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a b s t r a c t
In this study, lycopene TiO2 nanoparticles complex incorporated electrospun polyacrylonitrile (PAN) 
nanocomposite membrane was prepared for azo dye degradation by electrospinning process. The 
material was characterized by using scanning electron microscopy and Fourier transform infrared 
spectroscopy. Membrane surface wettability, membrane performance and Congo red dye degrada-
tion were studied and the degraded products were identified by gas chromatography mass spec-
troscopy. From the results, it was found that the 30% of lycopene TiO2 nanoparticles complex incor-
porated electrospun PAN nanocomposite membranes showed better surface wettability, pure water 
flux and antifouling property than the other membranes. These membranes also showed higher dye 
degradation efficiency than the other membranes due to better distribution and lesser agglomera-
tion of lycopene TiO2 nanoparticles complex. Among the nanocomposite membranes with 30% of 
lycopene TiO2 nanoparticles complex, the membrane which was electrospun for 5 h showed higher 
membrane surface wettability, optimum pure water flux, higher recovery ratio and higher percent-
age of congo red dye degradation. Hence this membrane can be effectively used as a photocatalytic 
membrane to degrade azo dyes under visible light irradiation.
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1. Introduction

Membrane technology is gaining interest among the 
researchers for water treatment. Among the fabrication 
techniques, electrospinning is the technique widely used to 
prepare nanocomposite membranes. In the electrospinning 
process, an electric field is applied to the polymer solu-
tion, which induces a charge on the polymer surface. The 
charge repulsion induces a force, which is directly opposite 
to the surface tension. As the electric field is increased, the 
Taylor cone is formed and when the electric field reaches a 

critical value, a charged jet is ejected from the Taylor cone 
and deposited on the collector [1]. Thus formed electrospun 
nanofibres have excellent properties such as large surface 
area, small pores, high porosity, ease of separation and reus-
ability [2,3]. These nanofibres are embedded with nanopar-
ticles in order to produce functional electrospun nanofibres, 
which are good candidates for water filtration and treatment 
because of their low density and interconnected open pore 
structure [4–8]. Electrospun nanofibres are used for dye 
degradation by incorporating the photocatalytic material. 
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Im et al. [9] prepared electrospun polyacrylonitrile (PAN)-
based nanofibre webs containing TiO2 and the webs were 
evaluated for the photodecomposition of dye rhodamine B  
under UV light. They found that floating of electrospun 
PAN-based fibre webs containing titania improved the irra-
diation efficiency [9]. Polyacrylonitrile (PAN) is the polymer 
used as the base material because of their advantages such 
as easy availability, easy to spin and high tensile strength 
[6]. Titanium dioxide is the most widely used semiconduc-
tor material for photocatalysis because of their advantages 
such as chemically stable, low cost, high efficiency, nontoxic 
and biocompatible [10–12]. The limitations of TiO2 nanopar-
ticles are as follows: active only under UV light, high rate 
of electron–hole recombination and difficult to recover after 
photocatalytic process in chemical wastewater treatment 
methods [11,13]. To overcome these two disadvantages of 
TiO2, the TiO2 material was sensitized with dye molecule 
and incorporated into an electrospun polymeric nanocom-
posite membrane. Dye sensitization is the method used in 
the preparation of solar cells, which converts light energy 
into electrical energy. The process in which a photoanode 
is adsorbed with a dye molecule to harvest the sunlight is 
known as dye-sensitized solar cells. These dye molecules 
are natural pigments such as carotenoids, anthocyanins, 
tannins, chlorophylls, cyanins, flavonoids, etc., which were 
widely used to sensitize TiO2

 materials [14,15]. Lycopene is 
a natural pigment, which gives orange red color to plants, 
vegetables and fruits. Ezeh et al. [16] extracted the lycopene 
from tomato and used to sensitize the TiO2 and Shinde et 
al. [14] have reported the extraction of lycopene from carrot 
and coated it over the zirconium oxide to enhance its photo-
catalytic property. Among the dyes, azo dyes are the largest 
class of synthetic chemicals used widely in textile, leather, 
food, printing, plastic and pharmaceutical industries. These 
azo dyes are characterized by N=N attached to the two aro-
matic rings, which are toxic to the environment. Hence it 
is vital to degrade the residual azo dyes that are present in 
the wastewater streams into non-toxic metabolites [17,18].

In our previous work, the preparation and characteri-
zation of lycopene–TiO2 nanoparticles complex by sim-
ple process [10] was reported. In this present work, lyco-
pene–TiO2 nanoparticles complex embedded electrospun 
polyacrylonitrile (PAN) nanocomposite membrane was 
fabricated, there is no literature for the use of lycopene–TiO2 
nanoparticles complex as a photocatalyst for dye degrada-
tion and the incorporation of lycopene–TiO2 nanoparticles 
complex material into the electrospun PAN nanocomposite 
membrane. Hence this lycopene–TiO2 nanoparticles com-
plex incorporated electrospun PAN nanocomposite mem-
brane was studied for the dye degradation of Congo red 
under visible light source.

2. Experimental setup

2.1. Materials

Polyacrylonitrile (C3H3N)n (PAN) with molecular weight 
of 150,000 g/mol and bovine serum albumin (BSA) with 
molecular weight of 66 kDa was obtained from Sigma-
Aldrich, St. Louis, USA. The solvent dimethyl formamide 
(DMF) and the dye Congo red was purchased from SRL ltd. 

India. Lycopene–TiO2 nanoparticles complex (LTC) was used 
as prepared. All chemicals were used as received without 
any further treatment.

2.2. Preparation of LTC

Liquid–liquid extraction method was used to extract 
lycopene from tomato fruit and purified using column 
chromatography [19]. Thus purified lycopene was used to 
synthesize titanium dioxide nanoparticles. Titanium tetra-
butoxide was used as a precursor to synthesize TiO2 and 
lycopene acts as reducing agent as well as ligand to form 
lycopene–TiO2 nanoparticles complex. To the precursor solu-
tion, lycopene was added and stirred well for 24 h. Then the 
solution was centrifuged at 4,000 rpm for 60 min and the pel-
lets were collected, dried in hot air oven at 75°C and kept 
in a furnace for 3 h at 450°C [10]. Thus the lycopene TiO2 
nanoparticles complex was synthesized. 

2.3. Fabrication of lycopene-TiO2 nanoparticles complex incorpo-
rated electrospun PAN nanocomposite membrane (LTC-E-PAN)

The concentration of the polymer PAN was kept as 
constant, which is 12%. The electrospinning time and the 
LTC percentage were varied to prepare the nanocomposite 
membrane. Table 1 shows the parameters used to prepare 
electrospun PAN/lycopene-TiO2 nanocomposite membrane.

The polymer solution was prepared by dissolving PAN 
(12%) in DMF. Once PAN dissolved completely, LTC was 
added and stirred further to obtain homogeneous solution. 
Now the LTC-incorporated PAN solution was ready for 
electrospinning. The electrospinning parameters are main-
tained as follows: flow rate at 0.5 mL/h, voltage applied at 
the tip was 18 kV, the tip to collector distance was 15 cm. 
Thus the nine samples of electrospun PAN/lycopene–TiO2 
nanocomposite membranes were prepared.

2.4. Characterization

The morphology of the membranes was analyzed by 
using scanning electron microscope (HITACHI S-3400 SEM) 
and the ImageJ software was used to measure the nanofi-
bre diameter of the prepared LTC-incorporated electrospun 
PAN nanocomposite membranes (E-PAN-LTC).

Table 1
Parameters to prepare LTC-incorporated electrospun PAN 
nanocomposite membranes

Sample name LTC percentage (%) Electrospinning time (h)

E1 20 3
E2 30
E3 40
E4 20 4
E5 30
E6 40
E7 20 5
E8 30
E9 40
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Fourier transform infrared spectroscopy (FTIR) (JASCO 
6600 type A) equipped with attenuated total reflectance 
was used to study the functional groups of the membrane 
materials. The FTIR spectrum was recorded for sample 
E9 because the chemical components are same for all the 
prepared membranes.

To study the water uptake and porosity of the mem-
branes, membrane samples were cut into 1 cm × 1 cm size 
and soaked in distilled water for 24 h. After 24 h, the excess 
water on the membrane was removed and wet weight of the 
membrane was calculated by using the following formula:

%Water uptake =
−
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W
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w

100  (1)

where Ww = wet weight of the membrane and Wd = dry weight 
of the membrane.

The gravimetric method was used to calculate the 
porosity of the membrane using the formula:

% Porosity
dw
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−

× ×
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where A = area of the membrane (m2); l = thickness of the 
membrane (m); dw = density of water (g cm–3).

2.5. Pure water flux

Membrane performance was evaluated by measuring 
pure water flux and antifouling property. A dead end filtra-
tion set up was used to evaluate the membrane performance. 
Pure water flux is calculated by the following formula:

J Q
A TWF1 = ∆

 (3)

where Q = permeated pure water (L); A = effective membrane 
area (m2); ΔT = testing duration (h).

2.6. Dye adsorption study

Membrane surface fouling was evaluated by Congo 
red adsorption on the membranes. The membranes were 
cut into 1 cm × 1 cm size with known weight and soaked 
in distilled water for 24 h and then kept in dye solution 
under gentle shaking for 6 h. After 6 h of shaking, the 
UV-visible spectroscopy was recorded. The amount of dye 
adsorbed was calculated by using the following equation:

R
C
C
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×1 100
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where CR = remaining concentration and C0 = initial concen-
tration of dye solution.

2.7. Antifouling property

The antifouling property of the membranes was 
studied by using BSA protein of concentration 1,000 ppm 
as model foulant. Pure water flux (JWF1) was measured at 

250 mm Hg pressure using dead end filtration set up. 
Then the membrane was washed thoroughly with dis-
tilled water and tested with BSA protein solution under 
same conditions. The protein flux (JP) was measured. Again 
the pure water flux (JWF2) was measured under similar 
conditions after the washing process.

The fouling resistance of the membrane was evaluated 
with flux recovery ratio by the following equation:
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Overall the total fouling ratio (Rt), reversible fouling 
(Rr) and irreversible fouling (Rir) were calculated by the 
following equation:
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2.8. Dye degradation

The dye degradation of the membranes was studied 
by using a simple in-house photocatalytic membrane reac-
tor set up design. The set up consists of three main parts, 
which are millipore motor, visible light source and filtra-
tion unit that holds membrane. 100 mL of Congo red dye 
solution (30 mg) was filled in the upper jar of the filtration 
unit and the set up was closed. The visible light source and 
the motor were switched on and the dye solution passes 
through the membrane. The dye solution was collected 
at every 10 min interval and the absorbance values are 
recorded using UV-visible spectroscopy. The percentage of 
dye degradation was determined by the following equation:

Dye degradation %( ) = −







×

C C
C

t0

0

100  (9)

where C0 and Ct are the initial and final concentration of 
the dye solution.

GC-MS (Shimadzu QP 5000 equipment, Japan) was 
taken for the membrane, which showed higher dye deg-
radation in order to find the products of the degraded 
dye. The test process conditions were ionization volt-
age was 70 eV, gas chromatography was conducted in 
temperature programming mode with a Restek column 
(0.25 mm × 30 mm, XTI-5). The initial column tempera-
ture was 40°C for 4 min, which was linearly increased at 
a rate of 10°C/min to 270°C and held at 4 min. The injec-
tion port temperature was 275°C and GC-MS interface was 
maintained at 300°C. The carrier gas, flow rate and the run 
time were helium gas, 1 mL/min and 30 min respectively. 
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The compounds were identified based on the mass spec-
tra and the NIST library stored in the computer software 
(version 1.10 beta Shimadzu, Japan) of the GC-MS. 

3. Results and discussion

The synthesized lycopene TiO2 nanoparticles complex 
(LTC) was spherical in shape, size ranges from 80 to 250 nm 
and contains highly crystalline anatase phase of TiO2 [10]. 

3.1. Scanning electron microscope

Fig. 1 shows the SEM micrographs of LTC-incorporated 
electrospun PAN nanocomposite membrane samples E1, 
E2 and E3. The average fibre diameter of the LTC-E-PAN 
nanocomposite membranes E1, E2 and E3 were measured 
by using ImageJ software and the values are 359, 190 and 
338 nm. As the percentage of LTC increases from 20% to 
30%, the fibre diameter decreases from 359 to 190 nm due 
to the increased solution conductivity and decreased viscos-
ity, hence the reduced fibre diameter was observed. Further 
increase in the LTC percentage, increases the nanofibre 
diameter because of the agglomeration of the LTC, which 
reduces the solution conductivity and also increased the 
viscosity [20]. The histogram clearly indicated that the E1 
nanocomposite membrane has more number of nanofi-
bres diameter in the range of 350 to 400 nm, E2 nanocom-
posite membrane in the range of 180 to 200 nm and E3 
nanocomposite membrane in the range of 320 to 340 nm.

3.2. Fourier transform infrared spectroscopy 

The FTIR spectrum of LTC-incorporated electro-
spun PAN nanocomposite membrane (Fig. 2) shows that 
the characteristic absorption peak of PAN was found at 
2,243 cm–1 corresponds to the nitrile functional group 
(−C≡N). The absorption peaks obtained at 1,072 cm–1 indi-
cate the presence of C−O stretch; 1,044 cm–1 indicates the 
presence Ti−O−C stretch and 535 cm–1 corresponds to the 
Ti−O stretch vibration; these are the characteristic peaks 
of LTC. The absorption peaks at 1,732 and 1,230 cm–1 cor-
responds to the C=O and C−N stretching functional groups 
of the solvent DMF and the peaks at 872 cm–1 indicates the 
CH stretching of lycopene. The others peaks from 2,930–
2,870 cm–1; 1,460–1,450 cm–1; 1,380–1,360 cm–1 and 1,363 cm–1 

indicates the CH2 functional groups of lycopene and PAN, 
whereas peaks at 2,938, 2,869 and 1,449 cm–1 correspond 
to the CH group of lycopene and PAN [10,21,22].

3.3. Water uptake and porosity

Water uptake and porosity are the two important 
parameters, which describe the hydrophilic nature of 
the membranes, which are tabulated in Table 2. The table 
presents the GSM, thickness, water uptake and poros-
ity of LTC-incorporated electrospun PAN nanocompos-
ite membranes. Membranes with 20% of LTC and 40% of 
LTC have better water uptake and porosity whereas mem-
branes with 30% of LTC showed higher water uptake and 
porosity. The water uptake and porosity of the membranes 
may be attributed to the fact that the LTC incorporated 

into the PAN nanofibres agglomerates and block the pores 
of the nanofibres, which led to the decrease in the poros-
ity of the membranes. Fig. 3 shows the water uptake and 
porosity percentages of LTC-incorporated electrospun 
PAN nanocomposite membranes.

3.4. Pure water flux

Pure water flux (JWF1) was measured for all the mem-
branes (Fig. 4) and it was found that the 20% and 40% of 
LTC embedded in the PAN nanocomposite membranes 
showed higher pure water flux than the 30% LTC; this 
phenomenon depends on the fibre diameter of the mem-
brane. Incorporation of LTC in the PAN nanofibres has 
an effect on the fibre diameter, which was already dis-
cussed in the section 3.1. The diameter of the nanofibre is 
directly proportional to the pore size [23]. Larger diam-
eter of the fibres leads to larger pore size; this in turn 
increases the pure water flux.

3.5. Antifouling property

Antifouling property of the membranes was studied 
by using BSA protein flux study (Fig. 4). Incorporation of 

Fig. 1. SEM micrographs of LTC-incorporated electrospun 
PAN nanocomposite membranes.
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LTC improves the hydrophilic nature of the membranes, 
which leads to the nonspecific protein adsorption because 
of the high surface hydration. It was observed that the 
initial pure water flux (JWF1) for all the LTC-incorporated 
electrospun PAN nanocomposite membranes were higher 
when compared with the flux (protein flux [JP]) observed 
during the antifouling study (Fig. 4). This is due to the 
binding of BSA protein molecules to the membrane sur-
faces, thus causes fouling. 20% and 40% of LTC embedded 
PAN nanocomposite membranes were found to have less 
protein flux than the initial pure water flux, which implies 
the amount of BSA protein deposited on the membrane 
surface is higher whereas 30% LTC-incorporated mem-
branes too showed similar results but the decline in the 
flux was less. Among the 30% of LTC-incorporated elec-
trospun PAN nanocomposite membranes, E8 showed the 
lesser flux decline since the lesser amount of BSA binding 
on the surface of the membrane. Again the pure water flux 
(JWF2) was measured after washing the membranes, there 
was an increase in the flux for all the membranes. Fig. 5 
represents the flux recovery; irreversible and reversible 

flux for LTC-incorporated electrospun PAN nanocompos-
ite membrane. From the graph, the higher flux recovery 
was observed for the membranes incorporated with 30% 
of LTC due to the lesser amount of BSA protein binding. 
Among the 30% of LTC-incorporated electrospun PAN 
nanocomposite membranes, E8 membrane showed higher 
flux recovery of 68% after washing process. Hence they 
are regarded as more antifouling and the fouling is consid-
ered as reversible fouling. All the membranes were found 
to have higher irreversible fouling than the reversible foul-
ing, except membrane E8. These results could be ascribed to 
the addition of LTC in the PAN nanocomposite membrane, 
which lead to the increased membrane hydrophilicity [24].

3.6. Adsorption study

Membrane fouling can also be caused by the adsorption 
of molecules on the membrane surface. Hence the adsorp-
tion of Congo red dye was studied for all the membranes 
(Fig. 6), 20% and 40% of LTC-incorporated electrospun 
PAN nanocomposite membranes showed higher adsorption 

Table 2
GSM, thickness, water uptake and porosity of LTC-incorporated electrospun PAN nanocomposite membranes

S. No Sample name LTC percentage (%) Electrospinning 
time (h)

GSM (g/m2) Thickness (mm) Water uptake (%) Porosity (%)

1 E1 20 3 9 0.092 67 20
2 E2 30 6 0.046 85 72
3 E3 40 8 0.083 68 21
4 E4 20 4 10 0.098 69 22
5 E5 30 7 0.061 88 87
6 E6 40 10 0.091 72 29
7 E7 20 5 13 0.104 72 33
8 E8 30 9 0.079 89 95
9 E9 40 12 0.099 76 37

 
Fig. 2. FTIR spectrum of LTC-incorporated electrospun PAN 
nanocomposite membrane.

 
Fig. 3. Water uptake and porosity of LTC-incorporated 
electrospun PAN nanocomposite membranes.
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percentage due to the adsorption of higher amount of 
congo red on the surface of the membranes whereas 30% 
of LTC-incorporated electrospun PAN nanocomposite 
membranes showed lesser adsorption percentage. The 
reason for the lesser amount of Congo red adsorption on 
the membrane surface was due to the increased membrane 
hydrophilicity [24]. Thus the 30% of LTC-incorporated 
electrospun PAN nanocomposite membranes have better 
productivity than the 20% and 40% of LTC-incorporated 
electrospun PAN nanocomposite membrane.

3.7. Congo red dye degradation and kinetics

Fig. 7 represents the Congo red dye degradation per-
centage profile of LTC-incorporated electrospun PAN 
nanocomposite membranes. It was observed that the 30% 
of LTC-incorporated electrospun PAN nanocomposite 

membranes showed higher congo red dye degradation 
than the 20% and 40% of LTC-incorporated electrospun 
PAN nanocomposite membranes. Among the 30% of LTC-
incorporated electrospun PAN nanocomposite membranes, 
E8 have higher congo red dye degradation of 60% in 140 min, 
which is due to the presence of LTC with lesser agglomer-
ation. This slight lower dye degradation percentage (60%) 
may be attributed due to the following experimental con-
ditions such as room temperature, neutral pH and visible 
light source. Similar results were reported by Im et al. [25] 
in which they have prepared PAN/TiO2 nanofibres for pho-
tocatalytic degradation (Rhodamine B). TiO2 containing mat 
suspended on the dye solution has higher dye removal of 
60% comparing with immersed one, whereas the immersed 
mat showed 20% of color removal after 48 h and also the 
dye degradation of PAN/TiO2 was studied under UV light.

 
Fig. 4. Antifouling property of LTC-incorporated electrospun 
PAN nanocomposite membranes.

 
Fig. 6. Congo red dye adsorption of LTC-incorporated 
electrospun PAN nanocomposite membranes.

 
Fig. 7. Congo red dye degradation of LTC-incorporated 
electrospun PAN nanocomposite membranes.

 
Fig. 5. Flux recovery, irreversible and reversible flux for 
LTC-incorporated electrospun PAN nanocomposite membranes.



D. Baskar et al. / Desalination and Water Treatment 216 (2021) 436–444442

Several literatures reported the dye degradation fit-
ted to simple pseudo-first order kinetics [26,27]. Hence 
Congo red dye degradation data were fitted by the simple 
pseudo-first order kinetics with respect to dye concentration. 
The equation used for the kinetic study is as follows:

ln
C
C

K tt

0









 = − ( )obs  (10)

The rate constant (Kobs) and R2 values are presented in 
Table 3. All the data were well fitted to pseudo-first order 
kinetics (R2 > 0.9) and all the 30% LTC-incorporated elec-
trospun PAN nanocomposite membranes showed higher 
Congo red dye degradation as well as higher rate constant.

The Congo red dye degradation products were iden-
tified by using GC-MS and the proposed mechanism was 
depicted in Fig. 8. The GC-MS spectra of the degraded 
products of Congo red dye are shown in Table 4.

From the results, the proposed mechanism initially 
involves that the sulfonate group in the Congo red dye ion-
ize out an anion [28]. In the next step, the azo bond cleaves 

and gives rise to an unknown compound and the biphe-
nyl-4,4′-diamine. Biphenyl-4,4′-diamine undergo deamination 
to form biphenyl (m/z – 154), whereas unknown compound 
undergo deamination and desulfonation to form naphthalene 

Table 3
Rate constant and R2 values of LTC-incorporated electrospun 
PAN nanocomposite membranes

S. No Membranes name Kobs R2

1 E1 0.05241 0.96875
2 E2 0.1318 0.98018
3 E3 0.06347 0.96948
4 E4 0.0573 0.96708
5 E5 0.16095 0.98221
6 E6 0.07534 0.98229
7 E7 0.06391 0.96734
8 E8 0.17289 0.98524
9 E9 0.08076 0.99109

Fig. 8. Proposed mechanism of Congo red dye degradation by LTC-incorporated electrospun PAN nanocomposite membrane.
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(m/z – 128). Further, this naphthalene reduces to phenol 
(m/z – 94) by hydrolysis and hydrogenation reaction [29].

4. Conclusion

Lycopene TiO2 nanoparticles complex incorporated 
electrospun PAN nanocomposite membrane was fabri-
cated. It was found that the 30% of LTC-incorporated elec-
trospun PAN nanocomposite membranes showed better 
results than the 20% and 40% of LTC-incorporated electro-
spun PAN nanocomposite membranes. This is attributed 
to the incorporation of LTC, which lead to the decreased 
fibre diameter, increased water uptake and porosity. Larger 
diameter leads to larger pores, which in turn increases the 
pure water flux. Among the 30% of LTC-incorporated elec-
trospun PAN nanocomposite membranes, the membrane, 
which was electrospun for 5 h (E8), showed lower pure 
water flux due to its smaller fibre diameter. The antifouling 
properties were studied by using BSA protein molecule, 

which binds to the membrane surface and causes foul-
ing. The amount of BSA bound to membrane surface 
was less for 30% of LTC-incorporated electrospun PAN 
nanocomposite membranes. E8 membrane showed high-
est flux recovery of 68% after the simple washing step. 
Adsorption of the Congo red dye shows the lesser adsorp-
tion on the membrane surface due to its increased hydro-
philicity. And also the E8 membrane achieved maximum 
congo red dye degradation of 60% under visible light 
and the degraded products were identified as biphenyl, 
naphthalene and phenol. Among the LTC-incorporated 
electrospun PAN nanocomposite membranes, E8 mem-
brane can be effectively used as a photocatalytic membrane 
without compromising the membrane properties.
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