dried under vacuum drying oven at 60°C for 12 h.

Three hundred and fifty mg SWCNT-COOH was 
stirred in an excess mixture solution of DMF and SOCl2 
(1:5) at 85°C for 30 h. The main purpose of this process 
is to convert the carboxylic acids into acyl chlorides. An 
excess of SOCl2 was removed by reduced pressure distil-
lation. The product (SWCNT-COCl) was washed by THF 
and vacuum-filtered in PTFE membrane and then dried 
under vacuum at 60°C for 12 h. 

Two hundred mg of SWCNT-COCl was added into 
15000 mg (NH4)2CO3 suspension which was dispersed in 
50 ml DMF, then 50 ml pyridine was added slowly into the 
reactor under continuous stirring at room temperature. Sub-
sequently, the solution was treated by stirring reflux at 70°C 
for 46 h. The product was obtained by PTFE membrane and 
washed with water and ethanol individually. Finally, the 
product (SWCNT-CONH2) was dried in vacuum drying 
oven at 60°C for 12 h.

To get amino SWCNTs, about 1300 mg Na was immersed 
in 100 ml methanol, and the resulting solution was mixed 
with 2 ml bromine and 100 mg SWCNT-CONH2. The mixed 
solution was stirred at 70°C for 24 h and then 1 ml Br2 were 
dropped in followed by another 24 h continuous stirring. 
The collected black solid was filtered and then washed with 
saturated sodium carbonate, water and ethanol separately. 
The solid product (SWCNT-NH2) was dried at 60°C for 12 h.

2.3. Characterization of SWCNTs

The modified SWCNTs were confirmed with X-ray 
photo electron spectroscopy analysis (XPS, Thermol scien-
tific, Escalab 250Xi). The graft ratio was characterized by 
Thermo-gravimetric analyzer (STA 449 F3, NETZSCH. A 
sample was heat-treated at a linear heating rate of 10°C/
min up to 800°C in a mixture of nitrogen and oxygen as pro-
tective gas). The morphology and the wall thickness of the 
samples were observed with High resolution Transmission 
Electron Microscope (HRTEM, JEM2100F). 

2.4.  Fabrication and characterization of polyamide membrane 
with SWCNTs and without SWCNTs

The 0.02 g of the various types of SWCNTs were dis-
persed in 100 mL of 2.0 wt% MPD aqueous solution to pre-
pare the 0.02wt% CNT-dispersed solution, respectively. A 
PSF ultra filtration membrane was taped to a glass plate 
mold and fixed with four clamps. Then the film was washed 
for several times with ultra pure water to remove the impu-
rities and blow off moisture and bubbles on the surface 
with N2. To start the interfacial polymerization, 100 mL of 
2.0 wt% MPD aqueous solution including 0 wt% SWCNTs 
and a various types of the 0.02 wt% SWCNTs (P-SWCNTs, 
SWCNT-COOH, SWCNT-CONH2, SWCNT-NH2) were 
respectively poured onto the top surface of the PSF sub-
strate in the glass plate mold, which was horizontally held 
for 5 min to ensure the penetration of MPD solution into 
the pores of the substrate. After that, the MPD solution was 
poured out, andthe residual solution on the film surface 
was removed with N2. One hundred mL of 0.2 wt% TMC 
solution in n-hexane was continuously poured onto the 
substrate surface for up to 30 s. Then, the membrane was 
taken out and placed in the 80°C oven for 10 min. The poly-
amide membranes with the various types of SWCNTs (PA-
0, PA-SWCNTs, PA-SWCNT-COOH, PA-SWCNT-CONH2, 
PA-SWCNT-NH2) were abbreviated as PA, PA–CNT1, PA–
CNT2, PA–CNT3, PA–CNT4 membrane, respectively. 

The morphology of membrane surface was observed 
with scanning electron microscopy (SEM) (S-4800; JEOL 
7500F, Japan). The hydrophilicity of membrane surface was 
characterized by contact angle goniometer (DSA100, Ger-
many). The contact angles of samples were measured by 1 
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μl water at room temperature, and the average of at least 
six measurements at different locations of the sample were 
observed. Water flux and salt rejection were evaluated by 
membrane performance evaluation instrument (GY70-6, 
China, the pressure was maintained at about 2.0 MPa) and 
conductivity meter (DDS-307, China).

2.5. Membrane filtration test

Filtration experiments were conducted by lab-scale 
cross-flow membrane test unit with the effective filtration 
areas being 2 × 2 × p cm2 and 3 × 3 × p cm2 with the 0.3 cm of 
channel height, respectively. The pressure was maintained 
at about 2.0 MPa and the feed solution was 2000 mg/L 
NaCl solution (pH = 8) whose conductivity was about 3.0 m 
S/cm in this study. The temperature was controlled at 25°C. 
These membrane filtration conditions have been generally 
used in BWRO membrane systems by others [26,27]. Cross 
flow velocity at the membrane surface was 1 L min–1 in the 
filtration system. Water flux was measured by weighing the 
permeate solution after the membranes were compressed 
for 2 h at 2.0 MPa and permeated water was collected for 1 
min. Membrane flux, J, was calculated using Eq. (1):

J
V

A t
=

×
∆

∆
 (1)

where ∆V is the volume of permeate collected between two 
weight measurements, A is the membrane surface area, and 
∆t is the time between two weight measurements. Salt rejec-
tion is calculated in the following Eq. (2):
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where R is the salt rejection parameter, Cp is the salt concen-
tration in permeate, and Cf is the salt concentration in feed. 
The salt concentrations are measured using conductivity 
meter.

3. Results and discussion

3.1. Characterization of SWCNTs

The functionalized SWCNTs were characterized by 
TGA, HRTEM and XPS. 

Fig. 1 shows the TGA thermograms of pristine SWCNTs 
and functionalized SWCNTs (A sample was heat-treated at 
a linear heating rate of 10°C/min up to 800oC in a mixture 
of nitrogen and oxygen as protective gas). It shows that the 
sample decomposition temperature changed with different 
functional group. A slight weight loss around 180°C could 
be observed in five curves from Fig. 1, this weight loss was 
assigned to weight loss of moisture absorbed in the sample. 
The obvious weight loss of p-SWCNTs was at 410°C. After 
modification, the weight loss of SWCNT-COOH from 180°C 
to 426°C was assigned to the weight loss of COOH group 
and the loss rate was about 15%. For SWCNT-COCl, the 
weight loss rate was about 14% and the chloride was decom-
posed between 180°C and 460°C. Similarly, SWCNT-CONH2 
had a 13% weight loss, which attributed to the decompo-
sition of amide. For SWCNT-NH2, a 14% weight loss rate 

between 180°C and 410°C was assigned to the decomposi-
tion of amino group. These results can provide quantitative 
estimates of the degree of functionalization of SWCNTs.

High resolution transmission electron microscopy 
(HRTEM) of pure and modified SWCNTs and the Gauss 
distribution curve of inner diameter of SWCNTs are shown 
in Fig. 2. It is clear that the pristine SWCNTs (a) were curled 
and agglomerated in aqueous solution, and almost all the 
tips of the pristine SWCNTs were closed. After functional-
ization, the samples were well dispersed in aqueous solu-
tion and showed a loose morphology. The tips of many 
SWCNTs were opened as shown in picture (b) (c) (d). In 
addition, the chemical treatment under the present condi-
tion did not cause any damage to the tubular shape. More-
over, the inner diameter distribution in Fig. 2 shows that 
the inner diameter of the pipe became narrower than the 
original one on the condition that the length of –COOH,  
–CONH2 and –NH2 were approximately 0.356 nm, 0.365 nm 
and 0.215 nm (the length data was obtained by molecular 
simulation, as shown in Fig. 2e), and the inner diameter 
difference between original SWCNTs and grafted SWCNTs 
was nearly equal to the length of corresponding functional 
group, which meant that the functional groups were suc-
cessfully grafted interior to the SWCNTs.

Further, X-ray photo electron spectroscopy (XPS) was 
used to investigate whether carbon nano tubes grafted func-
tional groups on the surface (see Fig. S1, S2, S3, S4 in the 
Supporting Information). Fig. S1 shows that the atomic con-
centrations of carbon (C 1s, 284 eV) and oxygen (O 1s, 531 eV) 
of P-SWCNT were 95.18% and 3.43%. Moreover, the sum of 
the carbon and oxygen was 1 if impurities were ignored. The 
binding energy of C element in P-SWCNTs could be decon-
voluted into four peaks at 283.77, 284.81, 285.80 and 286.90 
eV, which corresponded to C–C, C=C, C–H and C–O respec-
tively. The O 1s spectra displayed two peaks at 531.7 eV and 
533.39 eV, representing O–C and O–H. Fig. S2 shows that car-
boxylic was successfully attached to SWCNTs due to the sig-
nificant increase of oxygen content (C 88.83%, O 14.77%). In 
addition, the peak fit of C and O element in Fig. S2b and S2c 
reconfirmed the successful attachment of COOH group on 
SWCNTs. A new elements chloride (Cl 2p, 198 eV) was also 
found in Fig. S3, proving that acyl chlorine was successfully 
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Fig. 1. TGA thermograms of SWCNTs, SWCNT-COOH,  
SWCNT-COCl, SWCNT-CONH2, SWCNT-NH2.
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grafted on SWCNTs with 0.75% content. The content of Cl 2p 
and O 1s was reduced to 0.31% and 7.57% respectively in Fig. 
S4. This implied that the amides have been generated. Com-
paring with the peak fit spectra of C and O in Fig. S4 and Fig. 
S5, the keys of C=O disappeared and turned into –NH2, indi-
cating that the carbonyl was replaced by amino. X-ray photo 
electron spectroscopy showed that the functional groups 
were grafted on the outer walls of SWCNTs.

3.2.  Characterization of SWCNT-polyamide thin film nano 
composite membrane

The surface characteristics of membranes were studied 
by SEM images, salt rejection, water flux tests and surface 
contact angle analysis. 

The SEM images of surface morphology of the poly-
amide and SWCNT-polyamide thin film nano composite 

membrane are shown in Fig. 3. Compared with the mor-
phology of four composite membranes, the bare polyam-
ide RO membrane had typical ridge and valley structures 
observed in PA membranes. Meanwhile, polyamide nano 
composite membrane containing SWCNTs had bigger nod-
ules and showed more knot-like structures than polyam-
ide membrane. That was because the embedded SWCNTs 
in the polyamide layer, or in other way, some globule-like 
structures were entangled to each other and formed a 
cross-linking area, making the roughness of the membrane 
surface reduced. There is high possibility that the decline of 
roughness of the SWCNTs embedded membrane attributed 
to the high hydrogen bonding between polyamide and the 
SWCNTs. When the surface SEM images of raw (B) and 
functionalized SWCNTs (C) (D) membranes were com-
pared with each other, it was obvious that the surface mor-
phologies were almost the same. This phenomenon may be 

Fig. 2. HRTEM images of: (a) P-SWCNT, (b) SWCNT-COOH, (c) SWCNT-CONH2, (d) SWCNT-NH2. (e) The bond length of simulation.
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related to the steady spread of single-walled carbon nano 
tube on surface of the membrane. It is worth mentioning 
that oxidized SWCNTs were definitely effective for increas-
ing water flux and hydrophilicity thanks to the existing 
hydrogen bonds.

Water flux and desalination performance of the pre-
pared various types of SWCNT-polyamide membrane 
(2000 ppm of NaCl feed solution, 2.0MPa of feed pressure) 
are given in Fig. 4. All membrane performance results 
shown in the figure were the average values obtained by 
more than three measurements from the three membrane 
samples prepared at different times. It is obvious from the 
figure that all of the SWCNT-polyamide membrane (espe-
cially the addition of hydrophilic groups such as carboxyl 
groups and amino groups, the desalination rate is as high 
as 99.214% and 99.357%, respectively) have higher salt 
rejection and water flux compared to the PA membrane. 
The increase of water flux resulted from the fact that the 
average inner diameter of both modified (0.6–0.7 nm) and 
unmodified (0.9 nm) SWCNT were highly bigger than PA 

 

 
Fig.3. The SEM images of surface morphology of (A) PA, (B) PA-SWCNTs, (C) PA-SWCNT-COOH, (D) PA-SWCNT-NH2.
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(0.1 nm), which allowed more water molecules to pass 
through. On the other hand, the addition of modified 
groups improved the carbon nano tubes hydrophilicity, 
which made water molecules easier to approach carbon 
nano tubes. For salt rejection, we have done a series of sim-
ulation, and the results showed that adding a certain num-
ber of functional groups to the inner wall could increase 
the rate of desalination greatly [24,25]. which resulted in 
the interaction between inner group (–COOH/–CONH2/ 
–NH2) and ions: negatively charged group would attract 
positively charged Na+ and held tightly (about 11.15kJ/
mol) under 200 MPa pressure, at the same time, it could 
repelled Cl– and prevent Cl– from entering nano tubes due 
to electrostatic repulsions. The positively charged group 
was also the same principle.

The water contact angle of surface displayed its 
hydrophilic nature. Measured values of SWCNT-poly-
amide membrane water contact angle are plotted in 
Fig. 5, which shows that the contact angle exhibited a 
decreasing trend by adding SWCNTs, indicating that the 
hydrophilicity of PA-SWCNTs composite membrane was 
improved. The decease of contact angle was attributed to, 
on one hand, incorporating the functionalized SWCNTs 
with hydrophilic groups such as carboxyl groups and 
amino groups; on the other hand, the reduction of sur-
face roughness.

4. Conclusion

Tip and inner walled carbon nano tubes were func-
tionalized via an oxidative process using a mixture of con-
centrated sulfuric acid and nitric acid and then reacted 
by substitution reaction. The products were characterized 
by HRTEM, XPS, TGA and was confirmed that carboxyl, 
carbonyl chloride, amide and amine were successful 
grafted onto/into the SWCNTs. From the evaluation by 
membrane performance evaluation instrument, we could 
draw a  conclusion that the water flux and salt rejection of 
SWCNT-polyamide membrane was increased obviously 
compared with bare PA membrane. In particular, the inte-
rior addition of hydrophilic groups such as carboxyl groups 

and amino groups, made the water flux and salt rejection 
of SWCNT-polyamide membranes improved dramatically.
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Fig. S1. (a) XPS spectrum of P-SWCNT, (b) C 1s, (c) O 1s.
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Fig. S2. (a) XPS spectrum of SWCNT-COOH, (b) C 1s, (c) O 1s.
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Fig. S3. (a) XPS spectrum of SWCNT-COCl, (b) C 1s, (c) O 1s.
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Fig. S4. (a) XPS spectrum of SWCNT-CONH2, (b) C 1s, (c) N 1s, (d) O 1s.
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Fig. S5. (a) XPS spectrum of SWCNT-NH2, (b) C 1s, (c) N 1s, (d) O 1s.


