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Metallic Active Sites on MoO5(110) Surface
to Catalyze Advanced Oxidation Processes

for Efficient Pollutant Removal

Jiahui Ji," Rashed M. Aleisa,” Huan Duan,® Jinlong Zhang,' Yadong Yin,? and Mingyang Xing'+*

SUMMARY

Advanced oxidation processes (AOPs) based on sulfate radicals (SO, ~) suffer from low conversion
rate of Fe(lll) to Fe(ll) and produce a large amount of iron sludge as waste. Herein, we show that by
using MoO; as a cocatalyst, the rate of Fe(lll)/Fe(ll) cycling in PMS system accelerated significantly,
with a reaction rate constant 50 times that of PMS/Fe(ll) system. Our results showed outstanding
removal efficiency (96%) of L-RhB in 10 min with extremely low concentration of Fe(ll) (0.036 mM),
outperforming most reported SO, -based AOPs systems. Surface chemical analysis combined with
density functional theory (DFT) calculation demonstrated that both Fe(lll)/Fe(ll) cycling and PMS acti-
vation occurred on the (110) crystal plane of MoO,, whereas the exposed active sites of Mo(IV) on
MoO, surface were responsible for accelerating PMS activation. Considering its performance, and
non-toxicity, using MoO, as a cocatalyst is a promising technique for large-scale practical environ-
mental remediation.

INTRODUCTION

The presence of organic pollutants such as aromatic organic compounds in the environment is among the
most significant issue for humans that requires immediate remediation (Muthuraman and Teng, 2009; Crini,
2006; Al-Ghouti et al., 2003). These pollutants are toxic, carcinogenic, and recalcitrant to degrade with
time, demonstrating the great need for their removal (Ito et al., 2016; Du et al., 2018b; Yi et al., 2015;
Dong et al., 2018). Although several processing methods have been proposed for effectively removing
organic compounds from places such as drinking water, advanced oxidation processes (AOPs) based on
the generation of hydroxyl radicals ("OH) are among the most promising techniques because they are inex-
pensive, environmentally safe (Buck et al., 2018; Yang et al., 2019, Tao et al., 2001), and efficient in oxidizing
almost all organic pollutants to harmless products (Clarizia et al., 2017).

Recently, sulfate radical (SO4"7)-based AOPs have drawn much interests (Zhang et al., 2016; Yun et al., 2018;
Chen et al., 2018) due to their higher oxidation potentials (SO, ™, 2.5-3.1 eV) compared with hydroxy! radical
("OH, 2.8 eV), longer half-life, higher selectivity (Li et al., 2018; Huang et al., 2017; Hu et al., 2017), and tolerance
to wider pH range (2-8) (Ghanbari and Moradi, 2017). Peroxymonosulfate (PMS) molecules are widely used as a
source for sulfate radicals in AOPs, which can be activated during the treatment process through various
methods such as heating (Chen et al., 2016), UV light (Guan et al., 2011), transition metal ions, and ultrasound
(Liu et al., 2017; Du et al., 2018a). Dionysiou et al. found that PMS can be activated by various transition metals,
among which Co(ll) and Ru(lll) demonstrated the best performances as catalysts for generating sulfate radicals
(Anipsitakis and Dionysiou, 2003, 2004). However, their high toxicity and scarcity significantly limited their imple-
mentation in PMS activation system. A more environmental and economical alternative to Co and Ru has been
found to be Fe(ll), which can decompose PMS and generate SO, "~ in a similar manner (Dan et al., 2014). Gener-
ally, the stoichiometric ratio of PMS to Fe(ll) is maintained at approximately 1:1 according to Equation 1. Trans-
formation from Fe(lll) to Fe(ll) was found to be the limiting step for the reaction (Anipsitakis and Dionysiou, 2003).
Besides, the activation of PMS by Fe(lll) will also produce SOs"~ (1.1 eV) under acidic conditions (Equation 2),
greatly decreasing its oxidation capacity (Anipsitakis and Dionysiou, 2004).

Fe?* + HSO; —Fe®* +SO; +OH"
Fe’* + HSO; —Fe?* +S0O; +H*

(Equation 1)
(Equation 2)

In addition, the amount required for Fe(ll) to be used in PMS activation is considered extremely large, which
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other combination methods have been proposed to further enhance the performance of Fe(ll) in PMS acti-
vation system. For example, iron tetracarboxyphthalocyanine molecules were synthesized as a homoge-
neous catalyst to activate PMS, which outperformed the performance of Co(ll) (Dai et al., 2017). Also, a
p-Mn/Fe30, catalyst with high porosity showed excellent regeneration ability just by simply washing
with deionized water (Du et al., 2018a). Assisted UV irradiation has shown also to greatly improve the regen-
eration of Fe(ll) (Khan et al., 2016). However, the following factors need to be considered when using the
assisted-Fe(ll)/PMS activation: (1) the elimination of competitive reaction between organic complexes
and pollutants; (2) the reduction of energy consumption during the process; and (3) the simplicity of prep-
aration and availability of the assisted materials or methods. Recently, AOPs with MoS; as a cocatalyst have
achieved surprising results (Xing et al., 2018; Wang et al., 2020; Sheng et al., 2019). However, there are still
some critical problems with MoS; as a cocatalyst to decompose PMS: the inevitable secondary pollution
caused by the generation of H,S during reaction and the fact that MoS, itself can activate PMS, leading
to itself to be consumed.

Therefore, there is an urgent need to develop a greener and more efficient cocatalyst that can replace
MoS, for rapid, stable, and efficient cocatalytic decomposition of PMS for environmental remediation.
Here, we present a facile strategy to significantly enhance the performance of SO4" ~-based AOPs by using
molybdenum dioxide (MoQ5) as a cocatalyst in PMS/Fe(ll) system. The oxidation efficiencies of PMS/Fe(ll)/
MoO, system were examined with different aromatic organic pollutants, including lissaminerhodamine B
(L-RhB), phenol, methylene blue (MB), sulfadiazine, and norfloxacin. Among them, the degradation rate of
L-RhB in the PMS/Fe(ll)/MoO, system was significantly improved, 50 times higher than thatin the PMS/Fe(ll)
system, with removal efficiency of 96% in 10 min while very low concentration of Fe(ll) was used (0.036 mM),
exceeding most reported PMS/Fe(ll) systems. We further employed surface chemical analysis and DFT
calculation to understand the cocatalytic enhancement of MoO,. The results revealed that the (110) crystal
plane of MoO, worked as active site for PMS activation, where the exposed Mo(lV) on the MoO, cocata-
lyzed the conversion of Fe(lll) to Fe(ll). To the best of our knowledge, this is the first report of utilization
MoO;, as a cocatalyst in SO, " -based AOPs. Compared with MoS; cocatalytic AOPs system, MoO, coca-
talytic system has higher valence band free electron density, less toxicity, better stability, and no release of
secondary pollutants H,S (Hu et al., 2009). Therefore, it is reasonable to believe that MoO, cocatalytic acti-
vation of PMS will have greater potential for large-scale practical environmental remediation.

RESULTS

MoO, Cocatalytic PMS/Fe(ll) System for the Oxidation Reaction

As shown in Figure 1A, no oxidation of L-RhB was observed in the absence of PMS. Besides, in the absence
of Fe(ll) ions, the oxidation efficiency was extremely low that only 4.1% of L-RhB was removed. This is attrib-
uted mainly to almost no production of reactive radical species in the absence of PMS or Fe(ll). When the
concentration of Fe(ll) was fairly low (0.036 mM) and no MoO, was added, the degradation performance of
the PMS/Fe(ll) system remained poor because of the slow conversion rate of Fe(lll) to Fe(ll) (Anipsitakis and
Dionysiou, 2004), with only 29% of L-RhB degraded within 30 min. However, when all components were
involved, L-RhB degraded near completely in 10 min (96%), indicating that MoO, accelerated the conver-
sion from Fe(lll) to Fe(ll), leading to continuous activation of PMS.

We also found that the degradation rate slowed as the concentration of L-RhB increased (Figure 1B),
because there is always a constant number of radical species generated when the amount of PMS is fixed.
In addition to L-RhB, the PMS/Fe(Il)/MoO; system also showed a rapid and effective degradation of other
organic pollutants. Figure 1C shows that phenol, MB, sulfadiazine, and norfloxacin were degraded by 69%,
84%, 80%, and 59% in 30 min, respectively, demonstrating the potentials of this system for remediating
various organic pollutants.

To explore the influence of MoO,, Fe(ll), and PMS concentrations on the reaction rate, a series of experi-
ments were conducted to determine the best reaction conditions (Figures STA-S1C). The oxidation rate of
L-RhB becomes faster with the increase of Fe(ll) and MoO, at pH 3.0 (Figures STA and S1B). It is worth
noting that the concentration of Fe(ll) in the solution was extremely low (0-0.036 mM), far less than the
molar amount of PMS, so the increase of Fe(ll) concentration had a significant effect on the PMS activation
(Anipsitakis and Dionysiou, 2003). The more addition of MoO, provided more redox active sites for the
transformation from Fe(lll) to Fe(ll), resulting in the rapid oxidation of L-RhB. However, with the increase
of PMS (Figure S1C), the degradation rate first increased and then decreased a little, reaching the
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Figure 1. Exploration of the Best Reaction Conditions for PMS/Fe(ll)/MoO, System

(A) Oxidation of L-RhB in different systems; oxidation of different (B) L-RhB concentrations; (C) organic compounds in the PMS/Fe(ll)/MoO; system; (D) the
effect of initial pH and (E) variation of pH on L-RhB degradation in the PMS/Fe(ll)/MoO, system; (F) inhibition effect of radical scavengers on L-RhB
degradation in the PMS/Fe(Il)/MoQO, system. General conditions: [PMS]g = 0.650 mM, [Fe(Il)]o = 0.036 mM, [MoO;]o = 300 mg/L, initial pH = 3.0, [organic
compound]p = 20 mg/L. Error bars represent the standard deviation from at least duplicate experiments.

maximum when the adding amount of PMS was 0.650 mM, which could be attributed to the scavenging of
SO, ™ by excess PMS to produce SOs"~ (1.1 eV) via Equation 3 (Ling et al., 2010).

SO, + HSO; »SO2 +S0; +H* (Equation 3)

The kinetics were investigated by using a first-order kinetic model, as in the following equation: —In(C/Cp) =
ket, where Copand C represent organic matter concentrations at time t = 0 and t, respectively, and k (min~"
is the reaction rate constant (Figures S1D-S1F). Figures S1D-S1F show that the experiment results were
fitting the first-order kinetics well. Not surprisingly, the reaction rate constant (k) was upgraded with the
increase of Fe(ll) and MoO,. Specifically, the k value with the condition of 0.036 mMFe(ll) (0.311 min~")
was 222 times faster than that without Fe(ll) (0.00140 min~"). Meanwhile, the addition of MoO, made “k"
4-50 times faster than that with no MoQ, added (0.00938 min~"), and there was no striking difference be-
tween 300 mg/L and 600 mg/L MoO, added. When the PMS concentration was 0.650 mM, the k value was
the largest, about 2.3 times higher than that with 0.325 mM and a little higher than that with 1.300 mM. As a
result, we concluded that Fe(ll) had the greatest influence on the reaction rate in the PMS/Fe(I1)/MoO5 sys-
tem, whereas the addition of Mo O, significantly reduced the required amount of Fe(ll), and the amount of
PMS greatly determined the amount of radical species generated.

In the exploration of the influence of the initial pH in the mixture, we found that L-RhB could be removed
efficiently in 30 min with a wide initial pH range of 2.0-9.0, as shown in Figure 1D. An increase in the degra-
dation efficiency of L-RhB was obtained by increasing the initial pH from 2.0 to 3.0, in which Fe(OH), might
form and activate PMS more efficiently as reported previously (Pignatello et al., 2006). However, L-RhB
could be still completely oxidized within 20 min when the initial pH was neutral. There was a slight decrease
in the degradation rate when the initial pH increased from 4.0 to 7.0. It has been reported that Fe(ll) copre-
cipitates with Fe(lll) oxyhydroxides when both Fe(ll) and Fe(lll) coexist under a pH value over 3.0. The degra-
dation rate of L-RhB continued to decrease as the initial pH was increased to 9.0 because of more iron co-
precipitation. Thus, the fastest degradation rate was obtained at pH 3.0. According to Equation 1, when
Fe(ll) activates PMS, OH™ is generated. Under acidic conditions, the generated OH™ can be quickly neutral-
ized so that the reaction can proceed in the positive reaction direction. Moreover, under acidic conditions,
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Fe(ll) is not easily complexed with OH™, which leads its precipitation. Thus, PMS can be activated more
easily by Fe(ll) under acidic conditions. Nevertheless, with the increase in initial pH, the removal efficiency
of L-RhB in the PMS/Fe(ll)/MoQ, system varied slightly but remained superior compared with the PMS/
Fe(ll) system. The variation of pH values in the system was also measured during the reaction process as
shown in Figure 1E. Considering the possibility of radical consumption or complexation with Fe(ll) or Fe(lll),
there were no buffering reagents included in the solution so far. Regardless of the initial pH of the system,
the reaction solution would quickly become acidic when PMS was added, because KHSO4 molecules are
essential part of the PMS mixtures (Wactawek et al., 2015). Also, the pH values slowly declined until PMS
was completely consumed (Figure 1E). This explains why the PMS/Fe(ll)/MoO; system maintained a high
level of activity in the treatment of neutral dye solution because this dropping of pH value would suppress
the precipitation of Fe(ll), keeping Fe(ll) at high catalytic activity in the acidic solution. Moreover, the influ-
ence of solution pH was also investigated with potassium hydrogen phthalate (CgHsKOy4, pH 4.00), mixed
phosphate (pH 6.86), and borax (Na,B4O;+10H,0, pH 9.18) buffer solutions, respectively. As shown in Fig-
ure S2, the degradation efficiency of L-RhB became extremely poor at all three different pH conditions,
which may be attributed to the consumption of most of the free radicals by the ions in the buffer solution,
leading to few free radicals attacking L-RhB molecular (Zou et al., 2013).

We concluded that the optimal conditions for the degradation of L-RhB were as follows: an initial pH value
of 3.0, PMS concentration of around 0.650 mM, and the more MoO, and Fe(ll) are added to the system, the
faster the reaction rate will be. Given that moderate dosages of 300 mg/L MoO, and 0.036 mM Fe(ll) were
enough to completely degrade L-RhB, they were chosen for most further experiments in the subsequent
investigations. Ultimately, the performance of PMS/Fe(ll)/MoO,system was also compared with other re-
ported heterogeneous catalysis SO, ~-based AOPs, where its removal efficiency performed most reported
values as shown in Table S1.

Identification of Reactive Species in the PMS/Fe(ll)/MoO, System

KHSOs has an asymmetric structure (HO-O-SO37), so it can be activated to produce sulfate radical (SO47)
via Equation 1, persulfate radical (5Os"7) via Equation 2, or hydroxyl radicals ("OH) via Equation 4. At the
same time, those radicals interconvert via Equations 5 and 6, which is partially influenced by the solution
pH (Duan et al., 2018). For further exploration of the main reactive species throughout the organic oxidation
process, selective radical quenching tests were done with TBA and MeOH. The carbon atom of MeOH
attached to the hydroxyl has three a-hydrogens [(a-H)3-C-OH), which allows methanol to capture "OH
(k = (1.2-2.8) x 10° M "es™") and SO, ™ (k = (1.6=7.7) x 10’ M~ 'es™ )] at high reaction rates. On the
other hand, TBA, which has no a-hydrogen, can react with "OH (k = (3.8—7.6) x 108 M~"+s7) faster than
SO, " (k=(4.0-9.1) x 10° M Tes™ (Liang and Su, 2009). However, both MeOH and TBA are nonreactive
withSOs" " (k < 10°M~"es7) (Hayon etal., 1972). Therefore, the contributions of SOs™~ and "“OH/SO,4" ™ can
be differentiated by MeOH, whereas TBA can be employed to distinguish the contributions of “OH and
SO, ™.

Fe?* + HSO; —Fe’* + 502 + -OH (Equation 4)
SO;” + OH —S0? +-OH (Equation 5)
HSO; + +OH—SO; +H,0 (Equation 6)

As shown in Figure 1F, when the molar ratio of MeOH to PMS was maintained as 500:1, only 26% of L-RhB
was degraded, which confirms the small contribution of SOs™~ in the system. However, 100% degradation
efficiency was achieved in 30 min when 500 times molar ratio of TBA to PMS was maintained in the mixture,
which was much slower compared with the controlled experiment. This result indicates that the radicals
generated from PMS were mainly SO4"~, "OH, and a small number of SOs" ™. The presence of Fe(ll) under
acidic conditions implies that SO4"~ and "OH contributed the most to L-RhB degradation. To further prove
the generation of "OH, the photoluminescence (PL) signal of hydroxybenzoic acid formed by benzoic acid
capturing "OH was measured. As shown in Figure 2A, the signal of hydroxybenzoic acid increased signif-
icantly in the first five minutes and then slowed down, which is consistent with the interpretation that “OH
plays a significant role in the system.

To further support these assumptions, electron paramagnetic resonance (EPR) was employed to detect the
existence of radicals, coupled with 5,5-dimethyl-1-pyrroline (DMPO) as a spin-trapping reagent that can
capture both SO, and "OH. The intensity of DMPO radical adducts is in direct proportion to the concen-
tration of reactive radical species (Zamora and Villamena, 2012; Fang et al., 2017). Asiillustrated in Figure 2B,
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Figure 2. Exploration of Reactive Species and Reaction Mechanism

(A) Photoluminescence spectra of benzoic acid mixed with the PMS/Fe(ll)/MoO; system; (B) EPR spectra obtained from the PMS/MoO, system, PMS/Fe(ll)
system, and PMS/Fe(ll)/MoO, system with the existence of DMPO (# represents DMPO’-OH adduct and * represents DMPO"-SO,~ adduct); the variation of
Fe(ll) and Fe(lll) concentrations in (C) the PMS/Fe(ll) system; (D) the PMS/Fe(ll)/MoO; system; (E) zeta potential of MoO, at different pH values; (F) XRD
patterns of MoO; before and after the reaction. General conditions: [PMS]y = 0.650 mM, [Fe(ll)]o = 0.036 mM (total Fe), [MoO,]o = 300 mg/L, initial pH = 3.0,
[L-RhBJo = 20 mg/L. Error bars represent the standard deviation from at least duplicate experiments.

compared with the low EPR signals in the PMS/Fe(ll) system and no EPR signal in the PMS/MoO, system,
the PMS/Fe(ll)/MoO, system exhibited the characteristic DMPO’-OH and DMPO"-SO,~ adduct signals,
which further indicates that both "OH and SO4"~ were generated during PMS activation. The addition of
MoO, only facilitated the recycle of Fe(lll)/Fe(ll), hence promoting the generation of radical species. More-
over, the intensity of DMPO’-SO,~ adduct signals was much lower than the DMPO’-OH adduct signals.
This might be attributed to the fast conversion of DMPO'-SO,4~ adducts to DMPO"-OH adducts through
the nucleophilic substitution reaction (Furman et al., 2010, Timmins et al., 1999).

Exploration of PMS Activation Mechanism in PMS/Fe(ll)/MoO, System

The slow conversion of Fe(lll) to Fe(ll) is the rate-determining step in effective PMS activation (Rastogi et al.,
2009a, 2009b). Based on our results, the acceleration of L-RhB oxidation rate was attributed to MoO, pro-
moting the transformation of Fe(lll) to Fe(ll), consequently leading to faster activation of PMS. To further
explore this hypothesis, the valence levels of Fe(ll) and Fe(lll) during the reaction were investigated. Ac-
cording to Equation 4, the ratio of Fe(ll) to Fe(lll) is believed to be positively correlated with the activation
rate of PMS. 1,10-phenanthroline molecule can complex with Fe(ll) to produce the jacinth complex in a pH
range of 2-9 (Harvey et al., 1955, Herrera et al., 1989), whereas potassium thiocyanate (KSCN) is usually used
to coordinate with Fe(lll) to produce a blood-red complex (Kusic et al., 2011). As shown in Figures 2C and
2D, before the addition of PMS, the concentrations of Fe(ll) (blue bar) were the same, whereas no Fe(lll) was
detected in the solutions (orange bar) in both the PMS/Fe(ll) system and the PMS/Fe(Il)/MoO; system.
When PMS was added, the concentrations of Fe(ll) in the solutions rapidly decreased, and the concentra-
tions of Fe(lll) reached their maximum values within 5 min, illustrating that most Fe(ll) was immediately
oxidized to Fe(lll) by PMS (Equation 1), and the reduction of Fe(lll) was slow in the system (Equation 2).
Fe(ll) was extremely low during L-RhB oxidation in both systems. After almost complete consumption of
PMS, Fe(lll) was gradually reduced to Fe(ll) by MoO, until it maintained a relative dynamic equilibrium
with the residual PMS, further indicating that MoO, continuously accelerate the conversion of Fe(lll) to
Fe(ll) because the presence of PMS made Fe(ll) difficult to exist stably. After the PMS was almost consumed,
the stable existence of Fe(ll) could be detected. Notably, the equilibrium concentration of Fe(lll) in the
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Figure 3. Characterization of MoO, before and after the Reaction
SEM images of MoO;, (A) before and (B) after reaction; (C) Raman spectra of MoO, before and after reaction; (D) XPS survey spectra and (E) Mo3d spectra of
MoO, before and after reaction; (F) Fe2p spectra of adsorbed iron after reaction in PMS/Fe(Il)/MoO, system.

PMS/Fe(ll)/MoO;, system was much lower than that in the PMS/Fe(ll) system. Therefore, zeta potential tests
were conducted to determine the isoelectric point (IEP) of MoO,. The results showed that its IEP was be-
tween pH 4 and 5 (Figure 2E). Because the pH was lower than 4 during the reaction, the surface of MoO,
would be positively charged, leading PMS to be easily adsorbed, and then Fe(ll) could be absorbed as well.
Then, MoO, was recovered, dried, and redispersed in an acidic aqueous solution (pH = 3) after completing
the oxidation reaction. Through ICP measurements of the supernatant, we found that the iron ions ad-
sorbed on the surface of MoO, accounted for 87.7% of the initial amount, which could explain the low equi-
librium concentration of Fe(lll) and the incomplete recovery of Fe(ll) in the PMS/Fe(ll)/MoO, system.

2Fe®* + =Mo** > 2Fe?* + =Mo®* (Equation 7)
Fe3* + =Mo** - Fe?* + =Mo°* (Equation 8)

Given that the reduction potential of Fe(lll)/Fe(ll) (0.77 V) is higher than that of MoO42~/MoO; (0.65 V) (Du
et al., 2018a), it could be speculated that Mo(lV) on the surface of MoO, was oxidized by Fe(lll) to Mo(V)
and Mo(VI) (Equation 7). Fe(lll) was converted to Fe(ll) simultaneously (Equation 8), which was supported
by Figure S3. (Ugoet al., 2002) To further support this argument, we studied the surface conditions of
MoO, via SEM, XRD, Raman, and XPS, as depicted in Figures 2F and 3. Figures 3A and 3B display the
SEM images of MoO, before and after reaction. It can be seen that the surface of MoO, after reaction
was much rougher than that before the reaction, which proves that MoO, participated in the reaction.
However, the XRD spectra in Figure 2F shows that the crystalline structure of MoO, did not change after
the reaction, demonstrating that the deformed monoclinic structure of MoO, was quite stable, but the
relative strength of the crystal plane (110) decreased, which might be ascribed to the redox reaction tak-
ing place on this plane and changing its surface condition (Xie et al., 2015, Sun et al., 2011). Moreover, the
surface property of MoO; was investigated by Raman spectroscopy. The variety of electron cloud density
causes red/blue shift of Raman peaks. As shown in Figure 3C, Ag-3(0O=Mo) peak and two m-MoO; peaks
of MoO; are blue shifted by 3, 1, and 6 cm™’, respectively, after reaction (Camacho-Lopez et al., 2011),
because the electron clouds on the surface of MoO; transfer to Fe(lll), leading to the decrease of the
probability of collision between photons and electrons, so that the average free path of collision increases
and the energy loss caused by collision decreases. Therefore, the energy of photons scattered by MoO,
after reaction is higher than that of the ones scattered by MoO; before reaction, causing the displacement
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of three peaks of Raman spectra, the oxidation of Mo(lV), and the reduction of Fe(lll). The variety of
valence state of Mo in MoO, was evaluated by X-ray photoelectron spectroscopy (XPS). Five distinct
peaks in the survey spectra of the MoO, before and after reaction are exhibited in Figure 3D, which
can be indexed to Mo 3d (232.7 eV), C 1s (284.7 eV), Mo 3p (396.7 and 413.7 eV), and O 1s (530.7 eV),
respectively. The Mo 3d peaks were further explored by high-resolution XPS. Figure 3E shows the multiple
peak of Mo 3d spectra, which are fitted well into three spin-orbit doublets, coinciding to the peaks of
Mo(IV), Mo(V), and Mo(VI) oxidation states. In detail, the two Mo 3d peaks of MoO, before/after reaction
centered at 229.2/229.3 and 232.5/232.5 eV can be attributed to Mo(lV) 3ds,, and Mo(lV) 3ds/,, the two
peaks located at 229.7/229.7 and 233.4/233.5 eV are indexed to Mo(V) 3ds,, and Mo(V) 3d3/, (Zhang
et al.,, 2019, Barros et al., 2003, Yi et al.,, 2019), and the other two peaks located at 231.1/231.0 and
234.3/234.3 eV are inferred to Mo(VI) 3ds,, and Mo(VI) 3d3/, (Camacho-Lépez et al.,, 2011, Hanawa
et al., 2001, Xie et al., 2015). Detailed fitting data are listed in Table S2 and the peak area ratios of
Mo(IV)/(Mo(V)+Mo(VI)) are calculated, which varies from 0.355 to 0.346, manifesting that some of Mo(IV)
on the sample surface was oxidized to Mo(V) and Mo(VI), leading to a slight decrease of the ratios. Fe
ions (0.21 at.%) were also detected on the surface of MoO,, which is consistent with the result of the
ICP test, but it is difficult to split the peak of Fe2p high-resolution XPS due to the low content of Fe.
As shown in Figure 3F, Fe(lll) and its satellite peaks are fitted (Tang et al., 2015), proving the existence
of Fe(lll) on the surface of MoO,. Moreover, as shown in Figure S4, almost no change was found between
O1s spectra of MoO, before and after reaction (Xia et al., 2018), indicating that no iron oxide was formed.

DFT Calculation

DFT calculation was employed to investigate the reaction mechanism in the PMS/Fe(ll)/MoO, system.
MoO, has a monoclinic crystal structure, with P21c space group, and unit cell dimensions of a =
5611 A, b =4856A, c=5629 A, and B = 120.95° (Brandt, 1971). Figure S5A shows its crystal structure,
which consists of distorted octahedral [MoO,] units. Structural optimizations of bulk MoO, were per-
formed at a series of volumes to obtain the equilibrium unit cell parameters. The calculated lattice param-
eters (a = 5594 A, b = 4.910 A, c = 5.682 A) and bond angle (B = 120.47°) were generally consistent with
experimental data. To better understand the activation mechanism of PMS molecules (labeled as HSOs™
in Figure S5B) on the MoO; surfaces, DFT calculations were performed to determine which species are
stable. The most commonly studied surface in rutile-type MoO, systems is the (110) plane, where the
atomic layers along the [110] direction are ordered as MoO-O-O’-MoO (Tokarz-Sobieraj et al., 2011).
The MoO, (110) surface possesses three distinct surface terminations: (1) both Mo and O atoms exposed,
(2) with O atoms exposed, and (3) O’ atoms exposed, as shown in Figures SSC-S5E. The comparison of
surface formation energy—1.25 J/m?, 1.12 J/m? and 0.79 J/m?—indicated that a surface with the
“bridging oxygen” termination (O’ termination) was most likely to form, hence, it was selected for the
further analysis.

As shown in Figure 4A, during the activation on the MoO, (110) surface, the PMS molecule was likely to
locate at the MoO, (110) surface with the two O atoms on the -SO4 side bonding with two Mo atoms of
the surface. The two bond lengths were calculated as 2.09 A and 2.07 A, respectively. In addition, the H
atom on the -OH side would form a hydrogen bond with the O’ termination (approximately 1.80 A in
length), where the O-O bond length (lo.o) rarely changed after its adsorption. All these inhibited the gen-
eration of hydroxyl radicals, which could explain the poor performance of MoO; alone in activating PMS.
For the adsorption of PMS on the Fe(ll)-decorated O’ surface, the PMS attached to the surface with three O
atoms from -SO, group binding the Fe(ll) and two Mo atoms, as shown in Figure 4B. The bond lengths were
calculated as 2.08 A, 2.24 A, and 2.27 A, respectively. The adsorption between PMS and surface was
enhanced by these three bonds, the occurrence of more electron transfer, and that -OH side would be
maintained far from the surface, leading to an elongation of Io.o. To better understand the interaction be-
tween the surfaces and PMS activation, we calculated the adsorption energy of PMS (E,qs) on the different
surfaces, charge transfer (Aqg) between PMS and (110) surfaces, and the bond length (Io.0) between the -OH
group and -SO4 group. All results are summarized in Table S3. The adsorption on both surfaces was found
to be strong, with E,4s being —2.06 and —3.17 eV for MoO, (110) surface without and with Fe(ll) respectively.
This was also consistent with the formation of chemical bonds between PMS and the two surfaces, illus-
trating the strong interaction between PMS and Fe(ll) and electrons transferred from the surface atoms
to the PMS molecules. The adsorption of PMS on Fe(ll)-(110) was stronger, with lower E,q, longer Io.o,
and more electrons received from the metal atoms on the surface. Therefore, we concluded that the
PMS on the modified MoO5 (110) surface was the most active site.
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Figure 4. DFT Calculation of PMS Activation on MoO, (110) Surface

The optimal adsorption configuration of PMS and its decomposition on MoO, (110) surfaces, respectively. Only side views
are presented here: (A) HSOs ™ on the (110) surface, (B) HSOs~ on the Fe(ll)-decorated (110) surface, (C) SO42 +HO on the
(110) surface, and (D) SO, + HO on the Fe(ll)-decorated (110) surface. The yellow, red, olive, purple, and white atoms are
S, O, Mo, Fe, and H atoms, respectively.

Based on the above comprehensive characterization and DFT calculations (Figure 4), the mechanism of the
L-RhB degradation can be inferred as follows: first, HSOs ™ adsorbed on MoO, surface under acidic condi-
tions, followed by Fe(ll) approaching the surface owing to its positive charge. Subsequently, Fe(ll) donates
one electron to HSOs™ transforming into Fe(lll). Therefore, HSOs™ is dissociated into the radical species
("OH and SO4"7) to attack the organic molecules. These results are supported by the rapid decline of
Fe(ll) in the first minute (Figure 2D) and the EPR signals of DMPO™-OH and DMPO’-SO,~ adducts (Fig-
ure 2B). Afterward, the organic compounds are mineralized by those radical species, and Fe(lll) is reduced
to Fe(ll) by Mo(IV) on the surface of the MoO; to continue activating PMS at the same time. Moreover, PMS
is also decomposed to produce SOs~ as a by-product. This cocatalytic mechanism of MoO, in the PMS/
Fe(ll)/MoO; system is schematically summarized in Figure 5A.

High-performance liquid chromatography (HPLC) was employed to analyze the primary products after the
L-RhB degradation in the PMS/Fe(ll)/MoO, system. As shown in Figure 5B, the strongest peak at 14.02 min,
which corresponds to complete disappearance of L-RhB molecules after the oxidation reaction, confirms its
complete degradation. Moreover, the PMS/Fe(ll)/MoO, system achieved relatively a high total organic car-
bon (TOC) removal rate (50%) with the addition of 0.650 mM PMS per 30 min, as illustrated in Figure 5C. This
method may be an appropriate way for further mineralization of intermediates to H,O and CO, (Zou et al.,
2013).

Due to the complex structure of L-RhB, we explored the degradation intermediates and mechanisms of
phenol, another organic pollutant that can be degraded in the PMS/Fe(ll)/MoO, system. Based on the
fragment peaks obtained from gas chromatography-mass spectrometry (GC-MS) measurements (Fig-
ure S6), we speculated that mainly SO, ~ and +OH would attack the benzene ring first to form phenoxy
radicals, thereby producing a series of ring-opening reactions, as speculative in the oxidation reaction
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Figure 5. Mineralization Ability of PMS/Fe(ll)/MoO, System and Cyclic Stability of MoO,

(A) Mechanism of MoO, accelerating Fe(lll)/Fe(ll) cycle and promoting PMS activation; (B) HPLC signals of L-RhB and intermediates; (C) TOC removal rate
with 0.650 mM PMS added per 30 min; (D) cycling test of MoO,, (after UV irradiation); (E) effect of dissolved Mo ions on the degradation of L-RhB in PMS/
Fe(l1)/MoO, system; (F) the variation in Fe(ll) and Fe(lll) concentration in PMS/Fe(ll)/dissolved Mo system; (G) degradation of different L-RhB concentration in
PMS/Fe(ll)/MoO, system. General conditions: [PMS]o = 0.650 mM, [Fe(ll)]o = 0.036 mM (total Fe) or [Fe(ll)]o = 0.035 mM, [MoO;]o = 300 mg/L, initial pH = 3.0,
[L-RhBJo = 20 mg/L. Error bars represent the standard deviation from at least duplicate experiments.

pathway depicted in Scheme S1. However, the fragment (m/z = 73) with the strongest molecular ion peak
could be attributed to glyoxylic acid intermediate, which is known to resist mineralization (Pimentel et al.,
2008).

The reusability of MoOy is a very important aspect for commercial pollutants treatment. The cocatalytic ac-
tivity of MoO, was greatly reduced in the second cycle as shown in Figure 5D. Vacuum calcination was em-
ployed to restore the activity of MoO,. As shown in Figure S7, the activity of MoO, after vacuum calcination
was still much worse than the original. Therefore, we suspect that the active sites on the surface of MoO,
were covered by carbon deposits, which were difficult to remove, but after UV irradiation of MoO,, its co-
catalytic activity was restored, which could be attributed to the decomposition of some unmineralized car-
bon-based residues on MoO, surface. Hence, its cocatalytic activity remained stable for the next three
recycles.

Subsequently, the amount of the dissolved Mo ions under acidic conditions was determined. Figure S8
shows that the dissolution balance of Mo ions (1.60 mg/L, 0.71% of the total Mo addition) was achieved
in 120 min. Because each experiment ended in 30 min, and the dissolved Mo ions might be the primary
cocatalyst in reducing Fe(lll) rather than MoO; itself, the degradation of L-RhB and the variation of Fe(ll)
and Fe(lll) concentrations were measured in the PMS/Fe(ll)/dissolved Mo ion system. As shown in Figure 5E,
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the degradation rate of L-RhB dropped sharply, with only 51.9% degraded in 30 min, which is far slower than
that in the PMS/Fe(ll)/MoO; system. This demonstrates that the main cocatalytic effect in the PMS/Fe(ll)/
MoO; system comes from Mo(IV) on the surface of MoO, rather than the dissolved Mo ions. Also, the var-
iations of Fe(ll) and Fe(lll) concentrations can explain the poor performance of the PMS/Fe(ll)/dissolved Mo
ion system. As shown in Figure 5F, almost no Fe(ll) was recovered after 30 min, whereas Fe(lll) concentration
remained almost constant similar to the PMS/Fe(ll) system, which could be correlated to the low conversion
rate of Fe(lll)/Fe(ll), confirming that the few dissolved Mo ions were not sufficient to promote rapid Fe(lll)/
Fe(ll) conversion.

Ultimately, a large scale-up test with 1 L system was employed to examine the practicality in scaling-up the
PMS/Fe(ll)/MoO, system for practical environmental remediations. As shown in Figure S9, PMS/Fe(ll)/
MoO, system maintained its excellent catalytic performance compared with the PMS/Fe(ll) system even
in this large volume, consistent with results in Figure 1A. Moreover, we found that 12 times the amount
of Fe(ll) (40 mg/L per 10 min added) was required to make the degradation effect of PMS/Fe(ll) system
almost same as that of PMS/Fe(ll)/MoO, system. Therefore, the addition of MoO, reduced the amount
of Fe(ll) needed by more than 92% and subsequently reduced the generation of iron sludge and the
cost of secondary pollution treatment. Taking one ton of this wastewater as an example, the consumption
of PMS and Fe(ll) in MS/Fe(ll) system was 0.82 $ and 0.17 $, respectively. And the consumption of PMS and
Fe(ll) in PMS/Fe(I1)/MoQ, system was 0.82 $ and 0.01 $. Considering that the amount of PMS added to the
two systems is the same, the cost difference between the two systems is mainly due to the amount of iron
added. Therefore, the addition of cocatalyst can save 94% of the cost. This shows the great potentials of the
PMS/Fe(ll)/MoO, system for industrial applications.

Expanded Application of MoO, in PMS/Fe(lll) System

In general, Fe(lll) does not readily activate PMS according to Equation 2. However, because the addition
of MoO;, significantly promotes the conversion of Fe(lll) to Fe(ll), it should enhance the decomposition of
PMS in PMS/Fe(lll) system. To examine this hypothesis, we carried a series of testing for the degradation
of L-RhB in PMS/Fe(lll)/MoO, system as shown in Figure 5G. The obtained results were far better than
the PMS/Fe(lll) system (4.1%) and the PMS/MoO, system (3.3%), where no degradation was observed
in the Fe(lll)/MoQ, system. This might be because Fe(lll) was reduced to Fe(ll) immediately after the
addition of MoO,, leading to its spontaneously precipitation. Therefore, the performance of the degra-
dation of L-RhB is substantially the same as that in the PMS/MoQO,/Fe(ll) system. Figures S10 and S11
show the great degradation performance of L-RhB and other organics, and Figure S12 shows the almost
same kinetic results as PMS/MoQO,/Fe(ll) system. The degradation of L-RhB in different pH was also inves-
tigated as shown in Figure S13. Radical quenching tests proved that SO4"~ was the main reactive species
(Figure S14), which was further supported by EPR spectra (Figure S16). Typically, as shown in Figure S15,
as the reaction progressed, Fe(lll) rapidly decreased and Fe(ll) gradually increased, but the total amount
of iron ions detected after starting the reaction was lower than initially added. This may be because in
the presence of PMS and MoO,, Fe(ll) was rapidly oxidized by PMS, and Fe(lll) was also rapidly reduced
by MoO,, so that 1,10-phenanthroline and KSCN were difficult to capture Fe(ll) or Fe(lll) quickly. The
result proves the circulation of iron ions during the reaction in PMS/Fe(lll)/MoO; system. The oxidation
mechanism of L-RhB in the PMS/Fe(lll)/MoO, system is also basically the same as that of PMS/Fe(ll)/
MoO, system, which was supported by SEM images (Figure S17), XRD patterns (Figure S18), Raman
spectra (Figure S19), and XPS spectra (Figures S20-S22). The only difference that might exist is that in
the PMS/Fe(lll)/MoO, system, MoO, reduces the surface-adsorbed Fe(lll) to Fe(ll) first and then activates
PMS.

DISCUSSION

The slow transformation from Fe(lll) to Fe(ll) has persistently limited the practical application of PMS/Fe(ll)
systems, for which a great amount of iron ions are needed to activate PMS, causing massive formation of
iron sludge. In the PMS/Fe(ll)/MoQO, system, this problem is solved by the addition of MoO,, which is earth-
abundant, quite stable, and has enough reductive power to reduce Fe(lll). Therefore, an extremely low con-
centration of Fe(ll) (0.036 mM) is adequate to activate PMS and degrade organic pollutants rapidly in the
wide pH range of 2.0-9.0. The iron sludge is limited so that no more secondary pollution is caused. SO4" ™
and "OH are the primary reactive species produced in the PMS/Fe(ll)/MoO, system. The TOC removal rate
of L-RhB reached 50% with the addition of PMS, which will be an appropriate approach to completely
mineralize refractory organic contaminants. Moreover, MoO, could be recycled and exhibited excellent
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recover activity after its treatment with UV light irradiation. The involvement of MoO, in the PMS/Fe(ll) sys-
tem could allow for the low-cost remediation of organic pollutants, thus contributing to sustainable devel-
opment for the environment.

Limitations of the Study

Although this study greatly accelerates the activation of PMS and reduces secondary pollution compared
with some other systems, the amount of catalyst needed for the reaction is relatively high. Fe(ll) is inevitably
needed to activate PMS because MoQOs itself cannot activate PMS.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.isci.2020.100861.
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Transparent Methods

Materials. All chemicals, including molybdenum dioxide (MoO2, Shanghai Energy
Chemical Co., Ltd., 99%), ferrous sulfate heptahydrate (FeSOs+7H20, Shanghai
Aladdin Bio-Chem Technology Co., Ltd., 99.95%), potassium monopersulfate triple
salt (KHSOs+0.5KHS04+0.5K2S04, PMS, Shanghai Macklin Biochemical Co., Ltd., 42%
~ 46% KHSOs basis), Lissamine rhodamine B (L-RhB, Shanghai Aladdin Bio-Chem
Technology Co., Ltd.), phenol (Shanghai Aladdin Bio-Chem Technology Co., Ltd., >
99%), methylene blue (MB, Shanghai Adamas Reagent Co., Ltd., RG, > 98%),
sulfadiazine (Shanghai Aladdin Bio-Chem Technology Co., Ltd., 98%), norfloxacin
(Shanghai Aladdin Bio-Chem Technology Co., Ltd., 98%) 1,10-phenanthroline
(Shanghai Lingfeng Chemical Reagent Co., Ltd., > 99%), sodium hydroxide (NaOH,
Shanghai Titan Scientific Co. Ltd., AR, > 96.0%), sulfuric acid (H2SO4, Shanghai Titan
Scientific Co. Ltd., CP, 95.0% ~ 98.0%), methanol (MeOH, Shanghai Aladdin Bio-
Chem Technology Co., Ltd., AR, 99.5%), tert-butyl alcohol (TBA, Shanghai Aladdin
Bio-Chem Technology Co., Ltd., GR, > 99.5%), benzoic acid (Shanghai Lingfeng
Chemical Reagent Co., Ltd., AR, >99.5%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
Shanghai Adamas Reagent Co., Ltd., RG, > 98%) and potassium thiocyanate (KSCN,
Shanghai Titan Scientific Co. Ltd., AR, > 98.5%), were used without further
purification. Deionized water (DI-water) was produced by OKP-S040 Standard

ultrapure water system and used in all experiments.
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Experimental Procedures. All experiments were performed in plastic cups with
magnetic stirring to keep the solution homogeneous during the reaction. The
predesigned initial pH of the L-RhB solution was adjusted first with NaOH,
H>SO4 or buffer solutions. Then, fixed amounts of MoO2 and FeSO4+7H.0 were
added to 100 mL reaction solutions with the desired concentration of organic
pollutants. Finally, quantitative PMS was added to initiate the oxidation. Samples
were taken out at regular intervals, centrifuged and analyzed immediately. The
stability of MoO> was also investigated. After being centrifuged, washed, dried
and vacuum calcination/UV (365 nm)-activated, MoO: continued to participate

in the next degradation reaction.

Radical quenching tests. Radical quenching tests were conducted to identify the
dominant radicals in PMS/Fe(I1)/MoO: system with methanol and TBA, which
were added before the addition of PMS. The other procedures were the same as
the experiments above. The radical species were further detected by electron
paramagnetic resonance (EPR) technology, where 5,5-dimethyl-1-pyrroline
(DMPO) was used as a spin-trapping reagent. The detailed parameters were as
follows: a center field of 352.0 mT, a sweep width of 20.0 mT, a microwave
frequency of 9.882 GHz, a microwave power of 6.402 mW, a temperature of
300.0 K, a receiver gain of 7.96x10%, a modulation amplitude of 0.1 mT, and a

sweep time of 41.94 s.
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The variety of iron ions concentrations. The variety of Fe(ll) or Fe(lll)
concentration was tracked during the reaction by complexing the samples with 1,
10-phenanthroline or potassium thiocyanate (KSCN), respectively. Fe(ll) and
Fe(l1l) can be complexed with 1,10-philoxene and KSCN for color development,
respectively. Since the concentration of the complex is proportional to the
absorbance, the corresponding absorbance of Fe(ll)/Fe(lll)-complex with the
initial known concentration was measured. Thus, the content of Fe(ll)/Fe(l11) can
be calculated from the ratio of the absorbance of the complex to the absorbance
of the initial complex at different time periods: The L-RhB solution was replaced
by deionized water while the other conditions and procedures remained
unchanged; excessive 1,10-phenanthroline or potassium thiocyanate reagent was

immediately added after sampling and centrifuging, and then analyzed.

The effect of dissolved Mo ions. Moreover, in order to investigate the effect of
dissolved Mo ions for (i) the conversion of Fe(l11)/Fe(11) and (ii) the degradation
of L-RhB, the following experiments were also explored: MoO, was added first
in (i) deionized water or (ii) L-RhB solution at fixed initial pH. Then, the solution
was stirred for 30 min to dissolute Mo ions and centrifuged to remove solid MoO».
Finally, FeSO4 7H>O and PMS was added to initiate the reaction. (i) Excessive
1,10-phenanthroline reagent was immediately added after sampling and
centrifuging, and then analyzed; (ii) samples were taken out at regular intervals,

centrifuged and analyzed immediately.
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All the experiments in PMS/Fe(l11)/MoO> system were the same as those in

PMS/Fe(I1)/MoO. system, just using Fe(lll) to replace Fe(ll).

Analytic Methods. The concentrations of L-RhB, MB, Fe(ll) and Fe(lll) were
measured with a UV-Vis spectrophotometer (SHIMADZU UV-2450). The pH
value and pH variation of the solution during the reaction were determined with
a pH meter (INESA PHS-3C). The zeta potential of MoO, was measured for its
isoelectric point (IEP) by a ZETASIZER instrument (Malvern ZEN3600). The
morphology of MoO2 was characterized by scanning electron microscope (SEM,
JEOL JSM-6360 LV). X-ray diffraction (XRD) patterns were acquired in the
range of 5-80° (20) by a RigakuD/MAX 2550 diffractometer, with the operation
parameters of 40 kV and 100 mA and Cu Ko radiation (A = 1.5406 A). Raman
spectroscopy was done using a Renishaw Invia spectrometer using a 532 nm Ar*
laser at room temperature. X-ray photoelectron spectroscopy (XPS) of MoO: was
conducted at a condition of Al Ka irradiation by THERMO ESCALAB 250 Xi.
The total organic carbon (TOC) concentration of the filterable degradation agent
was investigated using the SHIMADZU TOC-L CPN analyzer. The dissolved
Mo ions in acidic conditions were detected by an inductively coupled plasma
atomic emission spectrometer (ICP, NYSE: A 725). A PC fluorescence
spectrophotometer (SHIMADZU RF-5301) was employed to obtain the
photoluminescence (PL) spectroscopy of hydroxybenzoic acid to detect ‘OH. A
high-performance liquid chromatography (HPLC, SHIMADZU LC-20A) were

employed to explore the degradation of L-RhB, phenol, sulfadiazine and
S5
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129

norfloxacin. A gas chromatography-mass spectrometer (GC-MS, ThermoFisher
Trace ISQLT) with HP-5ms column (30 m * 250 um * 0.25 um) was employed
to explore the intermediates in the degradation process of phenol. The heating
program was maintained at 40 °C for 3 min, heated to 300 °C at 5 °C/min, and
held for 10 min. The inlet temperature was 300 °C, the transfer line temperature
was 300 °C, and the column flow rate was 1.2 mL/min. Mass spectrometry

conditions: El ionization source (70 eV, full scan).

DFT calculation. Computational details. Density functional theory (DFT) calculations
were carried out using the all-electron code Fritz-Haber Institute ab initio molecules
simulations package (FHI-aims).(Blum et al., 2009) Interactions between atomic core
shells and the valence electrons were described using the projector-augmented wave
(PAW) method, the Perdew-Burke-Ernzerh (PBE) of gradient-corrected functional was
used to treat the exchange and correlation. (Perdew, 1996, Kresse, 1999) The default
“tight” species were chosen in this work. Considering the weak non-covalent van der
Waals attraction, all calculations were performed by the scheme of Tkatchenko and
Scheffler. (Tkatchenko and Scheffler, 2009) Gaussian smearing was used with a width
of 0.1 eV to determine the partial occupancies. The convergence threshold was set to
be 10 eV in energy and 102 eV A in force. A periodic (110) slab model of MoO:
was built up to simulate the activation process of peroxymonosulfate (PMS) molecules,
which preferred to adsorb on the (110) surfaces, contributed to the electron transfer and
the generation of hydroxyl radicals. Besides, the catalytic effect of Fe(ll) ions was also

taken into account for low surface coverages of PMS molecules. To minimize the
6
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142

143

144

145

146
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149

interaction of (110) surfaces in different supercells along c direction, a 20 A vacuum
layer between them was taken. All atoms were allowed to relax expected the bottom
three-layer atoms to fix at the bulk parameters. Brillouin zone was sampled using a
3>3x%1 Monkhorst Pack k-point mesh during geometry optimization and properties

calculation for the (110) surface of MoO>. (Monkhorst, 1976)

Adsorption energy and charge transfer. To reveal the activation process of PMS
molecule on the (110) surface of MoO., the interaction between them could be
evaluated by the adsorption energies, which was defined as AE,4=En00,pms-
Enoo,-Epms, Where Eyqo,:pms Was the total energy for the PMS adsorbed on
the surface, Eyo0, Was the total energy for the MoO: substrate without
adsorption, and  Epyg was the total energy of a separated molecule as
determined from DFT calculations. The Mulliken charge analysis was used to
guantitatively estimate the amount of charge transfer between the adsorbed
molecule and MoO: substrate, which contributed to reveal the activation

mechanism. (Tang et al., 2009)
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Figure S1. Effect of (a) Fe(ll) concentration, (b) MoO2 concentration, (c) PMS
concentration on L-RhB oxidation in PMS/Fe(11)/MoO. system; Pseudo-first-order
kinetics of effect of (d) Fe(ll), (¢) MoO2 and (f) PMS concentration. General conditions:
[PMS]o = 0.650 mM, [Fe(I1)]o = 0.036 mM, [M0Oz]o = 300 mg/L, initial pH = 3.0, [L-
RhBJo = 20 mg/L. Error bars represent the standard deviation from at least duplicate

experiments. Related to Figure 1.
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Figure S2. The investigation of the influence of solution pH with potassium hydrogen
phthalate (CgHsKOs, pH 4.00), mixed phosphate (pH 6.86) and borax (Na2B4O7 10H-0,
pH 9.18) buffer solutions, respectively. General conditions: [PMS]o = 0.650 mM,
[Fe(IDJo = 0.036 mM, [MoOz]o = 300 mg/L, initial pH = 3.0, [L-RhB]o = 20 mg/L.
Error bars represent the standard deviation from at least duplicate experiments. Related

to Figure 1.
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Figure S3. The variation of Fe(Il) and Fe(lll) concentrations in Fe(111)/MoO2 system.
General conditions: [Fe(ll1)]Jo = 0.035 mM (total Fe), [M0O2]o = 300 mg/L, initial pH
= 3.0. Error bars represent the standard deviation from at least duplicate experiments.

Related to Figure 2.

The reduction potential of Fe(IlI)/Fe(Il) (0.77 V) is higher than that of MoO4*/MoO;
(0.65V). As shown in Fig. S5, when MoO; was added to the Fe(Ill)-containing solution,
Fe(Ill) was immediately reduced to Fe(II), which was almost completely reduced
within 15 min. Thus, it can be concluded that MoO itself can reduce Fe(IlI) to Fe(Il),

which solves the problem that iron ions are difficult to circulate in PMS/Fe(Il) system.
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217

218

219
220

Catalyst Catalyst PMS Organic Removal Ref.
dosage concen. pollutant  efficiency
MoO»/Fe(II) 030gL! 0.65mM L-RhB; 96% in 10 -
(this work) /0.036 20 mg-L!  min
mM
HA/Fe(II) 0.4 mM 0.32mM  BA; 94% in 15 (Zouetal.,
/10.8 uM 40 uM min 2013)
Fe;04@C/Co  020g L' 0.1gL! AOIIL 40 min (Xu et al.,
20 mg-L™! 2015)
Fe;04s@MnO, 0.30g' L' 20mM MB; 30 min (Zhang et al.,
BBHs 20 mg-L! 2016)
Cos[Fe(CN)s]» 50 mg- L' 50mg L' RhB; 20 min (Lin et al.,
10 mg-L"! 2016)
CNF3 0.10g L' 1.0mM 4-CP; 20 min (Li et al.,
0.10 mM 2018a)
FeCo-LDH 020g' L' 0.15g'L" RhB; 10 min (Gong et al.,
20 mg-L"! 2017)
Fe;04/Mn3O4/r 0.10 gL' 030gL! MB; 93.5%in  (Yangetal.,
GO 50 mg-L! 30 min 2015)
M@N-C 20mg- L' 0.65mM  OrangeII; 90 min (Yao et al.,
(M=Fe, Co) 20 mg-L! 2016)
CoFe;04 040 gL' 0.8mM ATZ; 30 min (Lietal.,
10 mg-L™! 2018b)
Fe;04@C/Mn  0.15g' L' 0.06gL!' AOII 99%in 15 (Luetal.,
C0204 20mg-L™!  min 2017)

Table S1. The catalytic performance of PMS/Fe(I1)/MoQ> system compared with other

reported catalysts. Related to Figure 1.
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Valence state v V+VI

Mo (before reaction) 26.2% 73.8%

Mo (after reaction) 25.7% 74.3%

221  Table S2. The variety of Mo valence distribution percentage before and after reaction.
222 Related to Figure 3.
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238

239  Figure S4. Ols spectra of MoO; before and after reaction in PMS/Fe(I1)/MoQ> system.
240  Related to Figure 3.
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272

Figure S5. Optimized structure of MoO2, PMS and three ideal terminations of (110)
surface: (a) unite cell, (b) HSOs", (c) the termination with exposed MoO active centers,
(d) the termination with exposed O active centers, (e) the termination with exposed O’
active centers. The yellow, red, olive, and white atoms are S, O, Mo, and H atoms,

respectively. Related to Figure 4.
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Types AE 45 (eV) Aq (e) lo-o (A)

Free HSOs  molecule / / 1.36
HSOs on (110) -2.06 0.62 1.40
HSOs on Fe(I1)-(110) -3.17 0.75 1.48
SO4#+HO" on (110) -1.68 0.69 /
SO4%+HO" on Fe(II)-(110) -2.54 0.83 /

273  Table S3. The adsorption energy (AE,q4), the electron transfer between the molecule
274  and MoO> (Aq), and the bond length (/o.0) of [SO4-OH]" in the different adsorption
275  configurations. Related to Figure 4.
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Figure S6. Mass spectrometry of phenol detected by GC-MS. Conditions: [PMS]o
0.650 mM, [Fe(l1)]o = 0.036 mM, [MoO2]o = 300 mg/L, initial pH = 3.0, [phenol]o

20 mg/L. Related to Figure 5.
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317  Scheme S1. Reaction pathway of phenol mineralization in the PMS/Fe(11)/Mo0O2

318  system. Related to Figure 5.
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Figure S7. Recycling of MoO; after vacuum activation for PMS/Fe(I1)/MoO; system.
General conditions: [PMS]o = 0.650 mM, [Fe(IT)]o = 0.036 mM, [M00Oz]o = 300 mg/L,
initial pH = 3.0, [L-RhB]o = 20 mg/L. Error bars represent the standard deviation from

at least duplicate experiments. Related to Figure 5.
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360
361  Figure S8. Dissolution of Mo ions in PMS/Fe(11)/ MoO: system. General conditions:

362 [PMS]o = 0.650 mM, [Fe(Il)]o = 0.036 mM, [MoO2]o = 300 mg/L, initial pH = 3.0.
363  Error bars represent the standard deviation from at least duplicate experiments. Related

364 to Figure 5.
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383

384  Figure S9. Scale up tests (1 L system). General conditions: [PMS]o = 0.650 mM,
385  [Fe(I)]o = 0.036 mM, [M0Oz]o = 300 mg/L, initial pH = 3.0, [L-RhB]o = 20 mg/L.
386  Error bars represent the standard deviation from at least duplicate experiments. Related

387  to Figure 5.
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405

406  Figure S10. Degradation of different L-RhB concentration in PMS/Fe(I1I)/MoO-
407  system. Conditions: [PMS]o = 0.650 mM, [Fe(II)]o = 0.035 mM, [MoO2]o =300 mg/L,
408  initial pH = 3.0. Error bars represent the standard deviation from at least duplicate
409  experiments. Related to Figure 5.

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

521



428
429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

1.0+ ——L-RhB 20 mg/L
1 ——MB 20 mg/L
0.8- —+ Phenol 20 mg/L

o -

cic

0 5 10 15 20 25 30
Time (min)

Figure S11. Degradation of different aromatic organic compounds in
PMS/Fe(1l1)/MoQO:> system. Conditions: [PMS]o = 0.650 mM, [Fe(Ill)]o = 0.035 mM,
[M0O2]o =300 mg/L, initial pH = 3.0, [aromatic organic compound]o =20 mg/L. Error
bars represent the standard deviation from at least duplicate experiments. Related to

Figure 5.

S22



451
452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

(a) 1.0 = 5 (b) 1.0
——Fe(ll) 0 =R '\‘ ——MoO, 0
0.8 Fe(lll) 0.0087 mM 0.8 z ~—Mo0, 50 mg/L
—o—Fe(lll) 0.0173 mM N . MoO, 150 mglL
- 0.61 0 Fe(lll) 0.0347 mM - 0.64 ; R 9
54 o A I\r
O 04 O 0.4 ks
\_—+—MoO, 300 mgIL
0.2 0.24 x - MoO, 600 mg/L,
0.0{_ 0 o.o- g B=—o—
0 5 10 15 20 25 30 5 15 20 25 30
Time (min) T|me (min)
d e
@ 4 . —Fe()o © 4 = — Mo0, 0
— Fe(lll) 0.0087 mM 0.356 min"* — Mo0, 50 mg/L
- 31 0356 min® ——Fe(lll) 0:23’3 $: _ 3 ,«Mooz 150 mg/L
1% O° 0.379 min™' ~—Mo0, 300 mg/L
o 2 o 21 /~ —Mo0, 600 mg/L
£ E ;
Yo * o1 0.0343 min’
z 0.000967 min’ . 0.00130 min"*
0{#F~ = ; 0{4~ -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

© 4
0.3
- 0.6]

CIC

0.21
0.0{,

0.4

—-~PMS 0

PMS 0.325 mM
——PMS 0.650 mM
——PMS 1.300 mM

—{ 0

0

5

10
Time (min)

15 20 25 30

0.356 min”

o

0.257 min™

—PMS 0

-PMS 0.325 mM
——PMS 0.650 mM
—PMS 1.300 mM

0

1%

0

5

10

15 20 25 30

Time (min)

Figure S12. Effect of (a) Fe(Ill) concentration, (b) MoO> concentration, (¢) PMS

concentration on L-RhB degradation in PMS/Fe(I11)/MoO; system; Pseudo-first-order

kinetics of effect of (a) Fe(Illl), (b) MoO2 and (c¢) PMS concentration in

PMS/Fe(11)/MoO; system. Conditions: [PMS]o = 0.650 mM, [Fe(Ill)]o = 0.035 mM,

[M0oO2]o = 300 mg/L, initial pH = 3.0, [L-RhB]o = 20 mg/L. Error bars represent the

standard deviation from at least duplicate experiments. Related to Figure 5.
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473  Figure S13. Effect of initial pH in PMS/Fe(I1I)/MoO; system. Conditions: [PMS]o =
474 0.650 mM, [Fe(Ill)]o = 0.035 mM, [M0Oz2]o = 300 mg/L, initial pH = 3.0, [L-RhB]o =
475 20 mg/L. Error bars represent the standard deviation from at least duplicate experiments.
476  Related to Figure S.
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Figure S14. Inhibition effect of radical scavengers on L-RhB degradation in
PMS/Fe(1l1)/MoQO> system. Conditions: [PMS]o = 0.650 mM, [Fe(Ill)]o = 0.035 mM,
[MoO2]o = 300 mg/L, initial pH = 3.0, [L-RhB]o = 20 mg/L. Error bars represent the

standard deviation from at least duplicate experiments. Related to Figure 5.
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Figure S15. The variation of Fe(ll) and Fe(l1l) concentrations in PMS/Fe(111)/MoO>

system. General conditions: [PMS]o = 0.650 mM, [Fe(lll)]o = 0.035 mM (total Fe),

[MoO2]o = 300 mg/L, initial pH = 3.0. Error bars represent the standard deviation from

at least duplicate experiments. Related to Figure 5.
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542  Figure S16. EPR spectra obtained from (i) PMS/MoO; system, (ii) PMS/Fe(Ill) system,
543  and (iii)) PMS/Fe(Il[)MoO; system with the existence of DMPO (* represents SO4~
544  adduct). Conditions: [PMS]o = 0.650 mM, [Fe(IIl)]o=0.035 mM, [M0O2]o =300 mg/L,
545  initial pH = 3.0. Related to Figure 5.
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Figure S17. SEM images of MoO: (a) before and (b) after reaction in
PMS/Fe(111)/MoO; system. Related to Figure S.
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602  Figure S19. Raman spectra of MoO> before and after reaction in PMS/Fe(I11)/MoO>
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