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Abstract

The ecological risk associated with the hidden release of inorganic arsenic from p-arsanilic
acid (p-ASA) due to microbial activities and sunlight irradiation underscores the urgent need
for an effective p-ASA control strategy. Herein, polyoxometalate clusters intercalated layered
double hydroxides (LDH-CoPW) were synthesized to activate peroxymonosulfate (PMS) for
the rapid degradation of p-ASA while simultaneously immobilizing inorganic arsenic. CoPW
was loaded into the nano layer of LDH through a simple ion exchange method, LDH-CoPW
with a confined structure possessed independent adsorption and catalytic sites, the confined
CoPW acted as the activator for PMS activation while the LDH layer was responsible for the
adsorption of inorganic arsenic. Non-interfering operation of the active sites endowed LDH-
CoPW with distinguished performance. Satisfactory removal of p-ASA and TOC by the LDH-
CoPW/PMS system was attributed to the long-acting oxidation capacity of Co(IV)=0. By
calculating the second-order reaction rate constants of Co(IV)=0 with probes for the first time,
we determined the striking contribution of Co(IV)=0 to the p-ASA degradation via the probe-
based kinetic model, and revealed the underlying mechanism of PMS activation. This work lies
in providing a catalyst synthesis strategy that mitigates the antagonism between active sites and

elucidating the activation mechanism of PMS by LDH-CoPW synthesized using this strategy.

Keywords: Confined catalysis; Polyoxometalates; Layered double hydroxides; High valence

cobalt; p-arsanilic acid.



1. Introduction

Phenylarsenicals, including p-arsanilic acid (p-ASA) and roxarsone (ROX), have been
extensively used as feed additives to promote the growth of livestock and control diseases in
poultry since the 1970s [1]. However, phenylarsenicals are poorly metabolized by animals, and
approximately 90% of phenylarsenicals are excreted into the environment in their raw form.
This leads to contamination of source water through processes like biocomposting and surface
runoff, posing significant ecological risks [2, 3]. Despite studies that have confirmed the low
biotoxicity of phenylarsenicals, a critical aspect often overlooked is their potential
decomposition and subsequent release of more toxic inorganic arsenic (As(III/V)) during
microbial activities and sunlight irradiation [4, 5]. Therefore, it is imperative to implement
measures for the proper disposal of phenylarsenicals to prevent the spread of associated risks.

Recently, peroxymonosulfate (PMS)-based advanced oxidation processes have attracted
attention from researchers due to their satisfactory performance in the elimination of organic
contaminants [6-8]. Despite achieving ultrafast degradation of phenylarsenicals using ferrous
ions as PMS activators, the removal of inorganic arsenic still required the addition of a
considerable dose of alkali to neutralize the solution pH and flocculate inorganic arsenic [2].
Hence, heterogeneous catalysts with both activation and adsorption functions are considered
reliable substitutes for metal ion activators, capable of controlling the released inorganic
arsenic in situ and alleviating the recovery difficulties of homogeneous catalysts. Chen et al.
and Huang et al. reported on the PMS activation by CuFe,O4 for the removal of p-ASA and the

simultaneous adsorption of inorganic arsenic. These studies showed that the use of catalysts



could greatly reduce the concentration of inorganic arsenic in the solution compared to the
homogeneous catalytic system [1, 9].

Among the PMS activators, cobalt-containing catalysts have been considered to possess
superior activity for boosting PMS activation. The removal of 50 uM of ROX by the
Co0304/PMS system reached nearly 50% within 2 min, demonstrating much higher efficiency
compared to other metal-based catalysts [10]. However, while the combination of cobalt-based
catalysts and PMS effectively decomposed phenylarsenicals, these catalytic systems were
slightly insufficient in the adsorption of inorganic arsenic due to a lack of adsorption sites [3].
The continuous cumulative concentration of total inorganic arsenic in the solution treated by
the Co304/PMS system reached 2.96 mg/L [10]. Therefore, it is urgent to propose optimization
strategies for cobalt-based catalysts to enhance their effectiveness in remediating
phenylarsenical-polluted water.

Layered double hydroxides (LDHs) are important clay materials commonly used as
adsorbents for the removal of inorganic pollutants. Guo et al. synthesized Cu/Mg/Fe/La-LDH
for the adsorption of arsenate in aqueous solution Through ion exchange and layer ligand
exchange mechanisms, Cu/Mg/Fe/La-LDH exhibited a high adsorption capacity for arsenate,
reaching 22.2 mg/g [11]. Some studies have evidenced that arsenate adsorption on magnesium-
based LDHs was dominated by interlayer anion exchange while that over calcium-based LDHs
occurred by means of precipitation of dissolved Ca?" with arsenate [12]. These findings inspire
us to leverage the spatial structure advantage of LDHs to assemble composite catalysts for

achieving dual purposes. By confining the cobalt catalytic core within the LDH interlayer to



activate PMS for phenylarsenical degradation and utilizing calcium-based LDH as the
adsorption core to enrich released inorganic arsenic, “two birds with one stone” can be realized.

In this study, [Co4(PW9O34)2] polyoxometalate cluster (CoPW) intercalated CaFe-LDH
(LDH-CoPW) was prepared to activate PMS for the removal of p-ASA. CoPW nanocluster, as
the main catalytic sites for the PMS activation, was confined in the interlayer of LDH nanosheet.
The physicochemical properties and microstructure of LDH-CoPW were comprehensively
characterized by a series of instruments. The performance of the LDH-CoPW/PMS system was
tested under various conditions. Moreover, the conversion of arsenic species during the reaction
and the arsenic accumulation by the catalyst were investigated. Finally, we revealed the
underlying catalytic mechanism of the LDH-CoPW/PMS system and evaluated the toxicity
inhibition potential of this system.
2. Materials and methods
2.1. Chemicals

Potassium peroxymonosulfate was acquired from Sigma-Aldrich®, and other reagents
were purchased from Sinopharm Chemical Reagent Co., Ltd., China. All reagents were
analytical grade and used as received without further purification. Ultrapure water was used in
all experiments.
2.2. Synthesis of LDH-CoPW

The synthesis route of LDH-CoPW is shown in Fig. 1. CaFe-LDH was first prepared as
the host of CoPW. Briefly, 20 mmol of Ca(NO3)2-4H>O and 10 mmol of Fe(NO3)3-9H>0 were

dissolved in 100 mL of ultrapure water to form salt solution. Then, the alkaline liquor was



prepared by dissolving 2.4 g of NaOH in another 100 mL of ultrapure water. Subsequently, the
mixed metal salt solution was dropwise added to the NaOH solution with vigorous stirring
under nitrogen atmosphere. Whereafter, the suspension was aged at 60 °C for 10 h to obtain
CaFe-LDH. CoPW was synthesized according to the previous literature [13]. LDH-CoPW was
synthesized with the method of ion exchange under nitrogen atmosphere. 0.5 g of CaFe-LDH
was dispersed in 200 mL of ultrapure water. Then, 50 mL of ultrapure water containing 0.5 g
of CoPW was added to the above suspension, the reaction was kept at 60 °C for 3 h. After

filtration, washing and drying, the collected powder was named LDH-CoPW.
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Figure 1. Schematic diagram of LDH-CoPW preparation.

Characterization, experimental, analytic and calculation methods are provided in Texts
S1-S6 and Tab. S1 in Supporting Information.

3. Results and discussion



3.1. Catalysts characterization

The crystalline phase of LDH-CoPW was determined by XRD. As shown in Fig. 2a, peaks
at 20 = 6.8°, 18.7°, 28.8° and 46.5° corresponded to the (003), (006), (009) and (015) lattice
planes of CaFe-LDH, respectively [14, 15]. Significantly, the splitting peaks around 20 = 20°
could be attributed to the impure calcium/iron carbonate, which is usually difficult to avoid in
the synthesis of Ca and Fe based LDHs. Compared with the pristine CaFe-LDH, the
replacement of NO3™ by CoPW in the interlayer of CaFe-LDH resulted in a shift of lattice
reflections to lower 20 values, suggesting the successful intercalation of CoPW [16].
Specifically, the first basic reflection corresponding to the d value provided information about
the interlayer distance [15]. As calculated, the basal spacing of LDH-CoPW (17.9 A) was
significantly higher than that of CaFe-LDH (8.2 A). The interlayer spacing, calculated to be
13.1 A by subtracting the height of the host layer (4.8 A), was consistent with the diameter of
the b axis of CoPW [13, 15].

HR-TEM was employed to observe the microstructure of LDH-CoPW. As can be seen in
Fig. 2b, LDH-CoPW exhibited a typical lamellar structure of brucite and the standing-up
nanosheets with a mean size of 50 nm were found in the bulk aggregates, suggesting the
structure stability of CaFe-LDH during the ion exchange process. Moreover, the element
content analysis and EDS-mapping of LDH-CoPW (Fig. 2¢ and d) verify that the as-prepared
catalyst was consisted with uniformly distributed Ca, Fe, O, Co, P and W elements. Moreover,
the molar ratio of Ca: Fe: Co: P: W in LDH-CoPW was determined to be 1: 1.9: 0.2: 0.1: 2.8

via ICP-OES with microwave digestion. Significantly, the relative content of Co belonging to



CoPW was much lower than that of Fe representing CaFe-LDH, demonstrating that compared
to simple load, CoPW was more likely to be intercalated in the CaFe-LDH interlayer. Overall,

the above results indeed verify the rational assembly of CaFe-LDH and CoPW.
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Figure 2. (a) XRD pattern of LDH-CoPW and CaFe-LDH; (b) HR-TEM, (c) element content

analysis and (d) EDS-mapping of LDH-CoPW.

3.2. Catalytic performance evaluation
The performance of the LDH-CoPW/PMS system was assessed using p-ASA as the

targeted pollutant. As displayed in Fig. 3a, the combination of LDH-CoPW and PMS
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eliminated 93.8% of p-ASA within 20 min of reaction time. In contrast, the direct oxidation of
PMS and the adsorption of LDH-CoPW resulted in only ~2% removal of p-ASA, implying the
boosting of LDH-CoPW to the PMS activation. Moreover, the catalytic activity of CaFe-LDH
and CoPW were tested as well. From ICP-OES analysis, the mass ratio of Co in LDH-CoPW
was about 2%. Therefore, based on the molecular formula of CoPW, the CoPW dosage was
considered as 0.05 g/L. As shown in Fig. 3b, the pseudo-first-order reaction rate constant (kops)
for the LDH-CoPW/PMS, CoPW/PMS and CaFe-LDH/PMS systems were 0.09, 0.05 and 0.01
min’!, respectively. This suggests that the main catalytic site of LDH-CoPW could be CoPW.
Furthermore, the synergic coefficient (§) was used to determine the possible synergistic effect
of CoPW and LDH (& = koss(LDH-CoPW/PMS)/[koss(CaFe-LDH/PMS) + kops(CoPW/PMS)]).
As calculated, the & value was 1.5, definitely verifying the synergism between CoPW and LDH
in LDH-CoPW. Furthermore, the turnover frequency values (TOF) of some reported catalysts
were calculated by dividing the pseudo-first-order reaction rate constant by the product of
catalyst dosage, PMS dosage, and p-ASA concentration. As calculated, the TOFs of CuFe;04,
pre-magnetized Fe® and Co0304-La;COs@RSBC were 0.015, 0.085 and 0.273, which were
much lower than that of LDH-CoPW (0.9) (Tab. S2), suggesting the superior performance of
LDH-CoPW [1, 17, 18].

To further estimate the mineralization ability of the LDH-CoPW/PMS system, the TOC
removal during the reaction was monitored. As described in Fig, 3¢, along with 93.8% of p-
ASA being degraded, 57.4% of TOC was eliminated within 20 min of reaction time. This

implies that a considerable concentration of p-ASA was still being degraded into other



intermediates with potential toxicity. Interestingly, with the reaction time prolonged to 60 min,
the mineralization rate further improved to 86.1%, suggesting the generation of reactive species
with long-acting oxidation capacity in the LDH-CoPW/PMS system. Furthermore, the
concentrations of Ca, Fe, Co, P and W ions leaked from the catalyst during the reaction were
only 31.5, 41.4, 22.6, 8.2 and 114.2 pg/L, respectively, suggesting the environmental
friendliness of the LDH-CoPW/PMS system. The effect of reaction temperature on the p-ASA
degradation was investigated as shown in Fig. 3d, higher temperatures promoted the PMS
activation by LDH-CoPW, as ks for the p-ASA degradation at 15 °C, 25 °C, 35 °C and 45 °C
were 0.06, 0.09, 0.25 and 0.40 min™!, respectively. The inserted figure in Fig. 3d reveals a linear
relationship between In(ko»s) and the reciprocal of the reaction temperature (1/T), with the
activation energy (Ea) of PMS by LDH-CoPW calculated to be 49.0 kJ/mol. Considering that
the Ea of diffusion-controlled reactions typically falls within the range of 10-13 kJ/mol, it
suggests that the catalytic reaction is controlled by surface chemical reactions rather than mass

transfer [19].
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Figure 3. (a) p-ASA degradation and (b) correlation coefficient of p-ASA degradation in

different catalytic systems; (c¢) TOC removal in LDH-CoPW/PMS system; (d) Effect of
temperature on p-ASA degradation in LDH-CoPW/PMS system ([Catalyst] = 0.1 g/L, [PMS]

=0.1 mM, [p-ASA] = 10 mg/L).

3.3. Arsenic immobilization

Considering the deadlier toxicity of inorganic arsenic than p-ASA, the release of inorganic
arsenic and the transformation of arsenic species during the p-ASA attenuation were monitored.
As displayed in Fig. S1, The p-ASA degradation induced by the LDH-CoPW/PMS system
caused a remarkable increase in the accumulation of inorganic arsenic in the solution, reaching
peak concentrations of total As, As(IIl) and As(V) of 2.02, 0.45 and 1.57 mg/L, respectively,
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within 15 min. With the reaction time prolonged to 180 min, the concentrations of total As and
As(V) gradually declined to 1.60 and 1.15 mg/L, while the concentration of As(III) basically
stabilized at 0.45 mg/L. This might be related to the higher K, of As(IIl) compared to As(V),
and Caz(AsOs), formed by the reaction of As(V) and Ca(Il) was the main component of the
catalyst surface precipitation [20, 21]. Therefore, a dynamic equilibrium between As(III)
released from p-ASA and oxidized As(IIT) was achieved. Finally, according to the mass balance
of As species, 53.6% of inorganic arsenic was adsorbed by LDH-CoPW, suggesting the reliable
performance of the LDH-CoPW/PMS system in p-ASA removal. The residual inorganic
arsenic in the solution treated by the catalytic system still exceeded the environmental standard.
However, it is worth noting that for the convenience of kinetic studies, the concentration of p-
ASA in this study was also far higher than that in natural water environment. When the catalytic
system is applied in the actual water treatment, the adsorption capacity of LDH-CoPW (18.5
mg/g) for As is sufficient to ensure the safe concentration of inorganic arsenic in water. Despite
the surface functional groups and crystal structure of LDH-CoPW barely changing after the
reaction (Fig. S2a and b), it is still reasonable to believe that As(V) was indeed adsorbed on the
catalyst surface. This is because As(V) was mainly removed by forming Ca3(AsO4)2, which
would not lead to new infrared absorption peaks, meanwhile, the determination of amorphous
or low content of Ca3(AsOas)2 by XRD was ineffective. Herein, the XPS As 3d spectrum of the
used LDH-CoPW (Fig. S3) undoubtedly verifies the adsorption of As(V) on the LDH-CoPW
surface, with the peak at a binding energy of 45.5 eV usually considered to be related to As(V)
[10].
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3.4. Catalytic mechanisms analysis
3.4.1. Reactive species identification

Reactive species (RSs), including radicals, singlet oxygen ('02) and high valence cobalt
(Co(IV)=0), could be produced in the catalytic system during PMS activation [22, 23].
Therefore, it is necessary to first determine the RSs existing in the LDH-CoPW/PMS system.
ESR analysis was employed to distinguish sulfate radical (SO4™), hydroxyl radical ("(OH),
superoxide radical (O.") and 'O, using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
2,2,6,6-Tetramethylpiperidine (TEMP) as the trapping agents. From Fig. 4a, instead of the
signal of DMPO-SO4™ and DMPO-'OH adducts, a seven-line characteristic signal related to
5,5-dimethyl-1-pyrrolidone-2-oxy-1 (DMPOX) adducts was found in the LDH-CoPW/PMS
system. Although DMPOX was once considered to be the excessive oxidation of DMPO by
radicals, some studies have also suggested that Co(IV)=0O can directly oxidize DMPO to
produce DMPOX, leading to potentially misleading information [24]. Thus, methyl phenyl
sulfoxide (PMSO), which can be selectively oxidized by Co(IV)=0 to produce methyl phenyl
sulfone (PMSO:), was applied to identify Co(IV)=0 in the system [25]. As shown in Fig. 4b,
compared with the sole PMS system, the introduction of LDH-CoPW tremendously accelerated
the PMSO degradation and PMSO; formation, reliably indicating the generation of Co(IV)=0
in the LDH-CoPW/PMS system. Furthermore, the six-line and three-line characteristic signals
(Fig. 4c) can be attributed to DMPO-O," and TEMP-'0; adducts, indicating the formation of

0, and 'Oz in the LDH-CoPW/PMS system [26].
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Figure 4. (a) ESR spectra of DMPO-SO4 and DMPO-"OH; (b) PMSO: production using

PMSO as probe in LDH-CoPW/PMS system; (c) ESR spectra of DMPO-0"" and TEMP-'0x;

(d) RS exposure and contribution fraction to p-ASA degradation ([Catalyst] = 0.1 g/L, [PMS]

=0.1 mM, [p-ASA] = 10 mg/L).

Recently, electron transfer process (ETP) has been regarded as one of the widely existing

nonradical pathway for the degradation of organic pollutants. Therefore, a premixing

experiment was carried out to discern the possible ETP [27]. From Fig. S4, the p-ASA

degradation was greatly promoted when premixing LDH-CoPW and PMS for 5 min. This

experimental phenomenon is intriguing, if the p-ASA degradation was dominated by ETP, the

premixing of catalyst and PMS would have a small effect on the p-ASA oxidation. However,
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if the process was dominated by radicals, the p-ASA degradation would be inhibited due to the
consumption of radicals with a short half-life [28, 29]. A credible explanation for this is that
Co(IV)=0 with long-acting oxidation capacity might be generated in the LDH-CoPW/PMS
system [30, 31]. Significantly, as the premixing time was prolonged to 15 min, the boosting of
the catalytic reaction by premixing weakened, indicating the deactivation of Co(IV)=O0.
3.4.2. Reactive species exposure

The above results indicate that there were at least three RSs: Co(IV)=0, 02" and 'O, in
the LDH-CoPW/PMS system. For O," with a negative redox potential (-0.8 V), the direct
oxidation of p-ASA by O, was insignificant [32]. Hence, the roles of SO4™, "OH, 'O, and
Co(IV)=0O in the p-ASA degradation were evaluated. In this study, to avoid misleading
conclusions from traditional quenching experiments, the probe-based kinetic model proposed
by Wang’s group was performed to evaluate the RSs exposure and contribution to the p-ASA
degradation (details in Text S4) [33]. As shown in Fig. S5c¢, atrazine (ATZ), primidone (PMD),
metronidazole (MTZ) and PMSO were used as probes for SO4™, ‘OH, 'O, and Co(IV)=0,
respectively [34]. It is evident that all four probes were rapidly degraded by the LDH-
CoPW/PMS system, confirming the presence of the four RSs in the solution. It is important to
note that except for ATZ, two oxidation stages were observed in the PMD, MTZ and PMSO
degradation processes (Fig. S5c¢). Thus, piecewise kinetic fitting was performed to accurately
determine RSs exposure. As displayed in Fig. S5d, koss for the ATZ, PMD, MTZ and PMSO
degradation were 0.08, 0.02/0.09, 0.02/0.22 and 0.04/0.54 min!, respectively. By calculation,
the "OH exposure was almost undetectable, while the exposures of SO4™, 'O, and Co(IV)=0

15



elevated continuously during the catalytic reaction, reaching 9.14x10'° 7.63x10!° and
7.11x10® M s at 20 min, respectively (Fig. 4d). Furthermore, the variation of RSs transient
concentration during the reaction was also estimated (details in Text S5). As shown in Fig. S6b,
the SO4™, '02 and Co(IV)=0 concentrations increased slowly to 2.8x107°, 2.0x10* and
1.2x107'2 M within 2 min. However, their transient concentration variations diverged after 2
min of reaction time. Of which, the 'O, concentration continually declined to 5.3x10'° M,
while that of SO4™ and Co(IV)=0 decreased slightly at first and then elevated significantly to
6.9x107" and 5.4x10°'"! M. Then, the deficiency of PMS led to a slow decline in the SO4™~ and
Co(IV)=0O concentration at the later stage of the reaction. Strikingly, the Co(IV)=O
concentration was about 10%-10* times higher than that of SO4~ and 'O, throughout the reaction,
suggesting the dominant role of Co(IV)=0 in the LDH-CoPW/PMS system. Based on the
above, the contribution of different RSs to the p-ASA degradation was calculated as described
in the inserted figure in Fig. 4d (details in Text S5). Although 'O, with the same concentration
as SO4™ was yielded in the LDH-CoPW/PMS system, its contribution to the p-ASA attenuation
was negligible. Meanwhile, the contribution of Co(IV)=0 with long-acting oxidation capacity
to the p-ASA degradation was as high as 75.0%, whereas the contribution of SO4™, despite its
higher reactivity, was only 25.0% due to its lower concentration and shorter half-life compared
to Co(IV)=0 [30, 31].
3.4.3. Mechanism of PMS activation

Different from traditional PMS-based advanced oxidation processes, nonradical
Co(IV)=0 was identified as the dominant RSs in the LDH-CoPW/PMS system. Additionally,

16



the piecewise generation of SO4™ and Co(IV)=0 also left us with confusion. We speculate that
the unique PMS activation mechanism might be related to the special confined structure of
LDH-CoPW. The element valence of LDH-CoPW before and after the catalytic reaction was
determined using XPS. As shown in Fig. 5, the 2p orbit can be divided into 2pi, and 2p3,
representing the same elemental information. Herein, taking 2p3» as an example, the peaks at
the binding energies of 780.8 and 784.9 eV were indexed to Co(III) and Co(II) (Fig. 5a), while
Fe(II) and Fe(II) can be reflected by signals at the binding energies of 712.2 and 710.0 eV,
respectively (Fig. 5b) [35, 36]. From Tab. S4, obviously, the relative content of Co(III) reduced
from 62.7% to 59.4%, denying the single-electron PMS activation that commonly accompanies
the conversion of Co(Il) to Co(III) (Eq. 1) [37]. This result further verifies that Co(IV)=0 was
formed through two-electron transfer from Co(II) to PMS, which led to the generation of SO4*
(Eq. 2) [38]. As for Fe species, 0.6% of Fe(Il) was oxidized to Fe(Ill) after the reaction,
suggesting the participation of Fe species in the redox cycle of Co species (Eq. 3) [39]. Besides,
the PMS activation by Fe(II) to produce SO4™ could also result in the increase of Fe(IlI) (Eq.
4) [40]. According to the XPS analysis, it can be confirmed that the intercalated CoPW in the
confined space of CaFe-LDH was the cause of the formation of Co(IV)=0. Due to the buffering
of CaFe-LDH, the coordination of CoPW and PMS via inner/outer sphere interaction would
not be interfered with by ClOs and PO4*" (Fig. S7) [19]. Meanwhile, CaFe-LDH was
responsible for accelerating the redox cycle of Co species and activating PMS to produce SO4™.
For the generation of 'O, the presence of O confirmed by ESR analysis reveals the
possibility of the transformation from 0> to 'O, (Eq. 5) [23]. Moreover, the self-
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decomposition of PMS was also considered to be one of the pathways to produce 'O (Eq. 6)

[41].
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Figure 5. XPS spectra of fresh and used LDH-CoPW: (a) Co 2p and (b) Fe 2p.

Co(II) + HSOs™ — Co(III) + SO4~ + OH™ (1)
Co(Il) + HSOs™ — Co(IV)=0 + SO4*  + H* (2)
Co(IIT) + Fe(Il) — Co(II) + Fe(IIl) (3)
Fe(Il) + HSOs™ — Fe(Ill) + SO4~ + OH  (4)
027+ H20 — '02 + H202 + OH (5)
HSOs + SOs** — 2804> + '0, + H"  (6)

Given the above, the mechanism of the p-ASA removal by the LDH-CoPW/PMS system
is proposed as described in Fig. 6, under the buffering of CaFe-LDH, PMS added to the solution
could not be activated immediately. With the mass transfer of PMS to the interlayer of CaFe-
LDH, the hydroxyl group of CoPW would be substituted by HSOs™ to form CoPW-OOSO5"
intermediate. Then, oxygen atom transfer occurred between CoPW and PMS via two electron-
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transfer from Co(I) to OOSOs3’, accompanied by the production of Co(IV)=0. Although
Co(IV)=0 would only be reduced to Co(III) during the p-ASA degradation, the Fe sites on the
CaFe-LDH layer could boost the reduction of Co(Ill) to Co(Il), further ensuring the
sustainability of the reaction. Simultaneously, the inorganic arsenic released during the p-ASA
degradation existed predominantly as As(V) in the highly oxidizing environment and can be

immobilized in situ by CaFe-LDH, thereby reducing the risk of arsenic contamination.
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Figure 6. Proposed mechanism of p-ASA removal by LDH-CoPW/PMS system.

3.5. Effect of key parameters

As shown in Fig. S8a, the LDH-CoPW/PMS system possessed satisfactory performance
in neutral, mildly acidic and alkaline solutions, with k. for the p-ASA degradation at pH 5.0,
7.0 and 9.0 being 0.09, 0.12 and 0.12 min!, respectively. However, the catalytic efficiency of
the LDH-CoPW/PMS system was remarkably suppressed at pH 3.0, and only 30.2% of p-ASA

was removed within 20 min. Due to the acidity of PMS, the pH values variation during the
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reaction at different initial pH was monitored as shown in Fig. S9a, the appearance of PMS
resulted in a change of solution pH from 3.0, 5.0, 7.0, and 9.0 to 3.5, 4.4, 4.8, and 5.7,
respectively. As shown in Fig. S9b, HSOs™ was the main existing species in the studied pH
range, while p-ASA gradually transformed from zwitterion to anions with the increase of pH
value. Meanwhile, attributed to the abundant hydroxyl groups on the LDH-CoPW surface, the
catalyst was always negatively charged. In this case, the electrostatic repulsion between the
catalyst, p-ASA and PMS elevated gradually with increasing solution pH, which could inhibit
the reaction. However, no significant reduction in performance was observed in this study. A
credible explanation is that the confined space of LDH buffered the change in the surface
chemistry micro-environment of the intercalated CoPW [42]. Moreover, the structural collapse
of CaFe-LDH under overly acidic condition might be responsible for the deterioration of the
catalyst [43].

The effect of coexisting anion on the LDH-CoPW/PMS system was evaluated. From Fig.
S8b, the participation of Cl” evidently suppressed the p-ASA degradation, more specifically,
the higher dosage of CI" could lead to more serious inhibition, with k.s for the p-ASA
degradation declining to 0.04 min™! with the increase of Cl" concentration to 10 mM. This might
be due to the direct consumption of PMS by excessive CI" [44]. The addition of SO4* slightly
deteriorated the catalytic efficiency of the LDH-CoPW/PMS system, with kops for the p-ASA
degradation being 0.08, 0.07 and 0.06 min™' in the presence of 1, 5 and 10 mM of SO4*",
respectively (Fig. S8c). Generally, SO4>~ can reduce the redox potential of HSOs/SO4%,
thereby suppressing the formation of Co(IV)=0 [45]. Furthermore, NOs™ barely affected the
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reactivity of the LDH-CoPW/PMS system. Overall, the effect of coexisting anions on the
catalytic system performance was limited, indicating promising application prospects for the
LDH-CoPW/PMS system.
3.6. Degradation intermediates and ecotoxicity analysis

Insufficient mineralization of p-ASA implies the accumulation of degradation
intermediates in the solution. Thus, HPLC-MS was carried out to identify the intermediates
with potential toxicity. As shown in Fig. S10, nine organic compounds, including p-ASA, were
found in the solution by analyzing the mass-to-charge values. Meanwhile, DFT calculation was
used to further explicate the degradation pathways of p-ASA. Fig. S11 shows that 11N atom
with the highest f* value was sensitive to the attack of Co(IV)=0 and easily oxidized. Besides,
11N atom also possessed the highest /7 value, suggesting that 11N atom was vulnerable to be
attacked by RSs via hydroxylation. Significantly, 1As and 5C atoms also possessed relatively
high /% values, indicating that p-ASA was prone to releasing inorganic arsenic through
dearsenification. Therefore, the p-ASA degradation routes were proposed as illustrated in Fig.
7a, the As-C bond on the benzene ring was initially attacked by RSs, leading to the release of
As species and the formation of P1. For the inorganic part, the released arsenic could be
immobilized on the LDH surface in situ. Regarding the organic part, on the one hand, highly
reactive Co(IV)=0 could oxidize P1 to form P2 via oxygen atom transfer, and P3 was further
obtained through the hydroxylation of P2 [9]. On the other hand, P4 and P5 can be generated
via the progressive hydroxylation of P1, of which, P5 would rapidly transform to P6 in the
oxidizing environment [46]. Due to the polymerization-induced property of Co(IV)=0, P1 and
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P3 can polymerize to form P8 under the attack of Co(IV)=0, and P7 could be produced via the

self-polymerization of P4 [47].
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Figure 7. (a) Degradation pathway of p-ASA; (b) Toxicity evaluation of degradation

intermediates by T.E.S.T. program.

The ecotoxicity of p-ASA and its degradation intermediates was further evaluated using
T.E.S.T. program developed by the Environmental Protection Agency. As displayed in Fig. 7b,
p-ASA possessed negative mutagenicity, while the mutagenicity of all intermediate products
improved during the process, luckily, except for P7, the other products still exhibited negative
mutagenicity, suggesting the routine attention to P7 and its polymeric monomer P4 was
necessary. As for the developmental toxicity, the situation was less optimistic, p-ASA with
negative developmental toxicity was degraded to seven products with positive developmental
toxicity, and only the developmental toxicity of P2 was obviously suppressed. This highlights

the importance of achieving higher mineralization rather than simply diluting p-ASA.
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Significantly, the LDH-CoPW/PMS system with Co(IV)=0 as the main RSs possessed longer-
acting oxidation capacity, which would be beneficial to the suppression of toxicity.
4. Conclusion

A promising strategy for mitigating arsenic pollution using LDH-CoPW boosted PMS
activation was proposed in this work. 93.8% of p-ASA and 57.4% of TOC can be attenuated
by the LDH-CoPW/PMS system within 20 min. The nano confined structure of LDH-CoPW
allows CoPW and LDH to operate independently as the catalytic and adsorption sites,
respectively. Thus, the inorganic arsenic released with the rapid degradation of p-ASA can be
directly immobilized on the surface of LDH-CoPW through the adsorption site. From the
mechanism study, the participation of radical and nonradical involved in the p-ASA
degradation were determined using probe experiments and ESR analysis. Despite some initially
confusing experimental results, we unequivocally verified the significant contribution of
Co(IV)=0 to the p-ASA degradation by the probe-based kinetic model. Toxicity analysis
showed that the vast majority of degradation intermediates exhibited higher toxicity than p-
ASA, fortunately, the LDH-CoPW/PMS system possessed excellent mineralization
performance and could prevent the accumulation of toxic components.
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Text S1. Catalyst characterization

The morphologies and microstructures of the prepared samples were characterized by
HR-TEM (JEOL, JEM-2100F, Japan) with 200 kV acceleration voltage. XRD of the
materials were carried out at room temperature using X-ray diffract meter (Bruker, D8
Advance, Germany) employing Ni-filtered Cu Ko radiation at a scan rate (20) of 0.02 s™.
FTIR of the samples were obtained using fourier transform infrared spectrometer (Thermo
Fisher Scientific, Nicolet 6700, USA) with a range of 400-4000 cm™. The chemical
compositions and states of the samples were determined using XPS assembled an ESCALAB
250 apparatus (Thermo Fisher Scientific, K-Alpha, USA) at 3x10%° mbar using Al Ka X-ray
beams (1486.6 eV). Radicals were identified by ESR spectroscopy (Bruker, ESP300E,
Germany) operated at a 3514 G center field and a 9.85 GHz microwave frequency.
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-Tetramethylpiperidine 1-oxyl
(TEMP) were used as the spin trap compound in the ESR analysis. To analyze the total
contents of metals, samples were pretreated by microwave digestion (Anton Paar, Multiwave
PRO, Austria), and then the concentrations of these metals were analyzed using an
inductively coupled plasma-optical emission spectrometer (Agilent Technologies, ICP-OES

710, USA).
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Text S2. Experimental procedures

All batch-type experiments were carried out in a 100 mL quartz reactor at a constant
temperature (25 °Cx1 °C). Typically, quantitative catalyst was added into 50 mL of p-ASA
solution. After reaching adsorption/desorption equilibrium within 10 min, a certain amount of
PMS was injected into the system to start the reaction. At a given time interval, water sample
was withdrawn, filtered through a 0.22 um membrane filter and quenched by 0.1 M Na>S>03
solution for residual concentration determination. 0.1 M H>SO4 and NaOH were used to
adjust the solution pH instead of buffer solutions as buffer solutions tend to interact with
catalysts. Effect of ions strength on the degradation of p-ASA were performed by adding
corresponding substances into the solution beforehand. All the experiments were carried out
at least twice. The relative standard deviations (RSD) for the different batches were usually

less than 5%.
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Text S3. Analytical methods

The residual concentration of targeted pollutant was determined by high-performance
liquid chromatograph (Shimadzu, LC-20A, Japan) equipped with ZORBAX Eclipse
XDB-C18 column (Agilent, 150x4.6 mm, i.d., 5 pm particle, USA) and VWD detector.
Details of detection methods are summarized in Tab. S1. The concentration of As(lll) and
As(V) in solution were measured using atomic fluorescence spectrometer (Jitian, AFS-8220,
China). TOC was measured by organic carbon analyzer (Shimadzu, TOC-L, Japan). The PMS
concentration was determined using 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) method. The intermediate products were identified by liquid

chromatography-mass spectrometry-mass spectrometry (Agilent, 1290 series, USA).
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Text S4. Probe-based kinetic model
The oxidation of PMS and the adsorption of LDH-CoPW to p-ASA and probes could be

ignored. Therefore, the removal of p-ASA by the LDH-CoPW/PMS system can be described

by Eq. (S1).

—In [ZJ::SS/:]U = K503~ p-asa JIS0571dt + K “oppnsa S[ "OH] dt + k 10,,p—-ASA JI'0,]dt+ Kcoav)=op-asa J[Co(1V) = 0]dt (Sl)
The RSs exposure (i.e., [[SO;"1dt, [[ “OH]dt, [['0;]dt and [[Co(IV) = O]dt)
were calculated using the ternary Eqgs. (S2)-(S5) based on the abatement of ATZ, PMD, MTZ

and PMSO by the LDH-CoPW/PMS system.

—In [5;41:1‘221]‘3 = Kso3-a1z JIS0571dt + K ~oparz [ "OH]dt + k 10,,ATZ J*0,]dt+ Keoavy=o,a1z [[Co(IV) = O] dt (82)

—In [E:);A];]ﬂ = Kso3~pmp JIS0571dt + K o pmp J[ "OH] dt +k 10,,PMD J'0;]dt + Kcoavy=o,pmp J[Co(IV) = 0] dt (83)

—In [E:[:ZZ]]D = Kso3~ M1z SISO 1dt + K ~opmrz [ "OH] dt +k 10, MTZ JI'0,]dt + Keoavy=om1z J[Co(IV) = O] dt (84)

[PMSO] . .
—In o, = Ksoi~puso JI8037]dt +k “onpmso [ "OH] dt +k 16, puso [ *02] dt + Keoqvy=o,pmso S [Co(IV) = O] dt (55)

The second order rate constants of p-ASA, ATZ, PMD and MTZ with Co(IV)=0 were
determined by using competition kinetics method. PMSO was used as a reference compound
because its rate constant with Co(1V)=0 is already known (Kco(v)=o,pmso = 2.00<10° M1 1),
Co(IV)=0 was generated in the Co?*/PMS system at pH = 3.0 condition [1]. Of which,
Co(IV)=0 was the dominant species in this system and the contribution of other radical can
be neglected. Probes and PMSO were simultaneously added into the Co?*/PMS system (Fig.

S6a and b). The second order rate constants of probes with Co(IV)=0 can be calculated by

Eq. (S6).

kprobes — KpMso 86)
Kcoavy=0,probes  Kco(1v)=0,pPMso
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Text S5. Transient concentration and contribution of reactive species

The transient concentration of SOs~, 0, and Co(IV)=0O were estimated by Egs.
(S7)-(S9) based on the ratios between SO4~ and PMS exposure (Rgo;-), '0, and PMS

exposure (R 14 ), Co(1V)=0 and PMS exposure (R¢o1vy=0)

f[S05"]dt SO}~ concentration
Rso;- = = — (S7)
4 f[PMS]dt PMS concentration

R __J['0z]dt _ 0, concentration (S8)
o, © [[PMS]dt ~ PMS concentration

R __ J[Co(Iv)=0]dt __ Co(IV)=0 concentration (89)
Co(IV)=0 — f[PMS]dt ~ PMS concentration

Based on the PMS and RSs exposure, the relative contribution of SOs~, 0, and

Co(IV)=0 to the p-ASA degradation were calculated using Egs. (S10)-(S12).

forus = k503~ p-asa J[SOFldt (S10)
S04 ksoy=p-asa JISOTTIdt+k 1y o aqn J[*0z]dt+kcoavy=0,p-asa S[Co(IV)=0]dt
f k 10,,p-ASA fl*oz]at (Sll)
1 =
02 ksoy~ p-asa [5O3 ldt+k 1y o J[ 102]dt+keoqvy=0,p-asa [[Co(IV)=0]dt
f _ Kco(1v)=0,p-asa J[Co(IV)=0]dt (S12)
CoIV)=0 ksoy~p-asa [5O3 ldt+k 1 g J[ 702]dt+keoqvy=0,p-asa S[Co(IV)=0]dt
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Text S6. Density functional theory (DFT) calculation

DFT calculations were conducted by the hybrid Becke-3-Lee Yang Parr (B3LYP)
density functional method at the 6-311++G (3df, 3pd) level with Solvation Model Based on
Density (SMD) model on a Gaussian 09 package. Fukui function, as a principal reactivity
descriptors in DFT, is widely used to forecast the reactivity position of a molecule, and it can
be calculated as follows:

Nucleophilic attack: ™ = g«(N) — gx(N+1)

Electrophilic attack: fk” = qk(N-1) — gx(N)

Radical attack: fi® = (qk(N-1) — qu(N+1))/2

where g represents the population of atom k in the p-ASA molecule.
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Figure S1. Variation of arsenic species concentration during reaction ([Catalyst] = 0.1 g/L,
[PMS] = 0.1 mM, [p-ASA] = 10 mg/L).
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Atom | qN) | qN+#1) [ q(N-1) | F f 0 CDD
1(As) | 0.6033 | 0.5056 | 0.6498 | 0.0465 | 0.0977 | 0.0721 | 0.0512
2(0) |-0.2855 | -0.3327 | -0.2426 | 0.0429 | 0.0472 | 0.045 | 0.0043
3(0) |-0.2831|-0.3313 | -0.2417 | 0.0414 | 0.0482 | 0.0448 | 0.0067

(
4(0) | -0.4462|-0.5172| -0.34 |0.1062 | 0.071 | 0.0886 | -0.0352
5(C) | -0.0955 | -0.1608 | -0.0121 | 0.0834 | 0.0653 | 0.0744 | -0.0181
6(C) | -0.027 | -0.0844 | 0.0128 | 0.0397 | 0.0575 | 0.0486 | 0.0177
7(C) | -0.0629 | -0.1166 | 0.007 | 0.0699 | 0.0537 | 0.0618 | -0.0162
8(C) | 0.0617 | -0.0357 | 0.1186 | 0.0569 | 0.0974 | 0.0772 | 0.0405
9(C) | -0.0626 | -0.1064 | 0.0073 | 0.0699 | 0.0438 | 0.0568 | -0.026

10(C) | -0.0299 | -0.1096 | 0.0114 | 0.0413 | 0.0797 | 0.0605 | 0.0383
11(N) | -0.1589 | -0.2207 | -0.0196 | 0.1393 | 0.0617 | 0.1005 | -0.0776
12(H) | 0.1697 | 0.1427 | 0.187 | 0.0173 | 0.027 | 0.0221 | 0.0098
13(H) | 0.1693 | 0.1431 | 0.1851 | 0.0158 | 0.0262 | 0.021 | 0.0104
14(H) | 0.0537 | 0.0203 | 0.0819 | 0.0283 | 0.0333 | 0.0308 | 0.0051
15(H) | 0.0426 | 0.0045 | 0.0791 | 0.0364 | 0.0381 | 0.0373 | 0.0017
16(H) | 0.0422 | 0.0068 | 0.0787 | 0.0366 | 0.0354 | 0.036 |-0.0012
17(H) | 0.0528 | 0.0128 | 0.0827 | 0.0299 | 0.04 |0.0349| 0.01

18(H) | 0.128 | 0.0902 | 0.1772 | 0.0491 | 0.0378 | 0.0435 | -0.0113
19(H) | 0.1283 | 0.0894 | 0.1774 | 0.0491 | 0.039 | 0.044 |-0.0101

Figure S11. Natural population analysis (NPA) charge distribution and Fukui index of
p-ASA.
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Table S1. Analytic conditions of different organic compounds.

Name Mobile phase Wav(er:]rIT?; gth z:rlr?li/\lln:?:; tercri(:):aurz:zre
- O

0-ASA Meér;/aonol 0.1% fg;r/llc acid 255

ATZ Mitgcj:o' Vgg(t;r 225 0.8

MTZ Ace;%r(‘;)trlle Ve\;lg(t)/eor 318 .

0 -

PMD Mestg;:ol 0.1% ph;zg?)orlc acid 218

PMSO Ace;g';/:)”"e Vgg;r 230 1.0
PMSO, Ace;cc))r;:)tnle VE\;/g(t)/eOr 915
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Table S2. Turnover frequency values of different catalysts in PMS activation.

Reaction conditions Degradation performance
Catalyst p-ASA Catalyst Oxidant Kobs Ref.
mgll)  (g/L) (mM) Removal (min) TOF
CuFe204 10 0.2 1 ~85% 0.03 0.015 [2]
(60 min)
pre-magnetized Fe° 10 0.2 1 990/(.) 0.17 0.085 [3]
(30 min)
Co304-La,COs@RSBC  10.8 0.2 0.3 100% 0.18 0.273 [4]
(10 min)
LDH-CoPW 10 0.1 0.1 93'8% 0.09 0.9 This
(20 min) work
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Table S3. Second order reaction rate constants of probes with RS.

Probe RS (M 5)
k SO~ k *OH k O, k Co(IV)=0
p-ASA 5.04%10° [5] 2.93x10°[6]  7.44x10°[7]  1.95X10°[*]
ATZ 2.6010° [8] 3.00<10°[8]  4.00<10%[8]  3.2010° [*]
MTZ 2.74%10° [9] 3.54x10°[9]  3.40%108[10]  4.71x10° [*]
PMD 5.30<108 [8] 6.70<10°[8]  7.31<10°[8]  1.0710°[*]
PMSO 3.17<108 [11]  3.61x10°[11]  No reaction 2.00x10° [1]

*determined in this study.
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Table S4. Peaks information of Co 2p and Fe 2p.

Relative ratio

Element Valence Binding energy
Fresh Used
Co(ll1) 780.8 eV 62.7% 59.4%
Co2p Co2pae ooty 78496V 37.3% 40.6%
() 0,
Fe 2p Fe 2pss Fe(l11) 712.2 eV 31.6% 32.2%

Fe(ll) 710.0 eV 68.4% 67.8%
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