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ABSTRACT

In this study, a catalyst material consisting of g-C,N, and ferrous oxalate was synthesized via a simple
and environment-friendly method. Then, the catalyst was characterized using various techniques.
The photocatalytic performance of the catalysts in the degradation of Rhodamine B was evaluated
under visible-light irradiation. Based on the experimental results, the combination of g-C,N, and
ferrous oxalate was crucial to enhance the separation of charge carriers and improve the O, reduction
under visible light. This process also promoted the production of hydroxyl radicals (*OH). In the sys-
tem, oxalate was used to assist the conversion between Fe* and Fe*, with the chelation of Fe* to form
a complex, to avoid the formation of sludge. Furthermore, without the addition of hydrogen perox-
ide (H,0,), the system had efficient photodegradation with excellent effect. This study provided an
innovative idea for the application of ferrous oxalate in photocatalysis and Fenton-like reaction.

Keywords: Ferrous oxalate; g-C)N,;

Photocatalytic; Rhodamine B; Characterization

1. Introduction

Advanced oxidation technologies, such as photocataly-
sis [1], electrochemistry [2], and Fenton oxidation [3], have
gained widespread attention as efficient and simple meth-
ods for wastewater treatment. Among these technologies,
photocatalytic technology has shown great advantages in
pollutant degradation in recent years. Semiconductor mate-
rials produce free radicals under sunlight. These radicals
can degrade organics or redox heavy metals in water with-
out any harmful products. Graphitic carbon nitride (g-C,N,,
referred to as CN hereinafter) is a good nonmetallic catalyst
and can be excited photons and holes under visible-light
irradiation. In addition, CN is extremely stable and easy to
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synthesize [4,5]. Despite its unique advantages, carriers can
couple quickly and be utilized lowly. Thus, researchers have
proposed numerous approaches, such as co-doping [6,7],
with other semiconductor to form heterojunctions [8,9],
deposition with precious metal [10,11], and controlling the
morphology [12], with metal organic framework to form
composites [13,14], to enhance the photocatalytic activ-
ity of CN.

Homogeneous Fenton oxidation is a simple method in
which the generated hydroxyl radicals (*OH) can decom-
pose most contaminants. However, the sludge in the reac-
tion produces secondary pollution, and the cycle efficiency
of Fe*" and Fe* is slightly low. Thus, H,O, may be not
utilized effectively in pollutant degradation. As a result,
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heterogeneous Fenton oxidation technology, which can
easily reuse catalysts and avoid the byproducts of sludge,
has been rapidly developed in recent years. Ferrous oxa-
late dihydrate (referred to as FOD hereinafter) is one of the
simplest coordination polymers with high catalytic per-
formance and works as an excellent catalyst in heteroge-
neous Fenton reaction. FOD is relatively stable and easy to
reuse because it is usually undissolved or insoluble in most
organic solvents or water [15,16]. The block of FOD is com-
posed of a chain-like structure in which the repeated units
formed by the coordination of two oxalic acid groups and
ferrous metal are in the axial direction; by contrast, the coor-
dination of each ferrous metal with two water molecules is
in the longitudinal direction. As a result, FOD has a stable
six-coordination structure [17]. The FOD crystal belongs
to n-type semiconductors and can be divided into a and
phases. In many experiments, FOD is used as a catalyst to
degrade pollutants and can achieve a high catalytic effect
with the assistance of other substances. For instance, FOD
has been used to activate H,O, in heterogeneous Fenton
processes [18,19]. Furthermore, FOD has been used to treat
pollutants under visible light with the assistance of an
organic reductant (citric acid or oxalic acid) [20,21]. In the
above instances, although the wastewater was degraded, the
overall process was not economic. This work takes advan-
tage of the effect of visible light on the composite catalyst,
mainly using the photoexcitation of CN with visible light
to produce e” and h' in promoting the FOD degradation of
contaminants. The combination of FOD and CN is applied
in photocatalytic and Fenton-like technology to treat pol-
lutants. The carrier utilization rate is improved, and the
reduction capacity of O, under visible light is enhanced.
Moreover, the preparation of catalyst materials is simple,
mild, economical, and environment friendly. Rhodamine
B (RhB) is considered harmful to humans and the environ-
ment and has a high chroma even at a low concentration
of wastewater. Accordingly, RhB is used to estimate the
catalytic effect of composite materials.

2. Experiment
2.1. Reagents and materials

Melamine was purchased from the Tianjin Damao Che-
mical Reagent Factory. FeSO,2H,O was purchased from
Tianjin Kaitong Chemical Reagent Co., Ltd. C,;H,0,-2H,0
was purchased from Shanghai Reagent First Factory
Comprehensive Operation Company. RhB was purchased
from Tianjin Guangfu Fine Chemical Research Institute.
Ethyl alcohol, tert-butanol, p-benzoquinone, and potash
iodide were purchased from Sinopharm Chemical Reagent
Co., Ltd., (Shanghai, China). The reagents in this study were
of analytical grade and used without any purification.

2.2. Synthesis of catalysts

CN was prepared using a thermal polycondensation
method. First a suitable amount of melamine was placed in a
ceramic crucible and placed into the muffle furnace (550°C,
3 h). Then the melamine was naturally cooled to room
temperature and ground to obtain yellow CN powders.

Subsequently, C,H,O,2H,0 and FeSO,/2H,0 (with a
mole ratio of 1.5:1) were added to ethanol and ultrapure
water, respectively. Then the latter solution was added to
the former drop by drop. The mixture was stirred constantly
(40°C, 1 h) and aged for 7 h. The resulted precipitates were
collected through centrifugation, washed by ultrapure
water and ethanol water, and dried in an air-drying oven
(40°C, 48 h) to obtain the FOD powder.

On the basis of the theoretical calculation, the cata-
lyst materials with different FOD amounts (5, 10, 20, 30,
and 50 wt.%) were prepared to obtain improved catalysts;
the materials were denoted as 5-FOD-CN, 10-FOD-CN,
20-FOD-CN, 30-FOD-CN, and 50-FOD-CN, respectively.
The CN and FOD powders were dispersed in 110 mL
ultrapure water under constant stirring (50°C, 90 min) to
synthesize FOD-CN. Then, the final FOD-CN products were
obtained through operations, including precipitation, cen-
trifugation, washing through ultrapure water and ethanol,
drying, and grinding.

2.3. Characterization

The morphology of the catalysts was observed using a
scanning electron microscope (SEM; JSM-7500F, USA). The
elements contained in the catalyst and their contents were
analyzed using an energy dispersive X-ray (EDX) ana-
lyzer, usually combined with SEM. An X-ray diffraction
(XRD) analyzer (Bruker D8 X-ray, DE) was used to analyze
the phase and chemical composition of the catalysts. The
parameters of the Bruker D8 X-ray (DE) are as follows: an
X-ray source of CuK a ray (A = 1.54178 nm), an interval
of 0.02, a pipe pressure of 40 kV, a pipe flow of 40 mA, a
scanning speed of 6 min~, a 20 scanning range of 5°-90°.
Fourier transform infrared (FTIR) spectroscopy (Thermo
Scientific Nicolet iS50, USA) was used to study the chemi-
cal composition of the catalysts with a wavelength range of
400-4,000 cm™. The chemical composition and bond energy
of the catalysts were analyzed using an X-ray photoelectron
spectrometer (Escalab 250Xi) produced by Thermo Fisher
Scientific Company; in which the excitation light source
was Al Ka. The specific surface areas of the samples were
analyzed via the Brunauer-Emmett-Teller method (Micro
for TriStar II Plus 2.02). A UV-Vis diffuse reflectance spec-
trometer was used to measure the absorbance of the cata-
lysts. Photoluminescence (PL) spectra were tested using a
fluorescence spectrophotometer (fls980 Edinburgh, UK) to
measure the effective charge transfer of the catalysts.

2.4. Pollutant degradation experiment

The photocatalytic experiments were conducted in the
photocatalytic reactor in which both the catalyst (0.1 g) and
the pollutant RhB (10 mg L™ 200 mL) were added under
visible light source (300 W). The mixture was stirred at a
constant rate. First, the mixture was reacted in the dark for
30 min to make the catalyst reach the adsorption saturation,
and the reaction was performed under visible light. Every
20 min, 6 mL sample was taken out, centrifuged, and filtered
through a 0.22 um polytetrafluoroethylene filter. Then, the
supernatant fluid was obtained and the absorbance was
measured using a UV-Vis spectrophotometer at 554 nm.
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3. Results and discussion
3.1. Characterization of materials

The SEM image and EDX spectrum of CN and
10-FOD-CN are shown in Fig. 1. The pure CN had a typical
lamellar structure (Fig. 1a), and the rod-shaped FOD crys-
tal [22] was distinctly deposited on the surface of CN (Fig.
1b). Moreover, the EDX image confirmed that the compos-
ites contained C, N, O, and Fe atoms in with proportions
of 34.79%, 50.95%, 13.31%, and 0.96%, respectively (Fig. 1c).
The proportions of the elements indicated that the FOD con-
tent was low in FOD-CN.

The chemical phases and composition of the catalysts
were detected via XRD (Fig. 2). In the XRD image of CN,
two relatively strong diffraction peaks (20 at 13.0° and
27.6°), which are well matched with the standard card (ICSD
code: 87-1526), were observed. The diffraction peak at 13.0°
corresponded to the (100) planes of the ordered repetition
of triazine units, and the diffraction peak at 27.6° corre-
sponded to the (002) planes of the interlayer accumulation
of the aromatic systems [23]. In the XRD image of FOD,
three remarkable peaks, which coincided with the standard
card of a-FOD (ICSD code: 23-0293), were observed (26 at
approximately 18.6°, 23.0°, and 29.8°). All the characteris-
tic diffraction peaks of FOD and CN appeared in the XRD
image of FOD-CN with different content proportions, indi-
cating that the FOD presence did not destroy the CN struc-
ture. In addition, with the increase in FOD, the intensity of

the diffraction peak of CN gradually decreases, whereas
that of FOD gradually increases.

The chemical composition and structure of CN and
FOD-CN were investigated via FTIR spectroscopy, as
shown in Fig. 3. Similar characteristic peaks appeared in
the CN and FOD-CN spectra. The absorption band at 3,100—
3,350 cm™ was related to the stretching vibration zone of the
N-H group [24]. The weak band at 2,160 cm™ was ascribed
to the tensile vibration of -C=N [25]. The absorption band
at 1,200-1,650 cm™ was ascribed to the stretch vibration
region of the aromatic ring C=N and the C-N bond [26]. The
detected peak at 807 cm™ was ascribed to the tensile vibra-
tion of triazine ring [27]. In the FOD FTIR spectrum, the
band at approximately 3,350 cm™ may be due to O-H tensile
vibration. The peaks at 1,317 and 1362 cm™, 1,628 cm™ may
be ascribed to the symmetric and asymmetric tensile vibra-
tions of O-C-O [28]. The band at 820 cm™ may be ascribed
to the bending vibration of C=C-O. The peak at 494 cm™ was
ascribed to the stretch vibration of Fe-O [29]. Unfortunately,
the absorption band of FOD was almost not observed in the
FT-IR spectrum of FOD-CN, possibly due to the low FOD
content. However, with the increase in FOD content, the
strength of the vibration zone of FOD-CN slightly changed.
In particular, as the FOD content increased, the absorp-
tion bands at 3,350 em™ and 1,200-1,650 cm™ evidently
changed, and the tensile strength at 494 cm™ was slightly
enhanced. These results proved the existence of FOD in
FOD-CN.

8 10 1
Energy(KeV)

Fig. 1. (a) SEM image of pure CN, (b) SEM image of 10-FOD-CN, and (c) EDX image of 10-FOD-CN.
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Fig. 2. XRD image of CN and FOD-CN.

The chemical element composition and bond energy of
10-FOD-CN were analyzed via X-ray photoelectron spec-
troscopy (XPS) (Fig. 4). The elements C, N, O, and Fe can be
detected from Fig. 4a in which the XPS image of 10-FOD-CN,
was consistent with the results of EDX analysis. The XPS
high-resolution images were performed to determine the
valence states of C 1s, N 1s, O 1s, and Fe 2p in Figs. 4b—e.
The XPS spectra of C 1s had two fitted peaks. The binding
energy of 284.6 eV was identified as C—C or C=C, sp* hybrid
carbon atom, which may be caused by the adsorption of the
external carbon to the material’s surface or the C-C bond
in FOD. The peak of 288.0 eV correspond to N-C=N in CN
[30,31] and the O-C=0O in FOD [32]. The XPS spectra of N
1s had three peaks, at 398.5, 399.8, and 400.9, respectively. The
peak of 398.5 eV corresponded to the C-N=C bond formed
by sp? hybrid nitrogen atom and carbon, whereas the peaks
of 399.8 and 400.9 eV were ascribed to N-(C), and C-N-H,
respectively [33]. The spectra of O 1s showed a prominent
peak located at 532.0 eV, corresponding to the adsorption
of hydroxyl or water on the material’s surface [34] or that
of the binding water of FOD or C,02 on FOD [35]. FOD
was not the main component of 10-FOD-CN due to the low
content. Thus, the peak value in the XPS image of Fe 2p was
relatively weak. The peaks of Fe 2p at 709.8 and 723.5 eV
were ascribed to the binding energy of Fe*" 2p,, and 2p, ,,
respectively [36,37], suggesting that Fe mainly existed in
the form of Fe* when FOD was incorporated with CN.

N, adsorption and desorption were performed to obtain
the surface area and pore size distribution of the composite
catalyst (Fig. 5). The specific surface area was 11.2264 m? g7,
which was smaller than that of CN (11.5 m? g™!) synthesized
by heat condensation polymerization. Fig. 5b shows that
the pore size distribution was approximately 20 nm because
the compound FOD affected the specific surface area.

The absorption performance of the catalysts was analyzed
using the UV-Vis diffuse reflectance spectrometer (UV-Vis/
DRS) (Fig. 6a). The UV-Vis spectrum of pure CN had a wide
absorption range of visible light, whereas 10-FOD-CN had
no evident red shift, possibly due to the less-doped FOD.
The classical Tauc formula ahv" = A(hv — E ) [38] was used
to calculate the band gap energy (E). Literature revealed
that CN and FOD were direct semiconductors [39]. Thus,
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Fig. 3. FT-IR image of CN and FOD-CN.

n was assigned to be V4, and then the plot of (Ahv)? vs. hv
was obtained in Fig. 6b. E of CN and 10-FOD-CN were
derived from the straight part of the extrapolation curve to
be approximately 2.80 and 2.75 eV, respectively. Compared
with CN, 10-FOD-CN had a slightly enhanced absorption
capacity of visible light, indicating that the coupling of CN
and FOD could lead to an improvement of visible-light
absorption. PL-emission spectra of FOD-CN samples and
CN were carried out to verify the effective charge transfer
(Fig. 7), which suggests that the composites could enhance
the separation of charge carriers.

3.2. Photocatalytic experiment
3.2.1. Effect of loading

As shown in Fig. 8a, the FOD-CN composite material
had higher degradation efficiency compared with either
CN or FOD, which indicating that the combination of CN
and FOD was beneficial for the promotion of photocata-
lytic efficiency. Furthermore, the degradation efficiency
for pollutants varied as the FOD content in the composite
materials changed. The 10-FOD-CN had better degradation
efficiency compared with other composite materials with
different proportions and was selected for the following
tests. In the absence of oxygen, the degradation effect of
10-FOD-CN was slightly weaker than that in natural con-
ditions under visible-light irradiation, which indicated that
the enhancement of reactive oxygen species in the system.
Although *OH with strong oxidation capacity was mainly
produced by FOD, the degradation rate of pollutants by
the combined catalyst increased. This result may be due to
carriers generated by photoexcited CN, which promoted
the photoexcited FOD to generate free radicals (*C,O; and
*CO,) that excite O,. The degradation rate decreased with
the increase in load, possibly because the load was too
high to produce more e and h*.

RhB degradation with various catalysts was analyzed
to study the reaction kinetics further. The first-order
(In(C,/C) =Kt) and the second-order (1/Ct - 1/C0 = K,) kinetic
equations were used to fit the degradation. The curves
of In(C,/C) vs. t and (1/C, - 1/C) vs. t are plotted in Fig. 9,
and the kinetic parameters of the fitted curve are shown in
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Fig. 4. (a) XPS image of 10-FOD-CN and (b-e) XPS high-resolution images of C 1s, N 1s, O 1s, and Fe 2p, respectively.
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Fig. 5. (a) N, adsorption isotherms and (b) pore size distribution of 10-FOD-CN.

3.2.2. Effect of the initial pH
Table 1. The photocatalytic degradation of RhB fitted well ffect of the initial p

with the second-order kinetic model. Meanwhile, the reac- As displayed in Fig. 8b, the pollutant degradation effect
tion rate constant (K,) by using 10-FOD-CN was 6.8, which ~ was better under acidic conditions because the charge and
was 3.4 times higher than that using CN or FOD. adsorption capacity of the dye molecules on the surface of
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Fig. 7. PL-emission spectra of CN and 10-FOD-CN.

the catalysts were affected by pH [40]. Under acidic condi-
tions, electron transfer was accelerated, and a large amount
of H" was generated, thereby benefitting the generation of
*OH and significantly enhancing the degradation efficiency.
Hence, a pH of 3 was selected for further studies.

Table 1
Parameters for the kinetic models

3.2.3. Effect of the initial concentration of RhB

As shown in Fig. 8c, the degradation rate gradually
decreased with the increase in initial concentration in the
range of 2-15 mg L. When the initial concentration of RhB
was high, the pollutant molecules occupied numerous active
sites which free radicals were generated. Moreover, the
light transmittance of the system weakened, thus affecting
the light absorption of the catalyst. As a result, the system
had a limited number of active substances and exhibited
low degradation rate. At very low initial concentration
(2 or 5 mg L), it was difficult to truly evaluate the effi-
ciency of the catalyst. Therefore, 10 mg L™ was selected to
evaluate the degradation efficiency of the catalyst.

3.2.4. Effect of catalyst dosage

As shown in Fig. 8d, the dosage of the catalyst did not
change the degradation rate significantly. When the dosage
of the catalyst was 0.1 g L™, the efficiency was limited due
to the diminished active sites. After the dosage exceeded
0.1 g L7, the degradation efficiency became higher due
to the increased number of active sites. At a catalyst dos-
age of 0.2 g L™, the degradation efficiency reached 78%.
However, as the dosage continued to increase, the degrada-
tion efficiency was slightly suppressed possibly because the

Parameters for a first-order
kinetic model

Parameters for a second-order
kinetic model

Catalyst K, (x107 min™) R? K, (102 min™) R?

CN 2.12 0.99167 1.24 0.99650
FOD 3.63 0.84834 2.48 0.89171
5-FOD-CN 4.64 0.89722 3.42 0.94444
10-FOD-CN 8.73 0.97118 8.45 0.99845
20-FOD-CN 7.91 0.97757 7.40 0.99974
30-FOD-CN 7.62 0.97820 7.18 0.99963
50-FOD-CN 6.64 0.98318 5.54 0.99946
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excessive addition of catalyst resulted in the boosted turbid- ~ was formed in the process. The trend of the UV-Vis absorp-
ity of the system. This phenomenon hindered the produc- tion spectra suggested that the pollutants were completely
tion of active substances by the catalyst distant from the light ~ degraded to CO, and H,O rather than other substances.
source and consequently caused a wastage of the catalyst.
To elucidate the products of the photocatalytic degrada-
tion of RhB, Fig. 10 shows the UV-Vis absorption spectra of
RhB at different degradation times. As shown in Fig. 10, the During Fe* activation, oxalate was converted into CO,,
absorption peak at approximately 554 nm gradually dropped  resulting in the fading of oxalate and the dissolution of
with the extension of irradiation time, and no other peak  Fe? [19]. Therefore, the reusability of the catalyst in this

3.3. Reusability of the catalyst and its possible mechanism
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process was low (Fig. 11a). When the catalyst was reused, the
degradation efficiency was only half that of the first time of
usage. A leaching test of Fe was performed to evaluate the
stability of the samples. The results are shown in Fig. 11b.
Fe accumulation increased with time, because *OH destroyed
the chain structure formed by iron and oxalate. Through
the XRD analysis of the used catalyst (Fig. 11d), the FOD
characteristic peaks have disappeared in the used catalyst
after 120 min degradation, resulting in the low reusability
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Fig. 10. UV-Vis absorption spectra of RhB in photocatalytic deg-
radation.
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and poor stability of the catalyst. The results implied that fer-
rous oxalate played an important role in the degradation of
pollutants.

The dominant free radical (*O,, “OH, or h*) was deter-
mined to improve the removal rate; the experimental results
of the quenching agent with free radicals (p-benzoquinone
(BQ), tert-butanol (TB), and potash iodide (KI), correspond-
ing to the curves j, k, and [, respectively) in the reaction are
shown in Fig. 11c. In the figure, the pollutants were mainly
affected by the free radicals of *O; and *OH within the first
40 min. Curve k and [ had a turning point when the deg-
radation reaction reached 40 min. As shown in curve k,
the effect of TB on *“OH was weakened, indicating that the
reaction system contained less “OH after 40 min. This result
was mainly due to the consumption of C,OZ, resulting in
a decrease in the amount of *OH. Such decrease indicated
that *"OH in the reaction system was mainly produced by
H,O, generated by carbon-centered free radicals (*C,0; and
*CO;) activating molecular oxygen. In curve j, BQ always
maintained the inhibition of *O;, whether prior to or after
40 min. *O; was indirectly converted into *OH, which acted
on pollutants before 40 min. After 40 min, it was primar-
ily generated by e, synthesized by the photoexcited CN,
to reduce O,. In addition, the degradation rate was twice
as much as that of 40-80 min because the first 40 min was
mainly composed of *OH with strong oxidation capacity.
Before 40 min, the contaminant was quickly consumed.
Thus, the chromaticity was lowered, and the transmittance
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Fig. 11. (a) Recycling curves, (b) Fe accumulation in the reaction system, (c) quenching experiment of free radical, and (d) XRD image

of the fresh and used catalysts.
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was enhanced. After 40 min, the pollutants were mainly
degraded by e” (forming *O;) combined with h*.

In accordance with the results of photocatalytic degra-
dation experiments, the possible degradation pathway was
concluded, and the degradation mechanism was proposed
(Fig. 12). The reaction system could degrade pollutants by
photocatalysis and Fenton-like reaction. In the reaction,
semiconductors were excited to generate h* and e reducing
0, to *O; (Eq. 1). In the system, C,07 had two roles: (1) the
carbon-centered free radicals (*C,0; and *CQO;) generated the
photoexcited FOD in Egs. (2) and (3). This conclusion has
been proven by literature [41,42]. *C,0; and *CO, could form
*O; combined with H* to synthesize H,0, in Eq. (5) and fur-
ther decompose into “OH in Eq. (6). (2) C,0Z could reduce
Fe*, thereby promoting the cycle of Fe** and Fe* in Eq. (4)
and improving the utilization rate of H,O, [43]. Moreover,
C,O2 could chelate Fe* to form a complex and prevent Fe**
from precipitating in the reaction, thus effectively facilitating
iron circulation.

0,+e —°0; O
*C,0, - CO, + *CO;, )
*C,0,+0,—"0;+2CO, ®)
2Fe* + C,0% + 2H,0 — 2Fe* + O* +2CO, + 2H* (4)
2°0;+2H"—> H,0,+0, ®)
H,0, + Fe* — Fe* + *OH + OH- (6)

4. Conclusions

In summary, the catalyst materials of CN-FOD were
synthesized through a facile and cost-effective method. The
developed catalyst materials exhibited excellent photocat-
alytic efficiency for RhB under light irradiation without
the use of any other auxiliary reagents. The combination of

Fig. 12. Degradation mechanism.

CN-FOD inhibited the recombination of electrons and holes
and greatly improved the utilization rate of the carrier and
the photocatalytic efficiency. Thus, the proposed catalyst
composite mildly addressed the problems in which the for-
mation of sludge in Fenton reaction caused the secondary
pollution and lowered the cycle efficiency of Fe*" and Fe*".
Generally speaking, the proposed method reduced cost and
resources for the pollutant degradation and avoided the
generation of secondary pollution. On the basis of work,
innovative ideas for Fenton-like reactions and enhancement
strategies for photocatalytic activity are expected using
g-C,N,. In the future, the synthetic method of FOD can be
optimized to improve the stability and reusability rate of
the catalyst.
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