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A B S T R A C T

Developing environmental friendly catalysts with efficient photocatalytic activity plays an important role in the
area of water purification. In this study, metal free perylene imide-carbon nitride (PI-g-C3N4) membranes were
synthesized via a facile liquid based preparation method by using SiO2 membranes as substrates. Perylene imide
distributes uniformly in PI-g-C3N4, enhancing the separation of photo generated electron-holes. The membrane
form of PI-g-C3N4 is favored to its applications due to the easy operation and separation process. The PI-g-C3N4
membranes exhibit efficient photocatalytic degradation of organic pollutants in the presence of PMS under
visible light irradiation, which could remove 100% BPA within 30 min. ESR analysis and radical quenching
experiments indicate that 1O2, O2%- radicals and h+ are predominant active species in the degradation process.
This study presents a facile strategy for PI-g-C3N4 membrane preparation, and brings new perspectives for the
application of metal free membrane catalysts in the area of water treatment.

1. Introduction

Utilizing solar illumination for water purification has attracted ex-
tensively interests since it is energy-saving, environmental friendly and
abundant source available [1,2,3]. Semiconductor-based photocatalytic
process shows great potentials as advanced oxidations process (AOP)
technologies to remove organic pollutants from water [3,4,5]. Among
various semiconductor photocatalysts, graphitic carbon nitride (g-
C3N4) is considered to be one of the most promising photocatalysts
since it was discovered in 2009 [6,7]. Graphitic carbon nitride shows
advantages in its metal free, easy and economically feasible prepara-
tion, good stability, and visible-light responsive properties, but also
possesses limits in applications such as insufficient light absorption, low
electron-hole separation efficiency and poor electrical conductivity
[8,9,10,11]. Composition of g-C3N4 with other semiconductors has
been demonstrated to be an effective way to enhance the catalytic ac-
tivity of g-C3N4 [7,12,13]. In earlier studies, the g-C3N4 composite
catalysts were mainly concentrated on modification with metal-con-
taining semiconductors, such as BiVO4, TiO2, and Ag3PO4 [14,15,16].
The photocatalytic activity of these composite catalysts has been im-
proved, but the possible metal leaching is a potential threat to

environment when the metal containing catalysts were used in water
treatment. Thus constructing metal free g-C3N4 composite catalysts is
urgently needed.

Perylene-3,4,9,10-tetracarboxylic imide (also called perylene imide)
is a n-type organic semiconductor [17,18,19]. Perylene imide (denoted
as PI) exhibits great potentials in solar related applications due to its
strong light adsorption, good thermal stability and photostability
[17,20]. Its extended π-π electronic structure enables a good electron
mobility of PI, and makes it favored to be coupled with other semi-
conductor materials to enhance the charge transfer ability
[17,18,21,22], Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
is recognized as the parent compound of perylene imide, and perylene
imide is typically synthesized by the reaction of PTCDA with amine
group (R–NH2) under N2 atmosphere [19,23]. Recently, perylene imide
modified g-C3N4 was obtained by the reaction of PTCDA and g-C3N4
with N2 protection [20,24]. But the preparation process was verbose
and hard to fabricate membrane form PI-g-C3N4 catalysts. Hence de-
veloping new methods to prepare PI-g-C3N4 composites is meaningful.

Based on above analysis, a liquid based preparation of metal free
perylene imide-carbon nitride (denoted as PI-g-C3N4) membranes was
designed in this paper. By choosing appropriate g-C3N4 precursors that
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with abundant –NH2 group and with N2 calcination atmosphere, the
modification of PI was achieved simultaneously with the formation of
g-C3N4. Moreover, this precursor turned to liquid phase during its
condensation to form PI-g-C3N4 under calcinations, thus enabling the
fabrication of PI-g-C3N4 membranes by coating the precursor on SiO2
membranes as substrates during calcinations. SiO2 membranes pre-
pared by electrospinning are metal free membranes, and with good
flexibility, high tensile stress, and good thermal stability [25], thus are
favored as the matrix for the preparation of hierarchical structured
membranes for water treatment [26,27]. Hence, Electrospun SiO2
membrane was chosen as substrates in this study. The photocatalytic
activities of PI-g-C3N4 membranes were investigated by degrading or-
ganic pollutants in the presence of peroxymonosulfate (PMS), which
can be activated by the photo-electrons and generate free radicals to
enhance the oxidation of pollutants [4]. The morphology, structure,
and photocatalytic activities under various conditions of PI-g-C3N4
membranes were studied, and the photocatalytic degradation me-
chanism was proposed.

2. Experimental section

2.1. Synthesis of PI-g-C3N4 membranes

The preparation of g-C3N4 precursor was as follows: 3.87 g cyanuric
acid and 5.62 g benzoguanamine were mixed in 95mL deionized water,
and stirred for 6 h, and then the mixture was filtered to get the write
powders. The obtained write powders were freeze dried for about 4
days to obtain the g-C3N4 precursor.

The preparation of PI-g-C3N4 precursor was achieved by mixing the
above g-C3N4 precursor with a proper ratio of PTCDA, and grinded the
mixture evenly in an agate mortar. Five different ratios of PTCDA to the
g-C3N4 precursor for PI-g-C3N4 precursor at 0.6%, 1.1%, 2.2%, 3.6%,
and 4.8% were prepared. For example, for the 2.2% PI-g-C3N4 pre-
cursor, 33mg PTCDA was mixed with 1.5 g g-C3N4 precursor.

A SiO2 membrane prepared by electrospinning according to pre-
vious reports [27] was used as the substrate for the preparation of PI-g-
C3N4 membrane. Specifically, the PI-g-C3N4 precursors were placed in
quartz boats by covering on SiO2 membrane substrates (Fig. 1), and
calcined at 480 °C for 4 h with a ramping rate of 2.5 °C/min. After
calcinations, the PI-g-C3N4 membranes were obtained. As comparison,
the individual g-C3N4 membrane was prepared by the identical proce-
dure except that the precursor was pure g-C3N4 precursor without the
addition of PTCDA.

2.2. Characterization

The morphology of PI-g-C3N4 was characterized on an SU-8020 SEM
instrument (Hitachi, Japan), and an JEM-2100 F instrument was used to
investigate the element distribution of PI-g-C3N4. X-ray diffractions
(XRD) were obtained on an X’pert PRO MPD machine using Cu Kα ir-
radiation. Fourier transform infrared (FT-IR) spectra were detected on
an VERTEX 70 (Bruker) machine. The chemical state of the elements in
PI-g-C3N4 were characterized by X-ray photoelectron spectroscopy

(XPS, Phi Quantern apparatus, with C 1s = 284.8 eV calibration).
Thermogravimetric-differential scanning calorimetry (TG-DSC) curves
were obtained on a Mettler TGA-1 thermogravimetric analyser with N2
atmosphere. UV–vis absorption spectra of the samples were obtained on
a Hitachi 3010 apparatus.

Photoelectrochemical analysis were recorded on a CHI 660E
(Chenhua Instrument, Inc.) electrochemical workstation using a con-
ventional three-electrode system. The working electrode was prepared
by using Nafion solution to coat the PI-g-C3N4 composites on an ITO
glass (25× 50×1.1mm). The reference electrode was a saturated
calomel electrode (SCE), and the counter electrode was a Pt wire. The
electrolyte solution was 0.05M Na2SO4 aqueous solution. The working
electrode was front-side irradiated by an Xenon lamp (300W, with
420 nm cutoff).

2.3. Evaluation of degradation of organic pollutants

The degradation of organic pollutants by PI-g-C3N4 membranes
were performed in a quartz reactor irradiated by 300W Xe lamp with
420 nm cutoff. Specifically, a piece of PI-g-C3N4 membrane was placed
in the reactor with 20mL organic pollutant solution (Fig. 2). After
10min dark adsorption process, the irradiation started and 2mM PMS
(Oxone, 2KHSO5·KHSO4·K2SO4) was added unless otherwise specifically
stated. At given intervals, solution samples were taken out and quen-
ched by methanol. The concentrations of the solution were tested on an
HPLC (Shimadzu, LC-20AT) apparatus. The free radicals generated in
this reaction were tested by electron spin-resonance (ESR) spectra on a
Bruker ESR (A 300-10/12) apparatus, using DMPO, BMPO, TEMP as
spin-trapping agents for ·OH (and SO4·-), O2·-, 1O2, respectively.

3. Results and Discussion

3.1. Formation and characteristics of PI-g-C3N4 membrane

The formation of PI-g-C3N4 was schematically illustrated in Fig. 3A.
Cyanuric acid, benzoguanamine, and PTCDA were reacted at 480 °C in a
tube furnace with N2 atmosphere. During the reaction, cyanuric acid
and benzoguanamine were condensed into g-C3N4 through a liquid
mediated pathway, with a fusing temperature at 352 °C [28]. Mean-
while, perylene imide (PI) was formed by the reaction of PTCDA and
–NH2 groups with N2 protection [19,23], due to the abundant –NH2
groups in benzoguanamine. An appropriate calcination temperature is
vital for the reaction, at which PTCDA can be preserved well to react
with –NH2 groups, and the g-C3N4 precursors can be reacted to form g-
C3N4.

From TG-DSC curves of PTCDA (Fig. 3B), it can be seen that only 4%
mass loss and a corresponding broad endothermic peak were observed
before 480 °C, due to the removal of adsorbed water. The main mass
loss of PTCDA occurred from 480 to 625 °C, indicating PTCDA was
preserved well before 480 °C, and the change such as carbonization of
PTCDA mainly started after 480 °C. The FTIR and XRD results of PTCDA
after calcined at 480 °C all exhibited the same with uncalcined PTCDA

Fig. 1. Illustration of calcination process for the preparation of PI-g-C3N4
membranes.

Fig. 2. An optical image of the PI-g-C3N4 membrane used in the quartz reactor.
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(Fig. S1, S2), indicating the good preservation of PTCDA chemical
structures during calcinations. For g-C3N4 precursor (Fig. 3C), the mass
loss and corresponding exothermic peaks all occurred before 480 °C,
indicating the transformation of precursor to g-C3N4 was completed at
480 °C. Thus, 480 °C was selected as the calcination temperature to
prepare PI-g-C3N4.

Notably, the frequently used precursor of g-C3N4 such as melamine
and dicyandiamide also possesses−NH2 groups, but usually the pre-
cursor is calcined at air atmosphere to form g-C3N4 [4,8]. This may be a
restriction for the reaction of PTCDA and−NH2 to form PI by other g-
C3N4 precursors. The liquid based preparation in this work breaks
through the above restriction, and is much easier and more cost effec-
tive than the preparation methods for PI-g-C3N4 composites reported
recently, which need firstly to prepare g-C3N4 powders, and then to put
the g-C3N4 powders and PTCDA powders in a flask or quartz crucible
with heating at 140 °C under N2 protection, and followed by washing
and heating in another flask many times [20,24]. Moreover, since the
precursor turned to liquid phase at ∼352 °C [28], it can grow on the
surface of SiO2 nanofibers. Thus the liquid based preparation in this
work enables the preparation of PI-g-C3N4 membranes by coating the
precursor on the SiO2 membranes during calcinations.

The element distribution of PI-g-C3N4 before coating on SiO2 sub-
strates were investigated to confirm the successful modification of PI to
g-C3N4 (Fig. S3). Three elements including C, N and O were detected
and distributed uniformly in PI-g-C3N4. C element was derived from
both g-C3N4 and PI; while N and O elements were derived from g-C3N4
and PI, respectively. Thus the high density of N suggested that g-C3N4
was the dominate component, and the uniform distribution of O con-
firmed the homogeneous distribution of PI in the composites. By
coating the PI-g-C3N4 precursor on SiO2 membranes as substrates, the
PI-g-C3N4 membranes were obtained. As shown in Fig. 4, PI-g-C3N4
membranes are composed of randomly arranged nanofibers with high
aspect ratio. Compared to the smooth surface of SiO2 fibers (Fig. S4),
the surface became rough after coating PI-g-C3N4. Meantime, the dia-
meter of PI-g-C3N4 fiber increases to ∼ 890 nm compared to ∼ 360 nm
of SiO2 fiber, indicating the well coating of PI-g-C3N4 on the surface of
SiO2 fiber.

FTIR spectra were analyzed to investigate the chemical structures of
the samples (Fig. 4C). In the spectrum of g-C3N4 membrane, the aro-
matic C-N heterocycle skeletal vibrations and the s-triazine ring
breathing vibration were observed at bands 1200-1600 cm-1 and
810 cm-1, respectively [8,24]. The spectrum of PI-g-C3N4 membrane
was similar with that of g-C3N4 membrane, which also exhibited the
bands of typical structure of g-C3N4, except only a few bands at

1578 cm-1 (νC=O in –CONR2), 732 cm-1 (δC-H in phenyl group), and
645 cm-1 (δN-C=O in lactam) were weakly appeared. These emerging
peaks confirmed the successful modification of PI to g-C3N4 via the
amidation reaction with N-C=O formation. In addition, for SiO2
membrane substrates (Fig. S5), bands at 1072 and 805 cm-1 are ob-
served, which correspond to antisymmetric and symmetric stretching
vibration of Si-O-Si, respectively [29]. These bands for SiO2 substrates
were not observed in the spectrum of PI-g-C3N4 membrane, indicating
that PI-g-C3N4 was well coated on the surface of SiO2 fibers.

Fig. 4D presents the XRD results of the PI-g-C3N4 membranes with
various PI ratios. The typical diffraction peaks of g-C3N4 at 27.4 and
13.1° appeared for the g-C3N4 membrane, which corresponded to in-
terlayer stacking of the conjugated structure and in-plane structural
packing motif of tri-s-triazine, respectively [8,9]. The XRD results of PI-
g-C3N4 membranes varied with the increase of PI ratio. When the PI
ratio was between 1.1% to 2.2%, only g-C3N4 peaks were observed,
which was due to the small amount and homogeneous distribution of PI
in PI-g-C3N4 composites. While when the PI ratio increased from 2.2%
to 4.8%, some peaks of PTCDA gradually appeared along with the peaks
of g-C3N4, indicating that some excess PTCDA that not took part in the
reaction was existed in the samples. Thus, 2.2% PI-g-C3N4 was sup-
posed to be the best PI ratio in this preparation.

XPS was analyzed to shed some light on the chemical environment
of the elements in the samples. As shown in Fig. 5, in the survey spectra,
the peaks of C, N, and O elements were observed for g-C3N4 and PI-g-
C3N4, while only C and O elements were detected for PTCDA. In C1 s
spectra, the peak centered at 284.8 eV corresponded to CeC bond [8],
at 286.3 eV corresponded to CeNH2 [24], and at 288.2 corresponded to
NeC]N [24,30]. The peak of CeNH2 bond was not detected in the
spectra of PI-g-C3N4 due to the reaction of PTCDA with -NH2 groups. In
O1 s spectra, the peak at 532.9 in g-C3N4 was due to C-eOH bond from
adsorbed H2O [24,31]. The peak at 531.7 was due to C]O bond in
O]CeOeC]O, and 533.5 was due to CeOeC of PTCDA [24,32].
While the peak of C]O moved to a low energy of 531.3 for PI-g-C3N4
due to the amidation reaction, which means the C]O group in
O]CeNeC]O instead of in O]CeOeC]O. In N1 s spectra for g-C3N4
and PI-g-C3N4, the peak at 398.7 was due to CeNeC, and 400.8 was
due to NeC3 [15,20,24]. Notably, a new peak at 399.9 corresponded to
O]CeNeC]O appeared in the spectra of PI-g-C3N4, confirming the
successful preparation of PI-g-C3N4 [20,24].

UV/vis diffuse reflectance spectra were presented to study the light
absorbance ability of the membranes. As presented in Fig. 6, the g-C3N4
membrane showed wide absorbance in the UV and visible light region.
The absorbance before 400 nm was strong, and then showed gradually

Fig. 3. (A) Schematic illustration of the formation of PI-g-C3N4, and (B) TG-DSC analysis of PTCDA and (C) g-C3N4 precursor.
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decrease with the increase of wavelength. The PI-g-C3N4 showed si-
milar absorbance trends with a stronger absorbance ability than g-C3N4.
The corresponding Tauc plot indicated the band gap of g-C3N4 and PI-g-
C3N4 were 2.51 and 2.40 eV, respectively. The band gap became nar-
rower when modified PI to g-C3N4, suggesting the enhancement of light
adsorption property for PI-g-C3N4.

The electrochemical performance of PI-g-C3N4 compared with g-
C3N4 was investigated. Electrochemical impedance spectra were tested
to show some light on the interfacial charge transfer property of the
samples, in which a smaller semicircle radius corresponded to better

charge-transfer ability. As shown in Fig. 6C, the semicircle radius of PI-
g-C3N4 was smaller than g-C3N4, demonstrating a better charge transfer
and a faster electron-hole separation process of PI-g-C3N4. Fig. 6D
presents the Mott-Schottky plots of the samples. Both PI-g-C3N4 and g-
C3N4 showed positive slopes, suggesting they are n-type semi-
conductors. The flat band potential of PI-g-C3N4 (-1.1 V) was positively
shifted compared to g-C3N4 (-1.0 V), and the slope rate of PI-g-C3N4 was
smaller than g-C3N4, further demonstrating the more efficient electron-
hole separation of PI-g-C3N4 [14].

Fig. 4. (A) Low magnification and (B) high magnification SEM images of PI-g-C3N4 membranes, (C) FTIR and (D) XRD of the samples calcined at 480 °C.

Fig. 5. XPS analysis of the samples (A) survey spectra (B) C1 s (C) O1 s (D) N1 s.
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3.2. Evaluation of photocatalytic performance of PI-g-C3N4 membranes

To evaluate the photocatalytic activity of PI-g-C3N4 membranes, the
degradation of Bisphenol A (BPA) in the presence of PMS was in-
vestigated. BPA is a kind of phenolic pollutants that frequently detected
in water, and it can cause feminization and bring hazards to humankind
[33,34]. Before the catalytic experiments, the adsorption properties of
the catalysts were investigated. As shown in Fig. S6, less than 5% BPA
were removed for SiO2, PTCDA, g-C3N4 and PI-g-C3N4 in the absence of
PMS and in dark condition, indicating that the adsorptions toward BPA
by these materials are poor. The degradation performance of BPA by
individual PMS under visible light was also tested as comparison, which
showed only 14% BPA degradation in 60min (Fig. S7), indicating the
poor degradation performance of BPA by PMS. While in the presence of
PMS and catalysts under visible light, 12%, 15%, 59%, and 100% BPA
were removed within 30min by SiO2, PTCDA, g-C3N4 and PI-g-C3N4
(Fig. 7A). According to previous reports, pure g-C3N4 could also de-
grade BPA under visible light irradiation without PMS addition, and the
degradation percentages were about 20∼30% within 80∼90min
[35,36]. Herein, the degradation percentage of BPA increased to 59%
for g-C3N4 with the addition of PMS, indicating the enhancement of
PMS for BPA degradation by g-C3N4. In addition, the removal rates of
total organic carbon (TOC) during BPA degradation were investigated.

As shown in Fig. S8, 30% and 62% TOC were removed in 60min for g-
C3N4 and PI-g-C3N4, respectively. It can be seen that in the presence of
PMS and with visible light irradiation, BPA can be partly mineralized by
g-C3N4, and the mineralization of BPA greatly enhanced by PI-g-C3N4.

The catalytic degradation performance obviously enhanced for PI-g-
C3N4 membranes. The effect of PI ratio to the catalytic performance of
PI-g-C3N4 membranes was further investigated. As shown in Fig. 7B,
59%, 83%, 100%, 37%, and 24% BPA were removed within 30min for
the 0%, 1.1%, 2.2%, 3.6% and 4.8% PI-g-C3N4 membranes. The re-
moval efficiency of BPA increased when the PI ratio increased from 0%
to 2.2%, and then decreased when the PI ratio increased from 2.2% to
4.8%. When the PI ratio is too low, the modification of g-C3N4 is not
complete, which means some excess g-C3N4 was not modified by PI in
the catalysts. While when the PI ratio is too high, some excess PTCDA
was residual in the catalysts, which affects the catalytic performance.
Thus, the 2.2% PI-g-C3N4 membrane exhibited the best catalytic per-
formance.

The catalytic performance of the PI-g-C3N4 membranes was further
investigated by varying the influencing factors including initial BPA
concentration, PMS concentration, initial pH, and the kinds of organic
pollutants. As shown in Fig. 8A, the removal percentages of BPA were
100%, 93%, 65% and 50% at 20min when the initial BPA concentra-
tions were 5, 10, 20 and 30mg/L, respectively. The removal percentage

Fig. 6. (A) UV/vis diffuse reflectance spectra, (B) the corresponding Tauc plots, (C) Electrochemical impedance spectra, and (D) Mott-Schottky plots.

Fig. 7. Degradation performance of BPA (A) by different materials and (B) by PI-g-C3N4 with different PI ratio. Conditions: [BPA]0= 10mg/L, [PMS]0= 2.0mM,
λ > 420 nm.
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of BPA decreased with the increase of initial BPA concentration. Fig. 8B
presents the effect of PMS concentration on BPA degradation. The BPA
degradation rate gradually increased when the PMS concentration in-
creased from 0mM to 2mM, and the removal percentages of BPA in
30min increased from 25% to 100%. No further increase of BPA re-
moval rate was observed when the PMS concentration further increased
to 4mM. The results suggest that appropriate amount of PMS plays a
vital role in the degradation of BPA by PI-g-C3N4 composites, and excess
amount of PMS shows no enhancement to the degradation.

Fig. 8C presents the effect of initial pH on BPA degradation by the
PI-g-C3N4 membrane. BPA could be totally removed in 60min at a wide
pH range (pH3-11), indicating the good catalytic activity of PI-g-C3N4.
The pseudo-first order kinetic constants were 0.0835, 0.1317,
0.1851min-1 at pH3, 7 and 11, respectively. In acidic conditions, the
free radicals such as %OH and SO4%- could be quenched by excess H+

(Eqs. (S1)-(S2)) [37,38], leading to a decrease of the degradation rate.
While in basic conditions, OH- could also activate PMS to generate free
radicals [39,40], thus the BPA degradation rate increased at high pH
values. In addition, the degradation of other kinds of organic pollutants
by PI-g-C3N4 in the presence of PMS under visible light irradiation was
investigated. As shown in Fig. 8D, 98% nitrobenzene, 100% bisphenol
A, 55% phenol, 100% methylene blue, and 100% rhodamine B were
removed in 60min, respectively. The difference in the degradation rate
of various organic pollutants may be due to the instinct structure of
pollutants. Overall, PI-g-C3N4 membrane can efficiently degrade var-
ious kinds of organic pollutants in the presence of PMS under visible
light irradiation.

3.3. Stability and catalytic mechanism of the PI-g-C3N4 membrane

The catalytic stability of PI-g-C3N4 membrane was investigated by
the recycle experiments for BPA degradation (Fig. 9A). After each cycle,
the PI-g-C3N4 membrane were washed by deionized water and dried in
vacuum. It can be seen PI-g-C3N4 membrane showed good stability
during recycle experiments, which could degrade 100% BPA within
30min in the first and second cycle, and 98% BPA in the third cycle.
The vis-light photocatalytic performance of PI-g-C3N4 in the presence of

PMS was outstanding among the modified g-C3N4 such as S/g-C3N4,
Ag/mpg-C3N4 and ZIF-NC/g-C3N4 that reported recently (Table S1)
[4,41,42]. Notably, compared to 96% BPA removal in 60min with
5mM PMS by the powder form PI-g-C3N4 prepared using a two-step
method that reported recently [24], the BPA removal rate is higher with
lower PMS amount by the PI-g-C3N4 membrane prepared in this work.
Because only surface modification of PI to g-C3N4 was obtained by the
two-step method, while more homogeneous modification of PI to g-
C3N4 in bulk phase was obtained by the liquid based preparation
method in this paper.

The involved active species in the PI-g-C3N4/vis-light/PMS system
were detected by ESR. Spin-trapping reagents of TEMP and BMPO were
used to respectively detect 1O2 and O2%-, while DMPO was used to
detect %OH and SO4%-. As shown in Fig. 9B, strong signals of 1O2 and
O2%- were observed, while the signals of %OH and SO4%- were very weak.
These results indicate that the main active species were 1O2 and O2%-
rather than %OH and SO4%- in this system.

Radical quenching experiments were carried out to further in-
vestigate the role of different active species in the degradation of BPA.
Methanol (MeOH) was chosen as quenching reagents for both %OH and
SO4%− due to their rapidly reactions [38,43]. Tert-butyl alcohol (TBA)
was chosen as quenching reagents for %OH, because the reaction rate
constant of TBA with %OH is over 1000-fold higher than with SO4%−

[38,43]. L-histidine, p-BQ, and EDTA-2Na were selected as quenching
reagents for 1O2, O2%-, and h+, respectively, due to their corresponding
rapid reaction rate constants [38,42,43,44]. The specific reaction rate
constants of the quenching reagents with free radicals were listed in
Table S2 [38,43]. As shown in Fig. 9C and D, the kinetic constants were
0.1317, 0.1248, 0.0987, 0.0020, 0.0035, and 0.0020min-1 for control,
TBA, MeOH, L-histidine, p-BQ, and EDTA-2Na, respectively. The BPA
degradation efficiency was obviously inhibited when quenching the
1O2, O2%- radicals and h+, while the quenching of %OH and SO4%- ra-
dicals exhibited negligible influence on BPA degradation. These results
indicate that 1O2, O2%- radicals and h+ are predominant active species
in the reaction.

The photocatalytic mechanism of PI-g-C3N4 in the presence of PMS
was proposed. As shown in Fig. 10, under visible light irradiation,

Fig. 8. Impacts of (A) BPA concentration (B) PMS concentration (C) initial pH on BPA degradation, and (D) the degradation of other kinds of pollutants by PI-g-C3N4.
Conditions: [Pollutant]0= 10mg/L; [PMS]0=2mM; initial pH=7; λ > 420 nm, unless otherwise specified.
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electron transitions occurred on both g-C3N4 and PI [20,24]. Thanks to
the heterojunction of g-C3N4 and PI, photogenerated electrons flowed
from the CB of PI to VB of g-C3N4 [20], thus decreased the re-
combination rate of electron-holes. Meanwhile, the VB potential of PI is
higher while CB of g-C3N4 is lower, thus the PI-g-C3N4 composites
present stronger oxidation and reduction ability. On one hand, the h+

can oxidize organic pollutants. On the other hand, the electrons reacted
with HSO5- and dissolved oxygen to generate SO4%- and O2%-, respec-
tively. SO4%- further reacted with OH- to generate %OH, and %OH further
reacted with O2%- to generate 1O2 [24]. These radicals also greatly
contributed to the degradation of organic pollutants. Hence, organic
pollutants were efficiently oxidized under the attack of 1O2, O2%- and h+

in this PI-g-C3N4 photocatalytic system. In addition, the intermediates
of BPA in the degradation were tested. As shown in Fig. S9, some –OH
addition products (m/z 257), demethylation products (m/z 215), single
ring products (m/z 135), ring opening products (m/z 113, m/z 97) were
detected. These intermediates indicate the strong oxidation ability

toward organic pollutants in this reaction.

4. Conclusion

In summary, metal free PI-g-C3N4 membranes were synthesized via
a liquid based preparation method. The preparation process is facile
and easy to prepare PI-g-C3N4 catalysts with membrane form. The PI-g-
C3N4 membranes exhibit excellent degradation ability toward organic
pollutants in the presence of PMS under vis-light irradiation, which
could remove 100% BPA in 30min. The 1O2, O2%- radicals and h+ are
predominant active species in the degradation process. The facile pre-
paration and high catalytic activity bring broad potentials for the ap-
plication of PI-g-C3N4 membrane in water treatment.
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Fig. 9. (A) Recycle experiments for BPA degradation, (B) ESR
analysis in the PI-g-C3N4/vis-light/PMS system, (C) Radical
quenching experiment and (D) the corresponding kinetic
constants. Conditions: [BPA]0= 10mg/L; [PMS]0= 2mM;
[MeOH]0=[TBA]0= 2M, [EDTA-2Na]0=[p-BQ]0=[L-
histidine]0 = 24 mM; initial pH= 7; λ > 420 nm.

Fig. 10. Proposed photocatalytic mechanism of PI-g-C3N4 in the presence of
PMS.
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