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a b s t r a c t
In this paper, electrochemical impedance spectroscopy (EIS) was applied to monitor the polysulfone 
(PSF)/g-C3N4 composite membrane in pressurized process and irradiation process, respectively. 
During the pressurized process, the impedance of the composite membrane decreased in the first 
4 h and then maintained a constant value, which confirmed that the hole structure exhibited a 
compaction effect at the first 4 h and then became stable. The impedance of PSF/g-C3N4 composite 
membrane decreased when the membrane was irradiated in Xe lamp, which suggested the charges 
were generated due to the light irradiation. These photo-generated charges are responsible for 
the photocatalytic property of the composite membrane. All the EIS results are in agreement with 
the results from SEM and photocatalytic phenomena. EIS is a potential technique for monitoring the 
membrane state during the separation process.
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1. Introduction

Membrane separation technology has been widely applied 
in water treatment due to its excellent separation efficiency, 
easy maintenance, low chemical sludge effluent and com-
pact modular construction [1,2]. Polysulfone (PSF) is one 
of the widely used materials for separation membrane [3]. 
Due to the hydrophobicity of PSF, fouling is one of the key 
problems for PSF membrane. The previous literatures have 

proved that many nanoparticles such as TiO2, C3N4, Ag, have 
great potential for the degradation of organic contaminants 
in water [4,5]. Introducing the photocatalyst into the mem-
brane can endow the antifouling effect to the membrane 
[6,7]. As a typical photocatalyst, g-C3N4 has a band gap 
width of 2.7 eV, which is much narrower than TiO2. In this 
case, g-C3N4 can exhibit photocatalytic property under visi-
ble light irradiation [8,9].



95J. Liu et al. / Desalination and Water Treatment 178 (2020) 94–100

During the practical separation process, it is important 
to monitor the membrane state to decide when to interrupt 
the separation process for the membrane cleaning process. 
Therefore, a method which can in situ monitor the membrane 
state is demanded for membrane technology. 

Electrochemical impedance spectroscopy (EIS) is a 
powerful technique to evaluate the microstructure of poly-
mer materials [10,11]. This method can distinguish differ-
ent membrane states, such as fouling extent on membrane 
surface [12,13], varying holes in the membrane matrix 
[14,15], and so on. During the measurement, EIS can probe 
the sample with an alternating current (AC) signal, which 
is a non-destructive method. Besides, during the EIS mea-
surement, the sample should be immersed in electrolyte, 
which can be completely satisfied by the membrane sepa-
ration apparatus. Moreover, the charge transfer due to the 
photocatalytic property of nanoparticles can be evaluated 
by electrochemical techniques [16,17]. So EIS can be poten-
tially used as an in-situ method to evaluate the membrane 
state during the separation process. In fact, EIS has been suc-
cessfully utilized to probe the hole structure in membrane 
[18,19]. However, for an in situ method, it is necessary to 
analyze any other factors that would influence the result 
during the measurement.

In this study, the PSF/g-C3N4 composite membranes were 
prepared and pressurized and then irradiated in Xe lamp. 
The effects of pressurized process and irradiation on the EIS 
results have been carefully studied.

2. Experimental

2.1. Preparation of g-C3N4

Urea around 10  g was placed in a crucible of alumina 
with a cover. It was heated from room temperature to 550°C 
at the speed of 10°C/min, and then maintained at 550°C for 
2  h. The resultant product was cooled in air and ground 
before use.

2.2. Preparation of PSF/g-C3N4 composite membrane

g-C3N4 power was prepared by pyrolysis of urea. The 
obtained powder was put in N-methyl pyrrolidone (NMP) 
and sonicated for 10 min to disperse evenly. After that, PSF 
power was added into the mixture, and it was stirred in a 
water bath for 6 h at 60°C. Finally, the solution was casted 
on a glass plate with a 400-μm casting knife.

2.3. Compaction of PSF/g-C3N4 composite membrane

PSF/g-C3N4 composite membrane was placed in a filtra-
tion process with the operation pressure of 0.5  MPa. The 
feeding side is pure water. The sample was probed by EIS 
once an hour.

2.4. Photocatalytic property of PSF/g-C3N4  
composite membrane

The PSF/g-C3N4 composite membrane was immersed 
in RhB solution for 6  h in dark, and then irradiated in Xe 
light. The absorbance of the RhB solution was measured by 
UV-visible spectrophotometer (RDL8025, Shanghai Youke 

Instrument Co. Ltd., China)) once an hour to evaluate the 
photocatalytic property. 

2.5. Characterization

The EIS data were collected on an electrochemical work 
station (CS310H, Corrtest, China). The electrolyte solution 
was 0.1  mol  L–1 KCl aqueous solution. The electrodes are 
glassy carbon electrode and ITO glass. PSF/g-C3N4 composite 
membrane was measured by EIS in a membrane cell as our 
previous literature [20,21]. 

To probe the membrane state in irradiation, EIS measure-
ment was designed as the following. The membrane cell was 
placed under the Xe lamp. First, the Xe lamp was turned on 
for 30  min and then turned off. The membrane/electrolyte 
system was probed by EIS continuously from the beginning.

The morphology of the membrane was characterized 
using a field emission scanning electron microscope (SU8020 
Hitachi, Japan). The X-ray diffraction pattern was measured 
by XRD (D8 advance, Bruker, Germany).

3. Results and discussion

3.1. Microstructure of PSF/g-C3N4 composite membrane

As shown in Fig. 1, there is a strong diffraction peak 
at 27.5°, which is the characteristic peak of the stacking of 
g-C3N4 layers, corresponding to the crystal plane of (002). 
It is proved that the powder has a graphene-like layered 
structure. Another diffraction peak at 13.1° is the character-
istic peak of the repeated unit C6N7  ring in the structure of 3, 
s-triazine, and the crystal plane is (100) [22–24]. The structure 
of 3, s-triazine belongs to g-C3N4.

It can be seen from Fig. 2 that PSF/g-C3N4 composite 
membrane exhibited general microstructure of pure poly-
sulfone membrane [25]. Figs. 2a and b illustrate that a large 
number of rectangular and triangular g-C3N4 particles are on 
the surface of the membrane, with an average size of 0.2 μm. 
Figs. 2c and d show that there are many small pores in the 
surface thin layer and finger-like holes in the supporting 
layer. A small number of g-C3N4 particles are attached to the 
wall of finger-shaped channels, which are labeled in Fig. 2d 
in red rectangles.

Fig. 1. XRD pattern of prepared g-C3N4.
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3.2. PSF/g-C3N4 composite membrane in pressurized process

It can be clearly found in Fig. 3 that semicircle in the 
Nyquist plot enlarges sharply with increasing pressurized 
time from 0 to 4 h, and then becomes unchanged. This means 
that the impedance increases sharply at the first 4 h. 

For a membrane, the electrolyte in the membrane holes 
is responsible for charge conductance, while the membrane 
bulk acts as the capacitance. The capacitance of the compos-
ite membrane satisfies Eq (1) that is the parallel connection 
in membrane. And the resistance of PSF/g-C3N4 composite 
membrane satisfies Eq. (3) that is the parallel connection of 
each hole channel in membrane.

C C C Cm n

n

= + + +( )∑ 1 2
1

... 	 (1)

where Cm is the capacitance of membrane and Cn is the capac-
itance of membrane bulk part between each hole channel.

C
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n
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ε ε
δ

0 	 (2)

where ε0 is the dielectric constant of vacuum, εm is the 
dielectric constant of membrane, Ab is the effective area 
of membrane bulk and δ is the thickness of membrane.
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where Rm is the resistance of membrane and Rn is the resis-
tance of each hole channel in membrane, Ah is the effective 
area of the holes and δ is the thickness of membrane.

R
An
h

=
ρδ 	 (4)

where ρ is the resistivity of electrolyte.
In this case, the equivalent circuit adapted for present 

membrane/electrolyte system can be expressed as (Rm–Cm)Re 
(Fig. 4a), where Re is associated to the electrolyte resistance, 
while Rm and Cm refer to the resistance and capacitance of the 
membrane. The fitted values of Rm and Cm for the impedance 
plots according to the equivalent circuit are shown in Table 1.

Generally, polymer materials would be compact during 
the pressurized process, resulting in the shrinkage of hole 

Fig. 3. Nyquist plots of PSF/g-C3N4 composite membrane pres-
surized for 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and as prepared.

Fig. 2. SEM images of PSF/g-C3N4 composite membrane. (a,b) Surface of membrane. (c,d) Cross section of membrane.
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structure. The effective area of the membrane bulk becomes 
larger as the holes shrink when the membrane is in the pres-
surized process. This would lead to the increase of the mem-
brane capacitance and hole resistance, according to Eqs. (2) 
and (4). As shown in Table 1, the capacitance and resistance 
of PSF/g-C3N4 composite membrane increase sharply at the 
first 4 h, and then arrive at a saturated value. It could be the 
holes in the composite membrane shrink in the first 4 h and 
then become stable.

Bode plots shown in Fig. 5  indicate that the impedance of 
the system gradually increases with pressurized time in the 
first 4 h and then stabilizes after 4 h, which is consistent with 
the fitted value.

3.3. PSF/g-C3N4 composite membrane in Xe irradiation

Under the excitation of photons, electrons in the energy 
band of g-C3N4 can move from valence band to conduction 
band and form electron–hole pairs. The specific reaction pro-
cess is as follows:

g C N e hirradiation−  → +− +
3 4 	 (5)

O e O2 2+ →− • − 	 (6)

• − − ++ + →O e H H O2 2 22 	 (7)

H O e OH OH2 2 + → +− • − 	 (8)

These reactions produce many active radicals, accom-
pany with photo-generated charges. These radicals can 
degrade the organics, thus endow the antifouling property 
to the composite membrane. RhB solution was utilized to 
evaluate the antifouling effect. The degradation of RhB by 
composite membrane is shown in Fig. 6. And the slope of 
the line is the kinetic constant.

According to the theory of Langmuir–Hinshelwood 
model [26]:

Table 1
Capacitance and resistance of PSF/g-C3N4 composite membrane 
for different pressurized time fitted according to the equivalent 
circuit in Fig. 4b

Pressurized time (h) Cm (F) Rm (Ω)

0 4.63 × 10–9 817
1 4.82 × 10–9 911
2 5.19 × 10–9 1,143
3 5.22 × 10–9 1,497
4 5.35 × 10–9 1,814
5 5.36 × 10–9 1,831
6 5.41 × 10–9 1,868

Fig. 4. Equivalent circuit of membrane.

Fig. 5. Bode plots of PSF/g-C3N4 composite membrane pressurized for 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and as prepared.
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where Cs is the concentration of reactant, t is the reaction 
time, kr is the constant of reaction rate and K is the constant 
of reactant adsorption.

When the reactant concentration is low, KCs << 1 and 
can be negligible. When t  =  0 and Cs =  C0 were substituted 
into Eq. (9), the following equation was obtained :

−
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where C0 is the initial concentration of reactant, Ct is the 
concentration of reactant after reaction and K is the kinetic 
constant.

The results show that the photocatalytic reaction con-
forms to the law of first-order reaction kinetics. The straight 
line was fitted according to Eq. (10). The photocatalytic 

Fig. 6. Kinetic simulation of first-order reaction for light 
degradation of RhB.

Fig. 7. Nyquist plots of PSF/g-C3N4 composite membrane under light condition and dark condition.
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rate k = 9.17 × 10–3 min–1 can be obtained by calculating the 
slope of the straight line simulated by the first-order reaction 
kinetics.

During the photocatalytic process, three common active 
oxidant species, hydroxyl radicals (•OH), hole (h+) and 
superoxide radical (•O2

–), would be formed and the electron 
transferring would occur around the photocatalysts [27–29]. 
The photo-generated electron–hole pairs are responsible for 
the photocatalytic reaction [30]. To further investigate the 
photocatalytic mechanism of the composite membrane, EIS 
coupled with Xe irradiation was utilized to detect the photo-
generated carriers. The Xe lamp was turned on for 30 min 
and then turned off. The membrane/electrolyte system 
was continuously probed by EIS, and the results are shown 
in Fig. 7. 

When the light was turned on, the impedance of PSF/g-
C3N4 composite membrane clearly decreased and finally 
reached stability. That should be due to the formation of 
electron–hole pairs and the reaction between photo-gener-
ated electrons with holes in electrolyte solution, resulting in 
photo-generated charges such as •O2

–, OH–. The results show 
that the catalytic reaction mainly takes place in the holes of 
the membrane, which means the photo-generated charge 
mainly transports in the hole channels. And the generation 
and recombination of photo-generated charges exist in the 
holes of the membrane at the same time. When the gener-
ation rate is higher than the recombination rate of photo-
generated charges, the charge concentration in the hole 
channels increases, so the impedance decreases. After illu-
minating 30 min, the generation and recombination of pho-
to-generated charges arrived at equilibrium. When the light 
was turned off, the catalytic reaction ended and the pho-
to-generated charges were no longer produced. But there 
were still a number of photo-generated charges remained in 
the hole channels. So the impedance of the system is still 
smaller than the original one. The recombination of charges 
is predominant in this process, resulting in the slight increase 
of impedance.

4. Conclusions

PSF/g-C3N4 composite membrane was prepared in this 
study. EIS method was utilized to evaluate the membrane 
in the pressurized process and photo catalytic process. 
It was found that the impedance of the composite membrane 
increased at the first 4 h and then arrived a saturated value, 
which meant a compact effect of the hole structure in the 
first 4 h. The photo-generated charges were detected by EIS 
when the composite membrane was irradiated by Xe lamp. 
The membrane impedance decreased due to the influence 
of photo-generated charges, which confirmed that the pho-
to-generated charges mainly existed in the hole channels 
of the membrane. The above results suggested that EIS is a 
potentially powerful technique, which can in situ monitor 
the membrane state during the separation process. 
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