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The leaching and non-recoverability of mental ions have always limited the practical application of
Fenton-like processes. For the first time, we synthesized molybdenum phosphide (MoP) with dual ac-
tive sites for the degradation of diclofenac (DCF) in the Fenton-like process. The DCF degradation rate
constant (k) of MoP + H,0, process was calculated to be 0.13 min™' within 40 min, indicating a highly
efficient catalytic ability of MoP. In addition, this catalyst exhibits a stable structure and good activity,
which could apply in a broad pH range, different ions solution and real wastewater condition. Accord-

MoP ingly, this efficient catalytic capability may be attributed to the presence of the metal sites Mo®* and the

Dual active sites
Fenton-like
Diclofenac degradation

electron-rich sites P*~ in MoP, which could induce the generation of hydroxyl radical ("OH) and superox-
ide radical (*O,~) through electron transfer, resulting in the effective removal of DCF. This study provides
an idea for the optimization of Fenton-like technologies and environmental remediation.

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

Medica, Chinese Academy of Medical Sciences.

Diclofenac (DCF) is a kind of anti-inflammatory drugs that is
widely used to treat inflammatory, painful diseases, and other
pains [1]. It has been reported that the annual consumption of DCF
reached more than 60 tons in many countries [2]. However, the
excretions of DCF are poorly eliminated in the wastewater treat-
ment plants, resulting in the residual of DCF in surface water and
groundwater. For example, high concentration of DCF is detected in
Llobregat River [3]. In addition, DCF with low concentration would
cause cytological alterations in rainbow trout [4], suggesting that
DCF may have a risk to the aquatic ecosystems. Thus, DCF exposed
to the natural environment needs to be removed urgently.

Fenton-like processes with strong oxidation capacity can pro-
duce hydroxyl radicals ("OH), which are considered as promising
technologies to treat refractory pollutants [5-10]. Although tradi-
tional Fenton process has lots of advantages such as high efficiency
and simple operation, the production of iron sludge and the diffi-
culty in the recycle of Fe2+ both limit its practical application [11].
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Hence, it is necessary to find an efficient and recyclable catalyst to
replace Fe?+.

Transformation metal compounds are a group of common cat-
alysts used to replace metal ions in Fenton-like reaction, among
which P-based compounds with low-cost and earth-abundant have
been widely used to be hydrogen agent, photocatalyst or electro-
catalyst [12-14]. In addition, the formation of metal-P bonds in P-
based compounds can result in a “weak ligand” effect on P atom
and adjust the surface charge state of metal atoms, which may
perform the potential to be applied in Fenton-like reactions [15-
17]. In recent years, P-based compounds have been gradually used
to treat organic pollutants in Fenton-like processes. For example,
Luo et al. prepared nanostructured CoP as an efficient peroxymono-
sulfate (PMS) activation catalyst for the degradation of orange II,
which could achieve a ratio of 97.2% for orange Il degradation in
4 min [18]. As an important member of P-based compounds, MoP
presents high electronic conductivity and superior chemical stabil-
ity, which gets more and more attention in recent years [15]. With
the charged nature of molybdenum (Mo®+) and phosphorus (P4-),
MoP may own unique dual active sites like NiyP [19-21], which
may be also conducive to the optimization of the Fenton-like sys-
tems. Generally, Mo is considered as the active center among the
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Fig. 1. (a) TEM image and (b) XRD pattern of MoP. (c) Mo 3d and (d) P 2p XPS
spectra of MoP.

Mo-based catalysts like MoS, and Mo, C [22-26]. However, the ac-
tivation capacity of MoP for H,0, has not been reported and the
mechanism of MoP + H,0, process is unknown.

In this study, MoP was used as a catalyst for DCF degradation
in Fenton-like process for the first time. The purpose of this study
is to (i) determine the DCF degradation efficiency in MoP + H,0,
process; (ii) investigate the effects of experimental parameters
such as MoP, H,0, and DCF concentration; (iii) evaluate the prac-
tical application potential of MoP + H,0, process; (iv) clarify the
mechanism of MoP + H,0, process; and (v) propose the degrada-
tion pathways and products of DCF.

The specific materials and methods are supported in the Text
S1 (Supporting information). To determine the successful synthe-
sis of MoP, characterizations such as transmission electron micro-
scope (TEM), X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) were conducted and the results are shown in Fig. 1.
The TEM image suggests that MoP is a group of irregular nanopar-
ticles. Through observing the crystal lattice of the synthesized ma-
terial, three lattice fringes with the interval of around 0.20, 0.27
and 0.33 nm were found, corresponding to the (101), (100) and
(001) lattice plane of MoP crystalline [21,27]. In addition, the crys-
tallinity of the sample was characterized by XRD. As shown in
Fig. 1b, XRD pattern displays diffraction peaks at 26 of 28.0°, 32.2°,
4320, 57.4°, 57.9°, 64.9°, 67.0°, 67.8° and 74.4°, which well corre-
spond to the (001), (100), (101), (110), (002), (111), (200), (102) and
(201) of the orthorhombic MoP standard card (JCPDS No. 24-0771),
respectively. Furthermore, XPS was carried out to study the valence
situation of the as-prepared MoP (Figs. 1c and d). Two peaks at
228.3 eV and 232.5 eV performed in Mo 3d XPS spectrum are the
typical peaks of MoP assigning to Mo®+ [27], while another peak
at 235.5 eV corresponds to Mo®+ 3d3),, resulted by the slight oxi-
dation on the surface of MoP [21]. Additionally, P 2p XPS spectrum
clearly exhibits a predominant peak at 134.1 eV corresponding to
P-O bond, which could be attributed to the oxidation of surface P
[21]. Moreover, the peaks located at 129.5 eV and 130.4 eV corre-
sponding to P 2p;p, and P 2py, are the P3- species in MoP, which
are consistent with previous research [21,27,28].

Before testing the catalytic capacity of MoP in Fenton-like pro-
cess for DCF degradation, the adsorption capability of MoP for DCF
was studied. As shown in Fig. S1 (Supporting information), the ad-
sorption ratio of DCF in 120 min reached about 30%, indicating a
limited adsorption capability of MoP. In addition, the absorption
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Fig. 2. (a) Degradation ratio and reaction rate constant of DCF in MoP + H,0,
system. (b) Cycle experiments in MoP + H,0, system for the DCF degrada-
tion. (c) Degradation ratios of DCF using various scavengers and (d) ESR in the
MoP + H,0, system. Experimental conditions: [H,0,] = 2.0 mmol/L, [MoP] = 0.10
g/L, [DCF] = 20 mg/L, pH 6.0, T = 25 °C, scavenger:H,0, = 500:1 and 1000:1 molar
ratio.

ratio kept stable after 30 min, suggests that the adsorption equilib-
rium was determined to be 30 min. Furthermore, it can be clearly
observed that H,0, alone could not remove DCF, suggesting the
insufficient oxidant capability of H,0, (Fig. 2a). However, MoP cat-
alyzed H,0, process got a surprising degradation of DCF, in which
almost 100% of DCF was degraded in 40 min (Fig. 2a). These re-
sults manifest that MoP could react with H,O, to remove organic
pollutant effectively. The reaction kinetics of MoP, H,0, and MoP
+ H,0, processes were calculated using pseudo-first-order kinetic
model -In(C/Cy) = kt for further comparing the degradation per-
formance of DCF in different processes. The observed rate constant
(k) value of MoP + H,0, process was calculated to be 0.13 min~!
(Fig. 2a). Moreover, as shown in Fig. S2 (Supporting information),
the reaction rate constant of DCF in different Fenton-like systems
are lower than that in MoP + H,0, process, indicating an excel-
lent performance of the MoP. In addition, the synergy factor (SF)
of MoP + H,0, process was further calculated by Eq. S1 (Support-
ing information) and the calculation result is 15 (> 1), indicating
a significant synergistic effect between MoP and H,0,. Therefore,
the prepared MoP displayed efficient activation efficiency on H,0,
for DCF degradation, which would widen the application areas of
P-based compounds.

Additionally, the key operational factors would also have an im-
portant impact on the degradation of pollutants, thereby the im-
pact of MoP dosage, H,0, dosage, DCF concentration and pH were
explored. As shown in Fig. S3 (Supporting information), with the
increase of MoP or H,0,, the degradation ratio of DCF gradually
increased, which may be attributed to the increase in surface reac-
tion sites of MoP and reactive oxidative species (ROSs). Moreover,
the higher concentration of DCF would cause the lower degrada-
tion efficiency of DCF, because the generated ROSs might be not
insufficient to degrade excess DCF in the MoP + H,0, process (Fig.
S3c). In addition, the MoP + H,0, system would work over a broad
pH range (4.0-8.0), among which the removal ratio of DCF could
be achieved almost 100% when pH =6.0. According to the above
optimization experiments, the MoP dosage, H,0, dosage, DCF con-
centration and pH were subsequently set as 0.10 g/L, 2.0 mmol/L,
20 mg/L and 6.0, respectively.
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To evaluate the practical application potential of MoP, several
experiments were conducted. Firstly, the common ions in wastew-
ater were added in the reaction solution to examine the effect of
ions. It is obviously to find that 5 mmol/L of ions in the reac-
tion solution could slightly decrease the degradation efficiency of
DCF, which reached 80%, 85%, 88% and 90% with the addition of
Cl-, HCO3~, NO3~ and SO42-, respectively. This indicates that the
addition of ions would slightly inhibit the ability of MoP activa-
tion of H,0, (Fig. S4a in Supporting information). Furthermore, the
degradation ratio of DCF in different actual wastewater was slightly
lower than that in ultrapure water matrix. Thus, even though the
addition of ions and actual wastewater would affect the treatment
efficiency of DCF, they were all greater than 70% (Fig. S4b in Sup-
porting information), revealing a high potential for DCF removal in
real water in the MoP + H,0, process. In addition, MoP exhibits a
good activity after the reaction, which could maintain 86% of DCF
degradation ratio in 5 cycles (Fig. 2b). These all suggest the high
application potential for the pollutant degradation in real wastew-
ater by MoP + H,0, system.

In order to apply MoP + H;0, process in actual wastewater
treatment, it is necessary to understand its mechanism. Thus ROSs
capture and electron spin resonance (ESR) experiments were car-
ried out to determine the radical species during the MoP + H,0,
process. Tert-butanol (TBA) and p-benzoquinone (p-BQ) were used
as "‘OH and superoxide radical (*0O,~) scavengers with the reaction
rate constants of (3.8-7.6) x 108 L mol~! s=! [29] and 2.9 x 10°
L mol-! s~! [30], respectively. As displayed in Fig. 2c, the degrada-
tion ratio of DCF was strongly inhibited with the addition of TBA,
which decreased to 50% in 40 min, indicating the significant role of
‘OH in the reaction. Furthermore, p-BQ also showed a suppression
of DCF degradation, with the degradation ratio of 79%. With the
ratio of TBA/p-BQ and H,0, increasing to 1000, the degradation
ratio of DCF further decreased to 24%/60%. Thus the ROSs quench-
ing test signifies the coexistence of “OH and ‘O, ~, while *OH is the
main ROSs that plays an important role. ESR experiment further
certificates the result of ROSs test. Four peaks with the intensity
ratio of 1:2:2:1 and 1:1:1:1 represent the signal of "OH and "0,
respectively [29]. As shown in Fig. 2d, there are no signal of *OH
or ‘0,~ in the only H,0, system, indicating the lack of these two
ROSs, while the signal of *OH and "O,~ can be both detected in the
MoP + H,0, system, reconfirming the co-contribution of *OH and
‘O, ~ to DCF degradation in the MoP + H,0, system.

Previous study has proved that the mechanism of P-based
compounds-mediated PMS activation includes the dual role of P3~
and metal ions (M®+). Thus the XPS spectra of Mo 3d and P 2p
of MoP after reaction were examined to investigate the valence
changes of MoP during the reaction (Fig. S5 in Supporting infor-
mation). It has been observed that there is no significant change of
the XPS spectra of Mo 3d and P 2p of MoP after reaction compared
to that before reaction, indicating a stable structure of MoP. How-
ever, the content of Mo%+ 3d3), decreased from 58.37% to 56.23%,
while the content of Mo®+ 3d3), enhanced from 36.91% to 37.66%.
This redox behavior of different Mo species manifests that Mo®+
could react with the oxidant H,0, to generate high valence Mo%*,
resulting in the increase of the MoS* content. Inductively coupled
plasma (ICP) spectrometer was used to detect the dissolution of
Mo ions and the result shows that about 5.17 mg/L Mo ions can
be detected in the effluent, which indicated that Mo ions on the
surface of MoP was dissolved in the reaction during redox reac-
tion, reconfirming the generation of high valence Mo®* during the
reaction. In addition, P~ with rich electron is also an active site,
which could react with O, or H,0, to generate ‘OH and "0, ™, fol-
lowed by the release of oxidation-derived phosphate [19,31]. The
concentration of phosphate ions were detected before and after the
reaction and the results show that phosphate ions were increased
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Scheme 1. Pathways proposed for DCF degradation by the MoP + H,0, system.

from 0.85 mg/L to 21.20 mg/L. Compared to the XPS spectrum of
P 2p of MoP before reaction, the content of the peak of P—O bond
after reaction decreased from 93.20% to 87.86%, which is consis-
tent with the previous study resulting from the reaction of elec-
trons and H,0, [19,31]. Thus, K,Cr,0; has been used as an elec-
trons scavenger to further verify the role of electrons. As shown
in Fig. 2c, with the addition of K,Cr,0, the degradation ratio of
DCF was severely suppressed, which was only 42%, indicating an
important role of electrons.

According to the above investigation, it could be assumed that
MoP with dual active sites Mo®+ and P®~ could effectively activate
H,0,. The specific reaction mechanism of MoP + H,0, system is
shown as Fig. 3. The positive site Mo+ could act as a metal acti-
vation sites to react with H,0,, followed by the generation of ROSs
("OH and *0,7) and high valence Mo. Meanwhile, high valence Mo
can also react with H,0, to turn back to Mo®+, achieving the redox
cycle of Mo?+/Mo®+1. In addition, the negative site P°— is another
highly reactive site, of which the surrounding electrons would re-
act with H,0, or O,, thereby producing the ROSs ("OH and *0,7)
and phosphate. The generated ROSs will attack the pollutant and
result in the degradation of DCF in the MoP + H,0, process.

In order to discuss the degradation pathways of DCF, the degra-
dation products of DCF in MoP + H;0, system were detected
by time-of-flight tandem mass spectrometer (TOF-MS). According
to the detection results and previous investigation [32-36], three
degradation pathways including fourteen degradation products are
proposed as Scheme 1. In pathway [, hydroxylation might occur
on DCF firstly by *OH attack, followed by undergoing the loss of
-Cl, resulting in the generation of products A and B. Products C
and D were produced by the dehydroxylation of products A and
B, respectively, and further converted to products E and F through
decarboxylation. Finally, products G and H were gained with the
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cleavage of the N-C bond. The initial step of pathway II is the
cleavage of the C-N bond of DCF, which would induce the gen-
eration of products I and J. Products K and L were yielded from
products I and J via the loss of -NHOH and -CH,COOH, respec-
tively. Furthermore, the -OH release of product K and the -COOH
addition of product L could at last bring out the products G and
H, respectively. Additionally, in the pathway III, the DCF lost a -OH
group to form product M, which is consistent with former research
[32]. Then product N was engendered from product M via attack
of the C-N bond, which could further undergo the loss of -NH,
and -OH to product G. The formation small molecule intermediate
products G and H would be further mineralized into H,0 and CO,.

In summary, it is the first time to synthesize MoP as H,0, ac-
tivator for the degradation of DCF pollutant. DCF degradation ratio
of almost 100% was achieved within 40 min in the MoP + H,0,
process, indicating an excellent activation efficiency of MoP. In ad-
dition, MoP + H,0, process could be effectively applied in a wide
pH range, different ions solution and different water substrates
that could effectively remove organic pollutant, which suggested a
practical application potential of MoP. Quenching experiment and
ESR test confirmed that *OH and *O,~ are present in the MoP +
H,0, system, while ‘OH played a more important role. Through
comparing the XPS spectra before and after the reaction, Mo%+
and P3— were the dual active sites of MoP. The positive site Mo%+
could induce the generation of ROSs and the cycle of Mo?+/Mo®+1,
while the electron-rich site P~ could also promote the formation
of ROSs through electron transfer. Finally, the degradation products
and pathways of DCF were proposed to further clarify the mecha-
nism of the MoP + H,0, system. In a word, this study provides a
promising material MoP with dual active sites, which can provide
robust support for the application of wastewater treatment based
on its effectively catalytic activity.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This work was supported by National Natural Science Founda-
tion of China (No. 52070047), Guangzhou City Science and Tech-
nology Project (Nos. 201904010217, 202002010007), Guangdong
Natural Science Foundation (No. 2021A1515011898), Featured

1324

Chinese Chemical Letters 33 (2022) 1321-1324

Innovation Project of Guangdong Education Department (No.
2019KTSCX135), State Key Laboratory of Pollution Control and
Resource Reuse Foundation (No. PCRRF19010) and the Scientific
Project of Guangzhou University (No. YG2020020).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2021.07.058.

References

[1] D. Tiwari, Chem. Eng. J. 263 (2015) 364-373.
[2] L. Lonappan, S.K. Brar, RK. Das, M. Verma, RY. Surampalli, Environ. Int. 96
(2016) 127-138.
[3] S. Gonzélez, R. Lopez-Roldan, J.L. Cortina, Environ. Pollut. 161 (2012) 83-92.
[4] R. Triebskorn, H. Casper, V. Scheil, ]. Schwaiger, Anal. Bioanal. Chem. 387
(2007) 1405-1416.
[5] N. Wang, T. Zheng, G. Zhang, P. Wang, ]. Environ. Chem. Eng. 4 (2016) 762-787.
[6] M. Pereira, L. Oliveira, E. Murad, C. Miner 47 (2012) 285-302.
[7] A.D. Bokare, W. Choi, J. Hazard. Mater. 275 (2014) 121-135.
[8] M. Zhang, J. He, Y. Chen, et al., Chin. Chem. Lett. 31 (2020) 2721-2724.
[9] M. Ma, L. Chen, J. Zhao, W. Liu, H. Ji, Chin. Chem. Lett. 30 (2019) 2191-2195.
[10] J. Qi, J. Liu, F. Sun, et al., Chin. Chem. Lett. 32 (2021) 1814-1818.
[11] Y. Zhu, R. Zhu, Y. Xi, et al., Appl. Catal. B: Environ. 255 (2019) 117739.
[12] M. Sun, H. Liy, J. Qu, J. Li, Adv. Energy. Mater. 6 (2016) 1600087.
[13] W. Tong, Y. Xie, H. Luo, et al., Chem. Eng. J. 378 (2019) 122187.
[14] J. Hu, C. Zhai, M. Zhu, Chin. Chem. Lett. 32 (2021) 1348-1358.
[15] W. Cai, Z. Zhou, X. Tan, et al., Chem. Eng. J. 397 (2020) 125279.
[16] B. Hu, J.Y. Yuan, J.Y. Tian, et al., J. Coll. Interface Sci. 531 (2018) 148-159.
[17] E Wu, Z. Chen, H. Wu, et al., ACS Sustain. Chem. Eng. 7 (2019) 12741-12749.
[18] R. Luo, C. Liu, J. Li, et al., J. Hazard. Mater. 329 (2017) 92-101.
[19] X. Wan, D. Qian, L. Ai, ]. Jiang, Ind. Eng. Chem. Res. 59 (2020) 22040-22048.
[20] P. Xiao, M.A. Sk, L. Thia, et al., Energy Environ. Sci. 7 (2014) 2624-2629.
[21] Z. Huang, H. Hou, C. Wang, et al., Chem. Mater. 29 (2017) 7313-7322.
[22] L. Yang, H. Chen, F. Jia, et al, ACS Appl. Mater. Interfaces 13 (2021)
14342-14354.
[23] P. Chen, Y. Liang, B. Yang, F. Jia, S. Song, A.C.S. Sustain, ACS Sustain. Chem. Eng.
8 (2020) 3673-3680.
[24] L. Zhu, ]. Ji, J. Liu, et al., Angew. Chem. Int. Ed. 59 (2020) 13968-13976.
[25] Y. Chen, S. Lan, M. Zhu, Chin. Chem. Lett. 32 (2021) 2052-2056.
[26] H. Zhang, ]. He, C. Zhai, M. Zhu, Chin. Chem. Lett. 30 (2019) 2338-2342.
[27] R. Ge, ]. Huo, T. Liao, et al., Appl. Catal. B: Environ. 260 (2020) 118196.
[28] J. Yang, F. Zhang, X. Wang, et al., Angew. Chem. Int. Ed. 55 (2016) 12854-12858.
[29] LW. Matzek, K.E. Carter, Chem. Eng. J. 307 (2017) 650-660.
[30] S. Zhu, X. Li, J. Kang, X. Duan, S. Wang, Environ. Sci. Technol. 53 (2018)
307-315.
[31] H. Kim, J. Lim, S. Lee, et al., Environ. Sci. Technol. 53 (2019) 2918-2925.
[32] T.P. Nguyen, Q.B. Tran, Q.V. Ly, et al., Arab. ]. Chem. 13 (2020) 8361-8371.
[33] D. Liu, J. Wang, ]. Zhou, et al., Chem. Eng. J. 369 (2019) 968-978.
[34] M. Tong, F. Liu, Q. Dong, Z. Ma, W. Liu, ]. Hazard. Mater. 385 (2020) 121604.
[35] Z. Chen, S. He, M. Zhu, C. Wei, Chemosphere 245 (2020) 125678.
[36] W. Liuy, Y. Li, F. Liu, et al., Water Res. 151 (2019) 8-19.





