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The Fenton reaction, as an important member of the advanced oxidation processes (AOPs), has gained
extensive attention in recent years. However, the practical applications of the traditional Fenton process
have been restricted by the poor degradation efficiency and the rigid pH range. In this study, we report
a new strategy regarding the photo-Fenton oxidation of Rhodamine B (RhB) by kaolin-FeOOH (K-Fe)
catalysts with the assistance of oxalic acid. It was found that the iron—oxalate complex was formed as
oxalic acid was introduced into the K—Fe catalyst system by the chelation ability of oxalate. Benefiting
from the high photosensitivity of the iron—oxalate complexes, the K—Fe/oxalic acid/H,O,/visible light
system exhibited excellent catalytic activity towards the degradation of RhB under the optimized
reaction conditions [(K—Fe) dosage = 1.0 g L™ initial pH = 7.2, (oxalic acid) = 1.0 mM, (H,O,) = 0.5
mM)], and its reaction rate constant for the degradation of RhB was 27.7 times greater than that of the K-
Fe/H,O,/visible light system. More importantly, the K-Fe/oxalic acid/H,O,/visible system showed
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Accepted 26th April 2020 remarkable degradation efficiency over a wide pH range (3.3-10.8), which was superior to that of the
traditional Fenton system. In addition, the degradation efficiency of RhB was found to remain at 94.7%

DOI: 10.1035/d0ra03361h after five cycles. This work is expected to provide an important approach for the application of the
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1. Introduction

In the past decades, water pollution has become more severe
and frequent. Dyes, as the prevalent organic contaminant in
wastewater, are widely used in coloring and printing activities in
paper, textile, leather, and cosmetic industries.”™ Dye-
containing wastewater can directly destroy the ecological
balance of a water body and negatively affect human health.>° It
has been found that dyes are difficult to degrade by traditional
biological methods owing to their complex structure with high
molecular weight and cytotoxicity.” Recently, advanced oxida-
tion processes (AOPs), characterized by the production of highly
reactive radicals (-OH), have been widely employed in the
treatment of organic wastewater, especially non-biodegradable
and persistent ones, due to their strong oxidation capacity.®®
Among the AOPs, the photo-Fenton process can effectively
promote the decomposition of hydrogen peroxide and the
reduction of ferric ions, which facilitates the formation of -OH.
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Therefore, the photo-Fenton can be an attractive candidate for
practical applications.*®*

However, the practical applications of the conventional
photo-Fenton are still hindered by considerable disadvantages:
(1) easy formation of the iron sludge, which causes secondary
pollution; (2) the pH range of the reaction is restricted to about
2-3."»1* Therefore, it is of great economic and environmental
interest to develop heterogenous iron-based catalysts to replace
ferrous ion so as to overcome the aforementioned drawbacks.
To this day, various iron-based catalysts, such as FeOOH, Fe,O3,
and Fe;0,, have been utilized for hydrogen peroxide activation.
Among these catalysts, FeFOOH has been regarded as a prom-
ising alternative in the decomposition of organic pollutants
owing to its noteworthy stability, hypotoxicity, and low cost.***®
Clays are widely employed as catalyst supports due to their
specific properties and structures as well as their convenient
supply of raw materials and cost-effectiveness. Zhang et al.*®
synthesized Fe,O;-pillared rectorite (Fe-R) as a heterogeneous
Fenton catalyst for the oxidative removal of RhB and p-nitro-
phenol. It was demonstrated that the Fe-R catalyst can strongly
adsorb RhB, which was beneficial for RhB degradation. Luo
et al.V’ reported the degradation processes of Orange II by
nanoscale zero valent iron-rectorite composite, which included

This journal is © The Royal Society of Chemistry 2020
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adsorption and simultaneous degradation. As a typical clay
mineral, similar to rectorite, kaolin possesses strong adsorption
capacity and remarkable chemical/mechanical stability. More-
over, the reserves of kaolin are extremely abundant, much
higher than that of rectorite; therefore, it is of interest to
introduce FeOOH onto kaolin to construct a kind of catalyst
with remarkable reactivity and adsorption capacity.

In recent years, low-molecular-weight organic
(LMWOASs) have been widely used in the Fenton system to
improve the efficiency of the degradation process.’®'® Zhang
et al.* investigated the effects of addition of different organic
acids, including oxalic acid, acetic acid, citric acid, malic acid,
and tartaric acid, on the photo-Fenton process and found that
only oxalic acid enhanced the photodegradation efficiency.
Oxalic acid, a simple dicarboxylic acid, is biodegradable and is
widely distributed in plants, animals, and fungi, with remark-
able chelation ability and reducing power. It can act as a com-
plexing and reducing agent simultaneously to maintain iron in
soluble forms and also accelerates the Fe(m)/Fe(u) for efficient
Fenton oxidation.?*> Besides, the addition of oxalic acid to the
Fenton system leads to the generation of Fe(in)-oxalate, which is
a photosensitive complex that can extend the utility of the
absorption band range from below 350 nm (UV light band) to
450 nm (visible light band).** It is well known that the UV region
comprises only 3-5% of the total solar spectrum; therefore, it is
important to utilize the visible light region (the majority of the
sunlight) for the Fenton system.?* To the best of our knowledge,
little attention has been devoted to the studies related to the
simultaneous introduction of oxalic acid and visible light to the
kaolin supported FeOOH system with H,0, for organic dyes
remediation.

Herein, the heterogeneous kaolin-FeOOH catalysts were
synthesized by the impregnation method and employed for the
degradation of RhB in the visible light driven photo-Fenton
system with the assistance of oxalic acid. It was expected that
the oxalic acid assisted photo-Fenton process with the kaolin-
FeOOH catalyst would achieve excellent performance in RhB
degradation. The effects of different factors, including pH,
catalyst dosage, H,O, concentration, and oxalic acid concen-
tration, on the degradation of RhB were evaluated. Further-
more, other three organic dyes, such as methyl orange (MO),
methylene blue (MB), and crystal violet (CV) as well as another
oxidant (persulfate) were tested in the K-Fe/oxalic acid/visible
light system. The cycling experiments and trapping experi-
ments were carried out to investigate the stability of the catalyst
and the possible degradation mechanism of the system,
respectively.

acids

2. Materials and methods
2.1 Chemicals

Fe(NO;);-9H,0, Na,CO;, NaCl, H,0, (30 wt%), HCl, NaOH,
oxalic acid (H,C,0,), isopropyl alcohol (IPA), terephthalic acid
(TA), ethanol, and p-benzoquinone (BQ) were of analytical grade
and purchased from Sinopharm Chemical Reagent Co., Ltd.
Methyl orange, crystal violet, methylene blue, Rhodamine B,

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

and kaolin were obtained from market. The above reagents were
used directly without further purification.

2.2 Catalyst preparation and characterization

The K-Fe catalyst was prepared according to the previous report
with slight modifications.'® Typically, 0.4 M of ferric nitrate
solution (50 mL) was added dropwise to 0.2 M of sodium
carbonate solution (50 mL). After vigorous stirring for 20 min,
the mixing solution was aged for 36 h at 298 K. 5 g of sodium-
base kaolin (mixture of 2 wt% NaCl and kaolin) was mixed with
100 mL of the aged solution and then slowly stirred at 70 °C for
8 h. The obtained brown products were washed with deionized
water and ethanol five times and dried at 60 °C overnight.
Finally, the K-4Fe catalyst samples were obtained. For
comparison, the catalyst samples were prepared by only varying
the concentration of ferric nitrate at 0.2 M and 0.6 M, similar to
the above procedure, and were labeled as K-xFe (x = 2 and 6),
where x represents the concentration of ferric nitrate during the
preparation process. In this work, K-Fe represents the K-4Fe
catalyst sample.

The crystallinity and chemical structure of the catalyst
samples were investigated via powder X-ray diffraction (XRD,
Bruker, Germany) and Fourier transform infrared (FT-IR, Shi-
madzu, Japan) spectroscopy. Scanning electron microscopy
(SEM, SIGMA 500/VP, Germany) and transmission electron
microscopy (TEM, FEI, America) were employed for observing
the morphologies of the catalyst samples. The surface species
were detected by X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific). The specific surface areas of the
catalyst samples were checked by N, physisorption (Autosorb-
iQ, Quantachrome instrument, America). The iron content of
the leached iron in the solution and the catalyst samples was
tested by inductively coupled plasma atomic emission spec-
trometer (ICP-AES).

2.3 Degradation procedures

The photo-Fenton catalytic performances of the K-Fe catalyst
was tested by the degradation of RhB in aqueous solution using
LED lamp (300 W) with a 400 nm cutoff filter as the light source
(the energy intensity of the irradiation is 98 mW cm™?). All the
experiments were carried out at least twice to guarantee the
accuracy of the results.

Typically, 100 mg of the K-Fe catalysts and 100 mL of the
10 mg L™" RhB aqueous solution were mixed under stirring in
a 500 mL glass beaker. Then, a certain concentration of H,O,
and oxalic acid were added to the beaker. About 6 mL of the
water samples were obtained after 2 min each and centrifuged.
Finally, the concentration of RhB was checked by using the UV-
Vis spectrophotometer at 554 nm. The removal rate of RhB was
calculated from the following equation (eqn (1)), where 4, is the
RhB absorbance after the reaction and A, is the initial RhB
absorbance.

n = (Ao — A)/Ag = (Co — C)/Cy x 100% 1)

RSC Adv, 2020, 10, 18704-18714 | 18705
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2.4 Scavenging experiments and detection of -OH

The scavenging experiments was carried out at the same
degradation conditions except that different scavengers were
added at the beginning of the reaction. The number of -OH
generated during the degradation process was detected by
measurement of the photoluminescence (PL) signal of 2-
hydroxyterephthalic acid resulting from the capture of -OH by
TA (excitation wavelength of 312 nm). The fluorescence analysis
experiments were employed at the same degradation conditions
except that TA was added and the absence of RhB at the
beginning of the reaction.

3. Results and discussion
3.1 Characterization of the K-Fe catalysts

3.1.1. Phase composition. The phase composition and
crystal structure of the kaolin (K) and K-Fe samples were
analyzed by XRD and XPS characterizations. The XRD patterns
of K and K-Fe are shown in Fig. 1a; the diffraction peaks of K
and K-Fe samples in the XRD spectra were very similar, indi-
cating that the main structure of kaolin before and after the
introduction of FeOOH changed negligibly. In Fig. 1a, no
diffraction peaks of the crystalline phase iron species were
observed among these samples, which might be attributed to
the low content of iron (3.96 wt% by ICP). The diffraction peaks
at 26 = 20.1° and 29.1° corresponded to the (110) and (003)
crystal planes of the kaolin, respectively. On the other hand, the
diffraction peaks of K-Fe shifted with the incorporation of
FeOOH by a small angle, as shown in Table 1. According to
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Bragg's law equation d(h k I) = n}/(2 sin 6), the lattice fringes of
the K-Fe samples on the (110) and (003) crystal planes were
0.03 nm and 0.01 nm higher than those of the kaolin samples,
respectively. The XRD patterns of the K-xFe (x = 0, 2, 4, and 6)
samples are shown in Fig. S1a;7 the patterns of all the samples
were found to be shifted towards lower angles. These results
revealed that the lattice fringe spacing of the K-Fe lattice was
enhanced.”**”

To confirm the existence of the FeOOH species and to study
the electronic states of the elements in the composite, XPS
analysis of the K-Fe samples was carried out. High-resolution
XPS spectra of Fe 2p (c) and O 1s (d) are illustrated in Fig. 1(b)
and (c). The Fe 2p peaks can be observed in the spectrum,
demonstrating the successful introduction of iron species into
kaolin. The peaks at 724.8 and 711.2 eV were ascribed to the
binding energy of the Fe 2p;/, peaks and Fe 2p,,, respectively,
which were characteristic of the presence of FEOOH in the K-Fe
samples.”® With the deconvolution of the O 1s spectrum, three
peaks were found at 532.4, 531.5, and 530.3 eV, which corre-
sponded to the adsorbed hydroxyl Fe-OH aqds0rb), lattice hydroxyl
Fe-OH(1aitice), and the lattice oxygen Fe-O, respectively.* There-
fore, the above results confirmed that FeEOOH was successfully
loaded on kaolin.

3.1.2. N, physisorption. The N, adsorption-desorption
isotherms of the K and K-Fe samples and their pore size
distribution curves are illustrated in Fig. S2.1 The BET surface
area, pore volume, and average pore diameter are summarized
in Table 1. An increase of about 2.5 times in the BET surface
area was found (increase from 11.818 to 29.025 m”> g~ ') when
introducing FeOOH into kaolin, implying the formation of extra
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Fig.1 (a) XRD patterns of the samples: kaolin and the K—Fe catalyst; high-resolution XPS spectra of the K—Fe catalyst: (b) Fe 2p spectrum, (c) O 1s
spectrum.

Table 1 The BET surface areas and pore parameters of the samples

Specific surface Pore size, Pore volume,
Samples area, (m*> g™ ) (nm) (em® g™ 26, {110} 26, {003}
Kaolin 11.818 7.796 0.064 20.1° 29.1°
Kaolin-Fe 29.025 3.061 0.075 19.3° 28.2°
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Fig. 2 SEM images of the samples: (a) kaolin, (b) the K—Fe catalyst.

porous structures. Both the K and K-Fe samples exhibited
Langmuir type IV isotherms with a H3-type hysteresis loop
corresponding to that of a typical mesoporous material with
sheet structure particles.** The pore diameter of the K-Fe
sample dropped significantly compared to the K sample, while
the pore volume increased. On account of the above analysis, it
was speculated that the FeOOH nanoparticles might be gener-
ated in the interlayers and on the surface of kaolin during the
fabricating process.**

3.1.3. Morphology. The SEM images of kaolin and the K-
Fe catalysts are displayed in Fig. 2. At the same resolution
ratio, a layered structure was found in the SEM image of
kaolin. In contrast, the SEM image of the K-Fe catalyst dis-
played that some substances clearly adhere to its surface,
which might be attributed to the aggregation of hydroxyl iron
ions to form FeOOH on the surface of kaolin during the aging
process.”” The TEM images of the K-Fe catalysts are shown in
Fig. 3(a) and (b). As can be seen, the lattice fringe spacing of
kaolin was about 0.312 nm, corresponding to the (003) crystal
plane of kaolin. These results matched well with the XRD
results.

Fig. 3

This journal is © The Royal Society of Chemistry 2020

3.2 Catalytic performance of the K-Fe catalysts

3.2.1. Photo-Fenton degradation of RhB. The degradation
of RhB versus time under different conditions is illustrated in
Fig. 4a. With the K-Fe catalyst but in the absence of H,0,, the
degradation efficiency of RhB was extremely low, with or
without visible light irradiation. With the addition of oxalic acid
and the K-Fe catalyst, the removal efficiency of RhB reached
37.9% in the dark, which might be ascribed to the increase in
the surface negative charge of K-Fe by adding oxalic acid, which
favors the electrostatic adsorption of RhB molecules.*® In the
presence of H,0, and the K-Fe catalyst, negligible degradation
of RhB was observed in the dark or even under illumination,
indicating that the degradation efficiency of the general
heterogeneous Fenton system was still unsatisfactory. Interest-
ingly, nearly 70% of RhB was degraded within 4 min and 98.8%
degradation of RhB was achieved within 10 min in the K-Fe
catalyst/H,0, system with the addition of oxalic acid under
visible light irradiation and this system exhibited much higher
degradation efficiency compared with the reported results.****
However, only 41.8% of RhB was decomposed in the K-Fe
catalyst/oxalic acid/H,O, system without visible light irradia-
tion, suggesting the importance of visible light irradiation for

Kaolin

0.312 nm

(a) TEM image of the K—F catalyst, (b) HRTEM image of the K—Fe catalyst.
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Fig. 4 (a) Degradation activity curves for RhB under different conditions, (b) kinetics for the degradation of RhB ((K-Fe) = 1.0 g L% pH = 7.2,

(oxalic acid) = 1.0 mM, (H,O,) = 0.5 mM).

the degradation of RhB. Notably, 68.7% of RhB was degraded in
the kaolin/H,0,/oxalic acid/visible light system owing to the
strong adsorption capacity of kaolin,***” which would be bene-
ficial for the degradation reaction.

The degradation of RhB by the K-xFe (x = 0, 2, 4, 6) catalyst
samples is displayed in Fig. Sib.f It was observed that the
degradation of RhB did not change significantly on adjusting the
concentration of ferric nitrate during the preparation process. On
the introduction of FeOOH to kaolin, the RhB degradation
percentage increased from 68.7% to more than 95% in 10 min,
suggesting that the iron species effectively enhanced the photo-
Fenton catalytic activity of kaolin. The effects of the addition
order of H,0, and oxalic acid on the degradation of RhB were
tested. As shown in Fig. S3,T there was no obvious difference in
the degradation efficiency between the two addition orders. In
addition, the classical Fenton reaction was tested for compar-
ison. The concentration of ferrous ion in the homogeneous
Fenton system was adjusted to 0.0396 g L™ " according to the iron
loading of the as-prepared K-Fe catalyst. By adopting the classic
Fenton system, 74% degradation percentage of RhB was ach-
ieved, which was obviously lower than that of the K-Fe catalyst/
oxalic acid/H,0,/visible light system.

Fig. 4b demonstrates the degradation curves for RhB in
different systems and the degradation processes were found to fit
the pseudo-first order kinetic model (In(Co/C,) = In(4¢/4,) = kt,
where k represents the degradation rate constant). The degra-
dation rate constant (k = 0.3155 min ') of the K-Fe/oxalic acid/
H,0,/visible light system was about 27.7 times, 5.8 times, and 2.9
times greater than that of the K-Fe/H,0,/visible light, K-Fe/oxalic
acid/H,0,, and K/oxalic acid/H,O, system, respectively. The
detailed numerical results for the degradation of RhB are listed in
Table 2. According to the above results, it could be concluded that
the K-Fe/oxalic acid/H,O,/visible light system was the most
effective for the degradation of RhB.

3.2.2. The effects of reaction conditions on the degradation
of RhB. The effects of reaction conditions, including catalyst
dosage, oxalic acid concentration, initial pH value, and H,O,

18708 | RSC Adv, 2020, 10, 18704-18714

concentration, on the degradation of RhB were investigated in
the K-Fe/oxalic acid/H,O,/visible light system.

The effect of K-Fe catalyst dosage on the degradation of RhB
is shown in Fig. 5a. The degradation efficiency of RhB increased
from 66.3% to 98.8% along with increasing catalyst dosage from
0.3 to 1.0 g L™, It might be ascribed to the greater number of
active sites that would be usable for the degradation of RhB as
the catalyst dosage increased. Nevertheless, the degradation
efficiency of RhB almost remained unchanged after 10 min
reaction with further increase in the catalyst dosage to 2.0 g L™ .
Since the reaction occurred in a suspension with the heteroge-
nous catalyst, the light transmittance of the reaction solution
should be taken into account in the RhB degradation process. It
was obvious that excess catalyst dosage would decrease the light
transmittance of the reaction solution and reduce the visible
irradiation intensity required for the photo reduction of Fe(ur),**
which had a negative effect on the photo-Fenton process. Thus,
the optimal dosage of the K-F catalyst was found to be 1.0 g L™".

The influence of oxalic acid concentration in the range from
0.3 mM to 4.0 mM is presented in Fig. 5b. As demonstrated, the
initial concentration of oxalic acid had a significant impact on
the RhB degradation efficiency. In the range of 0.3 to 1.0 mM,
the degradation percentage of RhB increased rapidly from

Table 2 Comparison of the degradation of RhB in different systems

Entry Experimental conditions k (min)™! Nrne (%)
1 K-Fe (dark) 0.0034 5.3
2 K-Fe (light) 0.0053 7.7
3 K-Fe/oxalic acid (dark) 0.0459 37.9
4 K-Fe/oxalic acid (light) 0.1125 67.1
5 K-Fe/H,0, (dark) 0.0114 12.9
6 K-Fe/H,0, (light) 0.0162 16.1
7 K/H,0,/oxalic acid (light) 0.1101 68.7
8 K-Fe/H,0,/oxalic acid (dark) 0.0540 41.8
9 Fe*'/H,0, (light) 0.2189 74.0
10 K-Fe/H,0,/oxalic acid (light) 0.3155 98.8

This journal is © The Royal Society of Chemistry 2020
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Fig.5 (a) Effect of catalyst dosage (pH = 7.2, (oxalic acid) = 1.0 mM, (H»O,) = 0.5 mM), (b) oxalic acid concentration ((K-Fe) =1.0g L%, pH =7.2,
(H,05) = 0.5 mM), (c) H,O, concentration ((K-Fe) = 1.0 g L%, pH = 7.2, (oxalic acid) = 1.0 mM), (d) initial pH ((K-Fe) = 1.0 g L%, (oxalic acid) =

1.0 mM, (H,0,) = 0.5 mM) on the degradation of RhB.

47.3% to 98.8% along with the increased concentration of oxalic
acid. It is reported that the introduction of oxalic acid to the
iron-based catalyst would form the photoactive complex
[Fe™(C,04);]>", which was beneficial for RhB degradation.’®
However, RhB degradation increased slightly when the oxalic
acid concentration further increased to 2.0 mM or 4.0 mM.
Though the addition of oxalic acid could effectively promote
RhB degradation, excess oxalic acid could compete with RhB for
the formed -OH radicals, leading to impaired degradation of
RhB. Thus, the optimal concentration of oxalic acid was set as
1.0 mM.

The impact of H,0, concentration on the decomposition of
RhB is illustrated in Fig. 5c. The degradation efficiency of RhB
increased as the H,O, concentration increased from 0.1 mmol
L' to 0.5 mmol L™, which could be assigned to the fact that
H,O0, is a source of -OH; thus, higher H,0, concentration may
lead to the generation of more -OH.* At H,0, concentrations
higher than 0.5 mol L™, a decrease in the RhB degradation was
observed, which was ascribed to the consumption of -OH
radicals by excess H,0,.* Thus, the optimal concentration of
H,0, was found to be 0.5 mM.

This journal is © The Royal Society of Chemistry 2020

The effect of the initial pH values on the degradation of RhB
is depicted in Fig. 5d. As can be seen, 98.8% of RhB was
degraded within 10 min at the initial pH value of 7.2. When the
initial pH value increased from 7.2 to 10.8, the degradation
percentage of RhB decreased to 94.7%. On decreasing the initial
pH value from 7.2 to 3.3, the degradation percentage of RhB
declined to 92.5%. It was clear that the optimal initial pH value
was 7.2. With the addition of oxalic acid, the pH value of the
solution decreased significantly. The changes in the pH value
during the degradation process at 0, 2, 4, 6, 8, and 10 min are
displayed in detail in Table S1.f Thus, when the initial pH value
was low, excess H' could act as the scavenger of -OH radicals,
thus causing the consumption of -OH radicals. Moreover,
excess H' might react with H,0, to form H;0,".** When the
initial pH value increased to the alkaline pH range, the oxida-
tion potential of -OH/H,O reduced, resulting in a lower degra-
dation efficiency. Han et al.** reported the same phenomenon in
their study. Nevertheless, it was notable that the degradation
efficiency of RhB was retained to above 92% under the initial pH
range from 3.3 to 10.8, showing that the degradation reaction
could occur over a wide pH range, which was different from the
conventional homogeneous Fenton system. The results are in
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(organic dyes) = 100 mL, 10 mg L™%).

agreement with the previous reports, which found that the clay-
supported iron catalyst could extend the pH value range in the
photo-Fenton process.'®**3

3.2.3. Mineralization and adaptability. The UV-Vis spectral
changes in RhB versus irradiation time over the K-Fe catalyst
under the optimum reaction conditions are displayed in
Fig. S4.7 The absorption peak at 554 nm fell gradually until it
was flat, indicating that the RhB structure was successfully
decomposed by the K-Fe/oxalic acid/H,0,/visible light system.
In order to check the mineralization of RhB, the TOC removal of
the RhB aqueous solution along with time was measured in the
K-Fe/oxalic acid/H,0,/visible light system. It can be seen from
Fig. 6a that the degradation percentage of RhB and TOC
removal percentage of RhB reached 98.8% and 49.1% in 10 min,
respectively, under the optimal reaction conditions. These
results confirmed that the system had an excellent catalytic
activity.

To further test the universality of the K-Fe/oxalic acid/H,0,
system, the degradation of three other common industrial

organic dyes were carried out, including MO, MB, and CV. As
presented in Fig. 6b, the degradation percentage of the organic
dyes MO, MB, and CV reached 96.3%, 98.9%, and 98.4% in
15 min, respectively. The above results proved that the K-Fe/
oxalic acid/H,0,/visible light system was efficient for the
degradation of organic dyes. In addition, the effect of different
oxidants on the degradation of RhB was evaluated under the
optimal reaction conditions, as shown in Fig. S5.f When
employing persulfate as the oxidant, more than 90% of RhB was
degraded, which was slightly lower than using H,0, as the
oxidant but more effective than the traditional Fenton process.

3.3 Stability and reusability of the K-Fe catalysts

The cycling degradation experiments were carried out to
determine the stability of the K-Fe catalysts. As presented in
Fig. 7a, the degradation percentage of RhB was found to remain
94.7% after five cycles. The degradation efficiency of RhB
dropped negligibly, which might be ascribed to negligible iron
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Fig. 7
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leaching from the catalyst samples in the cycling degradation
experiments.*

To further confirm the stability of the K-Fe catalyst, the fresh
and used catalysts were tested by XRD and FT-IR. In Fig. 7b, it
was observed that the XRD spectrum of the used catalyst was
very similar to that of the fresh catalyst. Also, in Fig. 7c, the FT-
IR spectra of the fresh and used catalysts did not change
significantly. These results implied that the K-Fe catalyst was
robust and reusable.

3.4 Catalytic mechanism

Despite the fact that kaolin has strong adsorption capacity, the
characteristic peaks of pure RhB (1719, 1599, 1453, 1410, and
1179 cm™ ') were not observed in the spectrum of the used
catalyst, as shown in Fig. 7c. Thus, it could be concluded that
the RhB molecule was fully decomposed rather than being
adsorbed on the catalyst during the degradation process. As

View Article Online
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shown in Fig. 8, the concentration of leached iron increased to
0.474 mg L™ " in the first 2 min and decreased t0 0.176 mg L™ in
the subsequent 8 min. This phenomenon might be explained as
follows: the surface iron could react with oxalic acid to form the
dissolved iron-oxalate complexes due to a relatively higher
concentration of oxalic acid at the beginning of the reaction.
Then, the oxalate was continuously consumed along with the
reaction time, accompanied by the decomposition of the
complexes, thus causing the precipitation of a portion of the
Fe(m) ions. Even so, it was notable that the leached iron was
extremely low and its corresponding homogeneous Fenton
activity was much lower than the heterogenous Fenton activity.
Hence, the RhB degradation process was predominately carried
out on the surface Fe of the K-Fe catalyst.**

It is well-known that -OH and O, " act as reactive oxygen
species (ROS) in AOPs.*>*¢ To figure out the contribution of ROS
to RhB degradation, two kinds of scavengers (IPA for -OH, BQ
for O, °) were introduced to the K-Fe/oxalic acid/H,O,/visible
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light system. As excepted, the degradation efficiency of RhB
decreased with the addition of the scavengers (Fig. 9a). In
particular, the degradation of RhB was severely restricted
(98.8% to 45.9%) with the addition of IPA, suggesting that -OH
was the main ROS in RhB degradation in the K-Fe/oxalic acid/
H,O0,/visible light system. On the addition of BQ, there was
about 10% drop in the degradation efficiency of RhB, indicating
that O, " was the intermediate during the formation of -OH. To
further validate the presence of -OH, fluorescence spectrum
analysis was carried out during RhB degradation in different
systems (Fig. 9b and c). It was obvious that the -OH radicals
were generated in both the K-Fe/oxalic acid/H,0,/visible light
system and the K-Fe/H,0,/visible light system. The fluores-
cence intensity increased quickly in the first 2 min and then
increased slowly during the subsequent 8 min in the K-Fe/
oxalic acid/H,0,/visible light system. The fluorescence inten-
sity change curves matched well with the RhB degradation curve
in the K-Fe/oxalic acid/H,0,/visible light system. Compared
with the K-Fe/H,0,/visible light system, the K-Fe/oxalic acid/
H,0,/visible light system displayed a significant enhancement
in the fluorescence intensity, confirming that oxalic acid could
effectively promote the production of - OH, which is responsible
for RhB degradation.

As the standard electrode potential for Fe(in)/Fe(u) is 0.77 V
(eqn (2)) and the standard electrode potential for the half-
reaction of H,0, is equal to 0.69 V (eqn (3)), thus, it is
believed that the poor efficiency of the Fe(ur)/Fe(u) cycle in the
traditional Fenton was ascribed to the weak reduction ability of
the ferric ions for H,O, reduction.*” The standard electrode
potential for the half-reaction of oxalic acid is equal to —0.49 V
(eqn (4)), which makes it thermodynamically favorable to
reduce Fe(ur) species to Fe(u) species.* Thus, as soon as oxalic
acid is introduced into the reaction system, the Fe(u)/Fe(ur) cycle
would be accelerated, leading to the more efficiently catalysis of
the decomposition of H,O, to generate more -OH for the
degradation of RhB.

Fe'' + e~ =Fe" E° = 0.771 V )
O(g) + 2H" +2¢ = Hy0, E" = 0.69 V 3)
2C0,(g) + 2H" + 2¢™ = Hy,C,04 E° = —0.49 V (4)

It is reported that when the concentration of oxalic acid was
higher than 0.18 mM, the Fe(ur) species might exist chiefly as
[Fe™(C,04),] and [Fe™(C,0,);]*.*° Liu et al.*® compared the
XPS spectra of iron in NiFe,O, before and after the photo-
catalysis, and they concluded that the complex [Fe™(C,0,),]”
or [Fe'(C,0,);]>~ was formed on the surface of the catalyst
during the photocatalytic process. Moreover, the Fe(ur)-oxalate
complex is photosensitive and can be reduced to the Fe(u)-
oxalate complex with the generation of C,0, " under visible
light irradiation.® [Fe"(C,04),]*~ could easily react with H,O,
to generate -OH (eqn (5)) because the reaction constant was
3.1 x 10* M~ ' s7', which was significantly larger than that of
the conventional Fenton reaction (eqn (6)).”* Therefore, the
formation rate of - OH was greatly enhanced in the presence of
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oxalic acid, which was beneficial for the improvement of RhB
degradation.

[Fe'(C204)2]" + Hy0, — [Fe''(C,04),]” + -OH + OH™ &k
=(3.1+06) x 10*M!s7! (5)

Fe'' + H,0, » Fe™ + -OH+OH k=7.6 x 10' M5! (6)

In light of the above analysis, a possible mechanism for the
K-Fe/oxalic acid/H,O,/visible light system was proposed, as
shown in Scheme 1. Firstly, RhB molecules were adsorbed on
the surface of the K-Fe catalyst. Next, the surface Fe(m)-oxalate
complex was generated from oxalate and the surface Fe(m) of
the K-Fe catalyst (eqn (7)). The formed surface Fe(i)-oxalate
complexes were reduced to the surface Fe(u)-oxalate complexes
on excitation by visible light and simultaneously generated the
C,0, " radicals (eqn (8)). Then, the surface Fe(u)-oxalate
complexes reacted with H,O, to produce -OH along with the
surface Fe(ur)-oxalate complexes (eqn (9)). The C,0, * radicals
could react with dissolved oxygen to form O,"/HO, (eqn (10))
and they further reacted with H' to generate H,0, (eqn (11) and
(12)), which guaranteed a sufficient supply of -OH. In addition,
a small proportion of Fe(m) on the surface of the K-Fe catalyst
was photo-reduced to surface Fe(u) and the surface Fe(u) reacted
directly with H,0, to form the hydroxyl radicals (eqn (13) and
(14)). At last, the formed -OH radicals attacked the RhB mole-
cules adsorbed on the surface of the K-Fe catalyst and several
intermediates with phenyl group were subsequently produced,
which were further degraded to CO, and H,O (eqn (15)). The
degradation pathway is depicted in Fig. S6.T

—=Fe!l + nC20427 R [EFeIII(CZO‘l)”]B—Zn 7)
[=Fe''(C204),] " + hw — [=Fe'(C;04), 1]
+ Cy04 ™ (8)
[=Fe"(C,04), 1]* " + H,0, — [=Fe"(C,04), 1"
+ -OH + OH™ 9)
C2047. + 02 - 2 C02 + 027. (10)
H" + 0,7" - HOO" (11)
HOO® + HOO® — 02 + HzOz (12)

Scheme 1 Degradation mechanism of the K—-Fe/oxalic acid/H,O,/
visible light system.

This journal is © The Royal Society of Chemistry 2020
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=Fel + iy —» =Fel

(13)

=Fe" + H,0, > =Fe'" + -OH + OH"~ (14)

-OH + organic dyes — small molecules — CO, + HO (15)

4. Conclusions

In summary, the kaolin-FeOOH catalyst was successfully
prepared by a facile method and exhibited excellent photo-
Fenton catalytic performance with the assistance of oxalic
acid. Benefiting from the high photosensitivity of the iron-
oxalate complexes of oxalic acid, 98.8% degradation percentage
and 49.1% removal rate of TOC due to RhB degradation were
achieved under the optimum operating conditions. The effects
of various reaction conditions on the degradation of RhB were
determined. It was found that the K-Fe/oxalic acid/H,O,/visible
light system could maintain great catalytic activity in the pH
range 3.3-10.8 and exhibited an excellent stability, which was
proved by the five-cycle test. The trapping experiments
demonstrated that the -OH radical was the crucial active
species in the degradation of RhB. The reducing power of oxalic
acid and the high photosensitivity of the iron-oxalate
complexes effectively promoted the Fe**/Fe*" cycle, which was
beneficial for the high performance of RhB degradation. These
results suggested that the K-Fe/oxalic acid/H,O,/visible light
system has potential value for the treatment of organic dyes in
water.
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