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ARTICLE INFO ABSTRACT
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In this work, amorphous boron (A-Boron) as a metal-free co-catalyst was applied to address the slow kinetics of
Fe'l regeneration and inactive Fe' accumulation in Fenton-like peroxydisulfate (PDS) activation. The A-Boron/
Bor'on . Fe'll/PDS system can rapidly degrade bisphenol A (BPA) for ten cyclic runs without performance decline. Based
g:;?j;;:n on chemical probing, radical quenching and in situ capturing tests, Fe(IV) and radicals (OH and SO%) are
Co-catalyst identified as the primary reactive species, and the combined ROS can achieve universal pollutants oxidation with

high PDS utilization efficiency. QSAR study unveils that the kops values of pollutants linearly depend on their
Egowmo. A-Boron can bind with Fe' species for catalytic reduction, and meanwhile, the semi-metallic surface
experiences stepwise transformation. The fast dissolution of inactive surface boron oxide enabled a self-cleaned
and reactive boron surface for long-lasting iron circulation. Also, BPA degradation pathways were proposed
based on UHPLC-QTOF-MS tests and Fukui index calculation.

1. Introduction

Peroxydisulfate (PDS)-based advanced oxidation technologies
(AOTs) can produce reactive oxygen species (ROS) to degrade a broad
spectrum of microcontaminants, such as antibiotics, endocrine disrupt-
ing chemicals, and antibiotic resistance genes [1-3]. The activation and
cleavage of peroxide bonds of PDS typically require high energy input (e.
g., ultraviolet light and ultrasound) for homolysis or electron donor/
sacrificer (e.g., cobalt, copper, and iron) for heterolysis [4-7]. Particu-
larly, ferrous species (Fe'') is not only a benchmark catalyst in Fenton
oxidation (Fe"'/H,0,), but also an effective activator to rapidly decom-
pose PDS to produce ROS (e.g., hydroxyl radical (OH) and sulfate
radical (SO%)) via Egs. (1)-(3) [8,9]. Fe'has a high practical potential
due to the low cost ($70 ~ 80 per ton) and environmental friendliness of
the parent salt (ferrous sulfate), and the subsequent coagulation and
precipitation processes to recycle Fe'l species can further remove
microcontaminants and their derivatives [10]. Different from the
Fenton-like reaction between PDS and Fe' through single electron
transfer to generate SO (Eq. (1)), PDS can also induce two electrons

oxidation of Fe'l to produce a reactive Fe'V-oxo complex (Fe'V0?*, Fe
(IV)) via Eq. (4) [11-13]. Although the Fe'/PDS system can produce
abundant ROS and promptly oxidize organic contaminants with suffi-
cient Fe'! at the initial stage, the fast and stoichiometric accumulation of
Fe" and sluggish kinetics of Fe'' regeneration dramatically limit the
sustainable generation of ROS during long-term operation [14,15].

Fe' + 5,03 — Fe' + SO + SOF k=27 M7} 6))
SOy + Hy0 - SO + OH+H' k=2 x 10 M~ 17! (2)
SO; + OH™ — SO} + OHk =6.5 x 10’ M 57! 3)
Fe' + S,03™ + Hy0 — Fe'VO** + 2803~ + 2H" k =20 M~ !.s7! 4)
Fe'' + 5,03 - Fe' + 8,05 (5)

To overcome this inherent bottleneck of Fenton/Fenton-like pro-
cesses, Chen et al. firstly added hydroxylamine to accelerate Fell
reduction, resulting in fast and sustainable oxidation of benzoic acid
[16]. Since then, many attempts have been made by coupling various
electron sacrificers and the iron/PDS system to facilitate the circulation
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of Fell/Fe!! redox couples and achieve fast contaminant oxidation, such
as metal sulfides, L-cysteine, L-ascorbic acid, and sodium sulfite [14,15].
The strategy of using reducing agents remarkably expedite Fenton-like
oxidation. However, there are two main limitations that significantly
discourage the scientific progress of this strategy toward practical
application: (1) secondary organic or metal pollution caused by the
decomposition of electron sacrificers, such as metal leaching, nitrogen-
contained intermediates and low-molecular-weight organic acids
[17-19]; (2) ROS quenching by reducing agents and their derivatives (e.
g., kCOH, L-cysteine) = 1.9 x 1010 M’l-s’l; k(OH, hydroxylamine) =
9.5 x 10° M’1~s’1; k(SOy , hydroxylamine) = 8.5 x 108 M lsh
[20,21]. Therefore, in search for ideal electron sacrificers is an urgent
task for developing sustainable Fenton-like systems.

Boron between carbon and beryllium in the periodic table is a
metalloid and possesses five electrons with specific electronic configu-
ration (1s2 25> 2p1) [22]. The radiuses of two electrons in the 2s orbital
are similar to the single electron in p orbital. Thus, the excitation of one
2s electron can easily occur to generate multiple-centered and electron-
sharing bonds. This characteristic endows the high reactivity of boron
atoms to combine with other nonmetal and metal elements [23-26].
Low valent boron atoms (B’, B!, and BY) on the surface of boron powder
thus can combine with Fe! species (e.g., Fe>", FeOH2", and Fe(OH)3) to
rapidly produce Fel via electron migration [27]. Therefore, boron is a
promising co-catalyst for promoting iron-catalyzed Fenton-like activa-
tion of PDS without concerns of leaching of organic and metal in-
termediates. Meanwhile, as a heterogeneous co-catalyst, the mass
transfer limitation of nonporous boron may alleviate the co-catalyst-
induced ROS quenching and avoid ineffective PDS consumption and
improve chemical utilization efficiency.

Here, amorphous boron (A-Boron) was employed to boost the iron-
mediated PDS activation for degrading organic pollutants, while
bisphenol A (BPA) was selected as the primary target compound. A-
Boron can strongly boost the oxidation kinetics of the iron/PDS systems
(Fe''/PDS and Fe'/PDS) and maintain high degradation performance
for ten cyclic tests. The generation and contribution of ROS were
analyzed by combined radical quenching, probing and capturing anal-
ysis. The quantitative structure-activity relationship (QSAR) between
Eyomo and the apparent rate constant (kqps) of the oxidation of various
organic compounds were further analyzed. Moreover, the mechanism of
A-Boron boosted Fenton catalysis were investigated via analyzing the
transformation of iron species and stepwise oxidation of boron. Also,
degradation pathways of BPA were analyzed based on analysis of Fukui
index (DFT calculation) and UHPLC-QTOF-MS.

2. Materials and methods
2.1. Materials and reagents

The analytical grade reagents, including peroxydisulfate (PDS),
amorphous boron (A-Boron), ferrous sulfate (FeH), ferric sulfate (Fem),
OXONE (PMS, KHSO5-0.5KHSO4-0.5K2S04), tetrahydroxydiboron
(THDB), boron trioxide (B203), boric acid, methyl phenyl sulfoxide
(PMSO), terephthalicacid (TPA), 5,5-dimethyl-1-pyrolin-N-oxide
(DMPO), tertiary butanol (TBA), ethanol (EtOH), methyl alcohol
(MeOH), methyl phenyl sulfone (PMSO,), 2-hydroxyterephthalic acid
(HTPA), bisphenol A (BPA), nitrobenzene (NB), phenol (PE), sulfa-
methoxazole (SMX), ibuprofen (IBP), tetracycline (TC), rhodamine B
(RB), diethyl phthalate (DEP), dimethyl phthalate (DMP), benzoic acid
(BA), methylene blue (MB), hydrogen peroxide (H202, 30 wt%) hy-
droxylamine hydrochloride, sodium nitrate, sodium chloride, sodium -
hydroxide, sulfuric acid, and 1,10-phenanthroline, are purchased from
Sigma-Aldrich (Australia).

2.2. Performance evaluation for degrading organic contaminants

Batch experiments for evaluating the reactivity of A-Boron to boost
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the iron/PDS system were performed in ultrapure water (100 mL)
temperature-controlled by a water bath (25 4+ 1 °C) with constant me-
chanical agitation (300 rpm). After adding 20 pM organic contaminant
and desired dosage of PDS, solution pH was adjusted using sodium hy-
droxide and sulfuric acid before the reaction. All experiments were
started by simultaneously adding A-Boron and iron salts (Fe'l or Fe'™)
with desired dosages. Samples were withdrawn and filtered by micro-
filtration membranes (0.22 pm) to monitor organic pollutants, PDS as
well as iron species. The ultra-high performance liquid chromatography
(UHPLC, UltiMate 3000) was applied to detect the concentrations of
organic contaminants (mixed with excess sodium thiosulfate and MeOH)
(Text S1 and Table S1). The spectrophotometric methods were used to
monitor the concentrations of PDS (mixed with potassium iodide) and
iron species (chelated with 1,10-phenanthroline) (Text S2 and Text S3).

2.3. Qualitative and semi-quantitative analysis of reactive oxygen species

The qualitative identification of radicals was performed by electron
paramagnetic resonance (EPR, Bruker EMX plus) (Text S4). Quenching
tests using TBA and EtOH were carried out for analyzing the contribu-
tions of reactive radicals, because of the discrepant rate constants be-
tween different radicals and the alcohols. The semi-quantitative
detection of hydroxyl radical with TPA as a chemical probe was also
conducted by detecting the featured hydroxylated product of TPA
(HTPA) using UHPLC methods [28]. Moreover, Fe(IV) species can
oxidize PMSO to form PMSO, through a specific oxygen transfer route,
which is intrinsically different from reactive radicals dominated oxida-
tion of PMSO [11,13]. PMSO was employed as the chemical probe for
qualitatively identifying Fe(IV) species and semi-quantitatively dis-
tinguishing the proportions of radical and nonradical pathways for
contaminant oxidation in the A-Boron/Fe''/PDS system by detecting
PMSO depletion and PMSO; formation (Text S1 and Table S1).

2.4. Characterizations

The analysis of crystal structure and surface elements of original and
residual A-Boron was carried out by X-ray diffraction (XRD, Bruker AXS
D8 Advance), X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD),
and near-edge X-ray absorption fine structure (NEXAFS) at the wiggler
X-ray absorption structure (XAS) beamline (Australian Synchrotron in
Melbourne). The structures and morphologies of original and reacted A-
Boron powders were high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2100F).

2.5. Quantitative structure-activity relationship (QSAR)

The apparent rate constants (kops) for removing contaminants ob-
tained from the pseudo-first order kinetic model was coupled with their
frontier orbital energies to set up the QSAR model. Based on the density
functional theory (DFT), the chemical parameters (energy of the highest
occupied molecular orbital (Egomo), lowest unoccupied molecular
orbital (E ymo), and gap energy (AE = Erymo-Enomo)) of organic mol-
ecules were calculated using Gaussian 16 with calculation method of
B3LYP and basis set of 6-311G (d, p).

2.6. Analysis of the oxidation pathway of BPA

The qualitative analysis of intermediates during BPA oxidation were
performed by a UHPLC triple quadrupole time-of-flight mass spec-
trometry (UHPLC-QTOF-MS, Agilent G6545). The organic compounds
derived from BPA were separated using a thermostatic autosampler
consisting of a UHPLC system, a column chamber and a binary pump
(Agilent 1290 series) equipped with a reverse-stage C;g analytical col-
umn. Fukui index (2, fx, £{) of BPA was calculated by Gaussian 16 based
on DFT to further analyze the degradation pathway of BPA (Text S5).
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3. Results and discussion
3.1. Efficacy of boron to boost Fenton-like PDS activation

The reactivity of A-Boron was evaluated in (Fe''/PDS and Fe'l/PDS)
systems for BPA oxidation. Fig. 1a depicts that Fell can effectively acti-
vate PDS to degrade BPA, and 30.3% of BPA was rapidly degraded in the
Fell/PDS system at the first stage (within 2 min). But the low reactivity of
PDS for Fe'! reduction limits the degradation of BPA at the second stage
due to the exhaust of Fe'! [8]. To our delight, A-Boron significantly
boosts the kinetics in Fe'l/PDS and Fe'l/PDS, and BPA was completely
degraded within 20 min (Fig. 1a and 1b). A-boron can also strongly
boost iron mediated Fenton-like systems for activating HoO5 and PMS,
both systems of A-Boron/Fe''/H,0, and A-Boron/Fe''/PMS can
completely degrade BPA (Fig. S1). Therefore, A-Boron can boost the
oxidation capability of Fenton-like activation of peroxides (H2O2, PDS,
and PMS). Moreover, Fe'' was selected as a Fenton-like catalyst in
subsequent experiments due to its high stability for storage and trans-
port. The stability tests showed that A-Boron/Fe'"/PDS can maintain
complete BPA removal within 20 min for 10 cycling tests (Fig. 1c),
indicating a great potential for long-lasting operations.

3.2. Analysis of reactive oxygen species

3.2.1. Identification of reactive oxygen species

Multiple ROS can be produced via iron-catalyzed PDS decomposi-
tion, such as radicals (SO3 and "OH) and Fe(IV) [11-13]. Fig. 2a depicts
that 0.47 mM PDS was decomposed in the A-Boron/Fe!''/PDS system
compared to less than 0.01 mM depletion of PDS in the Fe''/PDS system,
which implies the high activity of A-Boron to promote PDS decompo-
sition. The evolved ROS were qualitatively identified by EPR tests
(DMPO) and semi-quantitatively detected by radical quenching (TBA
and EtOH) and chemical probe (TPA and PMSO) tests. The EPR spectrum
in Fig. 2b demonstrates no characteristic signal appeared in the A-
Boron/PDS system because A-Boron cannot directly activate PDS
[29,30]. The EPR spectrum obtained from the Fe'l/PDS system without
specific peaks of DMPO-radical adducts also reveals that the Felll/PDS
system cannot directly produce reactive radicals. However, the distinct
signals of DMPO-OH and DMPO-SO4 adducts were detected in the
spectrum obtained from the A-Boron/Fel'/PDS system, implying that A-
Boron enables the Fe''/PDS system to produce SO3 and ‘OH [31-33]. In
addition, the generation of 4.1 pM HTPA ('OH-induced hydroxylation
product of TPA) further indicates the generation of ‘OH by coupling A-
Boron and the Fe'''/PDS system (Fig. 2¢) [34].

Moreover, quenching tests with TBA and EtOH as radical quenchers
were performed to analyze the contributions of reactive radicals (SO
and "OH) for the oxidation of BPA, resulting from the different rate
constants of TBA and EtOH toward these radicals (Table 1). EtOH can
effectively scavenge both radicals, whilst TBA only dominantly termi-
nates ‘OH oxidation [20,21]. Fig. 2d and Fig. S2 show that TBA can
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retard the BPA removal efficiency from 100% to 97.0% and kops de-
creases from 0.25 min~! to 0.12 min~?, implying the obvious contri-
bution of "OH for BPA oxidation. The addition of EtOH further inhibits
BPA oxidation with 53.3% BPA removal in 30 min (kops of 0.02 min’l),
suggesting the critical role of SOy for BPA oxidation. Therefore, both
S04 and 'OH can significantly degrade BPA in the A-Boron/Fe!/PDS
system.

3.2.2. Contributions of radical and nonradical pathways

Since EtOH did not completely terminate the oxidation, it is specu-
lated that other reactive species may contribute to BPA removal. Despite
lots of parallel efforts to analyze the ROS, the ongoing debate is the
generation and contribution of high valent iron in Fe'-catalyzed per-
sulfate systems [11,13].

[ \\/

o o N
+ FeIV_02+ N

A[PMSO] = A[PMSO,] 4+ A[PMSO (SO4 )] + A[PMSO (OH)] (@]

Recent literatures reported that Fe'-mediated Fenton-like activation
of PDS can produce reactive Fe(IV) (Eq. (4)) which possesses a high-spin
state and can effectively oxidize some organic compounds [11-13]. Fe
(IV) can oxidize sulfoxides (e.g., dimethyl sulfoxide and PMSO) to form
corresponding sulfones via a featured oxygen transfer pathway, and the
product is absent in radical oxidation [11,37]. Thus, the chemical probe
tests using PMSO were carried out to qualitatively and semi-
quantitatively identify the generation of Fe(IV) by monitoring the
featured product of PMSO5 (Eq. (6)). Meanwhile, this chemical probe
can also distinguish the proportions of radical (SO; and "OH) and
nonradical (Fe(IV)) pathways for PMSO oxidation [38].

Fig. 3a depicts that the Fe'/PDS system can oxidize 30.1 pM PMSO
and produce 13.9 pM PMSO, with a conversion efficiency of 46.4%
(A[PMSO,]/A[PMSO]). The addition of PDS apparently enhances PMSO
oxidation (134.1 pM) and PMSO, generation (72.5 pM), and the A-
Boron/Fe''/PDS system attains a higher conversion efficiency from
PMSO to PMSO, (54.1%). These results confirm that Fe(IV) is another
vital reactive species accounting for pollutant degradation in the A-
Boron/Fe'/PDS system. Scheme 1 depicts the routes of the generation
of these three types of ROS in the A-Boron/Fe'l/PDS system. Moreover,
TBA was added to the A-Boron/Fe'/PDS system to selectively terminate
‘OH-induced oxidation of PMSO, and thus the contributions of Fe(IV)
and radicals for PMSO oxidation were assessed via Eq. (7). Hydroxyl
radical, sulfate radical, and Fe(IV) contribute 12.7%, 33.2%, and 54.1%
to PMSO oxidation at initial pH 3.1, respectively. Fig. 3b further reveals
that a higher Fe'' concentration can accelerate ROS formation, and the
percentage of Fe(IV)-mediated nonradical oxidation of PMSO increases
from 53.2% to 63.1% with the augmented Fe'! dosage from 5 M to 80
uM. Higher Fe'" dosage enables that the A-Boron/Fe'/PDS system can

(a) (b)

(c)

A-Boron/Fe"/PDS system

1.04 101 0—B—8—5B—8———=~8 101 @ mcoer -@ Cycle5 -@-Cycles
) \ ) \ > ~@ Cycle2 ~@Cycle6 —@-Cycle9
Qosl | Qo3 \ Qs | @ Cycle3 @ Cycle? -@- Cycle 10
&) \ &) \ &) %Cycle4 L
122 = = ‘ G
T 0.6 T 0.6 n " T 0.6 s
S i\ S \ - Fe"/PDS S g
o | o ~[}- A-Boron/PDS o g e
€ 041 \ -O-Fe'/PDS € 041 \! —- A-Boron/Fe(ll)PDS| E 0.41 S 40
o m ~B- A-Boron/Fe'/PDS | © \ ) < 2
< ] < J A\ < | i
0.0'2 0.0'2 0_02 235678 810
m m m N\ j Cycllng test

0.0 0.0 —-m—uu 0.0 0~

0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min) Time (min)

Fig. 1. Performance of A-Boron assisted (a) the Fe''/PDS system and (b) the Fe'''/PDS system, (c) cycling tests in the A-Boron/Fe'"/PDS system. (A-Boron 100 mg/L,

BPA 20 pM, initial pH 3.1, PDS 1.0 mM, Fe' or Fe' 20 um).
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Fig. 2. (a) PDS decomposition, (b) EPR analysis, (c) generation of HTPA with TPA as the probe, (d) quenching tests in the A-Boron/Fe'''/PDS system. (A-Boron 100
mg/L, initial pH 3.1, PDS 1.0 mM, Fe'™ 20 pM, (a) BPA 20 pM, (b) DMPO 20 mM, (c) TPA 0.25 mM, (d) TBA or EtOH 100 mM, BPA 20 uM).

Table 1
Properties of ROS generated in the A-Boron/Fe'"/PDS system [20,21,35,36].

ROS Redox Lifetime Rate constants, M~ 1-s~!
ial - @ =
potentia TBA EtOH
Hydroxyl radical, 2.7V t=20ns 6 x (1.2-2.8) x
"OH 108 10°
Sulfate radical, SOy 25~31V t=30~ 40 8 x (1.6-7.7) x
ps 10° 107
Fe'V-ox0 complex, Fe 20V tip=7s 60 2.51 x 10°

av)

maintain high equilibrium concentration of Fe',, which promotes the
hydrolysis of Fe>* to form FeOH™ and further accelerates the generation
of Fe(IV) (Scheme 1). Also, reaction solution pH can affect the oxidation
capability and the proportion of radicals and Fe(IV). As shown in Fig. 3c,
with initial pH increasing from 2.0 to 6.9, PMSO oxidation first increases

and then decreases, reaching the peak of A[PMSO] = 140.0 uM at pH
3.6. The A-Boron/Fe'/PDS system attains high oxidation capability at
pH ranging from 2.5 to 4.3, and high concentration of hydroxyl can
accelerate Fe(IIl) hydrolysis to precipitate iron(IIl) (hydr)oxides result-
ing in the decrease of oxidation capability at pH > 4.3. The proportion of
Fe(IV)-induced oxidation of PMSO decreases from 67.5% at pH 2.0 to
51.5% at pH 5.6, due to the further hydrolysis of FeOH™ to form Fe(OH),
and decrease the proportion of FeOH' derived Fe(IV) (Scheme 1).
Therefore, the adjustment of solution pH and Fe' dosage can regulate
the oxidation capability and the proportion of nonradical and radical
routes in the A-Boron/Fe'"/PDS system.

3.2.3. Steady-state concentration of reactive oxygen species

The steady-state concentrations of ROS generated in the A-Boron/
Fe/PDS system for organics oxidation were then calculated based on a
kinetic model [39]. Fig. S3 ~ S13 depict that pollutant oxidation in the
A-Boron/Fe''/PDS system follows a pseudo-first-order kinetic model

(a) (b)

64 i u L70
180 1. Fe'/PDS B A[PMSO 2504 A-Boron/Fe'"/PDS 150] m—_ A-Boron/Fe'"/PDS
= 2. A-Boron/Fe'/PDS A{pMSO]] = I 4[PMSO] Lleoe = \ B A[PMSO] 165 o
= 450 3. A-Boron/Fe"/PDS-TBA 2 % 200 A[PMSO,] s % \ A[PMSO,] >
S =200+ L5 © 21201 60 @
c hydroxyl radical 12.7% c ] © < * 55 ©
1204 [  hdroxylradical12.7% n —
2 o Las0] g 152 ¢ 2 go] ™~ c
© sulfate radical © o® %0 .0
£ 90 33.2% = H48 % = ‘®
o C L45 &
8l BT & 1007 4 S 8 609 2
5 % s Es 40 &
O 4] ) O 504 400 O 301 L35 O
'n o
1 2 3 ' 5 10 20 40 80 2 25 31 36 43 56 69
Fe(lll) dosage (UM) pH (M)

Fig. 3. Chemical probe analysis (PMSO). (a) contributions of "OH, SO3 , and Fe(IV) for PMSO oxidation, effect of (b) Fe(IlI) dosage and (c) initial pH on radical/
nonradical pathways. (A-Boron 100 mg/L, PDS 1.0 mM, PMSO 0.5 mM, reaction time 30 min, (a) initial pH 3.1, Fe"' or Fe' 20 uM, TBA 0 or 100 mM, (b) initial pH

3.1, Fe'" 5 ~ 80 uM, (c) initial pH 2.0 ~ 6.9, Fe'" 20 pM).
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Scheme 1. Mechanism of chemical probe analysis of ROS in the A-Boron/Fe''/
PDS system.

(R? > 0.98). Resulting from that SO, ‘OH, and Fe(IV) are the primary
ROS, pollutant oxidation in the A-Boron/Fe''/PDS system was described
by Eq. (8), which can be further deduced into Eq. (9) by a natural log-
arithmic process.

dforg]
g = Kore.ony) [org];
= <k(0rgv -OH) [‘OH]I + k(org, so;) [SO[]l
+ Ko, reavy [Fe(IV)], ) fore], ®
[org]
—In L= k org, obs) €
forg]y —

= K(org, -0m) / [OHJdt + k(o s0,) / [SO; ] dt

+ Kore, Fe(1v)) / [Fe(IV)],dt )

where, [org], is the dosage of organic contaminant, and [org], is the
instantaneous concentration of organic contaminants during reaction
progress, respectively. Ky, obs) i the apparent rate constant of organic
contaminant removal. k(mg‘so;), K (ore, -o1)> and K(org, Fe(1v)) T€present the
second-order rate constants of these ROS induced oxidation of a specific
organic contaminant, respectively.

Kiorg,obs) = Kiore, 0t - OHL + K(ory 50,7 [SO; ], + korg, rearvy [Fe(IV)],  (10)

The steady-state concentrations of Fe(IV) ([Fe(IV)], =
1 [[Fe(1V)],d0), sulfate radical ([SO;], = 1/ [SO;].dt), and hydroxyl
radical ([-OH], = 1 [[-OH],dt) were then plugged into Eq. (9) to reveal
the correlation between ki, o) and [ROS], (Eq. (10)), which are
dependent on their second-order rate constants. PE, BA, and SMX were
then applied as target organic contaminants with rate constants of
ke, om = 6.6 x 10°M 1571, K(pr, so, ) = 8:8 10°M 1s7L, ke rey)) =
1.5 x 10°M 157, kga om = 5.9 x 10°M 157}, k(s s0;) = 1.2 % 10°
M 1s7h K reavy = 80 M7hs™Y ksux om = 5.5 x 10° MhsTY,
k(swx.so;) = 30 % 10° M Ys7), kswx reqvy = 7.9 x 10* Ml
(Table S2) [13,40-44]. Moreover, kg, ons)= 0.26 min~, k(smx, obsy= 0.19
minfl, andkga, obs) = 0.09 min~! were calculated based on kinetic data
for the oxidation of PE, SMX, and BA, respectively (Fig. S4 ~ S6).
Therefore, [SO; ], [-OH], and [Fe(IV)],, were calculated by Cramer’s
rule, and [Fe(IV)], = 2:0 —
of magnitude higher than [SO, | = As% = 2.8 x 10 *Mand [-OH], =
Son — 2.5 x 107! M (Text S6).

1.1 x 10~ M is approximately five orders
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3.2.4. Substrates specific reactivity

Hydroxyl radical with a high redox potential (2.7 V, Table 1) can
non-selectively oxidize multifold organic contaminants with different
structures (>108 M’1~s’1, Fig. 4a). Sulfate radical is an electrophilic
ROS and can promptly degrade organic contaminants with electron-
donating moieties (e.g., amidogen and phenolic hydroxyl group,
Table S2) with higher kinetics >108 M Ls71 Fig. 4a). Nevertheless,
sulfate radical can also oxidize refractory contaminants with electron-
withdrawing moieties (e.g., nitryl, chlorine, and ester, Table S2),
albeit with lower rate constants (10° ~ 108 M’1~s’1, Fig. 4a). Generally,
radicals (SO3 and "OH) can degrade organic contaminants via electron
transfer, addition elimination as well as hydrogen abstraction. However,
their lifespans (t(COH) < 20 ns and t(SOs ) = 30 ~ 40 ps, Table 1) are
extremely short due to the quenching effects caused by co-existing
substances in water (e.g., anions, metal ions, and natural organic mat-
ters) and self-quenching effect [20,21]. The short lifetime strongly re-
duces the effective diffusion of radical species especially in heterogenous
AOTs. For instance, the majority of "OH is consumed within 25 nm under
nanoscale spatial confinement, and the concentration of ‘OH immensely
depends on the distance from the iron site of heterogenous Fenton re-
action [45]. Nevertheless, Fe(IV) is a relatively stable reactive species in
complex water matrixes with a significantly prolonged lifetime (t; 2(Fe
(IV)) = 7 s, Table 1). Fe(IV) is substrate sensitive and prefers to oxidize
electron-rich moieties of organic contaminants via electron-, oxygen-,
hydrogen-, and hydride-transfer reactions as well as electrophilic addi-
tion; the corresponding reactivity and reaction pathways are different
from free radicals [11-13]. Therefore, Fe(IV) cannot degrade the re-
fractory contaminants (e.g., phthalates, nitrobenzenes, and benzoic
acids), but Fe(IV)-induced oxidation of electron-rich contaminants at-
tains high ROS utilization efficiency and requires significantly reduced
chemical input [11-13].

To our delight, the A-Boron/Fe'l/PDS system overcomes the draw-
backs of individual ROS-dominated oxidation systems and can effec-
tively degrade a large variety of organic contaminants by
simultaneously producing reactive radicals and Fe(IV). Fig. 4b depicts
that the A-Boron/Fel/PDS system can significantly degrade 11 kinds of
organic contaminants, including phenols (PE and BPA), phthalates (DEP
and DMP), drugs (SMX and IBP), antibiotic (TC) as well as dyes (RB and
MB). However, the A-Boron/Fe'l/PDS system also shows substrate-
dependent reactivity, thus Fig. 4c shows the significant difference of
kops (0.03 min~! ~ 0.26 min~?) for the oxidation of different organic
contaminants. The A-Boron/Fe''/PDS system exhibits the relative low
oxidation capabilities to oxidize the more refractory organic contami-
nants (DMP (72.9%, 0.03 minfl), DEP (78.1%, 0.04 rninfl), BA (93.3%,
0.09 min’l), NB (75.7%, 0.04 min’l)), and meanwhile, other 6 con-
taminants with electron-donating moieties (PE (0.26 min_l), BPA (0.25
min ), SMX (0.19 min "), IBP (0.19 min 1), TC (0.22 min ™), RB (0.21
min~ 1), MB (0.22 min~)) can be promptly and entirely degraded within
20 min (Fig. 4b-4c and Fig. S3 ~ S13).

The frontier orbital energies (Egomo, ELumo, and AE = Ejymo —
Epowmo) can indicate the oxidation of organic contaminants by setting up
a QSAR model between frontier orbital energies and kops [46,47].
However, these QSAR models are generally applied in single-ROS-
dominated oxidation (e.g., hydroxyl radical and sulfate radical), but
not for an oxidation system with multiple reactive species [48,49]. The
frontier orbital energies of above 11 organic contaminants were ob-
tained based on quantum chemical calculations (Table 2), which were
then fitted with kqps of these organic contaminants. Fig. 4d ~ 4f
demonstrate that kops of these organic contaminants are linearly related
to Egomo with a high correlation coefficient (R? = 0.95, kobs =
0.13Egomo + 1.01), but not for Eyyo or AE. The value of Egomo rep-
resents the electron-donation capability of the organic molecule [50].
Therefore, although Fe(IV) and reactive radicals (SO and ‘OH) exhibit
substrate-specific reactivity in degrading these organic pollutants, the
overall apparent ks values depend on the electron-donation capabil-
ities of organics in the A-Boron/Fe"/PDS system.
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Fig. 4. Performance of the A-Boron/Fe'"/PDS systems toward diverse organic contaminants. (a) second-order rate constants between ROS and various contaminants,
(b) ratios and (c) keps of contaminants removal, relationship between ks and (d) Egomo, (€) ELumo, and (f) AE (ELumo - Exnomo)- (Initial pH 3.1, PDS 1.0 mM, Fe'' or

Fe'" 20 uM, A-Boron 100 mg/L, organics 20 pM).

3.3. Mechanism investigation

3.3.1. Kinetic equilibrium of Fe''/Fe!' conversion

Fell is the critical iron species for the fast heterolysis of peroxide
bonds of PDS to generate ROS. However, the rate-determining step
during iron-catalyzed chain reactions is Fell regeneration (Egs. (1)-(5))
[15]. The Fe/Fe! transitions were analyzed by XPS and NEXAFS as
well as monitoring iron species in the solution to unveil the role of A-
Boron. Fe 2p XPS spectrum in Fig. 5a reveals that no particular signal of
iron species was detected on the surface of original A-Boron, while
specific peaks of both Fe!! (Fe 2p; 5 711.1 eV and Fe 2p3,» 725.1 eV) and
Fe'l (Fe 2p; ,2 715.6 eV and Fe 2p3,5 730.1 eV) were detected on the
surface of residual A-Boron after the cyclic tests [51,52]. Meanwhile, Fell
(Ly-edge at 721.5 eV and Lz-edge at 708.3 eV) and Fell (Lo-edge at 724.1
eV and Ls-edge at 711.4 eV) were also detected in the NEXAFS spectra
after the oxidation reaction (Fig. S14) [53]. The high proportion of Fell
on the surface of residual A-Boron (Fig. 5a) demonstrates the effective

transformation from Fel into Fel! at the surface region of A-Boron.

2B? + 6Fe™ + 3H,0 — B,0; + 6Fe" + 6H' 11

For further investigating the interaction between A-Boron and Fe'l,

the transformation of iron species was analyzed in various systems. As
shown in Fig. 5b, nearly 65% Fe'l was converted to Fe' in 1 min, and Fel!
was completely oxidized into Fe in 5 min in the Fe'/PDS system. The
sluggish recovery of Fe'' causes the low oxidation rate in the Fe'l/PDS
system at the second stage [8]. However, Fe'! was completely converted
to Fe'l in the A-Boron/Fe'!! system within 1 min in the absence of PDS,
revealing the high electron-donating capability of A-Boron for the rapid
reduction of Fe'. The concentration of soluble Fe'l maintains kinetic
equilibrium resulting from fast Fe'" reduction (Eq. (11)) and subsequent
Fe!' oxidation (Egs. (1) and (4)) in the A-Boron/Fe'l/PDS system [8,11].
>5.0 pM Fe' was rapidly transformed into Fe'l. Then, the concentration
of Fe!l kept relatively steady between 5.0 and 7.0 pM to guarantee the
fast Fenton-like kinetics to continuously produce multiple ROS in the A-

Boron/Fell/PDS system. Moreover, the low XPS (Fig. 5a) and NEXAFS
(Fig. S14) intensities of Fe species on the surface of residual A-Boron and
a small proportion of surface iron species (Fig. 5b) demonstrate that Fe!
can be reduced into Fe'l which will be further released into the solution.
ROS are primarily produced via Fe'-mediated homogeneous activation
of PDS.

3.3.2. Route of boron species induced sustainable Fe' reduction

The HRTEM image of original A-Boron in Fig. S15 reveals that A-
Boron is a short-range-ordered and long-range-disordered material,
which is largely distinct from crystalline boron powder with clear crystal
structure [38]. Boron crystal consists of B3 icosahedra by three-center-
two-electrons/two-center-two-electrons boron-boron bonds between
and in the Byy icosahedron, which perfectly addresses shortcoming of
electron-deficient property of boron atoms with three valence electrons
[23-26]. Some crystalline regions on the A-Boron surface with lattice
spacings of 0.82 nm and 0.42 nm were discovered, and other disorder-
packed domains are spotted among these crystalline regions [29].
Moreover, the regions of surface impurities also illustrate that A-Boron
surface is covered by a suboxide/oxide boron layer.

The high-resolution B 1s profile of original A-Boron in Fig. S16 is
fitted into boron-boron bonds (70.2% B°, 187.3 eV), interfacial suboxide
boron (28.2% B' and B", 188.7 eV), and boron oxide (1.6% B, 190.8
eV) [54]. The existence of low valent boron species is also verified based
on the EPR analysis of A-Boron [29]. Fig. 5c depicts the existence of
abundant unpaired electrons in pristine A-Boron. The surface boron
species of A-Boron possess rich electrons for fast Fe''! reduction. After
oxidation, the intensity of unpaired electrons of A-Boron decreases in the
A-Boron/Fel/PDS system.

Moreover, Fig. 4d and S16-S18 depict that the percentages of intact
boron-boron bonds decrease to 67.4% after one cycling test and 61.5%
after five cycling tests; meanwhile, the proportion of interfacial suboxide
boron increases to 30.6% and 36.5%, respectively. The stepwise
oxidation with the cleavage of semi-metallic boron-boron bonds ac-
companies with the electron donation to realize fast Fe' reduction.



P. Zhou et al.

Table 2
Frontier orbital energies of organic contaminants.
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Organic contaminants Eromo Enomo AE = Eyymo-Enomo
(eV) (eV) (eV)
BPA —0.079 —5.579 ﬁ 5.500
PE 0.038 —5.953 5.991
DMP -1.707 —7.415 5.708
DEP —1.395 —7.267 5.872
BA —1.305 —7.085 5.780
NB —2.429 —7.590 5.161
SMX —0.820 —6.143 5.323
IBP —0.252 —6.365 6.112
TC —2.295 —6.156 3.862
RB —2.862 —5.995 3.134
MB —3.438 —6.154 2.716

Thus, the surface crystalline structure of A-Boron was partially
destroyed with the increase of amorphous regions (Fig. S15). Nonethe-
less, the residual A-Boron after ten cycles still possesses a high capability
to rapidly reduce Fe'! to Fe! within 1 min (Fig. S19).

For further analyzing the role of interfacial suboxide boron, THDB
((OH)5-B-B-(OH),, B™ as a model molecular was employed to identify

the reduction capability of interfacial suboxide boron species [54].
Fig. 5e depicts that THDB can also fleetly convert Fel! to Fe' in the
THDB/Fe' system, and Fel concentration also maintains the kinetic
equilibrium around 7.0 pM in the THDB/Fe''/PDS system. Moreover, as
illustrated in Fig. 5f, although THDB cannot directly activate PDS to
degrade BPA, the THDB,/Fe'l!/PDS system attains 100% BPA removal in
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Fig. 5. Boron species induced fast Fe'

1s XPS spectra of original and residual A-Boron, (e) suboxide and oxide boron species induced Fe
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reduction. (a) Fe 2p XPS spectra of original and residual A-Boron, (b) transformation of Fe species, (c) EPR analysis and (d) B
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PDS systems. (Initial pH 3.1, PDS 1.0 mM, Fe'! or Fe'' 20 pM, A-Boron or boron species (THDB, boric acid, and boron oxide) 100 mg/L, BPA 20 pM).

10 min. Also, the interfacial suboxide boron derived from pristine boron
can still reduce Fe' to Fe!' rapidly and further accelerate Fenton-like
reactions to produce ROS. Meanwhile, suboxide boron was converted
to boron oxide.

B,03 + 6H,0 — 2H3BO; + 6H 12)

Boron oxide (B™) derived from further oxidation of suboxide boron
species is the highest valent state of boron species, which cannot further
reduce Fe'l into Fell (Fig. 5e) to drive the Fel''/PDS system (Fig. 5f).
However, boron oxide can be fleetly dissolved into boric acid (Eq. (12))
to expose fresh surface boron. Thus self-cleaned A-Boron surface will
sustainably provide fresh and reactive boron sites for fast Fe' reduction
and contaminant oxidation. Thus Fig. 5c¢c and S18 depict that the pro-
portion of boron oxide after five cycling tests is merely 2.0%. The XRD
spectra in Fig. S20 also reveal the continuing exposure of surface crys-
talline boron during cyclic tests. Therefore, A-Boron exhibits excellent
reactivity to boost the Fell/PDS system and promptly oxidize BPA
within 20 min for multiple runs (Fig. 1c), and the A-Boron/Fe'l/PDS
system largely immunes from complex background factors in real water
matrixes (Fig. S21 and 522).

In addition, the BPA removal profiles match well with the pseudo-
first order kinetic model in the A-Boron/Fe''/PDS system at different
experimental conditions (R? = 0.99, Fig. S2). The apparent kinetic
model of BPA removal was then simulated as Eq. (13) by investigating
the dosing effects of PDS, Fe'!, and A-Boron on BPA removal (Text S7,
Fig. S23 ~ S25, and Table S3 ~ S5). The reaction orders of PDS (0.81)
and Fe'! (0.81) are about 2.5 times higher than that of A-Boron (0.28),
suggesting that the self-cleaning effect and high reduction capabilities of
original boron-boron bonds and interfacial suboxide boron provided the
abundant reductive sites on A-Boron for fast Fe''l reduction. Therefore,
the dosage of A-Boron is less sensitive for BPA oxidation than the
loadings of PDS and Fe'™,

kops = 11.43[A-Boron]§**[Fe""§ %! [PDS1S*! (13)

3.4. BPA degradation pathway

Fukui indexes can indicate the potential sites of the oxidation of
organic compounds via electrophilic (fa), nucleophilic (f), and radical
(fg) reactions [55]. Therefore, NPA charges and Fukui indexes of BPA
were computed in Table 3 to analyze BPA oxidation via electrophilic
attack by Fe(IV) and radical attack by SO3 and ‘OH. Moreover, in-
termediates derived from BPA oxidation were also qualitatively detected
using UHPLC-QTOF-MS (Table S6 and Fig. S26 ~ S34).

Based on theoretical and experimental results, radicals (SO; and
‘OH) and Fe(IV) caused degradation pathways of BPA in the A-Boron/
Fe'/PDS system are proposed involving three stages (Scheme 2)
[55,56]. In the first stage, BPA can be oxidized via three routes: (1)
sulfate radical abstracts electron of carbon atoms (C12 ~ C15) to form
IP1, which further converts to TP1 and TP2 (route 1); (2) hydroxyl
radical induces the hydroxylation of BPA at C12 ~ C15 to produce TP1
and TP2 (route 2); (3) sulfate radical or Fe(IV) abstracts hydrogen atoms
of phenolic hydroxyl groups (O1 and O2) via electrophilic attack to form
IP3, and the subsequent decomposition of IP3 can produce monocyclic
aromatic compounds (TP6 and TP8) (route 3). Due to the high

Table 3
Natural population analysis (NPA) charges and Fukui index of BPA based on DFT

calculation.
» ‘,:
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Scheme 2. BPA degradation pathways in the A-Boron/Fe'!/PDS system.

proportion of Fe(IV) for organic contaminant oxidation (Fig. 3a), Fe(IV)
induced route 3 may be the primary approach for BPA oxidation at the
first stage. In stage 2, intermediates derived from stage 1 were further
oxidized to phenolics (TP3 ~ TP9) by hydroxyl radical (hydroxylation),
sulfate radical (electron abstract), and Fe(IV) (hydrogen abstract).
Moreover, the further oxidation of these phenolics by cleaving aromatic
rings can generate low-molecular-weight organic molecules (e.g., oxalic
acid and maleic acid), which will be mineralized to water and carbon
dioxide subsequently (stage 3).

4. Conclusion

In this study, we found that metal-free A-Boron can serve as an
effective co-catalyst to boost iron-catalyzed Fenton-like activation of
PDS. Due to the simultaneous generation of reactive radicals (SO3 and
*OH) and Fe(IV), the A-Boron/Fe'''/PDS system can degrade a variety of
contaminants. However, the A-Boron/Fe''l/PDS system shows substrate-
specific reactivity, and kops values of organics linearly depend on their
Epomo based on QSAR and DFT calculations. The proportions of non-
radical and radical for contaminant oxidation were identified by the
chemical probe of PMSO. Mechanism investigation reveals that the
stepwise oxidation of A-Boron from semi-metallic boron-boron bonds
(BO) to suboxide boron (B' and B") and boron oxide (B™) to donate
electrons for Fe! reduction continuously. The concentration of Fel!
maintains a dynamic equilibrium between 5.0 pM to 7.0 pM for sus-
tainable Fenton-like reactions to generate ROS. Moreover, the self-
cleaning behavior of A-Boron will maintain a reactive surface for long-
lasting operation for up to 10 cycles without apparent performance
decline. In addition, the BPA oxidation routes in the A-Boron/Fe''l/PDS
system are proposed involving three stages based on Fukui index and
UHPLC-QTOF-MS analyses. Although the economic cost of the A-Boron
boosted Fenton-like technologies for practical application requiring
further evaluation, this study successfully provides a metal-free and
stable co-catalyst to enable long-lasting Fenton-like oxidation for water
remediation.
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