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Abstract 

A photocatalytic membrane combining photocatalyst and membrane technology based on polyacrylonitrile (PAN) 

and TiO2/CNT has been developed. Such combination is to overcome fouling formation on the membrane, thus pro-

longing the membrane lifetime and enhancing the efficiency on the waste treatment. PAN nanofiber was prepared 

by electrospinning method. The precursor solution was dissolved PAN and dispersed TiO2/CNT in N,N-

Dimethylformamide (DMF). PAN concentration in the precursor solution was varied at 4.5, 5.5, 6.5, 7.5, and 8.5%. 

The effect of PAN concentration on the fiber morphology and pore size was discussed. The performance of the re-

sulted membrane on methylene blue (MB) removal was also investigated on a cross-flow system. SEM images of 

the resulted membrane identified that PAN nanofiber was successfully fabricated with random orientation. The 

PAN 6.5% showed the highest diffraction intensity of the anatase crystalline phase of TiO2. The additions of CNT 

and TiO2 lead to the formation of a cluster of beads as confirmed by TEM. Increasing the concentration of PAN in-

creased the fiber diameter from 206 to 506 nm, slightly decreased the surface area and pore size, respectively, 

from 32.739 to 21.077 m2.g−1 and from 6.38 to 4.75 nm. The PAN/TiO2/CNT nanofibers show type IV of the adsorp-

tion-desorption N2 isotherms with the H1 hysteresis loops. Membrane PAN/TiO2/CNT at PAN concentration of 

6.5% shows the optimum performance on the MB color removal by maintaining the percentage of rejection (%R) at 

90% for 240 min and permeability of 750 LMH. 
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1. Introduction 

Widespread discharge of industrial 

wastewater containing organic dyes onto land 
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and aquatic bodies has resulted in severe con-

tamination. Toxic metabolites can be produced 

by weathering organic dyes through oxidation, 

hydrolysis, or other chemical reactions in the 

wastewater phase [1]. The most viable strategy 

to address these concerns could be efficient 

wastewater treatment and long-term use of re-
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newable energy sources. Membrane technology 

is a fascinating technique in this regard be-

cause of its tunable and varied features [2]. 

Membrane separation technologies for water 

and wastewater treatment are rapidly evolving 

due to their significant role in water purifica-

tion. Membranes operate as a physical barrier 

for substances, depending on the molecule and 

pore size. Membrane technology is thus a prom-

ising and trustworthy area of research for the 

treatment of water and wastewater [3]. Howev-

er, the development of membrane technology 

has lagged considerably behind expectations, 

and one of the biggest roadblocks to their more 

comprehensive implementation is that filtra-

tion performance invariably diminishes with 

filtration duration. Membrane fouling is a 

phrase that refers to the blocking of membrane 

pores during filtration as a result of a combina-

tion of sieving and adsorption of particles and 

chemicals onto the membrane surface or within 

the membrane pores [4]. Pore obstruction low-

ers the rate of permeate generation and compli-

cates the membrane filtration process. It is the 

most challenging problem to solve in mem-

brane development and applications [5]. 

Modifying membrane with photocatalyst has 

become a novel and promising strategy to pre-

vent fouling in the membrane. Photocatalytic 

membranes (PMs) have recently attracted at-

tention because they combine membrane sepa-

ration with photocatalysis in a single unit and 

allow for the management of products and by-

products [6]. The reactive oxygen species 

(ROSs) generated by photocatalysts under light 

irradiation can degrade organic pollutants on 

the membrane surface. Thus, preventing the 

formation of a cake layer on the membrane sur-

face, reducing pore blocking, and inhibiting 

membrane fouling to some extent. Meanwhile, 

the membrane substrate serves as both a selec-

tive barrier for the species to be removed and a 

support for photocatalysts to skip the separa-

tion phase; thus, no additional time or space is 

required [7].  

TiO2 with a relatively large band-gap energy 

(3.2 eV), has been the most commonly used ma-

terial for making PMs, due to its high quantum 

yield, chemical and thermal stability, low tox-

icity, and low cost [6,8]. However, the large 

band-gap of the TiO2 becomes one of the draw-

backs in the photocatalytic reaction. The low 

availability of UV light in nature inhibits the 

application of TiO2 on a large scale. Thus, mod-

ifying TiO2 with doping metal, non-metal, or 

surface modification becomes an effective way 

to introduce a new energy level in the band-gap 

of TiO2, leading to the absorption of visible 

light [9]. One of the non-metal doping is carbon 

and carbon nanotubes (CNT) became popular 

to be used because of their unique mechanical, 

physical, chemical, electroconductive, and field 

emission properties [10]. The CNT has unique 

charge transfer and electron-conducting prop-

erties. In particular, Olowoyo et al. [11] has re-

ported that the doping of 5% CNT in the com-

posite of CNT-TiO2 shifted the band-gap ener-

gy from 3.2 eV to 2.9 eV. Thus, the composite 

creates electron-hole pairs when excited by vis-

ible light. The formation of Ti−O−C bond con-

firmed the formation of new energy level in the 

band-gap energy of TiO2.  

In PMs, ultra- to nanofiber structure is 

widely used and preferred. There are many 

processes for producing ultrafine fibers such as 

self-assembly [12], template synthesis [13], 

electrohydrodynamic direct writing [14], cen-

trifugal jet spinning [15], plasma-induced syn-

thesis [16], and solvothermal synthesis [17].  

But one known as electrospinning, has proven 

to be successful. Because the procedure is easy 

and inexpensive, it becomes the preferred 

method for nanofiber manufacturing. Electro-

spinning is the process of applying a high volt-

age to a confined polymer solution to create 

electrically charged jets of solution that are 

driven via a spinneret toward a grounded tar-

get that serves as a collector [18]. These jets 

dry, as they approach the target, are creating 

beads or nanofibers. With electrospinning, 

highly functional nanofiber mats with a high 

surface area to volume ratio, high porosity, and 

homogeneous shape may be easily created [19]. 

Electrospinning can be done with a variety 

of polymers [20]. Polyvinyl alcohol (PVA), poly-

vinyl pyrrolidone (PVP) [21], cellulose acetate 

(CA) [22], and polyacrylonitrile (PAN) [23] are 

examples of synthetic polymers that have suc-

ceeded in generating nanofiber. Because of the 

low density, high polymer strength, elasticity, 

superior solvent resistance, and capacity to 

maintain shape during the pyrolysis process of 

PAN polymer [24], PAN nanofiber is widely 

used in membrane air filters, water filters, and 

carbon fiber [25].  

The applied voltage, the distance between 

the tip and the collector, the feed rates of solu-

tions, the collector's rotating speed, and the 

kind of collector are all controllable process fac-

tors that must be optimized for electrospin-

ning. Surface tension, viscosity, concentration, 

conductivity, dielectric constants of the solvent 

and polymer, polymer molecular weight and 

polydispersity, polymer chemical structure, 

and presence of interactions are some intrinsic 

parameters of polymeric solutions that affect 
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the characteristics of the final material. How-

ever, it should be noted that, among others, 

polymer concentration and electrical potential 

are the two key characteristics that have a sig-

nificant impact on the electrospinning process 

[26]. The size of the fibers is greatly influenced 

by the concentration of the solution; for exam-

ple, the diameter of the electrospun nanofibers 

grows with the concentration of the solution ac-

cording to a power-law ratio. Controlling these 

variables would allow for creating an ideal nan-

ofiber mat [20]. Tarus et al. [18] investigated 

the effect of polymer concentration on the mor-

phology and mechanical characteristic of CA fi-

ber mats. The result indicates that polymer 

concentration alters the fiber diameter and me-

chanical strength of the fiber mats. The fiber 

diameter and the uniformity were found to in-

crease with the increase of CA concentration 

(optimum concentration of CA was 16%).  

Extensive researches have been done on the 

fabrication of nanofiber through the electro-

spinning technique [19,24,27]. However, the 

understanding of this method and the correla-

tion to the membrane characteristic and perfor-

mance are still very limited, especially on the 

photocatalytic membrane. Low polymer concen-

tration has resulted in a bead-on-string struc-

ture, while at high polymer concentration, the 

jet is subjected to uniform tensile tension under 

the surface charge and electric field forces [28]. 

The optimum polymer concentration also af-

fects the distribution of the photocatalyst in the 

fiber thereby minimizing agglomeration [29]. In 

this study, we investigate the effect of polymer 

concentration on the performance of photocata-

lytic membrane of PAN/TiO2/CNT through a 

cross-flow PM reactor. The optimum polymer 

concentration is supposed to produce a smooth 

and uniform size fiber without lumps/beads 

that is suitable for the filtration process. To the 

best of our knowledge, there is no information 

available regarding the effect of PAN concen-

tration on the PAN/TiO2/CNT photocatalytic 

membrane performance for MB color removal 

through a cross-flow membrane reactor. The 

PAN concentration was varied from 4.5 to 8.5% 

due to the preferred viscosity range for electro-

spinning using our instrumentation. Charac-

terization of the resulted membrane was per-

formed using XRD, SEM, TEM, N2 adsorption-

desorption analysis. The performance of the 

PAN/TiO2/CNT photocatalytic membrane was 

evaluated for MB color removal by using a 

cross-flow membrane reactor for 240 min at 5 

mg.L−1.  

 

 

2. Materials and Methods 

2.1 Materials 

Titanium dioxide (TiO2) powder (anatase 

100%), hydrogen chloride (HCl), and ethanol 

(pro-analysis) were obtained from Merck. Car-

bon Nanotubes (CNT) were from SAT Nano 

Technology Material Co., Ltd with the specifi-

cation of a multi-walled nanotube (MWNT). 

Polyacrylonitrile (PAN, MW = 150.000), N, N-

Dimethylformamide 99.8% (DMF), and meth-

ylene blue (MB) were purchased from Sigma-

Aldrich. Cellulose Acetate (CA) membrane 

(diameter 47 mm, thickness 0.1 µm) was from 

Axiva. 

 

2.2 Photocatalytic Membrane Preparation and 

Characterization 

Precursor solution for electrospinning was 

prepared by dissolving PAN in the DMF sol-

vent at concentration of 4.5, 5.5, 6.5, 7.5, and 

8.5 wt% at room temperature. Then, CNT and 

TiO2 powder (CNT:TiO2 = 1:50) mixture was 

separately dispersed in a DMF solution (5 mL). 

The PAN solution was added to the TiO2/CNT 

suspension and stirred until obtaining a ho-

mogenous PAN/TiO2/CNT suspension. The re-

sulted mixtures were used as the precursor for 

membrane fabrication by electrospinning. The 

electrospinning equipment was set at 7 kV 

with the distance between needle-tip and col-

lector of 10 cm. The process was run for 5 h to 

get the same membrane thickness (~0.60–0.70 

mm). The diameter of the membrane was 47 

mm, following the size of the reactor. All the 

prepared membranes were characterized and 

evaluated through the PM reactor of a cross-

flow system.  

The crystalline structure of all the prepared 

membranes was investigated by X-ray diffrac-

tion (XRD, Shimadzu 6000; Cu-K (0.15406 

nm) at a scan rate of 2°.min−1 in the range of 

10–80°). The morphology was characterized us-

ing a scanning electron microscope (SEM, 

JEOL JSM6510LA) at 15 kV with 5000x mag-

nification and Transmission Electron Micro-

scope (TEM, JEOL JEM-1400) at 120 kV. The 

specific surface area, pore size and pore size 

distribution were evaluated by N2 gas adsorp-

tion–desorption isotherm obtained through 

NOVA Quantachrome gas sorption analyzer. 

The degassing condition was performed under 

vacuum condition at 200 °C for 3 h. 
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2.3 Performance Testing of the Photocatalytic 

Membrane in a Membrane Reactor 

The PM performance for MB removal was 

assessed using a cross-flow membrane reactor 

cell (diameter of membrane holder was 47 mm 

and round shape) under the specific flow rate of 

0.21 L.min−1 (LPM) for 180 min. The photocata-

lytic membrane reactor is shown in Figure 1. 

The feed tank capacity is 1.5 L. The volume of 

the feed solution in the feed tank was main-

tained to be constant to maintain the pressure 

and flow rate of the pollutant solution (Figure 

1(a)). The MB with concentrations of 5 ppm 

was placed in the feed tank. The membrane 

was irradiated using a visible LED lamp 

(Phillips, 14.5 W) at room temperature and the 

system pH of 5. The LED lamps emit visible 

light at 425–660 nm (tested with Spectrograph 

SA-100W-HPCB1024/C at Laser and Optoelec-

tronic Laboratory, Department of Physic, Uni-

versitas Diponegoro, Indonesia) and has no UV 

emission, as confirmed by a UV-meter (Hagner 

EC-1 UV A). The membrane reactor is also 

equipped with a coolant layer to avoid over-

heating due to light irradiation. The distance 

between pollutant and lamp is 15 cm. The reac-

tor is equipped with a lid that is connected to 

the lamp. During operating, the reactor is 

closed to avoid the possibility of outside light 

entering the reactor (Figure 1(b)). The mem-

brane flux (J) (L/m2.h (LMH)) was calculated 

by Equation (1). 

 

(1) 

 

where, ∆V is volume permeated (L), ∆t is the 

time operation (h) and Am is the membrane ar-

ea. The rejection (%R) of dyes was investigated 

Figure 1. Setting of the photocatalytic membrane reactor with a cross-flow system (a); membrane reac-

tor detail with lid and coolant system (b). 
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using Equation (2). 

 

(2) 

 

where, Ct and C0 are the concentration of dyes 

in permeate and feed solutions, respectively. 

The concentration was measured with a UV-

Vis spectrophotometer (Genesys 10S) at a max-

imum wavelength (λmax) of 664 nm. 

 

3. Results and Discussion 

Crystallinity is an important factor for pho-

tocatalytic performance. The diffraction pat-

terns of the PAN/TiO2/CNT at various concen-

trations of PAN are shown in Figure 2. All 

membrane showed anatase phase for TiO2 with 

the peak characteristic at 2θ = 25.2°, 37.76°, 

48.02°, 54.05°, 55.03°, and 62.80°. Similar re-

sults were also reported by other researchers 

[11,27]. Meanwhile, PAN nanofiber is an amor-

phous organic polymer, thus does not show a 

distinct diffraction pattern in the XRD analysis 

result. PAN nanofiber has a very broad peak at 

2θ = 17°.  

Based on the XRD analysis, the deposition 

of TiO2/CNT in the PAN nanofiber by electro-

spinning does not change the crystallographic 

structure of the photocatalyst. The variation in 

PAN concentration also does not alter the dif-

fraction pattern of the TiO2/CNT. The optimum 

intensity of the diffraction pattern was shown 

at 6.5 % of PAN. At higher and lower concen-

tration polymer, the anatase crystallinity de-

creased. PAN seems to affect the crystal 

growth of anatase, so it has an optimum con-

centration to result in high intensity peaks of 

anatase phase. The role of polymer to the ana-

tase nanofiber crystal growth is still unclear. 

 In photocatalytic membrane, both photo-

catalyst and membrane play their own function 

for MB color removal. It is known that the fil-

tration and adsorption performance of the 

membrane depend on the morphology of the 

membrane. In this study, we analyze the mem-

brane surface morphology at various PAN con-

centration through the SEM analyses shown in 

Figure 3. Based on the SEM result, it is ob-

served that not all of the nanofiber is success-

fully produced at the low concentration of PAN 

(4.5%). Figure 3(a) shows that there are lumps 

of polymer between the fibers, indicating that 

not all polymers that reach the collector have 

succeeded in forming nanofibers. At low con-

centration of polymer (Figures 3(a) and (c)), the 

nanofiber is discontinuous. While, at a high 

concentration of the polymer (Figure 3(g) and 

(i)), the diameter of the membrane gets higher. 

The diameter uniformity of the fiber decreased 

as the concentration of the polymer increased. 

The formation of lumps at low concentration 

polymer and increasing diameter of nanofiber 

at high polymer concentration could be at-

tributed to the viscosity. During the electro-

spinning process, the low concentration solu-

tion results in a low viscoelastic force. It leads 

to the partially breaking up jet because the vis-

coelastic force does not match with the electro-

static and Coulombic repulsion that stretches 

the electrospinning jet. The high number of sol-

vents in the solution leads to the formation of 

lumps because of the surface tension [22]. 

Meanwhile, with the increase in the polymer 

concentration, the viscosity also increases, thus 

causing the improvement of the viscoelastic 

force, leading to the partially jet break up pre-

vention. Another reason for the increasing nan-

ofiber diameter with the increasing concentra-

tion is the increased viscoelastic force that lim-

its the stretching effect of the electrostatic and 

Coulombic repulsion force [28]. Less solvent 

molecules also produce low surface tension that 

plays an important role in creating smooth fi-

ber. Even though the nanofiber produced at 

more concentrated polymer is more well-

organized, operating electrospinning at a con-

centration higher than 6.5 wt% is getting more 

difficult. Viscous colloidal precursor solution 

preventing the formation of a continuous jet 

Figure 2. Diffraction patterns of 

PAN/TiO2/CNT membrane at various PAN con-

centrations. 
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Figure 3. SEM micrographs and the corresponding fiber size distribution of PAN 4.5% (a, b); PAN 5.5% 

(c, d); PAN 6.5% (e, f); PAN 7.5% (g, h); and PAN 8.5% (i, j). 
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because of the fast-drying precursor. This 

makes the needle tip become easily clogged.  

Figures 3(b), (d), (f), (h), and (j) show the fi-

ber size distribution calculated based on the 

SEM image. Figure 3(b) shows a relatively nar-

row fiber size distribution of PAN 4.5%. Mean-

while, at higher concentrations (Figures 3(d) 

and (f)), the fiber size distribution is wider 

when compared to PAN 4.5%. This is possible 

because of the increase in concentration which 

causes a change in the viscosity of the precur-

sor. Besides, the presence of CNT and TiO2 also 

provides different surface tension and net 

charge density, thus affecting the size of the re-

sulting fiber. Meanwhile, at higher concentra-

tions (Figures 3(h) and (j)), the fiber size distri-

bution was slightly narrower when compared to 

the PAN 6.5%. This phenomenon is possible be-

cause, at higher concentrations, the interac-

tions between polymer molecules may be more 

dominant than the effect given by the presence 

of CNT and TiO2 so that the fiber size distribu-

tion is slightly narrower. 

As seen in Figure 3, the beads decorated the 

fibers. The beads are predicted as TiO2 and 

CNT. Similar results have also been observed 

by Yar et al. [29] as TiO2 added. Closer obser-

vation was performed by TEM in Figure 4. 

Based on the SEM (Figure 3(e)) and XRD re-

sults, it is expected that composite membrane 

PAN/TiO2/CNT nanofiber with the concentra-

tion of PAN 6.5 wt% is the optimum concentra-

tion and expected to have optimum perfor-

mance in the MB color removal through the 

cross-flow membrane reactor.  

Figure 4 shows the TEM image of the com-

posite membrane of PAN/TiO2/CNT nanofiber 

at 6.5 wt% of PAN. The TEM image provides 

closer observation of the composite structure. It 

can be seen that the beads containing TiO2 and 

CNT are incorporated in the PAN nanofiber 

not just attached to the surface of the PAN 

nanofiber. This structure may minimize the po-

tential of the photocatalyst leaching from the 

membrane. It is also observed that TiO2 and 

CNT in the PAN nanofiber strand tend to ag-

glomerate. This could be due to the van der 

Waals interaction [28]. 

The effect of PAN concentration on the tex-

tural properties of the resulting membrane 

composite is evaluated by performing N2 gas 

sorption test. Figure 5 shows the N2 adsorp-

tion-desorption isotherms of the resulting 

membranes at various PAN concentrations 

with type IV isotherms indicating porous com-

posite nanofibers. The wide hysteresis loops in-

dicate mesoporosity with pore condensation at 

high pressure. Hysteresis loops are commonly 

related to filling and emptying mesopores in 

the multilayer range of physisorption iso-

therms. The effect of capillary condensation in 

Figure 4. TEM images of PAN/TiO2/CNT with 

6.5% PAN at different magnification. 
Figure 5. N2 adsorption / desorption of 

PAN/TiO2/CNT at various PAN concentrations. 
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the mesopores was attributed to an H3-type 

hysteresis loop of the IUPAC classification, in 

the relative pressure range of 0.75–0.99. Based 

on the results, the hysteresis loops of all PAN 

concentrations have the same profile (or 

shape), but slightly different in the width of the 

hysteresis loops. The BET surface area was de-

termined using the monolayer of nitrogen gas 

adsorbed calculated for PAN 4.5% was 32.739 

m2.g−1. In comparison, the increased concentra-

tion of PAN decreases the surface area to 

32.238 for PAN 6.5% and 21.077 m2.g−1 PAN 

8.5%, respectively (Table 1). The decrease in 

surface area is probably attributed to the in-

crease of the fiber diameter.  

The effect of PAN concentration on the pore 

size distribution was shown in Figure 6. The 

pore size distribution was calculated by Barret-

Joyner-Halenda (BJH). The summary of the po-

rosity was stated in Table 1. The increase in 

the concentration of PAN in the precursor de-

creases the pore size. The decrease in the pore 

size was attributed to the increase in the fiber 

diameter. The larger fiber makes the space be-

tween the fiber strand smaller, thus decreasing 

the pore size of the photocatalytic membrane. 

Based on the pore size distribution, the higher 

concentration of PAN shows a wider distribu-

tion of pore size. This is in accordance with the 

hysteresis loop pattern in Figure 5 which gets 

wider with the increasing PAN concentration.   

Based on our previous study, the addition of 

CNT in the photocatalytic membrane 

PAN/TiO2/CNT nanofiber shifted the band-gap 

of TiO2 from 3.19 eV to 2.77 eV [30]. This result 

implies in performance of composite membrane 

PAN/TiO2/CNT nanofiber to be more active un-

der the irradiation of visible light. Moreover, 

based on our previous result, the incorporation 

of CNT has proven to have a good performance 

for MB color removal under LED visible light 

irradiation in the batch system (more than 95% 

MB successfully removed in 135 min) [30]. CA 

membrane was used at the bottom of the mem-

brane nanofiber to increase the mechanical 

strength of the membrane thus, the membrane 

is stable under water pressure. Membrane CA 

does not have any capabilities to filter the MB 

based on the experimental result.  

The next step in this study was to examine 

the impact of PAN concentration on membrane 

performance for MB color removal through a 

cross-flow membrane reactor. The result of 

membrane performance was shown in Figure 

7. Membrane performance is expressed in 

terms of the percentage of rejection. Rejection 

could be defined as the number of pollutants 

that have been removed from the feedwater. 

The test was carried out for 240 min by analyz-

ing the concentration of MB remaining in the 

permeate. Based on the result, at the first 30 

min, PAN 8.5% showed the lowest %rejection 

Sample SBET (m2.g−1) Pore Volume (BJH) (cm3.g−1) Pore Size (BJH) (nm) 

PAN 4.5% 32.739 0.1446 6.38 

PAN 6.5% 32.238 0.1624 5.59 

PAN 8.5% 21.077 0.1220 4.75 

Table 1. Brunauer–Emmett–Teller (BET) specific surface area (SBET), pore volume and pore size of 

composite membrane PAN/TiO2/CNT with variation concentrations of PAN. 

Figure 6. Pore size distribution of 

PAN/TiO2/CNT at various PAN concentrations 

based on BJH model. 

Figure 7. The membrane performance at vari-

ous membranes with different PAN concentra-

tions. Cellulose acetate (CA) membrane was 

used as a comparison. 
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toward MB compared with other PAN concen-

trations. This is possible due to the pore char-

acter of the 8.5% PAN membrane.  

The membrane composite PAN/TiO2/CNT 

with a PAN concentration of 6.5% shows the 

best performance in the MB color removal. Af-

ter 120 min, the performance of PAN 4.5; 5.5 

and 7.5% start showing a decrease, while PAN 

6.5% membrane performance shows relatively 

constant. The result is in accordance with the 

membrane properties. As PAN 6.5% shows the 

highest crystallinity anatase phase of TiO2, it 

implies in its performance to remove the MB 

dyes. It seems that the photocatalyst TiO2/CNT 

to degrade the pollutant accumulation on the 

membrane surface, then the fouling of the 

membrane could be minimized, thus extending 

the membrane performance up to 240 min. 

Since the concentration of photocatalyst insert-

ed into the membrane is the same, the proper-

ties and characteristics of the fiber have a role 

in the photocatalytic reaction. As shown in 

SEM micrograph, in the PAN 4.5% and 5.5%, 

the lumps observed might affect the photocata-

lytic performance of the photocatalytic mem-

brane. This could be due to the difference in the 

surface area. The presence of lumps in the fiber 

strands causes the photocatalytic agglomera-

tion to increase and reduce the surface area 

thus affecting the photocatalytic reaction effi-

ciency. The membrane performance in the MB 

color removal decreases because of inhibition in 

the photocatalytic reaction.  

At high PAN concentration (7.5%), the fiber 

tends to be thicker, so that the photocatalyst in 

the fiber strands may encounter difficulty to ac-

cess the pollutants. This probably caused the 

efficiency of photocatalytic reaction to decrease. 

PAN 8.5% shows constants performance in the 

rejection of MB until 240 min, but at low rejec-

tion. The phenomenon is slightly different com-

pared to the other concentrations. It indicates 

that pore of the membrane may contribute 

dominantly to the performance of PAN 8.5%. 

The pore size of PAN 8.5% shows smallest 

among the other concentrations. With the 

small pore size, the capability of membrane to 

filter MB is better. However, as the crystallini-

ty of PAN 8.5% is low, the photocatalytic func-

tion in the photocatalytic membrane system 

seems not to have significant role to enhance 

the color removal. However, it may contribute 

to the constant rejection over time to 240 min. 

Those discussed behavior of PAN photocatalyt-

ic membranes at various PAN concentrations 

suggest the role of the photocatalytic sites not 

only to synergistically enhance the color re-

moval but also to prolong the membrane life-

time by minimizing fouling.  The photocatalyst 

may degrade the pollutant buildup on the 

membrane surface. 

The role of photocatalysts in photocatalytic 

membranes for the MB color removal through 

cross-flow reactors is supported by the decrease 

in the membrane performance when operating 

in dark conditions, as shown in Figure 7. PAN 

6.5% decreased in performance with increasing 

operating time in the dark conditions. The per-

formance of the membrane was not as good as 

the PAN 6.5% under light conditions. This indi-

cates that the photocatalyst act to degrade the 

accumulated pollutants on the membrane sur-

face at the same time degrading the MB per-

meate under light condition. Significant de-

crease of the rejection was also observed for 

PAN membrane without photocatalyst. Figure 

8 shows the remaining concentration of MB in 

the permeate solution, which has passed 

through the membrane as a function of time. 

The results shown in Figure 8 strongly support 

Figure 8. The remaining concentration of MB 

in the permeate for various membranes as a 

function of time. 

Figure 9. Proposed photocatalytic mechanism 

of the photocatalytic membrane of 

PAN/TiO2/CNT. 
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the photocatalytic action of the membranes. 

The MB concentration steadily increases as a 

function of time for the membrane without pho-

tocatalyst (membranes of CA and the PAN 

6.5% without TiO2 and CNT) or at a condition 

without light (membrane 6.5% (dark)). 

The addition of CNT in the composite of 

PAN/TiO2/CNT increases the photocatalytic ac-

tivity under the irradiation of visible-light. 

Based on our previous study [30], the addition 

of CNT shifted the band-gap energy of the TiO2 

from 3.19 eV to 2.77 eV. CNT also acts as elec-

tron acceptor that hinder the recombination 

time of photocatalyst. Olowoyo et al. also re-

ported the formation of Ti−O−C bond as con-

firmed by X-ray Photoelectron Spectroscopy 

(XPS) analysis which is the possible reason 

why the band-gap energy shifted by the addi-

tion of CNT [11]. As the new carbonaceous 

bond formed, CNT might create a new energy 

level within the chemical state of the TiO2 [31]. 

The possible interaction between CNT and 

TiO2 is explained by Figure 9.   

The coupling of CNT and TiO2 can form a 

heterojunction which prolong the recombina-

tion time of electron-hole pair and act as defect 

site which increase the ability of visible light 

absorption [32]. CNT has the ability called bal-

listic transport which can transport the elec-

tron since it can be freely moving through the 

structure, thus can form O2
−• and •OH. The 

radical hydroxyl plays a role in the degradation 

of MB. As TiO2/CNT incorporated in the fiber 

strands, the PAN nanofiber acts as a mem-

brane substrate but the photocatalytic activity 

is conducted by TiO2/CNT. The following reac-

tion equations explain the mechanism of degra-

dation by the composite nanofiber [32]:  

 

TiO2/CNT → TiO2
−/CNT+ (3) 

TiO2
−/CNT+ + O2 → TiO2/CNT+ + O2

−• (4) 

TiO2/CNT+ → TiO2
+/CNT (5) 

TiO2
+/CNT + (H2O⇔OH− + H+) 

 → TiO2/CNT + OH• + H+ (6) 

MB + OH• → H2O+CO2 (7) 

 

Figure 10 displays the relatively high mem-

brane permeability of PAN/TiO2/CNT mem-

branes at various PAN concentrations. Compo-

site membrane with PAN 4.5 and 5.5% shows 

the highest flux of more than 1000 LMH. It is 

probably related to the fiber diameter as shown 

by the SEM micrograph for the corresponding 

membranes. The low PAN concentration in the 

composite's attributes to the decrease in the fi-

ber diameter. As the concentration of PAN gets 

higher, the pore size gets smaller, thus de-

creasing the permeability. PAN 8.5% shows the 

lowest permeability compared to membranes at 

other concentrations. The permeability of the 

membrane is very dependent on the fiber 

strands which are arranged to form the fiber 

mat. PAN 6.5% in the dark condition shows a 

decreasing trend with the increasing operating 

time. This is in accordance with the percentage 

of rejections shown in Figure 7. As the fouling 

happens, the permeability of the membrane 

tends to decrease. Overall, the permeability of 

the membranes with different concentrations 

of PAN is relatively stable for 240 min of oper-

ation time. 

Lombardi et al. [33] has reported membrane 

polyamide-6 containing TiO2 for MB degrada-

tion, the addition of TiO2 content increases the 

fiber diameter, with degradation performance 

of 80% after 180 min in a batch system. Anoth-

er research has also been reported by Cossich 

et al. [34]. The membrane of TiO2-Polyamide-

12 nanofiber shows an optimum ratio concen-

tration of polyamide:TiO2 5:1 in degrading MB 

for 120 min (~100%). However, both studies 

were performed in a batch system, which has 

less advantages for industrial scale. The effect 

of polymer concentration on the membrane per-

formance also has not been studied. We have 

shown that under a cross-flow reactor, the pho-

tocatalytic membrane of PAN/ TiO2/CNT at 

6.5% PAN demonstrates high percentage of re-

jection (90–100%) even after running for 240 

min. Application to the industrial scale could 

be recommended. 

 

4. Conclusions 

This work exhibited the potential for the 

photocatalytic membrane of PAN/TiO2/CNT 

with high and steady rejection performance for 

240 min for dyes color removal by altering the 

polymer concentration. The membrane crystal-

linity, morphology and the pore size distribu-
Figure 10. The effect of PAN concentration on 

the membrane permeability. 
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tion of the PAN/TiO2/CNT membrane have 

been affected by the concentration of PAN in 

the precursor solution for electrospinning. In-

creasing the concentration of polymer increases 

the fiber diameter from 206 nm to 506 nm re-

sulting in low membrane permeability. Howev-

er, steady high flux has been achieved even af-

ter 240 min of running the photocatalytic mem-

brane on a cross-flow reactor. The photocatalyt-

ic center of TiO2/CNT in the PAN/TiO2/CNT 

membrane has played a significant role as in-

ferred by steady value of the percentage of re-

jection and high flux. The optimum perfor-

mance on the MB color removal through a 

cross-flow membrane reactor was shown by 

PAN 6.5% by maintaining the rejection of 90% 

for 240 min. Industrial application is then en-

visaged. Further study to reveal the role of the 

polymer affecting the anatase crystal growth is 

suggested so that optimal condition to achieve 

highly crystalline anatase phase of TiO2 can be 

designed. It is also important to justify the an-

ti-fouling mechanism into more detail by ob-

serving separately the photocatalytic action in 

the surface of the membrane. 

 

Acknowledgments 

All authors acknowledged financial supports 

from the Ministry of the Higher Education Re-

public of Indonesia under grant no. 

2337/UN1/DITLIT/DIT-LIT/PT/2021 and RTA 

2019. Lathifah Puji Hastuti acknowledged 

PMDSU Scholarship. The authors declare no 

conflict of interest. 

 

References 

[1] Ong, S., Keng, P., Lee, W., Ha, S., Hung, Y. 

(2011). Dye Waste Treatment. Water, 3, 157-

176 . DOI: 10.3390/w3010157 

[2] Samsami, S., Mohamadi, M., Sarrafzadeh, M. 

H., Rene, E.R., Firoozbahr, M. (2020). Recent 

advances in the treatment of dye-containing 

wastewater from textile industries: Overview 

and perspectives. Process Safety and Environ-

mental Protection, 143, 138–163. DOI: 

10.1016/j.psep.2020.05.034 

[3] Molinari, R., Lavorato, C., Argurio, P. (2017). 

Recent progress of photocatalytic membrane 

reactors in water treatment and in synthesis 

of organic compounds. A review. Catalysis To-

d a y ,  2 8 1 ,  1 4 4 – 1 6 4 .  D O I : 

10.1016/j.cattod.2016.06.047 

[4] Fane, A.G. (2007). Sustainability and mem-

brane processing of wastewater for reuse. De-

s a l i n a t i o n ,  2 0 2 ,  5 3 – 5 8 .  D O I : 

10.1016/j.desal.2005.12.038 

[5] Abdelrasoul, A., Doan, H., Lohi, A. (2013). 

Fouling in Membrane Filtration and Remedi-

ation Methods. In H. Nakajima, Mass Trans-

fer - Advances in Sustainable Energy and En-

vironment Oriented Numerical Modeling. 

IntechCopen. DOI: 10.5772/52370 

[6] Leong, S., Razmjou, A., Wang, K., Hapgood, 

K., Zhang, X., Wang, H. (2014). TiO2 based 

photocatalytic membranes : A review. Journal 

of Membrane Sciences, 472, 167–184. DOI: 

10.1016/j.memsci.2014.08.016 

[7] Shi, Y., Huang, J., Zeng, G., Cheng, W., Hu, 

J. (2019). Photocatalytic membrane in water 

purification: is it stepping closer to be driven 

by visible light? Journal of Membrane Sci-

e n c e ,  5 8 4 ,  3 6 4 – 3 9 2 .  D O I : 

10.1016/j.memsci.2019.04.078 

[8] Goei, R., Dong, Z., Lim, T.T. (2013). High-

permeability pluronic-based TiO2 hybrid pho-

tocatalytic membrane with hierarchical po-

rosity: Fabrication, characterizations and 

performances. Chemical Engineering Jour-

n a l ,  2 2 8 ,  1 0 3 0 – 1 0 3 9 .  D O I : 

10.1016/j.cej.2013.05.068 

[9] Basavarajappa, P.S., Patil, S.B., Gan-

ganagappa, N., Reddy, K.R., Raghu, A.V., 

Reddy, C.V. (2020). Recent progress in metal-

doped TiO2, non-metal doped/codoped TiO2 

and TiO2 nanostructured hybrids for en-

hanced photocatalysis. International Journal 

of Hydrogen Energy, 45(13), 7764–7778. DOI: 

10.1016/j.ijhydene.2019.07.241 

[10] Shaban, M., Ashraf, A.M., Abukhadra, M.R. 

(2018). TiO2 Nanoribbons/Carbon Nanotubes 

Composite with Enhanced Photocatalytic Ac-

tivity; Fabrication, Characterization, and Ap-

plication. Scientific Reports, 8, 781. DOI: 

10.1038/s41598-018-19172-w 

[11] Olowoyo, J.O., Kumar, M., Jain, S.L., Babalo-

la, J.O., Vorontsov, A.V., Kumar, U. (2019). 

Insights into Reinforced Photocatalytic Activ-

ity of the CNT-TiO2 Nanocomposite for CO2 

Reduction and Water Splitting. Journal of 

Physical Chemistry C, 123(1), 367–378. DOI: 

10.1021/acs.jpcc.8b07894 

[12] Tritschler, U., Gwyther, J., Harniman, R.L., 

Whittell, G.R., Winnik, M.A., Manners, I. 

(2018). Toward Uniform Nanofibers with a π-

Conjugated Core: Optimizing the “living” 

Crystallization-Driven Self-Assembly of Di-

block Copolymers with a Poly(3-

octylthiophene) Core-Forming Block. Macro-

molecules, 51(14), 5101–5113. DOI: 

10.1021/acs.macromol.8b00488 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 17 (2), 2022, 361 

Copyright © 2022, ISSN 1978-2993 

[13] Cheng, K.C.K., Bedolla-Pantoja, M.A., Kim, 

Y.K., Gregory, J.V., Xie, F., De France, A., 

Hussal, C., Sun, K., Abbott, N.L., Lahann, J. 

(2018). Templated nanofiber synthesis via 

chemical vapor polymerization into liquid 

crystalline films. Science, 362(6416), 804–808. 

DOI: 10.1126/science.aar8449 

[14] Shen, C., Wang, C.P., Sanghadasa, M., Lin, L. 

(2017). Flexible micro-supercapacitors pre-

pared using direct-write nanofibers. RSC Ad-

vances ,  7(19), 11724–11731. DOI: 

10.1039/c6ra28218k 

[15] Zhang, Z.M., Duan, Y.S., Xu, Q., Zhang, B. 

(2019). A review on nanofiber fabrication with 

the effect of high-speed centrifugal force field. 

Journal of Engineered Fibers and Fabrics, 14, 

1–11. DOI: 10.1177/1558925019867517 

[16] Rezaei, M., Warsinger, D.M., Lienhard 

V.J.H., Duke, M.C., Matsuura, T., Samhaber, 

W.M. (2018). Wetting phenomena in mem-

brane distillation: Mechanisms, reversal, and 

prevention. Water Research, 139, 329–352. 

DOI: 10.1016/j.watres.2018.03.058 

[17] Mu, T., Huang, J., Liu, Z., Li, Z., Han, B. 

(2006). Solvothermal synthesis of carbon ni-

trogen nanotubes and nanofibers. Journal of 

Materials Research, 21(7), 1658–1663. DOI: 

10.1557/jmr.2006.0209 

[18] Tarus, B., Fadel, N., Al-Oufy, A., El-Messiry, 

M. (2016). Effect of polymer concentration on 

the morphology and mechanical characteris-

tics of electrospun cellulose acetate and poly 

(vinyl chloride) nanofiber mats. Alexandria 

Engineering Journal, 55(3), 2975–2984. DOI: 

10.1016/j.aej.2016.04.025 

[19] Omollo, E., Zhang, C., Mwasiagi, J.I., Ncube, 

S. (2016). Electrospinning cellulose acetate 

nanofibers and a study of their possible use in 

high-efficiency filtration. Journal of Industri-

al Textiles, 45(5), 716–729. DOI: 

10.1177/1528083714540696 

[20] Liu, H., Gough, C.R., Deng, Q., Gu, Z., Wang, 

F., Hu, X. (2020). Recent advances in electro-

spun sustainable composites for biomedical, 

environmental, energy, and packaging appli-

cations. International Journal of Molecular 

S c i e n c e s ,  2 1 ( 1 1 ) ,  4 0 1 9 .  D O I : 

10.3390/ijms21114019 

[21] Sriyanti, I., Edikresnha, D., Rahma, A., Mu-

nir, M.M., Rachmawati, H., Khairurrijal, K. 

(2017). Correlation between Structures and 

Antioxidant Activities of Polyvinylpyrroli-

done/ Garcinia mangostana L. Extract Com-

posite Nanofiber Mats Prepared Using Elec-

trospinnin. Journal of Nanomaterials, 2017, 

9687896. DOI: 10.1155/2017/9687896 

[22] Tungprapa, S., Puangparn, T., Weerasombut, 

M., Jangchud, I., Fakum, P., Semongkhol, S., 

Meechaisue, C., Supaphol, P. (2007). Electro-

spun cellulose acetate fibers: Effect of solvent 

system on morphology and fiber diameter. 

Cellulose ,  14 (6 ) ,  563 –575.  DOI: 

10.1007/s10570-007-9113-4 

[23] Makaremi, M., Lim, C.X., Pasbakhsh, P., Lee, 

S.M., Goh, K.L., Chang, H., Chan, E.S. 

(2016). Electrospun functionalized polyacrylo-

nitrile-chitosan Bi-layer membranes for wa-

ter filtration applications. RSC Advances, 

6 ( 5 9 ) ,  5 3 8 8 2 – 5 3 8 9 3 .  D O I : 

10.1039/c6ra05942b 

[24] Vinh, N.D., Kim, H.M. (2016). Electrospin-

ning fabrication and performance evaluation 

of polyacrylonitrile nanofiber for air filter ap-

plications. Applied Sciences (Switzerland), 

6(9), 235. DOI: 10.3390/app6090235 

[25] Gu, S.Y., Ren, J., Wu, Q.L. (2005). Prepara-

tion and structures of electrospun PAN nano-

fibers as a precursor of carbon nanofibers. 

Synthetic Metals, 155(1), 157–161. DOI: 

10.1016/j.synthmet.2005.07.340 

[26] Cordoba, A., Saldias, C., Urz, M., Montalti, 

M., Guernelli, M., Focarete, M.L., Leiva, A. 

(2022). On the Versatile Role of Electrospun 

Polymer Nanofibers as Photocatalytic Hybrid 

Materials Applied to Contaminated Water 

Remediation : A Brief Review. Nanomateri-

a l s ,  1 2 ( 7 5 6 ) ,  1 – 2 8 .  D O I : 

10.3390/nano12050756 

[27] Kim, S.J., Im, J.S., Kang, P.H., Kim, T.J., 

Lee, Y.S. (2008).  Photo Catalytic Activity of 

CNT-TiO2  Nano Composite in Degrading Ani-

onic and Cationic Dyes. Carbon Letters, 9(4), 

294–297. DOI: 10.5714/cl.2008.9.4.294 

[28] Deitzel J.M., Kleinmeyer, J., Harris, N.C.B.T. 

(2001). The effect of processing variables on 

the morphology of electrospun nanofibers and 

textiles. Polymer, 42, 261–272. DOI: 

10.1016/S0032-3861(00)00250-0 

[29] Yar, A., Haspulat, B., Üstün, T., Eskizeybek, 

V., Avci, A., Kamiş, H., Achour, S. (2017). 

Electrospun TiO2/ZnO/PAN hybrid nanofiber 

membranes with efficient photocatalytic ac-

tivity. RSC Advances, 7(47), 29806–29814. 

DOI: 10.1039/c7ra03699j 

[30] Hastuti, L.P., Kusumaatmaja, A., Darmawan, 

A., Kartini, I. (2022). Visible-Light Respon-

sive Photocatalytic Membrane of TiO2/CNT 

Decorated PAN Nanofibers with Enhanced 

Performance under Low-Energy Exposure. 

Energy & Environment, under review. 

[31] Woan, K., Pyrgiotakis, G., Sigmund, W. 

(2009). Photocatalytic carbon-nanotube-TiO2 

composites. Advanced Materials, 21(21), 

2233–2239. DOI: 10.1002/adma.200802738 

https://doi.org/10.1016/S0032-3861(00)00250-0


 

Bulletin of Chemical Reaction Engineering & Catalysis, 17 (2), 2022, 362 

Copyright © 2022, ISSN 1978-2993 

[32] Wongaree, M., Chiarakorn, S., Chuangchote, 

S., Sagawa, T. (2016). Photocatalytic perfor-

mance of electrospun CNT/TiO2 nanofibers in 

a simulated air purifier under visible light ir-

radiation. Environmental Science and Pollu-

tion Research, 23(21), 21395–21406. DOI: 

10.1007/s11356-016-7348-z 

[33] Lombardi, M., Palmero, P., Sangermano, M., 

Varesano, A. (2011). Electrospun polyamide-6 

membranes containing titanium dioxide as 

photocatalyst. Polymer International, 60(2), 

234–239. DOI: 10.1002/pi.2932 

[34] Cossich, E., Bergamasco, R., Pessoa De Amo-

rim, M.T., Martins, P.M., Marques, J., 

Tavares, C.J., Lanceros-Méndez, S., Sen-

cadas, V. (2015). Development of electrospun 

photocatalytic TiO2-polyamide-12 nanocompo-

sites. Materials Chemistry and Physics, 164, 

9 1 – 9 7 .  D O I : 

10.1016/j.matchemphys.2015.08.029 


