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Biomass porous carbon as the active site to
enhance photodegradation of oxytetracycline on
mesoporous g-CzN4 1

Hekun Ding,?® Zheng Liu, ©*2° Qiongyue Zhang,? Xiao He,? Qingge Feng, {92°
Dongbo Wang®® and Dachao Ma®®

Graphitic carbon nitride (g-CzN4) is widely used in photocatalytic adsorption and degradation of pollutants,
but there are still some problems such as low adsorption performance and high electron—hole
recombination efficiency. Herein, we propose a new molten salt assisted thermal polycondensation
strategy to synthesize biomass porous carbon (BPC) loaded on g-CsN4 composites (designated as BPC/
g-C3N4) with a hollow tubular structure, which had a high surface area and low electron-hole
recombination rate. The study shows that the morphology of g-CsN4 changes dramatically from massive
to hollow tubular by molten salt assisted thermal polycondensation, which provides a base for the
loading of BPC, to construct a highly effective composite photocatalyst. BPC loaded on g-CsN4 could be
used as the active site to enhance Oxytetracycline (OTC) removal efficiency by adsorption and with
higher electron—hole separation efficiency. As a result, the BPC(5%)/g-CsN4 sample presented the
highest photocatalytic degradation efficiency (84%) for OTC degradation under visible light irradiation.
The adsorption capacity and photocatalytic reaction rate were 3.67 and 5.63 times higher than that of
the g-CsN4, respectively. This work provided a new insight for the design of novel composite
photocatalysts with high adsorption and photocatalytic performance for the removal of antibiotic

rsc.li/rsc-advances pollutants from wastewater.

Introduction

In recent years, environmental pollution and energy shortage
have become urgent problems of the modern world with the
rapid growth of industrialization and urbanization, which have
threatened survival.™* Antibiotics are a kind of persistent
pollutant, and as a typical tetracycline antibiotic and growth
promoter, oxytetracycline (OTC) has been widely employed in
clinical treatment and livestock farming.** However, OTC
cannot be fully metabolized in the human body and other living
bodies, resulting in its massive release to the environment
through hospital wastewater discharge, aquaculture, and
human and animal feces.>® Moreover, traditional treatment
methods such as adsorption, Fenton oxidation and biodegra-
dation are not effective in OTC removal.” Therefore, the OTC
contamination of the environment brings serious threat to
human health and the ecosystem,>®® and it is necessary to
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develop novel materials and technology to eliminate OTC
pollution from the environment effectively.

More recently, light-driven photocatalytic technology has
attracted much attention due to its stability, low energy
consumption and ecofriendly nature, which has been consid-
ered as an promising technology.'®* A variety of semi-
conductors have been developed as photocatalysts for the
degradation of antibiotics pollutants,"*** such as TiO,, ZnO and
CdS, among which graphitic carbon nitride (g-C;N,) as a new
semiconductor photocatalyst has attracted the attention of
many researchers worldwide.'>*¢ It is of great the advantages of
suitable band gap (=2.7 eV), high catalytic efficiency, as well as
excellent thermal and chemical stability, cost effectiveness and
easy preparation.’”** However, the photocatalytic activity of g-
C;N,; was limited by the small specific surface area, high
combination rate of photogenerated electron-hole pairs and
low utilization efficiency of the visible light.'®**** Consequently,
some strategies such as element doping,®»** constructing het-
erojunction®* and morphology control*”*® have been adopted
to enhance the photocatalytic performance of g-C;N,. Among
them, increasing the specific surface area was regarded as the
more simply and practical way to modify the g-C;N,. Chen
et al* prepared g-C;N, with 3D porous structures by SiO,
template method, which showed higher photocatalytic activity
due to the large specific surface area and the short charge
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migration distance. Jin et al.*® fabricated nanotube g-C;N, with
high specific surface area and more defects by a simple two-step
condensation method, and the photocatalytic activity of RhB
under visible light irradiation was enhanced. Liu et al*
prepared a mesoporous g-C;N, with hollow tubular structure by
molten salt-assisted silica (SiO,) aerogel template method, and
its photocatalytic degradation efficiency of RhB can reach
90.9%. Furthermore, it has been found that the activated
carbon with large specific surface area and strong adsorption
capacity can be introduced to synthesize the composite photo-
catalytic materials, which could produce synergistic effects of
adsorption and photocatalytic degradation to improve the effi-
ciency. Wang et al.** found that Bi-Ti/PAC(10%) prepared by sol-
hydrothermal method had a better photocatalytic degradation
effect of sulfamethazine (SMT) compared to Bi-Ti without PAC.
Lim et al*® successfully prepared TiO,/AC composites and
explored the bifunctionality of adsorption and photocatalysis to
remove organic pollutants from water. However, there are few
reports on the preparation of biomass porous carbon (BPC) and
2-C;N, composites materials for the degradation of antibiotic
contaminant. Furthermore, although the preparation of g-C3N,
and activated carbon composites by thermal polycondensation
has been described, the improvement of the photocatalytic
performance of composites by molten salt-assisted method has
been rarely reported. Besides, the photocatalytic degradation of
antibiotic pollutants and its photocatalytic degradation mech-
anism have not been thoroughly investigated.

In this study, using eucalyptus bark and melamine as raw
materials, BPC/g-C3N, composites with the hollow nanorod
structure was prepared by a molten salt-assisted thermal poly-
condensation method. The effects of BPC loading content on the
adsorption and photocatalytic properties of BPC/g-C;N, compos-
ites for OTC were deliberated investigated. In addition, the
comprehensive characterization of composite material was con-
ducted and the mechanism of photocatalytic activity improvement
was revealed by the electrochemical testing. This work proved that
the BPC/g-C3N, composites exhibited enhanced photocatalytic
degradation of OTC activities under visible-light irradiation in
comparison to g-C3N,, and it may provide a good reference for
developing more superior g-C3N4 composite materials.

Experimental section
Composite preparation

Synthesis of BPC samples. Firstly, the eucalyptus bark
collected from timber processing factory in Nanning, Guangxi
province was washed and dried, and then crushed into euca-
lyptus bark powder in a grinder. After the obtained powder was
mixed with deionized water in a ratio of 15 g/100 ml (H,O), it was
placed in a 200 ml reaction kettle and heated to 200 °C in a blast
drying box for 7 h. The mixture was flushed with deionized water
until the filtrate turned to colourless, and put into a blast drying
oven (DHG-9108A, Shanghai Jinghong Experimental Equipment
Co. Ltd, China) for 12 h at 105 °C to obtain eucalyptus bark
hydrothermal charcoal. Then, eucalyptus bark hydrothermal
charcoal was impregnated with the activation agents of KOH
solution (3 mol 17") for 8 h at ratios of 1 g/5 ml, and then filtrated
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and dried. The dried mixture was heated in a tubular furnace
with a continuous nitrogen (N,) flow, activation temperature of
700 °C, heating rate of 10 °C min~", and holding time of 60 min.
After cooling to room temperature, the cooled products were
treated with HCI solution (10 wt%), washed with deionized water,
and dried at 105 °C for 12 h. The eucalyptus bark based porous
carbon was finally obtained, and denoted as BPC.

Synthesis of BPC/g-C;N, samples. Firstly, melamine (4 g,
99%, Sinophnrm Chemical Reagent Co. Ltd) was mixed with
100 ml deionized water, and then a certain amount of BPC were
added into the above solution and stirred magnetically at 80 °C
for 2 hours. After drying in a blast drying oven, the mixture was
milled and mixed with potassium chloride (KCl, 11 g, 99.5%,
Guangdong Guanghua Sci-Tech Co. Ltd) and lithium chloride
anhydrous (LiCl, 9 g, Shanghai Macklin Biochemical Co. Ltd) in
a Planet ball mill (QM-3SPZ, pinpai, chandi) for 30 min, then
transferred to a crucible, calcined at 550 °C in a muffle furnace
(SX2-5-12NP, Shanghai Heng Science Instrument Co. Ltd,
China) and kept for 4 h. Finally, the calcined samples were
cooled to room temperature, washed with deionized water and
dried. The BPC/g-C3N, composite was labeled as BPC(X%)/g-
C3N,, where X refers to the loading content of BPC(X = 1, 5, 10,
20). For a comparison purpose, pure g-C3N, catalyst was
prepared by calcination of melamine at 550 °C for 4 h.

Characterization

The crystal structure and chemical components of the BPC(X%)/
g-C3N, was measured by X-ray diffraction (XRD, Rigaku D/MAX
2500 V, Japan) with Cu/Ke radiation, Fourier transform
infrared spectrum (FT-IR, IRTracer-100, Shimadzu company of
Japan) and X-ray photoelectron spectroscopy (XPS, Thermo
Fisher USA). The surface morphologies and specific surface area
of the samples were studied using scanning electron microscopy
(SEM, Hitachi SU8220, Japan), Transmission electron microscopy
(TEM, JEOL JEM 2100F, Japan) and Brunauer-Emmett-Teller
(BET, TriStarI13020, MAC, USA) of N, adsorption/desorption
analyses. The optical properties of the samples were character-
ized by diffuse reflectance spectroscopy (DRS, UV-2600, Shi-
madzu Instruments Co. Ltd, Suzhou, China) in a spectral range of
220-800 nm and photoluminescence (PL, omni-fluo-960, Zhuo
Lihan optical instruments Co. Ltd, Beijing, China) with a 355 nm
excitation wavelength. The electrochemical impedance spec-
troscopy (EIS) and Mott-Schottky (MS) analysis were conducted
on a CHI660E electrochemical workstation (Chenhua Instru-
ment, Shanghai, China). In a three-electrode system, Pt foil as the
counter electrode and Ag/AgCl electrode (3 M KCl) acted as
reference electrode, in which 0.5 M Na,SO, was served as the
electrolyte solution. The EIS measurement was performed at the
frequency ranging from 0.1 Hz to 105 Hz and the MS measure-
ment was performed at frequency of 1000 Hz.

Adsorption test

Kinetic and equilibrium adsorption experiments of OTC on g-
C;3;N, and BPC/g-C3;N, composite were performed in dark. In
a typical experiment, 100 mg of g-C3;N, and BPC/g-C;N, were
dispersed in 100 ml OTC solution at a concentration of 10 mg
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17", The suspension was sealed in a conical flask with cover,
placed in a constant temperature shaker and agitated at
120 rpm in the dark. At the regular time intervals, 5 ml
suspension was removed and filtered through a 0.45 um nylon
syringe filter. Finally, the concentrations of OTC suspension
were analysed by UV-vis spectrophotometer with absorbance at
its characteristic absorption peaks of 353 nm.

Photocatalytic test

The photocatalytic performance of BPC/g-C;N, composite was
evaluated by the degradation of OTC under visible light irradi-
ation, and a xenon lamp (300 W) with a cut-off filter of 420 nm
was used as the light source. A certain amount of photocatalyst
(50 mg) was dispersed in a proper concentration of OTC solu-
tion (10 mg 17%, 50 ml), and stirred under dark conditions for
60 min to ensure that the OTC reached adsorption equilibrium
on the surface of the photocatalyst. Then 5 ml suspension was
taken at an appropriate interval, filtered by 0.45 pm nylon
syringe filter to remove catalysts. The remaining concentration
of OTC in the filtrate was tested by a UV-vis spectrophotometer.
The OTC solution degradation rate can be calculated by the
following formula:

OTC degradation(%) = (1 - C%) x 100% (1)
where C, represents the absorbance of the initial solution, and
C represents the absorbance of the solution after the reaction.

The reaction kinetics process of the OTC photodegradation
was evaluated through fitting experimental data by applying the
pseudo-first-order kinetic equation The kinetic equation of OTC
photodegradation is as follows:

In (?) =kt 2)

where C, and C; are the initial concentration of OTC and the
concentration at ¢ (min), respectively.

In addition, to estimate the reusability of the samples, five
successive cycles of experiments were performed for OTC pho-
tocatalytic degradation. The used sample after each cycle was
collected by centrifugation and rinsed three times with ethanol
and ultrapure water before drying for standby.

Radical scavenging experiment

In order to detect the active species in the photocatalytic
process, 10 mmol IPA; 10 mmol EDTA and 1 mmol BQ were
used to trap hydroxyl radical ("OH), hole (h") and superoxide
radical ("O,"), respectively. The quenching experimental steps
were conducted with the same as the photocatalytic degradation
experiment mentioned above, except that the scavenger was
added to the suspension before the experiment.

Results and discussion
Physical characterization

The X-ray diffraction patterns of the prepared pure g-C;N,, BPC
and BPC/g-C3;N, composite are shown in Fig. 1(a). It was
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observed that the pure g-C;N, had the characteristic peaks at
12.92° and 27.3°, which can be indexed as the (100) and (002)
reflections.* These peaks can be ascribed to the in-plane
structural packing motifs and interplanar stacking of carbon
nitride layers, respectively.***® For BPC, the broad peaks at 26 =
22.3° indicated that BPC was almost amorphous, which was
a typical characteristic of BPC. Compared with the pure g-C;N,,
the characteristic peaks of the BPC/g-C;N, composites were
shifted from 27.3° to 26.5° and the intensity of the diffraction
peaks was reduced gradually with the increase of BPC loading
content. The results indicated that the composites were mainly
including g-C;N, and BPC, the loaded BPC promoted the
interlayer spacing of the g-C3;N,, which increased the specific
surface area and active site.

The interaction between the g-C;N, and BPC was investi-
gated by FT-IR. Fig. 1(b) showed the FT-IR spectra of the g-C3N,,
BPC(X%)/g-C3;N, and BPC. For the FTIR spectrum of the pure g-
C;3Ny, the peak located at 809 cm ™" was attributed to the tri-s-
triazine ring.>” The group of peaks in the region of 1200-
1600 cm ™ * corresponded to the stretching vibration modes of
C-N heterocycles.®® The broad peaks around 3000-3500 cm ™
were ascribed to terminal amino groups and surface adsorbed
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Fig.1 XRD pattern (a) and FT-IR spectra (b) of the g-C3N4, BPC(X%)/g-
C3N4 and BPC.
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water molecules.**** Compared with pure g-C;N,, the new peak
located at about 1630 cm™ " appeared in the spectrum of BPC/g-
C3N, composite, which was attributed to C=C stretching
vibration mode in BPC aromatic ring. It could be clearly seen
that the characteristic absorption peaks of BPC/g-C3N,
composites are almost the same as those of pure g-C;N,. We
also observed that the intensity of all peaks decreased with the
increase of the BPC loading content, indicating that there was
no structural change of the g-C;N, in the preparation process,
and BPC was loaded in the g-C;N, samples.

XPS was carried out to analyse the surface chemical
composition and element state of the g-C;N,, BPC(5%)/g-C3N,
and BPC, and the XPS results were displayed in Fig. 2. The
survey of XPS spectra (Fig. 2(a)) displayed the presence of C, N
and a small amount of O in g-C;N, and BPC(5%)/g-C;N, and the
presence of C and O in BPC. There were two typical character-
istic peaks in the C 1s high resolution XPS spectra of pure g-
C3N, (Fig. 2(b)), which were assigned to the sp2 C-C bond at
284.8 eV and the N-C=N bond of the triazine rings at
288.1 eV.***! For the BPC(5%)/g-C;N,, The peak at 284.8 eV and
288.1 eV was ascribed to C-C bond and N-C=N bond of the g-
C3N,, respectively. The peak at 284.8 increased after the addi-
tion of BPC, which is attributed to the C-C bond of g-C;N, and
BPC. The peak at 286.1 eV was corresponded to w-mt* shake-up
bond of BPC,” indicating that the BPC(5%)/g-C3N, composite
composed of the g-C3N, and BPC. The N1s spectrum of the pure
g-C;N, (Fig. 2(c)) was divided into three peaks at 398.5, 399.5,
and 400.5 eV, corresponding to the nitrogen atoms in the
aromatic rings (C=N-C), tertiary nitrogen (N—(C);), and C-N-H,
respectively.**** For the BPC(5%)/g-C3N, composite, the peaks
of N 1s were slightly shifted to 398.6, 399.6 and 400.8 eV,
respectively. This result suggested that the BPC(5%)/g-C3N,
composite not only composed of the g-C;N, and BPC, but also
has the interaction between the g-C;N, and BPC. The O 1 s
signal for the BPC(5%)/g-C3N, located at about 530.7, 532.3 and
533.2 eV (Fig. 2(d)), which was corresponded to C=0, N-C-O
group and the adsorbed water. The binding energies of N-C-O
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Fig. 2 XPS spectra of the g-C3zN4, BPC(5%)/g-C3N4 and BPC survey
(a), C1s (b), N 1s (c), O 1s (d).
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group characteristic peaks shifted slightly compared with pure
g-C3N,, which might attribute to the interactions between the
BPC and g-C;3N,.

The SEM and TEM images was carried out to further study
the morphology and microstructures of the g-C;N,, BPC(5%)/g-
C;N, and BPC samples. As shown in Fig. 3(a), the SEM image
showed that the pure g-C;N, exhibits significantly aggregated
blocky structure, and Fig. 3(b) showed that BPC has a massive
structure with obvious holes on the surface. After processing by
molten salt assisted thermal polycondensation method, as
shown in Fig. 3(c), the morphology of pure g-C;N, changes
dramatically from massive to hollow tubular with the diameters
of about 0.5 pm, and some strips are dispersed on its surface.
Moreover, the TEM image of BPC(5%)/g-C3;N, as shown in
Fig. 3(d), a homogeneous distribution of BPC loading on the
external surface of g-C3N, according to the difference between
the images of BPC(5%)/g-C;N, and BPC. It was obvious that
(Fig. 3(e)) the TEM image of BPC displayed a pattern-like
nanosheet structure with no lattice. The lattice fringes with an
interplanar spacing of 0.41 nm in the TEM image (Fig. 3(f)) of
the BPC(5%)/g-C;N, sample corresponded to the (002) crystal
plane of g-C3;N,, and the shaded part corresponds to the BPC
loaded on the surface of g-C;N,. It indicates that BPC is in close

Fig. 3 SEMimages of the g-C3N, (a), BPC (b) and BPC(5%)/g-C3sN4 (c);
TEM images of the BPC (e), BPC(5%)/g-C3Ny4 (d and f).

RSC Adv, 2022, 12,1840-1849 | 1843


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08615d

Open Access Article. Published on 12 January 2022. Downloaded on 1/14/2026 6:14:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

B
2

BPC BPC
BPC(5%)/g-CyN, BPC(5%)/g-CyN,
-GN, 2-CyN,

Quantity Adsorbed (cm¥/g STP)
aV/dlog(w) Pore Volume (cm/g)

0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60 70
Relative Pressure (P/Po) Pore Width (nm)

Fig. 4 Nitrogen adsorption—desorption isotherms (a), pore size
distribution curves (b) of the g-CsN4, BPC(5%)/g-C3N4 and BPC.

contact with g-C;N, and successfully loaded on the surface of g-
C;3N,. This unique hollow tubular structure may enlarge the
specific surface area and make more abundant active sites to
improve the photocatalytic activity, which were also confirmed
by XRD characterization.

Fig. 4 shows the N, adsorption and desorption isotherms
and pore size distribution curves of three samples. As shown in
Fig. 4(a), The N, adsorption-desorption isotherm for the BPC
presented the typical type I isotherm, indicating that BPC had
a micropore structure. Nevertheless, the shape of BPC(5%)/g-
C;3N, isotherm was similar to g-C3;N,, which both showed
a typical type IV behavior, indicating that both of two samples
had mesoporous structure. The shape of hysteresis loops of
BPC(5%)/g-C3N, isotherms displays the H3 type, while there
was no obvious hysteresis loop in g-C;N,. It may be due to the
changed the morphology and structure of the material caused
by the addition of BPC. At the same time, as shown in Fig. 4(b),
the pore size distribution of BPC(5%)/g-C3N, shown that the
pore size was mainly concentrated in the range of 3-4 nm, it was
deduced that the BPC(5%)/g-C3N, was mainly dominated by
mesopores. Moreover, the corresponding structural parameters
such as the specific surface area, the pore volume and the
average pore diameter of the samples were shown in Table 1.
Obviously, the g-C;N, compounded with BPC could improve the
pore volume and specific surface area, the average pore size
became smaller indicating that the more active sites for
adsorption and photocatalytic degradation was generated by
the introduction of BPC. In addition, the ¢-plot data showed that
the microporosity of BPC/g-C3;N, was higher than that of g-C;N,,
it was caused by the reason that BPC with rich microporous
structure was successfully loaded on g-C;N,.

Adsorption and photocatalytic activity

Fig. 5(a) and (b) shows the adsorption equilibrium curves and
the Pseudo-second order kinetics plots and fitting lines of
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samples on OTC solution in dark conditions, respectively. As
shown in Fig. 5(a), the adsorption capacity of the all samples
showed an obviously increase in the first 40 min, then remained
unchanged and achieved the adsorption equilibrium at about
60 min. Due to the specific surface area for the BPC/g-C3N,
composite is larger than pure g-C;N,, the OTC adsorption
capacity of the BPC/g-C3N, composites were much higher than
that of pure g-C3;N,. Among them, the sample of BPC(20%)/g-
C;3N, composite exhibited the highest adsorption capacity of
1.4 mg g~ . Therefore, the dark adsorption time of the subse-
quent photocatalytic degradation experiment can be deter-
mined as 60 min by the adsorption equilibrium time.

The adsorption kinetics of the samples were tested to
investigate adsorption behavior and the results were showed in
Fig. 5(b). The experimental data of adsorption were fitted with
pseudo-first-order model and pseudo-second-order model and
the equations were expressed as follows:

In(Q. — @) =In Q. — kit (3)

r 1 t 4

0~ ko’ 0. “
where t represents the reaction time, Q, and Q. represent the
adsorption capacity of the composite to OTC at adsorption time
¢t (min) and adsorption equilibrium, k; and k, are the pseudo-
first-order and pseudo-second-order rate constant, respec-
tively. According to the kinetics parameters of the pseudo-first-
order and pseudo-second order model fitting (Table S17), it can
be seen that the adsorption process of OTC on BPC(X%)/g-C5N,
fitted well with the pseudo-second-order model. Moreover, it
can be observed from the Fig. 5(b) that the adsorption rates of
BPC(X%)/g-C3N, composites for OTC decreased sharply. This
could be attributed to the increased the specific surface area of
the composites by the load of BPC, which improved the
adsorption capacity and thus the adsorption equilibrium time
was prolonged.*

In order to further discuss the adsorption process, the
adsorption isotherms for OTC on the samples was studied in
the equilibrium experiments at 25 °C, pH 7 and 1 g 1" adsor-
bents dosage. Moreover, the standard deviations of adsorption
experimental data were all in the range of 6.3%, thus there was
no obvious error in the experimental results. The Langmuir and
Freundlich adsorption model were used to simulate the
adsorption isotherm data and the equations were expressed as
follows:

_ bOnCe

Q= 14 bC,

(5)

Table 1 Specific surface area and pore parameter information of g-CsN4, BPC(5%)/g-C3N4 and BPC

BET surface area Micropore surface

Pore volume Micropore pore Average pore

Material (m*g™) area (m® g™ ") (em® g™ volume (cm® g™ ) size (nm)
g-C3N, 5.23 0.22 0.01 0.0008 29.10
BPC(5%)/g-CsN, 54.72 9.59 0.09 0.0041 16.07
BPC 1066.29 928.88 0.48 0.3592 10.03
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1
Qe = ch (6)

where Q. (mg ¢ ') and Qy, (mg g~ ') represent the adsorption
ability of OTC at equilibrium and the adsorption capacity of
theoretical maximum, respectively. b (L mg™~") and C, (mg17")
represent the affinity constant and the concentration of the
adsorption equilibrium, respectively. k (mg g ') is the
Freundlich adsorption constant and n is the adsorption
intensity.

The Langmuir and Freundlich adsorption isotherms fitting
parameters for OTC adsorption with the samples were pre-
sented in Table S2.7 The obtained results showed that the
correlation coefficient (R*) value of the Freundlich isotherm
were larger than that of the Langmuir isotherm, which revealed
that the adsorption isotherms for OTC on g-C;N, and BPC/g-
C;N, were fitted well with Freundlich isotherm predicted, and
the adsorption behavior seemed to be multilayer adsorption.
The adsorption isothermal curves fitted by Langmuir and
Freundlich models were shown in Fig. S1 and S2.F According to
the Freundlich fitting results, the adsorption capacities of the
BPC/g-C3N, composites increased with the increasing loading
content of BPC, which could be attributed to the larger specific
surface area and pore volume.
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Fig. 5 Adsorption equilibrium curves (a); Pseudo-second order
kinetics plots and fitting lines (b) of OTC for the g-C3N4 and BPC(X%)/
g-CsN4 composites under dark condition.
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The photocatalytic activities of pure g-C;N, and BPC/g-C3N,
composites were evaluated by the photodegradation of OTC
solution at room temperature under visible light irradiation.
And the influence of loading content of BPC in BPC/g-C3N,
composite for OTC photocatalytic degradation was studied in
Fig. 6(a). The standard deviation of all data is within 5.3%,
which indicates that there is no significant error in the experi-
ment. The results indicated that the degradation of OTC was
negligible in the absence of samples and the pure g-C3;N,
exhibited limited degradation rate of OTC, which were only
33.9% after 50 min irradiation respectively. It can be observed
that the photocatalytic degradation of OTC on the BPC/g-C3N,
composites was more efficient than on pure g-C;N, prepared in
this work. According to the results, when the BPC loading
content was 5%, the degradation efficiency is 83.9%, and the
photocatalytic degradation ability of this product is the stron-
gest. When the content was 1%, 10% and 20%, the degradation
efficiency was reduced to 71.5%, 60.0% and 47.3% respectively.
It could be deduced that the optimal loading content for BPC is
5%, which had a weaker adsorption capacity but a stronger
photocatalytic degradation capacity, while BPC almost has no
photocatalytic degradation capacity. Combined with the
adsorption experiment shown in Fig. 5(a), it can be found that
BPC/g-C;N, composites with strong adsorption capacity cannot
guarantee the higher photocatalytic activity. Although the
adsorption capacity of BPC(20%)/g-C3N, was the highest, the
high content of BPC hindered the light absorption of g-C;N,
and reduced the photocatalytic performance, which was
consistent with the results of UV-vis characterization. The
results showed that the enhanced photocatalytic activity of BPC/
g-C3Ny is due to its hollow tubular structure with high specific
surface area, which can provide more active sites and inhibit the
recombination of electron and photogenerated hole. On the
other hand, BPC with excellent adsorption performance could
enrich OTC around the composite material, making it quickly
capture and easily degrade pollutants, increasing the reaction
site of the material. As shown in Fig. 6(b), the pseudo-first-order
kinetics was proved to fit well on the photocatalytic OTC
degradation. It can be clearly seen that BPC(5%)/g-C3N, has the
highest first-order reaction rate constant (k) equal to
0.00884 min~ ', which was 5.63 times higher than that of g-C;N,
(0.00157 min~"), indicating that the BPC(5%)/g-C;N, has the
best photocatalytic degradation efficiency.

The reusability is an important indicator in the practical
application of photocatalyst. The results of photodegradation
cycle experiments of BPC(5%)/g-C;N, were showed in Fig. 6(c).
After three cycles, the photocatalytic efficiency of BPC(5%)/g-
C;3N, for OTC merely dropped from 84% to 73%. However, the
photocatalytic efficiency decreased significantly in the fourth
cycle experiment and the photodegradation efficiency reduced
to 64% after five cycles, which could be attributed to that the
excessive adsorption rate made the adsorption capacity for OTC
larger than the photocatalytic degradation capacity, resulting in
delayed photodegradation. In addition, the loss of samples
during the fourth cycles would also affect the efficiency of reuse.
All in all, the above results indicated that the property of BPC/g-
C;3N, composite with good stability and reusability may be due

RSC Adv, 2022, 12, 1840-1849 | 1845


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08615d

Open Access Article. Published on 12 January 2022. Downloaded on 1/14/2026 6:14:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

g
e

CJ/Cy
=
a

O,

0.4 BPC(1%)/2-CN,

- BPC(5%) g

034 BPC(10%)/g-CyN,
02 BPC(20%)/g-C,N,

Blank

-60 30 0

30 60

Time (min)

90 120

150

£CN,
BPC(1%)/g-C:N,
BPC(5%)/g-CiN,
BPC(10%)/g-C,N,
BPC(20%)/2-C;N,

30 60 90

Time(min)

120

150

View Article Online

Paper

(©) (@
1st 2nd 3rd 4th 5th

before

MM )
_’ 3 At e |

0 10 20 30 40 50
Cycles 20 (degree)

¢/,

=

3 =
Tntensity (a.u.)

Fig. 6 Photocatalytic degradation of OTC on the g-C3N4 and BPC(X%)/g-CsN4 composites under visible light illumination (a); the first-order
kinetics curve of the g-C3N4 and BPC(X%)/g-CsN4 composites for OTC photodegradation (b); cycling photocatalytic degradation of OTC over
the BPC(5%)/g-C3sN4 composite under visible light irradiation (c); the XRD pattern of the BPC(5%)/g-CsN, before and after 5 cycle photocatalytic

experiments (d).

(@)

®) 39

1.8
1.6
144"

12

1.04

0.8

Absorbance(a.u.)

2.5

2.0 4

(ahv)'? (a.u)

T
500

T
600

T
700

800

‘Wavelength(nm)

0.0 T

2C3N,
BPC(1%)/g-C;N,
BPC(5%)/g-C;N,
BPC(10%)/g-C;N
BPC(20%)/g-CyN, L °
BPC 2’145V

/
; 074V

3

4

hv (eV)

ol

T T T — T
-4  -12 -1.0 -08 -06 -04

Potential (V) vs. Ag/AgCl

-0.2

Fig. 7 UV-vis DRS (a), band gap curves (b) of the g-C3N4, BPC(X%)/g-C3sN4 and BPC, Mott-Schottky plots of the g-CsN4 and BPC (c).

to the compact structure by the interactions between the BPC
and g-C3N,. At the same time, Fig. 6(d) shown that the XRD
pattern of the BPC(5%)/g-C3N, before and after 5 cycle photo-
catalytic was almost the same, it was also indicated that the
photocatalyst has a relatively stable structure.

Photoelectrochemical performance analysis

In order to investigate the optical properties of pure g-C3;Ny,,
BPC/g-C3N, and BPC, the UV-vis diffuse reflectance spectros-
copy of the samples was shown in Fig. 7(a) and (b). As shown in
Fig. 7(a), The response of pure carbon nitride to visible light (the
absorption edge at around 430 nm) was consistent with
previous reports.*® BPC performed a strong absorption almost
in the whole range of the wavelengths from 220 to 800 nm,
indicating that it can act as an active site to absorb and degrade
OTC.* The UV-vis DRS spectra of BPC/g-C;N, were very similar
to that of pure g-C;N,. In addition, the light absorption intensity
of BPC/g-C3N, increased gradually with the increasing of BPC
loading content at the range of 220-800 nm. Furthermore, the
absorption of BPC(X%)/g-C3N, shifted red compared with pure
2-C3N,, which suggested that the BPC/g-C3N, composites have
more visible light harvesting. Fig. 7(b) showed the band gap
values of pure g-C;N,, BPC(X%)/g-C3N, and BPC, the band gaps
of the samples were calculated by using eqn (7) as follows:

ahv = A(hv — Ep)"* 7)

where a, v, A, h, E; and n represented the absorption coefficient,
the incident light frequency, a constant, the Planck constant,

1846 | RSC Adv, 2022, 12, 1840-1849

the band gap width and the constant of the g-C;N, electron
transfer indirectly (n = 1), respectively.

As shown in Fig. 7(b), the band gaps of pure g-C3N,,
BPC(1%)/g-C3Ny, BPC(5%)/g-C3Ny, BPC(10%)/g-C3Ny,
BPC(20%)/g-C3N, was 2.67 €V, 2.56 eV, 2.44 eV, 2.33 eV and
2.21 eV, respectively. The results showed that the band gaps of
the composites decrease as the BPC loading content increases,
which indicated that BPC/g-C3N, composites have higher
separation efficiency of photogenerated electrons and photo-
catalytic activity. It is possible that the BPC loading content
affects the specific surface area of the composite and thus
increases the absorption of light by the material.

The electrochemical Mott-Schottky test was carried out
with a frequency of 1000 Hz, and the results were given in
Fig. 7(c). The positive slopes of Mott-Schottky results sug-
gested that both the g-C3N, and BPC are typical n-type semi-
conductors. And for n-type semiconductor, the flat band
potentials (Vrg) of g-C3N, and BPC obtained from the x-axis
intercept in the MS plot were determined to be about —1.45 V
and —0.74 V (vs. Ag/AgCl), respectively. Furthermore, the
conduction band potential (Ecg) was almost similar to the flat
band potential (V) based on the normal hydrogen electrode
(NHE). Then the conduction band (CB) of g-C;N, and BPC
could be calculated to be —1.25 eV and —0.54 eV (vs.NHE).*”**
Similarly, the valence band (VB) values of g-C;N, was calcu-
lated following formula:

Eyg = E, + Ecp

(8)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Where E,, Eyg and Ecg are the band gap, the VB edge potential
and CB edge potential, respectively. Combined with the band
gap values extrapolated by UV-vis spectra, the VB values of g-
C3N, was found to be +1.47 eV (vs.NHE).***°

In order to further investigate the separation and transfer
efficiency of photogenerated carriers, the PL spectra were ob-
tained under 355 nm excitation. As shown in Fig. 8(a), the PL
emission intensity of BPC/g-C;N, composite was lower than that
of pure g-C;N, exhibited, indicating that the BPC/g-C3N,
composite had the higher photogenerated e ~h" pairs separa-
tion efficiency and excellent photocatalytic performance.>
Therefore, the weak intensity indicated that the load of BPC
increased the specific surface area and brought a positive effect
on restraining the recombination of the photogenerated e -h*
pairs by trapping photo-excited electrons,* so that the light-
excited carriers could be transferred to the particle surface
quickly, and then the carrier recombination was avoided.
Besides, compare with pure g-C;N,, the PL peak of BPC(X%)/g-
C;N, also showed a blue-ward shifting, it was further demon-
strated that the band gap value of the composites has changed.

Electrochemical impedance spectroscopy (EIS) is an impor-
tant indicator to measure carrier mobility. As shown in Fig. 8(b),
the radius of BPC is the smallest of all samples, and the radius
of the circular arc decreased with the increasing of BPC loading
content compared to pure g-C3N,, indicating that the interfacial
charge transfer resistance of BPC/g-C3N, is lower and the
separation efficiency is higher. This could be ascribed to the
transfer of photoexcited electrons to BPC with lower Ecg and
accumulation on the CB of BPC, which significantly prohibited
the recombination of e ~h" pairs. This result is consistent with
the PL plots.>*

Photocatalytic mechanism

In order to reveal the main active species in the OTC photo-
degradation by BPC(5%)/g-C3N,, a series of radical trapping
experiments were conducted employing EDTA, BQ and IPA as
scavenge the holes (h"), superoxide radicals ("O,~) and hydroxyl
radicals ("OH) radical scavenger, respectively. The Effects of
different capture agents on OTC photodegradation by BPC(5%)/
g-C3N, was shown in the Fig. 9(a). It was seen clearly that the
degradation rate was highest when there was no scavenger. The
efficiency of the photocatalyst slightly decreases in the presence
of IPA, suggesting that "OH played a less important role in the
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Fig. 8 Photoluminance spectra (a) and Electrochemical Impedance
Spectroscopy plots (b) of the g-C3N4 and BPC(X%)/g-C3N4.
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degradation process. However, when BQ and EDTA trapping
agents were added, the photodegradation efficiency reduced
significantly, and BQ had the most obvious quenching effect on
the reaction. It was indicated that ‘O, and h* were the main
oxidative species in the photocatalytic reaction.>

Based on the above analysis, the photocatalytic mechanism
of BPC/g-C3N, composites could be proposed as the Fig. 9(b).
Firstly, BPC/g-C3N, composite displays the hollow nanorod
structure, which provided more active sites for pollutant
adsorption and the reaction process. Furthermore, BPC loaded
on g-C3N, could act as an active site to enrich more OTC
molecules around the material, thus leading to accelerating the
photocatalytic reactions rates. Secondly, when the BPC/g-C3N,
was irradiated under visible light, g-C3N, will be excited and its
CB and VB will generate photoexcited electrons and holes.
Then, the photoexcited electrons in the CB of g-C3N, could
easily transfer into the CB of BPC, which could remarkably
improve the separation of photoinduced charge -carriers,
resulting in enhanced photodegradation efficiency.*® Subse-
quently, the photoexcited electrons accumulated on the CB of
BPC were captured by O, on the surface of the composite, then
superoxide radicals (O, ") was generated and taken part in the
OTC degradation process. While, the holes left on the VB of g-
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Fig. 9 Effects of different capture agents on OTC photodegradation
by BPC(5%)/g-C3sN4 (a); The possible photocatalytic mechanism for
the degradation of OTC under visible light irradiation (b).
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C3N, could directly oxidize OTC molecules to decompose
organic pollutants. Besides, since the weak oxidation ability
with negative VB potential of g-C3N, (1.44 eV vs. NHE) than that
of both "OH/OH™ (1.99 eV vs. NHE) and "OH/H,0 (2.68 eV vs.
NHE), the photoinduced holes cannot react with H,O or OH™ to
generate "OH radicals. Therefore, h* and 'O, were the most
important active species during the photocatalytic reaction, and
"OH is not the main active species, which was confirmed by
active species trapping experiment results. According to the
above discussion, the probable reactions occurring in the
photodegradation of OTC are:

BPC/g-C3N, + hv —> e~ +h" 9)
02 +e — .027 (10)
0, and h* + OTC — products (11)

Conclusions

In conclusion, BPC was successfully loaded on g-C3;N, as an active
site for by the salt - thermal polycondensation method.
Compared to the traditional activated carbon load that mainly
accelerate the transfer efficiency and accumulate of pollutants to
assist g-C3N, for improved photocatalysis, the loading of BPC
could greatly inhibit the recombination of photogenerated
electron/hole pairs due to its conduction band position. At the
same time, the formation of hollow tubular structure increased
the specific surface area of g-C;N, and provides more active sites
for the reaction. Results of the adsorption and photocatalytic test
showed that the as-prepared photocatalyst BPC/g-C;N, exhibited
optimal removal efficiency for OTC when the BPC loading content
was 5%, and the adsorption capacity and photocatalytic reaction
rate were 3.67 and 5.63 times higher than that of the g-C;N,,
respectively. This work clarified the importance of BPC as an
active site in BPC/g-C;N, photocatalyst towards the adsorption
and photocatalytic degradation of pollutants, and it provide a new
sight to design photocatalyst for antibiotic pollutants removing.
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