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An efficient photo-Fenton catalyst (FeS,@HTCN) was designed by maximizing the synergistic effect of
FeS, nanoparticles and hollow tubular g-C3N4 (HTCN). Molecule self-assembly and molten salts-assisted
calcination were used to engineering the hollow structured g-C3N4 before anchoring FeS, nanoparticles
on the walls of HTCN via reflux method. Compared to bulk g-C3Ny4, the unique structure of HTCN and
heterojunction in the composite endowed FeS,@HTCN with more active sites and abundant channels for
electron transfer and charge separation. The enriched electrons can improve the Fe3* recycling and boost
Fe?* catalyzed ‘OH production via H;0,. As-prepared photo-Fenton catalyst was successfully applied to
the treatment of industrial paint wastewater. The paint wastewater with its COD as high as 8200 mg/L
can be effectively degraded with 0.2 mol/L H,0, in 90 min under visible light irradiation. The photo-
Fenton system was further evaluated according to the process stability and economic benefit, proving
that the strategy presented in this work would be applicable to the treatment of real wastewater.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increase in vehicle production, a large quantity of
wastewater is generated during the process of painting and coat-
ing in paint workshop section [1-3], which evoked increased en-
vironment concerns. Paint wastewaters contain suspended waste
paint and organic additives, making them present high turbidity,
chemical oxygen demand (COD) and toxicity [4-6]. Treatment of
such waters to achieve permissible discharge level is still a great
challenge. Advanced oxidation processes (AOPs) are considered as
the cost-effective method for heavily polluted waters [7-9]. Ow-
ing to the broad applicability, relatively cheap reagents and envi-
ronmental friendliness, Fenton type processes are the widely used
AOPs, in which the highly reactive oxygen species (ROS) are gen-
erated with homogeneous Fe?* and H,0,. The hydroxyl radicals
(*OH), as one of the major ROS, possess stronger oxidation capa-
bility than the pristine oxidants (such as O, and H,0;). And it was
found that the currently applied AOPs with the assistant of ultravi-
olet light irradiation, in a reaction that is called the “photo-Fenton
technology”, could increase the number of *OH, enhance the re-
duction of Fe3* to Fe?* and thus improve the Fenton oxidation ef-
ficiency [10-14]. However, the homogeneous reactions suffer from
several drawbacks in practical applications, such as the require-
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ment of high dosage reagents, energy usage for ultraviolet light,
narrow pH range, and production of a large amount of iron sludgy
[15,16]. Consequently, such photo-Fenton process is not ideal for
the treatment of paint wastewaters.

Intensive research efforts are devoted to develop heterogeneous
photo-Fenton reactions that use insoluble iron-based solid catalyst
instead of soluble iron salts [17,18]. Composite photocatalysts by
coupling iron species with foreign materials through heterojunc-
tion are widely utilized to improve the catalyst efficiency. In this
regard, titanium dioxide [19,20], graphene [21,22], graphitic car-
bon nitride (g-C3N4) [23-25] were employed to provide abundant
active sites, and promote the separation and transfer of photo-
generated electron-hole (e~—h™) pairs. Our group also reported a
FeS,@g-C3N4 hybrid for pollutants degradation under visible light
irradiation [26]. However, the photocatalysts reported so-far are
still not efficient enough, as the degradation of pollutants at about
6000 mg/L level usually takes several hours to complete approx-
imately 70%-80% [21,22]. Furthermore, most of above studies are
limited to the treatment of simulated wastewaters, which are sig-
nificantly different from real industrial ones [10,27,28].

In this study, a structural engineering strategy is used to further
improve the photocatalytic performance of catalyst. Hollow tubular
g-C3N4 (HTCN) with augmented contact area was fabricated, and
then FeS, nanoparticles were immobilized on the wall of HTCN via
the heterojunction formation. The resulting FeS,@HTCN exhibited
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Scheme 1. The schematic illustration of FeS,@HTCN formation.

an enhanced light absorption and migration efficiency of charge
carriers, leading to the improved FeZt[Fe3t cycling and ‘OH gen-
eration. Thus a substantially enhanced degradation efficiency was
obtained for the treatment of heavily polluted waters. The operat-
ing costs, sludge production, process stability, and the reusability
of the catalyst are also superior than other reported Fenton pro-
cesses for real paint wastewater treatment.

Scheme 1 schematically illustrates the preparation procedures
of FeS,@HTCN. First, the supramolecular complexes were obtained
by the hydrogen bonds orientated self-assembling of melamine
and cyanuric acid [29-31]. Then the HTCN was synthesized by
the molten salt method after the optimization of reaction param-
eters (Figs. S1-S4 in Supporting information). The formation of
tubular structure is attributed to the high-temperature liquid me-
dia of molten salts, and fine tuning of calcination temperature
and time [32]. Finally, the FeS, nanoparticles were generated and
anchored on the wall of HTCN. As shown in Fig. S5A (Support-
ing information), the addition of 15 wt% FeS, in the composite
((FeS3)p15@HTCN) was found to have the highest COD removal rate
of 90%, whereas only 8.5% could be reduced in the present of only
g-C3Ny4. The enormous increase in degradation rate may be at-
tributed to high specific surface area of HTCN and the introduc-
tion of the FeS, heterojunction. N, adsorption results indicate that
the involvement of FeS, has almost no impact on the surface area
of HTCN (Fig. S5B in Supporting information). And Fig. S5C (Sup-
porting information) shows that the zeta potentials of FeS, and
HTCN are respectively +11.88 and —35.15 mV, and the FeS,@HTCN
composites are formed through electrostatic interaction. The peaks
at 27.4° in the XRD spectra (Figs. S5D and E in Supporting infor-
mation) can be attributed to the conjugated aromatic segments in
HTCN (JCPDS No. 87-1526). Note that a slight right-shift of this
peak toward the characteristic peak of (111) FeS, implies a de-
creased interplanar spacing of HTCN and the existence of interfa-
cial interaction between FeS, and HTCN [33-36]. Besides, the dis-
tinct bands at about 2180 cm~! in FT-IR spectra (Fig. S5F in Sup-
porting information) indicate the presence of terminal cyano group
(—CN) in both HTCN and (FeS,)p15@HTCN [37,38]. Their intensi-
ties become weakened after the introduction of FeS,, suggesting
the formation of chemical bond (such as Fe—N) between FeS, and
HTCN. XPS spectra (Fig. S6 in Supporting information) exhibit that
a new peak at around 286.5 eV in C 1s spectra ascribed to —CN
group can be observed in HTCN, and its signal is intensified in
(FeS;)o15@HTCN. And the peak of the C-N—H group in N 1s spec-
tra is broadened and right-shifted, indicating the formation of the
N—Fe bonds [17]. These results prove that the heterojunction struc-
ture was successfully formed in FeS,@HTCN.

The morphologies of the supramolecular complexes, HTCN and
(FeS;)o15@HTCN are presented in Fig. 1. A rod-like structure about
several microns in length was observed for melamine-cyanuric acid
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Fig. 1. SEM images of melamine-cyanuric acid complexes (A) and HTCN (B). Inset:
TEM images. (C) and (D) TEM images of (FeS;)o1s@HTCN. Inset: SEM image and
HRTEM image.

complexes (Fig. 1A). After pyrolysis in the salt matrix, the open-
ended tubes were obtained (Fig. 1B), and the corresponding TEM
image shows the abundant pores formed on the wall of these tubes
(Fig. 1C). The black FeS, nanoparticles are decorated on the surface
of HTCN and the lattice spacing of 0.29 nm is slightly larger than
that of common FeS, phase (0.27 nm) (Fig. 1D), presumably due
to the formation of Fe—N bonds with HTCN [37,38]. The photo-
electric properties of HTCN and FeS,@HTCN composites were fur-
ther investigated. UV-vis DRS results presented in Fig. S7A (Sup-
porting information) exhibit that the HTCN possesses UV to visible
light absorbance with an absorption edge at about 420 nm, while
the FeS,@HTCN composites has an enhanced absorption in visible-
light region, which is favorable for visible-light-driven photocataly-
sis. In addition, the semicircle arc radius of (FeS;)q15@HTCN in EIS
Nyquist plot is smaller than other catalysts (Fig. S7B in Support-
ing information), and these results confirm that (FeS;)q15@HTCN
has a low interfacial charge transfer resistance and high transport
efficiency. In the PL spectra (Fig. S7C in Supporting information),
the emission intensities of the composites gradually decrease with
the increase of FeS,, indicating that the e~—h™ pairs recombina-
tion rate is decreased with the increase of FeS, content. The time-
resolved PL decay spectra also verified the above results (Fig. S7D
and Table S1 in Supporting information). The PL lifetimes of all
FeS,@HTCN composites are longer than that of HTCN indicating
that the formation of FeS, heterojunction on HTCN can promote
migration and separation rate of charge carries.

It is noted that model pollutants may be transformed to other
intermediates rather than degraded, hence monitoring the concen-
tration of pollutants cannot properly reflect the degradation effi-
ciency, and the reduction in COD value is more meaningful in prac-
tical applications. Batch photo-Fenton experiments were conducted
to determine the optimum operating conditions (Fig. 2). The ad-
sorption effect to potassium biphthalate (KHP) is relatively weak
over the (FeS;)p15@HTCN within 30 min under dark conditions.
After irradiating by visible light, COD reduction is intensified, and
the removal rates increase up to nearly 100% after 90 min irradi-
ation. The effect of H,O, concentration on the degradation perfor-
mance was investigated (Fig. 2B). The removal rates increase from
16.1% to 98.8% with the increase of H,0, concentration up to 0.2
mol/L, then no further promotion in the degradation rates were
observed, presumably because the excess H,O, would lead to the
*‘OH consumption (i.e., H0, + ‘OH — *O,H + H,0) [39,40], and
the interference in COD test by the excessive consumption of ox-
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Fig. 2. Optimization of degradation conditions in (FeS;)y15s@HTCN/H,0,/vis system.
Effect of degradation time (A), H,O, concentration (B), catalyst dosage (C), and pH
value (D).

Fig. 3. (A) Schematic illustration of degradation process of painting wastewater in
the self-made reactor, and (B) comparison between Fenton and photo-Fenton degra-
dation process.

idant. The effect trend of catalyst dosage on the degradation of
KHP is same as that of H,0, concentration (Fig. 2C). Once cata-
lyst dosage exceeded the 3 g/L, the increase in (FeS;)g15@HTCN
amount do not affect the removal rate. As shown in Fig. 2D, the
(FeSy)o15@HTCN/H, 0, /vis system exhibits a good adaptability in a
wider pH range with more than 90% of removal rate. The pH vari-
ation of KHP solution was also monitored (Fig. S8 in Supporting
information). According to the above experiments, the subsequent
experiments are conducted in the present of 3.0 g/L catalyst and
0.2 mol/L H,0, under 90 min irradiation.

The degradation experiments were conducted in a self-made
reactor (Fig. 3A), of which picture and operational process were
illustrated in Fig. S9 (Supporting information). Four paint efflu-
ents (2 L) with COD values in the range of 5500—8200 mg/L were
investigated and labelled as No. 1, 2, 3 and 4, respectively. The
color of all samples gradually decreases with increase of time.
After 90 min, the turbid water samples become clear (Fig. 3B).
Compared with traditional Fenton reaction, our system showed
a more effective degradation in same time interval. After treat-
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ment, the four effluents could meet the discharge standard of
COD (Fig. S10 in Supporting information). Taking the No. 4 sam-
ple for example, only 5.87 g sediment was produced in our sys-
tem, which is substantially less than the sludge (35.8 g) produced
by a conventional Fenton method (Fig. S11A in Supporting infor-
mation). The sediment contains used catalyst, which can be recy-
cled with minimum loss of catalyst after a simple treatment (Fig.
S11B in Supporting information). The morphology and composi-
tion of (FeS;)p15@HTCN has not been changed after the durabil-
ity tests (Figs. S11C and S11D in Supporting information). Recycle-
experiment results (Fig. S12A in Supporting information) indicate
that (FeS;)p15@HTCN possesses high stability and little deactiva-
tion after four cycles. In addition, the concentration of Fe2t and
total Fe in different systems during 90 min irradiation were mea-
sured, and the results were shown in Fig. S12B (Supporting infor-
mation). It is worthy to note that the concentration of dissolved
Fe?* and total Fe in FeS,@HTCN/H,0,/vis system are much lower
than those detected in the classic Fenton system [41], indicating
the good stability of FeS,@HTCN. And a lower ration of Fe* to to-
tal Fe in classic Fenton system means that a large amount of Fe*+
is transferred to Fe3+ and cannot be recycled during degradation.
Total organic carbon (TOC) experiments were further investigated
to demonstrate the degradation effectivity for No. 4 sample (Fig.
$12C in Supporting information). Obviously, the total TOC removal
rate can be up to 88.6% (90 min), suggesting a complete mineral-
ization of paint wastewater could be achieved by simply increase
the irradiation time. The degradation efficiency and overall cost of
our system were compared with that of traditional Fenton in Table
S2 (Supporting information), as can be seen that a huge improve-
ment was achieved in degradation efficiency and running costs. In
addition, the homogeneous photo-Fenton experiments were car-
ried out for comparison purpose. As shown in Fig. S13 (Support-
ing information), 90.2% of COD removal rate can be observed af-
ter 120 min UV irradiation, and 0.32 g sediment is produced from
every 50 mL wastewater. Owing to the relatively large amount of
sludge and unreusable catalyst for homogeneous photo-Fenton sys-
tem, the heterogeneous system exhibited a greater advantage. This
observation agrees with the conclusion from the previous reported
literatures [42,43]. A comparison with other technologies is also
made in Table S3 (Supporting information). Obviously, our method
exhibits short degradation time and high COD removal rate, which
shows a promising application potential for the treatment of in-
dustrial wastewaters.

To explore the degradation mechanism, EPR experiments were
carried out to identify the ROS species during the catalytic process.
As shown in Figs. 4A and B, signal of *OH was not detected in dark
condition, while its characteristic signals were clearly observed in
lightened condition without adding H,0, or other materials than
can produce *OH, indicating that the "OH may be generated from
the transition of other ROS (i.e., “O,~). And the presence of "0, is
not observed in EPR tests presumably due to its low concentration.
Furthermore, both HTCN/H,0,/vis and (FeS,)y15@HTCN/H,0,/vis
systems displayed the enhanced signal of ‘OH compared with
the H,0,/vis system, and more ‘OH is yielded in the present of
FeS, @HTCN-based photocatalytic process, confirming that the syn-
ergy (H,0,, catalyst and visible light) gives a boost to the genera-
tion of *OH species. The control experiments (Fig. S14 in Support-
ing information) were explored to further elaborate the synergistic
mechanism of photo-Fenton system for degradation of No. 4 sam-
ple. The degradation rate without FeS,@HTCN is only 11.3%, sug-
gesting the oxidizing capacity of H,0, for degradation of organic
pollutants is very weak under visible light irradiation. The degrada-
tion rate of 36.4% and 49.2% are observed for FeS,@HTCN/vis and
FeS,@HTCN/H,0, system, respectively. Nevertheless, the degrada-
tion rate dramatically increases to nearly 100% in the collaborated
effect of FeS,@HTCN, H,0, and visible light. These results further
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Fig. 4. EPR spectra of EPR spectra of DMPO-HO" adduct formed (A) with (FeS;)o15s@HTCN in the dark and under visible light irradiation, and (B) in the H,0,/vis system with
different catalysts. (C) Potential photocatalytic degradation pathway of KHP. (D) The schematic illustration of catalytic degradation mechanism.

demonstrate that removal of organic pollutants relies on both Fen-
ton reaction and photocatalytic oxidation. Based on the degrada-
tion intermediates found by LC-MS analysis (Fig. S15 in Support-
ing information), a degradation pathway for KHP is presented in
Fig. 4C. The results of COD reduction and TOC analysis infers that
further decomposition of these intermediates is effectively pro-
ceeded to produce CO, and H,O, suggesting the molecules like
KHP can be eventually mineralized in (FeS;)q15@HTCN/H,0,/vis
system.

Band structures were measured to explain the generation and
migration of photo-excited charge carriers. Based on the results
presented in Fig. S16 and Table S4 (Supporting information), a pos-
sible degradation mechanism was proposed in Fig. 4D. Although
the direct evidence of *0,~ formation is not observed in EPR tests,
the Ecg of (FeS;)g15@HTCN is more negative than the standard re-
dox potential of 0,/°0,~ (—0.046 eV), however "O,~ is most prob-
ably produced from trapping the photoexcited e~ in the CB by
0,. Then the H,0, can be produced from the dismutation of *0,~
[44,45], which is conducive to the formation of ‘OH species. Sec-
ond, the shortened Eg in (FeS;)o;5@HTCN indicates that the for-
mation of heterojunction can facilitate the separation and transfer
of e~ in composite to enhance the circulation of Fe2*/Fe3*. Third,
the Eyg of (FeS;)p15@HTCN is less positive than the standard re-
dox potential of *OH/H,0, suggesting that *OH species is produced
from the decomposition of H,0,. Thus the enhanced “OH genera-
tion as well as the reinforced Fe?*/Fe3* circulation should be ac-
countable for the high degradation efficiency of (FeS;)p15@HTCN
catalyzed photo Fenton system.

In conclusion, the molecular self-assembly and molten salt-
assisted calcination method were proved to be successful in the
synthesis of HTCN. A photo-Fenton catalyst FeS,@HTCN was pre-
pared by coupling FeS, with HTCN via the heterojunction forma-
tion, which was proved to be highly effective in the removal of
COD for both model compounds as well as real paint wastewa-
ter. Comprehensive characterizations demonstrated that the unique
structure of HTCN and heterojunction in FeS,@HTCN are respon-
sible for the improved light absorption ability, enhanced charge
carrier migration, suppressed e~ —h* recombination and reinforced
Fe2*[Fe3+ circulation, and increased generation of 'OH. A possi-
ble degradation mechanism was proposed based on model com-
pound analysis. In view of excellent catalytic efficiency, high sta-
bility, good reusability, and considerable economic benefit, the
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FeS,@HTCN-based photo-Fenton process is a promising method for
industrial wastewater treatment.
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