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a b s t r a c t
The removal of dissolved gases such as oxygen from seawater is one of the primary process applied 
in desalination industries. The effective degasification of dissolved gases remains a challenge in the 
desalination industry due to several reasons such as removal efficiency, performance, gas selectivity, 
and others. This paper describes the fabrication, characterization, and degasification performance 
study of carbon nanotube/polyvinyl chloride (CNT/PVC) nanocomposite membranes. The CNT/
PVC nanocomposite membranes were fabricated by immersion precipitation method at 0.01, 0.25, 
and 0.5 wt.% CNT concentrations in the casting solution. The physicochemical properties of fabri-
cated membranes were studied by Fourier transform infrared spectroscopy (FTIR), field emission 
scanning electron microscopy (FESEM), atomic force microscopy (AFM), contact angle (CA), 
water uptake, and liquid entry pressure (LEP). The FTIR analysis confirmed the proper dispersion 
of CNT throughout the membrane. The values of CA, water uptake, and LEP decreased with the 
increase of CNT concentration in the membrane matrix. The FESEM and AFM studies showed an 
increase in macrovoid structure and a decrease in surface roughness with increased CNT concen-
tration. The newly fabricated membranes showed excellent degasification performance under the 
prevalent conditions of the desalination process.
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1. Introduction

The corrosion is one of the major problem in the 
desalination industries due to the intake of high saline 
feed water. High saline feed water easily corrodes the pipe-
lines, desalination boilers, instruments which are in direct 
contact with feed water. Therefore, desalination industries 
require high standard materials and regular maintenance. 
There are number of emerging technologies to solve the 
corrosion problems in desalination industries. One of the 
economically feasible technology is removal of dissolved 
oxygen (DO) from boiler feed water to protect the boiler 

from corrosion [1,2]. The dissolved oxygen (DO) in feed 
water results in boiler or steel pipe damage by developing 
metal oxide on the surface. The most common dissolved 
gases are oxygen, carbon dioxide, and hydrogen sulfide 
[3–5]. The current methods used for DO removal are either 
mechanical or chemical treatments. In the chemical treat-
ment method, hydrazine is used as a chemical for convert-
ing DO into water and nitrogen. However, hydrazine has 
limitations such as slow reaction rate, undesired byprod-
uct, and intrinsic harmful property (toxicity). On the other 
hand, mechanical processes have inherent drawbacks as 
they are complex, costly, and energy intense [6]. New mem-
brane-based technologies known as membrane contactors 
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(MCs) can offer far more reliable option for removal of dis-
solved gases from feedwaters [5,7–9]. The membrane degas-
ification is a liquid–gas separation process using membrane 
as a separation barrier. In this process, the membrane is 
hydrophobic and allows only gas component to diffuse 
through the membrane. The major challenge in membrane 
degasification is to develop a membrane with a lower 
energy barrier between liquid and gas separation. Zhang et 
al. [10] reported that the carbon nanotube (CNT) membrane 
with CNT having average pore size of 1.2 nm showed high 
gas (oxygen) permeance. The high oxygen permeance of 
CNT attracted researchers to develop a CNT membrane for 
degasification in the desalination industries [10]. Over the 
last decade, membranes for degasification have developed 
significantly; today the technology is commercially avail-
able for degasification of boiler feed water and desalination 
units such as reverse osmosis (RO) [11]. The advantages of 
recent MCs compared with other gas removal processes are 
higher efficiency, chemically free, more compact, smaller 
footprint, and lighter weight which reduces capital invest-
ment. Furthermore, it is flexible and easy to scale up [12]. In 
the degasification process, hydrophobic membrane showed 
promising effects in consumption of low energy and high 
gas separation efficiency [13,14], and this will eventually 
lead to lower boiler, pipeline corrosion, and low mainte-
nance or instrument replacement charges in the water treat-
ment process. Considering the advantages of hydrophobic 
polymer membranes in the degasification process, CNT 
nanoparticle was incorporated in polyvinylchloride (PVC) 
polymer membranes. The main objective of this study was 
to fabricate high-performance CNT incorporated PVC mem-
branes for the DO removal application and to enhance the 
DO removal performance for boiler feed water in the desali-
nation. In the present study, CNT nanoparticle incorporated 
PVC polymer membranes were fabricated using diffusion 
induced phase separation method (DIPS). All the newly 
fabricated membranes were characterized using contact 
angle (CA) goniometer, liquid entry pressure (LEP) test, 
field emission scanning electron microscopy (FESEM), and 
atomic force microscopy (AFM). Fabricated membranes 
showed increasing trend of oxygen flux with an increase 
of CNT concentration in the membrane and increased 
oxygen removal efficiency with increase of vacuum level.

2. Experimental

2.1. Materials

All the chemicals, and reagents required for the labora-
tory experiments, calibration, and analysis were purchased 
from international suppliers and used without any further 

purification. These include low molecular weight polyvinyl 
chloride (PVC; CAS: 9002-86-2), CNT, dimethylformamide 
(DMF), and polyethylene glycol 400 (PEG 400). Deionized 
(DI) water from Millipore Milli-Q-Direct was used for all 
the experiments.

2.2. Fabrication of CNT/PVC nanocomposite membranes

Flat sheet CNT/PVC nanocomposite membranes were 
fabricated by immersion precipitation method using 0.01, 
0.25, and 0.5 wt.% CNT in the casting solution. The weight 
percentage of CNT was selected based on the literature 
study of CNT based membrane and trial and error meth-
ods. In brief, precisely calculated amounts of PVC and PEG 
400 were added to the desired volume of DMF solvent and 
were subjected to magnetic stirring for 10 h at 60°C. After 
complete dissolution of the polymer, calculated amount 
CNT was added and continued stirring for another 8 h at 
60°C and sonicated for 15 min. The homogeneous solution 
was cast using Doctor’s blade and gently immersed in the 
coagulation bath. The similar procedure was employed for 
the preparation of all CNT/PVC membrane with differ-
ent CNT composition. The overview of the composition is 
tabulated in Table 1.

2.3. Characterization of CNT/PVC membrane

All the fabricated membranes (four concentration of 
CNT: 4 × triplicate = total 12 samples) were characterized by 
using highly sophisticated. ALPHA-Fourier transform infra-
red spectroscopy (FTIR) spectrophotometer (Bruker: 1228 
4854, Germany) was used to characterize the chemical struc-
ture polymer and CNT nanoparticle. The FTIR scanning was 
taken with 64 scans in the range of 4,000–400 cm–1. The con-
tact angles were measured using Goniometer. Keysight 8500 
FESEM was used to study the surface and cross- sectional 
morphology of the membranes. The membrane surface 
topological features were analyzed using nano-observer 
AFM instrument by scanning the membrane 10 μm × 10 μm 
dimensions.

2.4. Dissolved oxygen removal application

Newly fabricated CNT/PVC contactors (four concentra-
tion of CNT: 4 × triplicate = total 12 samples) performance 
analysis was carried out by laboratory scale degasifica-
tion unit as shown in Fig. 1. In brief, water was circulated 
through the one side of the module with controlled DO con-
centration and vacuum was applied on the other side of the 
module in the degassing process. DO concentration in water 

Table 1
Composition of different CNT/PVC membranes casting solution

Sl. No Membrane code PVC (wt.%) DMF (wt.%) CNT (wt.%) PEG 400 (wt.%)

1 MC 01 16 81 0.00 3.0
2 MC 02 16 80.9 0.10 3.0
3 MC 03 16 80.7 0.25 3.0
4 MC 04 16 80.5 0.50 3.0
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was measured every hour using DO meter (HQ440d). The 
oxygen flux (J0), and water flux (Jw) was calculated according 
to the following equations [14]:

Permeate flux of DO (mg/m2 h):

J
Q
A T0

0=
×∆

 (1)

Permeate water flux (L/m2h):

J
Q
A Tw

w=
×∆

 (2)

where Q0 is oxygen removed from feed water (mg), Qw is 
colllected water in cold trap (L), ΔT is experimental dura-
tion (h), A is membrane area (m2) [14]. Perperformance 
study was conducted in triplicate for each membrane 
and mean value is reported.

3. Results and discussion

3.1. FTIR analysis

The FTIR spectra of CNT/PVC nanocomposite mem-
branes show the presence of signature peaks correspond-
ing to CNT and PVC polymer. Fig. 2 clearly indicates the 
peaks at 2,918 and 2,855 cm–1 corresponds to the C–H stretch-
ing of PVC polymer. The phase vibration band of CH2 has 
appeared at 1,429 cm–1 and C–Cl stretching peak appeared 
at 753 cm–1. The presence of a broad peak at 3,354 cm–1 
corresponds to the O–H and C=C of hexagonal carbon 
appeared at 1,587–1,648 cm–1 confirms the CNT incorporation 
in the prepared membrane [15–17].

3.2. Membrane morphology

3.2.1. FESEM analysis

The gas selectivity and degasification properties of the 
membranes are strongly depending on the morphology 
of the membrane. The FESEM is the prominent technique 
to study the morphological variation of newly developed 
CNT/PVC membranes. Fig. 3 shows the magnified surface 
image of MC 01 and MC 04 membrane at 10,000; 15,000; 
and 20,000 magnification. The increase in porosity and uni-
form pore distribution with the increase in CNT concentra-
tion in the membrane casting solution is clearly shown in 
Fig. 3 cross-section FESEM images of membranes exhibited 
asymmetric characteristics with a dense top layer followed 
by the porous support layer. The increase of CNT concen-
tration in the PVC casting solution resulted in an increase 
of macrovoid structures and pore size. This is mainly due 
to the addition of CNT in the casting solution significantly 
alters the viscosity of the casting solution resulted in the 
changes in the morphological features of the membrane.

3.2.2. AFM analysis

AFM study showed slight decrease in surface rough-
ness as CNT concentration is increase from 0.1 to 0.25 wt.%, 
and further increase of CNT concentration increased the 
surface roughness. In low concentration, due to the low 
electrostatic interaction between the CNTs, they are reg-
ularly arranged in the membrane and reduced the surface 
roughness. At high concentration due to agglomeration and 
increase of pore size increased surface roughness [18,19]. 
The lowest average roughness recorded was 497 nm for 
0.25 wt.% CNT/PVC membrane and highest recorded was 

Fig. 1. Schematic representation of degasification apparatus for DO removal.
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Fig. 2. FTIR spectrum of CNT/PVC membrane.

Fig. 3. (a and b) Magnified surface image and cross-sectional FESEM images of MC 01and MC 04 membranes.
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761 nm for 0.5 wt.% CNT/PVC. The surface AFM images of 
the CNT/PVC membranes with different concentrations of 
CNT are shown in Fig. 4.

3.3. Analysis of water contact angle, water uptake, and liquid 
entry pressure

The water uptake and CA study revealed that increase 
of CNT weight percentage in the membrane matrix 
decreases water uptake and increases CA. The increased 
percentage of CNT shows an increasing trend of CA in the 
order of MC 01 < MC 02 < MC 03 < MC 04. The increase in 
CA with an increase of CNT percentage in the membrane 
matrix is due to the hydrophobic nature of CNT. The CA 
increased from 71° for PVC to 77° for 0.5 weight percent-
age CNT incorporated PVC membrane. The hydropho-
bic nature of CNT/PVC membrane also supported the 
decrease in the water uptake capacity by increasing the 
concentration of CNT. The increase in CNT concentration in 
the membrane matrix decreased the LEP value and this is 
mainly due to the increase of pore size. The water contact 
angle, water uptake, and liquid entry pressure values for 
the CNT/PVC membranes are presented in Table 2.

3.4. Membrane degasification performances

The degasification performance of the CNT/PVC mem-
brane is mainly depending on the nature of feed solution, 
structural properties, and chemical behavior of membrane. 
Preliminary degasification tests were conducted for all the 

membranes using a laboratory scale instrument as shown 
in Fig. 1. Laboratory results showed that the membrane 
with 0.5 weight percentage of CNT showed highest oxygen 
flux compared with other membranes as shown in Fig. 5a. 
The highest oxygen flux was 800 mg/m2 h and correspond-
ing water flux was 15.5 L/m2 h. The order of oxygen flux is 
MC 04 > MC 03 > MC 02 > MC 01. This increasing trend of 
oxygen flux with an increase of CNT concentration in the 
membrane is due to the additional porous structure from 
CNT and morphological changes of the membrane. Fig. 5b 
shows the effect of operating vacuum on oxygen removal 
efficiency of MC 04 membrane. Oxygen removal efficiency 
increased with an increase of vacuum level from –50 to 
–90 kPa. The increase of oxygen flux with an increase in 
the vacuum is due to the increased chemical potential dif-
ference between feed and permeate side which is created 
by applied vacuum [1,14]. Deeper vacuum level creates the 
drop-in oxygen partial pressure on the downstream of the 
degasification cell results the higher DO efficiency.

4. Conclusion

The CNT incorporated PVC membranes were fabricated 
by phase inversion method. The fabricated membranes were 
characterized using FTIR, AFM, FESEM, LEP, and contact 
angle goniometer. The FTIR spectra of CNT/PVC nanocom-
posite membranes show the presence of signature peaks 
corresponding to CNT and PVC polymer. The CA increased 
with the increase in CNT concentration in the CNT/PVC 
nanocomposite membrane, whereas, the water uptake and 

Fig. 4. Three-dimensional AFM images of MC 01, MC 02, MC 03, and MC 04 membranes.

Table 2
Water contact angle (CA), water uptake, and liquid entry pressure (LEP) values of CNT/PVC membranes

Sl. No Membrane code CA (°) Water uptake (%) LEP (bar)

1 MC 01 71.07 13.92 5.86
2 MC 02 73.16 3.84 4.82
3 MC 03 74.04 2.36 4.48
4 MC 04 77.46 2.30 3.79
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LEP decreased with the increase of CNT concentration in the 
CNT/PVC nanocomposite membrane. The cross-sectional 
FESEM image and three-dimensional AFM images showed 
the change in morphology and surface roughness proper-
ties of resultant CNT/PVC membrane due to the interaction 
of CNT and PVC polymer in the membrane casting pro-
cess. The highest CA observed was 77° for 0.5 wt.% CNT/
PVC membranes and the corresponding LEP was 3.79 bar. 
The laboratory scale degasification experiments showed an 
increase of degasification performance with the increase of 
vacuum level. The membrane with 0.5 wt.% of CNT in the 
membrane matrix showed improved DO removal capac-
ity and can be a promising candidate for the dissolved 
gas removal applications in the desalination processes.
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Fig. 5. Performance study. Effect of (a) CNT content and (b) vacuum on degasification performance.
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