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Abstract

Electrochemically activating peroxydisulfate (PDS) can eliminate organic pollution using electron
as activator without the involvement of byproducts. Notwithstanding, the process suffered from
long hydraulic retention time, and the activation regime remained unclear. Herein, using Pd/Al203
catalyst as particle electrode for initiating PDS oxidation in the cathodic cell can degrade various
organic pollutants with varying the kinetic constants from 0.0256 min™! to 0.0645 min™!, which
were at least 5-fold higher than that in previous studies. The reactive oxygen species were
determined to be SO4™/°OH. These radicals were readily formed from the single-electron reduction
of PDS by electro-induced atomic hydrogen (indirect reduction mechanism), while direct two-
electron transfer from electro-generated H2 to PDS consumed its oxidation capacity without
yielding radical due to the higher energy barrier. Revealing the mechanism of electrochemically
unleashing the oxidative power of PDS into SO4™ can rationalize the design of scalable electrode
for PDS-based water purification.

Keywords: Organic pollution, peroxydisulfate, electroreductive activation, single electron

transfer, atomic hydrogen



1. Introduction

By producing strongly oxidizing radicals, advanced oxidation processes (AOPs) were appealing
treatment processes for degrading non-biodegradable, recalcitrant and toxic organic contaminants
[1]. Recently, peroxydisulfate (PDS, S20s?") attracted growing attention as a promising oxidant
not only due to its chemical stability in the storage and transport periods but also owing to highly
achievable radical formation yield [2]. Moreover, the produced sulfate radical (SO4™)
demonstrated longer lifetime than hydroxyl radicals ("OH) in water (30 ps for SO4™ and 1 ps for
‘OH) [3], as well as less dependence of treatment efficiency on the operational parameters (e.g.
pH, initial peroxide loading, and background constituents) [2]. These properties endowed the PDS

with bright application perspective in the soil remediation and water treatment.

S208*" + energy — 2 SO4™ (1)
S208% + M™ — M*D* + §042 + SO4™ (2)
S208% + & — SO4* + SOs™ (3)

For extending the application scenarios of PDS oxidation, the suitable activation approach for
environmental problem has been a “holy grail” in these scientific researches [2]. Generally, the
S20s°" activation to SO4™ can be initiated by energy input (heat, microwave, or light) or single-
electron transfer from transition metal catalysts (M=Fe, Co, Cu, Ag) (reaction 1~2) [4]. Among
these approaches, the PDS activation by transition metal catalysts has been widely employed for
application of PDS in in-situ chemical oxidation of polluted areas [5, 6]. In addition, the
electrochemical activation of PDS via one-electron reduction on the cathode (reaction 3) attracted
some attention [7-9], owing to the reagent-free property using electron as reductant without the
involvement of byproducts, preventing the costly transportation and storage on the activators and

the downstream treatment for removing the byproducts, as well as reducing the dependence on the



operating pH [9]. Meanwhile, remotely electrolytic manipulation toward the PDS activation
theoretically allowed the environmental remediation process to be precisely controlled by tuning
the applied potential [10, 11]. Despite these advantages, the degradation kinetics of most organic
compounds (dinitrotoluene, aniline, and ciprofloxacin,) were much slower than those for PDS
oxidation initiated by transition metal activators, and the process exhibited meaningful degradation
only within an irrational time scale (more than 6 hours) [7-9]. More importantly, these works were
confined to revealing the phenomena of heterolytically cleaving the peroxide bond for yielding
SO4 by single-electron injection from carbon cathode into PDS molecule (reaction 3). The
studies never unravel the active sites for PDS reaction and key intermedia for single-electron
transfer except in cases where pH-sensitive Fe?*/Fe** bridged between electrode and PDS [12].
The insight into the electrochemical activation mechanism without iron will facilitate the rational
design of an electro-AOP for efficiently utilizing PDS.

It has been well-documented that the electrocatalytic reduction of substrates can proceed through
both direct electron transfer and indirect mechanism via atomic hydrogen (atomic H*) [13].
Depending on using the electrode surface or the electro-generated atomic H* as a platform for
adsorption of substrates, the subsequent conversion may be steered towards the different routes
with yielding different products. In our case, we were particularly intrigued by atomic H* due to
its unique nature as a one-electron reductant. Especially, much lower redox potential of H*/H"

couple (E° = -2.1 V vs RHE) than that of Fe?"/Fe** couple (E° = -0.77 V vs RHE) indicated that

PDS reduction by atomic H* was thermodynamically feasible with SO4™ as reduction product
(Reaction 4) [14, 15]. Among various materials for atomic H* generation, the most presentative
ones were palladium (Pd) and its alloys, for their outstanding electronic property to form relatively

stable Pd-H* bond (Volmer reaction) [16], and depress the recombination of two atomic H*



(Heyrovsky reaction), therefore to extend the retention time of atomic H* [17-19]. The lab-scale
experiments using Pd-doping cathode (two-dimensional electrode, 2D electrode) or Pd-coating
particle electrode (three-dimensional electrode, 3D electrode) have been deemed atomic-H*-rich
systems for dechlorination of disinfection by-products and dehydrogenation of various unsaturated
organics [20]. In comparison to 2D electrochemical system, the electroreduction system with 3D
electrode theoretically provided more active sites for generating atomic H*, which may lead to
higher kinetic constant of substrate reduction in the system.

S208% + H" — H" + SO4> + SO4™ 4)

In this work, a 3D electroreduction system using commercial Pd/Al2O3 as particle electrode was
applied for investigating the mechanism of PDS reduction. Meanwhile, externally added BA (50
uM) was employed as a probe for efficiently capturing SO4™ in the PDS decomposition process

(k=1.2x10° M!-s71) [12, 21], while it showed inertness to atomic H* produced on the Pd/AL>O3

[12]. The PDS decompositions via single-electron/two-electron reduction routes were clarified by
electron spin resonance (ESR) analysis, quenching experiments, and density function theory (DFT)
calculations. The involved parameters were optimized for accelerating PDS activation. Finally, the
practical value of the system was further assessed by degrading various organic contaminants.

2. Experimental Section

2.1 Chemicals

A complete list of reagents is provided in Text S1 (Supplementary Material).

2.2 Setup of batch Experiment

Solutions in this study were prepared using deionized (DI) water (resistivity 18.2 MQ, arium® pro
system). Solution pH regulation was performed using NaOH or H2SOa.

Experiments were conducted in a two-cell electrochemical reactor, a schematic diagram of which



is presented in Figure S1. Before the reactor was used, N2 was used to flush out the air in the
cathodic cell. The liquid samples were preserved in the 1 M ethanol solution once the sample was
taken from the reactor.

2.3 Analytical Method

The concentrations of model contaminants were measured by high-performance liquid
chromatography (HPLC, Shimadzu LC-20AD, Tokyo, Japan) with a C18 column and ultraviolet
detector, the temperature of column was kept at 30 °C and the mobile phase was maintained at a
flow rate of 1.0 ml/min. Other analytical details about HPLC analysis of organic contaminants
were presented in the Table S1, including mobile phase and detecting wavelengths.

The PDS concentration was determined colorimetrically using potassium titanium oxalate solution
at a wavelength of 352 nm by ultraviolet spectrophotometer (lambda 45, PerkinElmer) and the
detection method was described in detail by Zeng et al [22].

The formation of reactive oxygen species (ROS) was identified with an ESR spectrometer (CMS
8400, Adani). For OH- and SO4~ measurements, the sample was immediately mixed with DMPO
to form adducts. The phase composition of the synthesised catalyst was studied by X-ray
diffractometer (XRD, PANalytical), using Co-Ka radiation (A=0.1789 nm, at 40 kV and 40 mA)
over a 20 range of 10~120° with a step size of 0.02° and scan speed of 2°/min.

2.4 DFT analysis

The surface of Pd (111) was built, where the vacuum space along the z-direction is set to be 20 A,
eliminating the interaction between two neighboring images. The bottom two atomic layers were
fixed, the top three atomic layers were adequately relaxed for all surface systems. Then the atom,
ion and molecular were adsorbed on the surface. The first-principles calculations in the framework

of DFT were carried out based on the Cambridge Sequential Total Energy Package (CASTEP)



[23]. The exchange-correlation functional under the generalized gradient approximation (GGA)
with norm-conserving pseudopotentials [24], and Perdew-Burke-Ernzerhof functional was
adopted to describe the electron-electron interaction [25]. An energy cutoff of 750 eV was used
and a k-point sampling set of 5x5x1 were tested to be converged. A force tolerance of 0.01 eV/A,
energy tolerance of 5.0x107 eV per atom and maximum displacement of 5.0x10* A were
considered. The transition states are calculated with the complete LST/QST search.

The adsorption energy of were calculated by: AEA = E"A — E* — Ea

where E*, E” and Ea denote the energy of adsorbed system, clear surface and absorbed atom, ion

or molecular, respectively [26].

3. Results and discussion

3.1 PDS Activation by Pd/AL2Os in Electroreduction System.

The physicochemical properties of the Pd/Al2O3 catalyst and its corresponding substrate (a-Al203)
were characterized by SEM, XPS, and XRD analysis. SEM results (Fig. 1b) presented that many
flower-like particles were attached to the relatively smooth surface of the particle presented in Fig.
1a (SEM analysis of a-Al2O3 substrate). These particles can be determined to be dominant Pd°
speciation (335.2 eV for Pd® 3ds;3 and 340.5 eV for Pd® 3d23) by XPS analysis (Fig. 1¢) [27].
Meanwhile, the coverage of the Pd crystal on the surface slightly impaired the acquisition of Al20:-
involving signals (74.7 eV for AI** 2p and 351.6 eV for O* 1s, Fig. 1c¢ inset) [28]. Furthermore,
comparing the XRD results of Pd/A12Os3 catalyst with a-Al2O3 substrate revealed the face-centered
cubic structure of coated Pd catalyst (Fig. 1d). The emerging peak of Pd/Al2O3 at 39.4° can be

assigned to the Pd(111) of metallic Pd crystal.



Theoretically, the dominant exposure of the Pd(111) facet can provide ideal active sites for
producing atomic H* [29]. The atomic H* provision capacity of Pd/Al.O3 catalyst was further
evaluated by the cyclic voltammetry (CV) curves using Pd/Al2Os-coating glassy carbon electrode
as working electrode (Text S2). With varying starting potentials from -0.65 V to -0.80 V during
CV analysis, the generated H* species in the reduction stage were oxidized in oxidation stage. Fig.
1e exhibited two oxidation peaks in positive scans, located in the potential ranges of —0.30 to —0.10
V and —0.10 to 0.10 V. By the addition of atomic H* scavenger (2,4-dichlorophenol, 2,4-DCP)
[18], the peak at -0.10 V can be assigned to adsorbed H*ads while the peak at -0.30 V referred to
the oxidation of absorbed H*abs. As shown in Fig. 1f, the height of the oxidation peaks for these
atomic H* (H*abs and H*ads) significantly increased with a decreasing starting potential. The results
suggested that the Pd/Al2O3 catalyst had plenty of active sites for H*, indicative of good testing
platform for PDS activation by atomic H*.

Then, we conducted an experiment in the cathodic compartment to investigate feasibility of BA
degradation (Cinitia=50 pM) and simultaneous decomposition of PDS (Cinitiai=20 mM) in the
Pd/Al203-enhanced electroreduction system (Pd/ER/PDS system), i. e. in addition to a constant
current applied on the cathode (100 mA), the reaction suspension contained Pd/Al.O3 as particle
electrode (0.5 g/L catalyst, pH of 3.0, and deoxygenated atmosphere). As shown in Fig. 2, 45.08%
of BA in the Pd/ER system was rapidly degraded at a first-order kinetic constant of 0.0097 min™!
(k1, R*=0.9965). For demonstrating the role of these elements, Pd/PDS system and ER/Pd system
showed no performance on the BA degradation, ruling out the feasibility of PDS activation by
Pd/Al203 and BA degradation by atomic H*. Aforementioned results revealed that a synergetic
activation of PDS occurs between Pd catalyst and ER system within the time scale. Meanwhile,

we monitored the variation of PDS concentration as a function of time. As we supposed above that



PDS may serve as an oxidant for organic degradation, simultaneous PDS decomposition was
observed with a zero-order kinetic constant of 0.3002 mM-min™! (ko, R?=0.9971).

3.2 ROS analysis

ESR analysis was employed directly identifying ROS for BA oxidation using DMPO as a spin-
trapping reagent. As displayed in Fig. 3a, nine characteristic peaks of DMPO—H were observed in
the Pd/ER system, indicative of atomic H* formation [13]. With the addition of PDS, both
DMPO—-SO4 and DMPO—OH adducts were clearly detected whereas signals of DMPO—H
disappeared, proving the occurrence of SO4™ and its symbiotic radical ("OH) in our system
(reaction 5) [22]. It has been well-documented that atomic H* can be generated in the 3D
electrochemical system that contained Pd-involved particle electrode [20, 30]. Similar to Fe**
(most presentative single-electron medium for activation of peroxide compounds), atomic H* as a
single-electron reductant can asymmetrically cleavage the peroxide bond in the S20s>" ions and
forms SO4™ for oxidizing BA (reaction 6). The quenching experiment using ethanol as a scavenger
for both SO4™ and "OH further confirmed the dominant role of these radicals played in the BA
degradation process (Fig. 3b, Fig. S3a) [12]. Comparing the inhibitory effects of ethanol and TBA
on the BA degradation unraveled the importance of atomic H* on the PDS activation (Fig. 3b, Fig.
S4a). As a quenching agent for ‘OH and atomic H*, TBA showed much lower reactivity with SO4™
(Table S2) [31]. Therefore, this should have suggested a slighter inhibition of organic abatement
by TBA than that by ethanol in the SO4-based oxidation process, as evidenced by other
researchers [32]. However, our experiment batch for BA degradation with TBA addition
demonstrated a lower ki-value than that with the addition of ethanol in this system, which may
arise from the simultaneous quenching on both oxidizing radical generation from atomic H* and

BA oxidation by ‘OH. The abnormal results reflected the necessity of atomic H* for the PDS
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activation.

SO+~ + OH — SO4* + "OH )
=Pd-H* + S$208>" — =Pd + H" + SO4> + SO4™ (6)
=Pd-H* + S04~ — =Pd + H" + SO4* (7)

Based on the data in Fig. 2, the ratio of Ac(PDS)/Ac(BA) was estimated to be around 700, which
was close to the values in the literatures [7-9], indicating a low utilization efficiency of PDS for
oxidizing organics. The low utilization efficiency might be due that excess atomic H* may quench
the generated SO4" (reaction 7) and inhibit organics' decontamination (similar to excess Fe** in
Fenton process) [33], or that oxidation capacity of PDS could be consumed by directly abstracting
two-electrons via a non-radical approach. The monitoring on PDS decay supplied some evidences
for this. As displayed in Fig. 3b, although TBA efficiently inhibited atomic H*, the TBA addition
of various concentrations showed almost no influence on the PDS degradation. The result ruled
out the mechanism for PDS consumption via a two-step reduction of two atomic H* and implied
another PDS decomposition approach.

3.3 DFT analysis

For better elucidating the PDS decomposition on the Pd/Al2O3, DFT analysis was conducted to
connect the decomposition approaches of PDS with two electroreduction routes. In the analysis, a
hyphen stood for the states where two units bonded with each other, whereas the plug sign
presented the separate state. A Pd(111) facet was constructed as the representative role of Pd/Al203
catalyst, since the facet was revealed as the most exposed crystal faces by XRD analysis. In the
proposed indirect reduction mechanism via atomic H*, the H" ions were firstly adsorbed on the Pd
atom with a Free Gibbs energy change (AG) of -1.324 ¢V, the negative value indicated that the

physical adsorption step can proceed spontaneously (Fig. 4). Later, the adsorbed H ion accepted
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one electron from Pd catalyst, then was converted into atomic H* through the formation of Pd-H*
bond (AG=0.232 eV). Subsequently, the S20s*" ion in the bulk solution coupled with atomic H*
on the Pd surface to form =Pd-H*-S>08%" adduct (AG=-3.321 eV), followed by the formation of a
transition state structure (TS1) (AG=0.916 eV). The drastic decrease of the Gibbs free energy for
forming =Pd-H*-S>0s*" implied the strong bond between atomic H* and S20s*". As shown in Fig.
S5, charge density difference analysis revealed that the electron density around S20g*” molecule
went up with the formation of =Pd-H*-S:0s?" adduct while the electron density around Pd-H*
went down, suggesting an obvious injection of electron into PDS from =Pd-H*. Meanwhile, the
bond length of the peroxide bridge in the S20s ions is stretched from 1.347A to 1.498A upon
S20s*" adsorption on the atomic H*, indicating the subsequent cleavage of peroxide bond and
formation of the =Pd-HSO4™ and desired SO4"". The step where TS1 was formed was confirmed as
the determining step through the reaction channel, due to its highest positive AG among these
elementary reactions (AGds) [19]. Only when the system overcame the uphill energy barrier, the
reaction proceeded fluently. More specifically, the determining step became the “neck of the funnel”
for kinetics of PDS activation by atomic H*, determining the kinetic constant for the whole process
according to the Arrhenius equation [34].

We then investigated the PDS reduction via direct electron transfer and supposed SO4™ as the
product. In this case, the Pd atoms can be directly employed as the active sites for the PDS
adsorption (AG = —-5.977 eV). With the optimization of the molecule model, the peroxide bond
was cleaved and then converted into two less oxidative =Pd-SO4"™ [35]. By single-electron transfer,
PDS decomposition can be oriented towards SO4™, presenting highly oxidative capacity when the
SO4™ de-adsorbed from the Pd catalyst. However, the AGas for this reaction channel (4.281 eV)

was much higher than AGds for PDS activation by atomic H*, denying the direct electron transfer
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mechanism for SO4™ production and confirming that the atomic H* can orient the PDS reduction
towards desired SO4™. In contrast, if the product was supposed to be SO4*, the AGds for the
channel was just 0.539 eV, suggesting the reasonable reaction route for direct two-electron transfer
mechanism.

PDS activation can be efficiently initiated by single-electron transfer, whereas it lost the total
oxidation capacity via a two-electron abstraction approach. It can be concluded from the DFT
results that the electrochemical system met the necessity for single-electron transfer using atomic
H" as “stepping stone” (indirect reduction mechanism), by contrast, the reduction via direct
electron transfer approach tended to consecutively donate two electrons to the adsorbed PDS on
the Pd catalyst.

3.4 Electron donor analysis

We optimized the parameters for PDS degradation and SO4™ production in the Pd/ER system.
Original data were displayed in Fig. S6~S8, and involved kinetics constants were summarized in
Table 1. The PDS decay exhibited proportional degradation rates to applied current, which directly
refers to the Hz yield in the system (Batch No. 1~3). The positive correlation can be explained by
that the H2 played the role as a two-electron donor in the process through direct electron transfer
mechanism. By contrast, the ko-value for PDS decay was revealed to be kept at a certain value
(about 0.3000 M-min'), even with varying PDS and Pd/Al2O3 dosage (Batch No. 1, 4~8). The
independence of PDS decay on these two parameters indicates that the PDS reaction with Ha
occurs at an extremely high speed. Moreover, comparing these influence factors revealed that the
PDS diffusion was not the rate-limiting step under these conditions. Interestingly, the BA
degradation exhibited different trends towards these influence factors, which characterizes the

SO4" production in the process. Higher applied current (or applied potential) and higher Pd/Al.O3
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dosage endowed the BA degradation process higher kinetic constant (k1), while the ki remained
unaffected by varying PDS concentration.

It was frequently mentioned in the literatures that atomic H* can be generated from the adsorptive
dissociation of electro-generated Ha (reaction 8) or H' reduction by capturing the Pd-trapping
electron (electro-induced atomic H", reaction 9) in the 3D ER system [12, 30, 36, 37]. For
clarifying the interaction of PDS with active hydrogen species, we purged Hz into reaction liquid
containing BA as SO4™ probe, PDS as oxidant, and Pd/Al2O3 as catalyst. By this way, we excluded
the electro-induced atomic H* and deepened the insight into the Hz-initiated PDS degradation
process (Fig. 5). Interestingly, the PDS was rapidly decomposed without variation of BA
concentration, indicative of a non-radical process between PDS and active H:. Unlike
conventionally believed idea that Hz reduced pollutants via dissociative formation of atomic H*,
adsorbed H2 molecule with assistance of Pd catalyst can directly act as a two-electron donor (Hz",
reaction 10) without necessity to form atomic H* [18]. Additionally, we designed a three-cell
electrochemical reactor where only electro-induced atomic H* occurred in the middle cell. In this
case, the BA degradation at sacrifice of trace PDS suggested successful production of SO4™ via

efficient activation of PDS by electro-induced atomic H*.

=Pd + H> — 2 =Pd-H* (8)
=Pd + ¢ + H" — =Pd-H* 9)
=Pd + H2 — =Pd-Hx* (10)

Aforementioned statement clearly unraveled two electron donors for PDS attenuation in the 3D
electroreduction system, one was Ha that inactivated the PDS via direct two-electron transfer, the
other was electro-induced atomic H* that allowed valid activation of PDS via single-electron

transfer. The H2 yield was decided by the applied current, while the atomic H* by electro-induction
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theoretically depended on the electric field and concentration of particle electrode. Unfortunately,
the electrical double layer near the electrode mostly attenuated the electricpotential, while only
finite electricpotential difference was used for constructing the electric field, which was the driving
force source for ions directional migration to form current. It was impossible to minimize the Ha
yield and increase the proportion of atomic H* by simply adjust the applied potential/current,
further improving the PDS activation efficiency. By contrast, increasing the Pd/Al2O3 dosage to
1.0 g/L can readily induce higher SO4 level by providing more active sites for yielding more
atomic H*, simultaneously increasing the organic degradation kinetics and PDS utilization
efficiency.

3.5 Application analysis

The research unraveled the mechanism for PDS activation in an electroreduction system,
emphasizing the importance of the indirect reduction mechanism in the process. The H*/PDS
system was further evaluated by degrading several model contaminants (10 uM). As shown in Fig.
6a, all these organics can be abated with removal efficiencies of more than 80% in 60 min. Fitting
these degradation process with first-order kinetics unrevealed that the resultant kinetic constants
(Table S3) were at least 5 times than that in previous researches about electrochemically activating
PDS (Table S4) [7-9]. And different from traditionally transitional-metal-involved AOPs where
high valent cationic (HVC, such as Fe(IV), Cr(V), Mn(III), Cu(Ill)) and radicals ("(OH, SO4™) all
got involved in oxidizing organics [38-42], the H*/PDS system theoretically avoided the
generation of HVC. This can be confirmed by analyzing the degradation intermediate using methyl
phenyl sulfoxide (PMSO) as model contaminant, due that PMSO was converted into methyl
phenyl sulfone (PMSO2) by HVC, while phenylsulfinic acid (PhSO2) was produced from the

radical oxidation (Fig. S9) [39]. The concentration of PMSO2 was monitored in the PMSO
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degradation process (Fig. 6b), the results revealed that nearly no signal of PMSO: appeared
through the H*/PDS oxidation process. Excluding the HVC as ROS in the H*/PDS allowed
engineers to controllably steer the decontamination process via a scheduled degradation route,
while organics degradation (such as various sulfoxide contaminants) was possibly oriented to
unexpected products by HVC in the PDS oxidation system [39, 43]. Additionally, different from
the M™"/PDS system, the H*-PDS system had less dependence on the solution pH (Text S3),
because the atomic H* can be evolved from H' at acidic condition, while it came from the H2O at
alkaline/neutral solution [16]. Meanwhile, the acidification in the PDS-based oxidation process
highly alleviated the possible effect of solution pH on the system.

The endurability of Pd/Al20O3 was monitored by recycling the catalyst in the H*/PDS system for 6
times. In these cycles, the performance on the BA degradation was kept at a high level (>80%)
(Fig. S10). Accordingly, nearly no dissolved Pd was detected by ICP-OES analysis, demonstrating
no loss of active sites on the catalyst. Meanwhile, the XPS analysis (Fig. S11a and S11b, 335.8
eV for Pd° 3dsp2 and 341.1 eV for Pd® 3ds2) revealed that the Pd on the used electrode was still
kept at Pd® species, even after several cycles. The XRD results of the used electrode was also
unraveled that the crystal face didn’t change in the process (Fig.S11c¢). The excellent stability of
Pd/Al20Os catalyst, zero-addition property of transition metal catalyst, and pH-independent nature
endowed the system with high potential for a ternary process of wastewater before the emission to
the natural waters. However, taking the low efficiency of PDS activation into consideration, other
materials with high performance on atomic H* generation and inhibition of direct electron transfer
mechanism should be explored to reduce the PDS dosage and sulfate residue, and improve the
application value of electro-activated PDS technology.

4. Conclusion
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In this study, an electroreduction system for activating PDS and degrading organic contaminants
was constructed using Pd/Al2O3 catalyst as particle electrode. The reactive oxygen species were
determined to be SO+~ /"OH by ESR analysis, quenching experiments and PMSO degradation
analysis. Furthermore, the single-electron reduction of PDS by electrogenerated atomic H* can
readily form SO4™ (indirect reduction mechanism), through which the energy barrier (AGds) was
determined to be only 0.92 eV by density functional theory analysis. By contrast, taking Pd-
activated Hz as electron donor, the PDS decomposition via direct electron transfer was unveiled
difficult to yield SO4™ (AGas=4.28 eV), but smoothly steered towards inert SO4>~ (AGds=0.54 eV).
By optimizing the operation parameters to maximize the production of electro-induced atomic H*,
the cathodic cell can efficiently activate PDS and degrade various organic pollutants with varying
the kinetic constants from 0.0256 min™! to 0.0645 min™!, which were (5~15)-fold higher than that
in previous studies. This research pointed out the importance of indirect reduction mechanism in
the PDS activation process, which paved the way to rationally construct efficient materials for
electrochemically activating PDS and subsequent decontamination of organic compounds by
weakening the direct electron transfer and enhancing the atomic H*-mediated reduction

mechanism.
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Fig. 1. SEM analyses of a-Al2O3 substrate (a) and Pd/Al2Os catalyst (b); XPS analyses (c) and
XRD analyses (d) of a-Al203 substrate and Pd/AL2Os catalyst; (¢) CVs of the Pd catalyst in N2-
saturated 50 mmol-L™! Na2SOs solution with and without 2,4-DCP under different starting

potentials; (f) CVs of the Pd catalyst in N2-saturated 50 mM NaxSOs4 solution with different CV

starting potentials: from —0.65 to —1.10 V. (scanning rate, 50 mV s™'; solution pH, 7.0).
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Fig. 2. BA degradation and PDS consumption in ER/PDS, Pd/PDS, Pd/ER and Pd/ER/PDS process.
(BA, 50 uM; PDS, 20 mM; Pd/Al20s, 0.5 g/L; Applied current, 0.10 A; initial solution pH, 3.0;

deoxygenated atmosphere)
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Fig. 3. (a) Identification of reactive species by ESR analysis; (b) k-value comparison of BA
degradation (k1) and PDS consumption (ko) under different quenching conditions. (BA, 50 uM;

PDS, 20 mM; Pd/AL203, 0.5 g/L; Applied current, 0.10 A; initial solution pH, 3.0; deoxygenated

atmosphere)
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Indirect mechanism via atomic H*
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Fig. 6. (a) Degradation performance on various organics in the H*/PDS system; (b) the HPLC
spectra of samples in the H*/PDS system. ([Organic compounds], 10 uM; [Pd/AL203], 0.5 g/L;

[PDS], 20 mM; current, 0.1 A; solution pH 3.0; AnupLc, 230 nm)
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Table. 1. Effect of the applied current, PDS concentration and Pd/Al2O3 dosage on the kinetics
constants (k-value) of PDS consumption and BA degradation. (BA, 50 uM; initial solution pH,

3.0; deoxygenated atmosphere)

No.  Current C(PDS) C(Pd/Al203) ki (BA) ko (PDS)
(A) (mM) (g/L) (min) (mM/min)
1. 0.1 20 0.5 0.0097 0.2982
2. 0.05 20 0.5 0.0051 0.1595
3. 0.02 20 0.5 0 0.0657
4. 0.1 20 1.0 0.0169 0.3026
5. 0.1 20 0.2 0.0031 0.3163
6. 0.1 20 0.1 0.0019 0.3121
7. 0.1 50 0.5 0.0087 0.3002
8. 0.1 10 0.5 0.0074 0.2802
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