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GRAPHICAL ABSTRACT

ABSTRACT

As a rising branch of advanced oxidation processes, persulfate activation has attracted growing attention. Unlike
catalysts that have been widely studied, the selection of persulfate is previously overlooked. In this study, the
affecting factors of persulfates were studied. The effect of target pollutant properties on superior persulfate
species (the species with a higher degradation efficiency) was investigated by multiwalled carbon nanotube
(MWCNT)/persulfate catalytic systems. Innovatively, the Egomo (or vertical ionization potential (VIP)) value of
the target pollutant was proposed to be an index to judge the superior persulfate species, and the threshold is
VIP= 6.397-6.674 eV, Egomo= —8.035~— 7.810 eV, respectively. To be specific, when the VIP of phenolic
compounds is higher (or Egomo of phenolic compounds is lower) than the threshold, the catalytic performance of
peroxymonosulfate would be higher than that of peroxydisulfate. Moreover, the effects of coexisting cations on
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peroxydisulfate superior species were further investigated. It was illustrated that the hydrated cation radius of
coexisting cations would influence the pollutant degradation efficiency under some circumstances. This study
provides a new approach to improve the cost of persulfate activation systems and promotes the underlying
downstream application of persulfate activation systems.

1. Introduction

Advanced oxidation processes (AOPs) are recognized as effective
chemical technologies, which mainly treat with refractory organic
compounds by strong reactive active species (such as SO%, *OH, 0%, and
10,) [1]. As a high-efficiency and low-cost branch of AOPs (including
Fenton oxidation [2-4], electrocatalysis [5], photocatalysis [6-9],
ozonation [10], etc.), the persulfate activation technique has attracted
wide concern in the past decade [11-13]. Different from other AOPs
(such as Fenton oxidation system and ozonation systems), there are
many choices of oxidants in the persulfate activation system. In terms of
coexisting cations, sodium peroxydisulfate (PDS-Na), potassium perox-
ydisulfate (PDS) and ammonium peroxydisulfate (PDS-NH4) are all
available oxidants. Besides, depending on the active anion, PDS and
peroxymonosulfate (PMS) are also common options. Spontaneously, the
selection of superior oxidants becomes a unique subject in persulfate
activation.

As mentioned above, the distinction between PDS and PMS is the
difference in the persulfate anion (SZO%' or HSO3). Generally, the bond
energies of O-O bonds in persulfate anions are extensively used as the
basis for determining the superior persulfate species. To be specific, the
0-0 bond energy of PDS is 92 kJ-mol !, which is lower than that of PMS
(377 kJ ~mol’1) [14,15]. It is indicated PDS is more easily decomposed,
supporting that the PDS-induced system has better pollutant degrada-
tion performance. However, conflicting conclusion was conducted by
other studies. It was explained that the symmetrical structure hampered
the decomposition of PDS, which made the catalytic performance of the
PDS-induced system was likely to lower than that of PMS [16,17]. In
short, the catalytic performance of the PDS-induced system and
PMS-induced system cannot be generalized to date. There is no doubt
that the selection of suitable oxidant is an effective means of reducing
costs, which can ultimately promote the downstream application of
persulfate activation systems. Thus, it is of great significance to dig out
the underlying mechanisms and influencing factors of superior persul-
fate species.

Among the factors influencing persulfate activation systems, the role
of target pollutant is often neglected. It has been reported that the
bromophenols degradation ability of PDS was stronger than PMS in
nanotube-induced systems [18]. When phenol was selected as the target
pollutant, the catalytic performance of the PMS-induced system was
observably higher than that of PDS [16]. Given this, it is reasonable to
speculate that the target pollutant might influence the superior persul-
fate species. Recently, the properties of the target pollutant have been
verified to affect its degradation efficiency and mechanism in the per-
sulfate activation system. To be specific, the pollutants with high highest
occupied molecular orbital (Egomo) and low energy gap of Egomo and
Erumo (AE) were preferred to be attacked in persulfate activation sys-
tems [19]. Similarly, the half-wave potential, an electrochemical index
to appraise the redox capacity of compounds, has been also reported as
closely associated with the degradation efficiency [20]. Furthermore, a
strong correlation between hydrophobicity and pollutant degradation
rate has been reported lately [21]. Based on these, the target pollutant
may be considered as one of the factors affecting the superior persulfate
species.

In the persulfate activation systems, the application of highly effi-
cient metal-based catalysts is accompanied by the leaching of heavy
metal, which puts pressure on the secondary sludge purification and
ecosystem [22,23]. Consequently, carbonaceous materials (such as
graphite, graphene, fullerene, and carbon nanotubes) were repeatedly

introduced in persulfate activation [24]. At the state of the art,
numerous studies were launched to improve the activation efficiency of
carbonaceous materials. In general, elements doping, chemical modifi-
cation, and metal loading are common approaches to enhance the
activation capacity of carbonaceous materials [25]. However, these
modification methods can complicate the degradation mechanism of
persulfate activation systems. Given this, multiwalled carbon nanotube
(MWCNT), one of the benchmark carbonaceous materials, was intro-
duced in the persulfate activation system to probe into the effect of the
characteristics of pollutants on the superior persulfate species [26-28].

In this study, the MWCNT/persulfate system was applied as the
model system. Besides, as a widespread class of organic compounds with
ecotoxicity, phenolic compounds were used as target pollutants
[29-31]. Firstly, according to previous studies, the superior persulfate
species would change when the target pollutant was changed from
acetaminophen (ACT) to methylparaben (MeP) [17,24]. Thus, ACT and
MeP were chosen as the typical target pollutants to explore mechanistic
changes brought about by target pollutants. Approaches such as active
species capture experiments were applied to estimate the distinction in
degradation mechanism in the MWCNT/persulfate systems. Subse-
quently, in order to further probe the effect of the target pollutant on the
superior species of persulfates, 8 phenolic compounds with similar
molecular structures were introduced. Density functional theory calcu-
lations (DFT calculations, such as Eyomo, Erumo, AE, etc.) were
employed to theoretically delve into the specific effect of pollutant
properties on superior persulfate species. Finally considering that
depending on the coexisting cations, peroxydisulfates (PDSs) can be
divided into PDS, sodium PDS-Na, and PDS-NH4. The effects of
co-existing cations on pollutant degradation and whether the superior
PDSs species are influenced by the pollutant were explored.

2. Materials and methods
2.1. Chemical reagent

The details of involved chemical reagents were listed in Text S1.

2.2. Experimental process

All batches were operated at room temperate and taken in 100 mL
beakers. Firstly, 0.10 g/L. MWCNT was stirred in 20 mg/L (or 2 mM)
target pollutant solution (ACT, MeP, and other involved compounds) to
reach the adsorption/desorption equilibrium. After stirring for 1 h, the
catalytic process was triggered with 4 mM persulfate (PMS, PDS, PDS-
Na, or PDS-NH4). Samples were collected at the predetermined time.
0.22 pm nylon filter was applied to remove the particles, and 0.50 M
NasS-03 was used to terminate the reaction. The concentration of
phenolic compounds was measured by high performance liquid chro-
matography (HPLC, Agilent 1200), which was armed with a C18 column
(5 pm, 4.60 mm x 250 mm). Methanol, acetonitrile, 0.1% acetic acid,
and 0.1% formic acid were applied as the mobile phase (the specific
analysis methods were listed in Table S1). The degradation rate was
evaluated by Eq. 1 (pseudo-first-order kinetics model) [32,33].

G

In(C ) = —konst 1

0

Where t (min) is the sampling time, C; (mg/L) represents the phenolic
compound concentration of each sample, and Cy (mg/L) is the initial
concentration of phenolic compounds. ks is the pseudo-first-order rate
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constant that is used to quantitatively evaluate the performance of
different persulfate activation systems.

In the active species capture experiment, ethanol (EtOH), tert-butyl
alcohol (TBA), p-benzoquinone (BQ), and furfuryl alcohol (FFA) were
applied to selectively capture SO%, *OH, O%, and 'O, (The trapping
agent was added before the adsorption process). Additionally, 1,3-
diphenylisobenzofuran (DPBF, 0.05 mM) could react with 10, in a
molar ratio of 1:1, and the consumption amount of DPBF could be
detected by an ultraviolet spectrophotometer. Consequently, it was
employed to quantitate the amount of 'O, in persulfate activation
systems.

2.3. Characterization and analytical methods

X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha),
automatic specific surface and porosity analyzer (Micromeritics ASAP
2460), and Raman spectra (Renishaw invia reflex, LabRam HR Evolu-
tion) were involved to get the information of MWCNT. The concentra-
tion of DPBF was detected by UV spectrophotometer (Shimadzu
UV2700). Liner sweep voltammetry (LSV) and open circuit potential
curves were measured in 0.1 M Na,SO4 and taken on CHI760E elec-
trochemical workstation (the calomel electrode was the reference elec-
trode, and the platinum electrode was the counter electrode). The
electron spin resonance analysis (ESR, JES-FA200) was employed to
identify the active species. 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
was used as the trapping agent for *OH, SOZ, and O%, and 2,2,6,6-tetra-
methylpiperidine (TEMP) could preferentially capture 10 in aqueous
media. Xlog P is a common theoretical parameter to appraise the hy-
drophobicity of organic compounds. A higher value of Xlog P indicated
stronger hydrophobicity. The value of Xlog P was acquired from web-
sites: https://pubchem.ncbi.nlm.nih.gov/.

2.4. DFT calculation details

To dig into the structural differences of organic compounds, DFT
calculations were launched using Gaussian 16 package [34]. Geometry
optimizations were conducted at the B3LYP/6-311 G(d,p) level of the-
ory with Grimme’s empirical dispersion correction [35-37]. Frequency
analysis was involved to get the thermal corrections and confirm the
stationary points as minima. The energies of HOMO (Egomo) and LUMO
(ELumo) of the optimized structures were calculated using the M06-2X
functional applied with the def2-TZVP basis [38], which was introduced
for single-point energy calculations. Solvation effects were involved in
all calculations. In this study, water was appointed as the solvent which
was simulated by the integral equation formalism polarizable contin-
uum model (IEF-PCM) [39]. The vertical ionization potential (VIP) was
obtained by Eq. S1.

VIPZE(N_l)-E(N) (S1)

Where En.1) represents the energy of the optimized energy of the
charged state pollutant in the most stable geometry, and the Eqy) is
ascribed to the optimized energy of the pollutant in the most stable
geometry.

The detail of Fukui function calculation was provided in Text S2 [40,
41].

2. Results and discussion
3.1. Catalyst Structure and Properties

Understanding the basic structure information of the catalyst can
favor the further analysis of its catalytic performance. In this study, XPS,
Raman spectra, and BET were taken to probe the properties of involved
MWCNT. Specifically, N, adsorption and desorption analysis manifested
that the specific surface area and pore volume of MWCNT was
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97.43 m?/g and 0.50 cm® /g, respectively (Fig. S1a). When it comes to
the defect and graphitization degree, the Raman spectra exhibited
obvious MWCNT signatures [42]. As shown in Fig. S1b, the band around
1580 cm ™! ascribed to the in-plane vibration of the C-C bond (G band),
which represented the degree of graphitization. The band around
1350 cm ! was assigned to a disorder breaking in MWCNT structure (D
band), while the band at 2680 cm™! corresponded to two-phonon
scattering in MWCNT (2D band) [29,42,43]. Furthermore, the in-
tensity ratio of D band and G band (Ip/Ig) universally reflected the
disorder degree of carbonaceous materials, and the value of the involved
MWCNT was 0.6021. XPS spectra was applied to investigate the surface
element composition. As shown in Fig. Slc, a hint of O atom (1.6 at%)
was detected, which verified the existence of oxygen-containing groups
on involved MWCNT. To ascertain the proportion of different
oxygen-containing groups, high resolution scan of C 1s was taken
(Fig. S1d). C 1s peak was deconvoluted into four peaks. The peak
located at 284.80, 285.95, 288.5, and 291.27 eV were assigned to the
vibration of C-C, C-O, C=O0, and n-n * shake-up, respectively [44].
Among them, -1 * shake-up represented satellite structure results from
the extended delocalized electrons (such as aromatic rings) in MWCNT
[45]. The peaks of C-O and C=0 could roughly reflect the distribution of
oxygen-containing groups on MWCNT. Concretely, C-O and C=0
accounted for 18.78% and 4.41%, respectively.

3.2. Persulfate activation with MWCNT

As mentioned above, carbonaceous materials have been repeatedly
applied to activate persulfate. However, the superior persulfate species
(PDS or PMS) differed in different persulfate activation systems. It
supported that the superior persulfate species was not only influenced
by the nature of persulfate itself. Consequently, it is necessary to
investigate the factors affecting the superior persulfate species and the
underlying influencing mechanism.

In preliminary experiments, the significant role of target pollutants
on superior persulfate species (PDS and PMS) was noted [17,24]. Using
MWCNT/persulfate systems as the model system, the catalytic experi-
ments showed that the superior persulfate species would vary with the
change of targeted pollutants. Concretely, the ACT degradation rate in
MWCNT/PMS system was 0.0423min"!, and it could reach
0.2778 min~! in the MWCNT/PDS system. Whereas when MeP was
selected as the target pollutant, the catalytic performance of the
MWCNT/PMS (0.0077 min~" versus 0.0044 min~"! of the MWCNT/PDS
system) system was better (Fig. 1). This phenomenon manifested that
the target pollutant would affect the superior persulfate species.

To distinguish structural differences between PDS and PMS, the bond

Fig. 1. Catalytic performance of MWCNT/PDS and MWCNT/PMS systems.
[Experimental  conditions]: [MWCNT]= 0.10 g/L, [Persulfate]=1 g/L,
[Pollutant]= 20 mg/L.
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length and bond energy of the important reactive structure (O-O bonds)
were estimated using theoretical calculations. Generally, bond with
short length and high energy is hard to be broken. In persulfate acti-
vation systems, the catalytic activity of peroxide generally expresses by
the bond energy and bond length of O-O bond. DFT calculations were
applied to acquire the theoretical bond length and energy of PDS and
PMS. As shown in Table S2, the O-O bond in PMS (1.443 [D\, 177.89 kJ/
mol) is stronger than that of PDS (1.451 ;\, 107.68 kJ/mol). It was
supported that the PDS possessed a higher catalytic activity than PMS.
This conclusion was further verified by the result of the thermal acti-
vation system. Theoretically, the thermal activation process can achieve
energy input without introducing other substances. Thus, the thermal
activation process was applied to evaluate the strength and thermal
stability of O-O bond in persulfate (PDS and PMS). According to
Table S3, PDS showed a higher degradation ability to both ACT and
MeP. The influence of pollutants on superior persulfate species was not
obvious in thermal activation systems. However, the superior persulfate
species varied with the target pollutant has been observed in MWCNT/
persulfate systems. It is reasonable to deduce that the introduction of
MWCNT brought about a brand-new degradation mechanism indepen-
dent of the breaking of O-O bond.

To probe into the difference in degradation mechanism between
MWCNT/PDS and MWCNT/PMS systems, active species capture ex-
periments and ESR spectra were taken. The results of ESR spectra
illustrated that all four common active species existed in both MWCNT/
PDS and MWCNT/PMS systems (Fig. S2). The contribution of different
active species was further verified by active species capture
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experiments. EtOH, TBA, BQ, and FFA were used to selectively capture
SO¥, *OH, 0%, and 10, in persulfate activation systems. As shown in
Fig. 2 and Fig. S3, broadly speaking, the inhibitory effects of radical
trapping agents were more pronounced in MWCNT/PMS system than
that in MWCNT/PDS system. Moreover, since BA cannot be degraded by
electron transfer pathway and other active species, it was chosen as a
probe for radicals [46,47]. As shown in Fig. S4, the degradation effi-
ciency of BA in the PMS-induced system (0.00215 min~') was faster
than that in the PDS-induced system (0.0007 min’l). It was indicated
that the contribution of radicals is greater in the MWCNT/PMS system
compared to the MWCNT/PDS system.

Thereinto, BQ exhibited the strongest inhibitory effect as a trapping
agent of O3 when ACT was the target pollutant. However, it has been
proved that O3 could not directly react with ACT [48]. The strong
inhibitory effect of BQ might be associated with the following two rea-
sons. On the one hand, the second-order rate of BQ with SOF and *OH
were relatively high (Table S4). It was implied that the inhibitory effect
of BQ was not only brought by quenching O%. On the other hand, O3 is
liable to transfer to 'O, at acid condition (Eq. 2, the reaction rate is
2.4 x1012 PH M1 g1y [40], Thus, the addition of BQ would impair the
yield of 10,, whose second-order rate constants with ACT could reach
3.35 x 10° M 1s™! (Table S4). Ultimately, the apparent degradation
efficiency was significantly inhibited by BQ.
2H + 205 —' 0,+ H,0, )

Furthermore, the contribution of 10, was evaluated by FFA. The
second-order rate constant of FFA (1.2 x108 M~ ! s71) with 102 was

Fig. 2. Active species capture experiment and corresponding pseudo-first-order rate constants of (a) MWCNT/PDS/ACT system, (b) MWCNT/PMS/ACT system, (c)
MWCNT/PDS/MeP system, and (d) MWCNT/PMS/MeP system. [Experimental conditions]: [MWCNT]= 0.10 g/L, [Persulfate]= 4 mM, [Pollutant]= 20 mg/L,

[EtOH] = 40 mM, [TBA] = 40 mM, [BQ] = 1 mM, [FFA] = 40 mM.
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considerably higher than that of phenolic compounds (2-3 x10% M~!
s™1) [50]. The active species capture experiments illustrated that FFA
significantly inhibited the degradation process. Nevertheless, it could
not support the primary role of 10, in the persulfate activation system,
because FFA also showed relatively high reactivity with other active
species (such as SO and *OH) and persulfate [51]. Thus, DPBF
(0.05 mM) was introduced for the quantification of Oy in the persulfate
activation systems [13]. As shown in Fig. S5a-b, different from PDS, PMS
could produce 102 by self-decomposition [52]. Furthermore, the 102
generation process was distinctly facilitated by MWCNT in the persulfate
activation system (Fig. 5c-d). 99.1% DPBF was consumed within 6 min
in MWCNT/PMS system, and the MWCNT/PDS system only degrade
15.1% DPBF within 60 min. Intuitively (Fig. S6), there was almost no
change in the MWCNT/PDS system after a 60 min decolorization reac-
tion, while the DPBF in the MWCNT/PMS system almost completely
faded. Besides, the decolorization process of DPBF could help quantify
102 for DPBF reacts with 102 in a molar ratio of 1:1 [53]. That is, more
than 4.95 mmolegleL of 10, was produced in MWCNT/PMS system,
while 0.76 mmoleg~'eL 0, was generated in MWCNT/PDS system.
However, the extreme difference in the amount of 05, did not result in a
distinct difference in the pollutant degradation efficiency. Additionally,
the MWCNT/PMS system, which produced more 'O, was less efficient at
degrading ACT than the MWCNT/PDS system. Considering the low
second-order rate constants of 10, with both ACT and MeP (~10° M~!
s h [50,54], it is reasonable to assume that 102 did not play a central
role in MWCNT/persulfate systems.

The experimental results indicated that the effect of active species on

Journal of Hazardous Materials 460 (2023) 132363

pollutant degradation was more pronounced in the MWCNT/PMS sys-
tem than in the MWCNT/PDS system. However, from another perspec-
tive, the relatively low degradation efficiency of radical probe (BA) in
both PDS-induced and PMS-induced systems, and the variation in the
amount of 'O, exhibited little effect on the pollutant degradation effi-
ciency. These supported that there might be another mechanism that
dominated the degradation process of MWCNT/PMS and MWCNT/PDS
systems.

Aside from active species, the persulfate activation system can
degrade organic pollutants by electron transfer pathway. As is well
known, the electron transfer pathway relies on the formation of ternary
construction (catalyst-persulfate-pollutant), which can transfer elec-
trons from pollutants to persulfate without producing active species.
LSV is an effective method for confirming the existence of the electron
transfer pathway [55]. The results illustrated the current reached its
maximum that only when pollutants, MWCNT, and persulfates were
present at the same time (Fig. S7). It was supported that ACT and MeP
could be degraded by electron transfer pathways in both MWCNT/PMS
and MWCNT/PDS systems. Open circuit potential curve was another
approach to investigate the electron transfer pathway in the persulfate
activation system. As shown in Fig. 3a-b, the curves of open circuit
potential experienced a visible decline after the addition of pollutants.
This was strong evidence that the electron transfer pathway occurred.

Ulteriorly, the variation of LSV and open circuit potential are applied
to assess the strength of the electron transfer pathway [56,57]. In terms
of LSV (Fig. 3c-d), in the MWCNT/PMS system, the current at 1.50 V was
3.889 x 10~*and 4.766 x 10~* mA for target pollutants ACT and MeP,

Fig. 3. (a-b) open circuit potential curves on MWCNT decorated electrode at different conditions, (c) LSV measured with the GCE electrode decorated with MWCNT
in present of PDS (or PMS) and ACT (or MeP), (d) the responding currents (mA) in LSV analysis at 1.50 V. [Experimental conditions]: [Persulfate]= 4 mM,

[Pollutant]= 20 mg/L.
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respectively. While in the MWCNT/PDS system, the current reached
4.312 x 10~ and 7.447 x 10~% mA, respectively. The PDS-induced
degradation process exhibited a higher current compared to the
PMS-induced degradation process. It was indicated a stronger electron
transfer pathway in the degradation process induced by PDS. When it
comes to open circuit potential, the potential decreased by 1.08 V,
1.17 V, 1.69 V, and 1.82 V, in MWCNT/PMS/ACT, MWCNT/PMS/MeP,
MWCNT/PDS/ACT, and MWCNT/PDS/MeP, respectively. It also sup-
ported a stronger electron transfer pathway in the PDS-induced system.
The result was in line with previous studies. Ren and his co-workers
reported that the electron transfer pathway degraded organic pollut-
ants by forming a metastable catalyst-persulfate complex, and the
complex consisting of PDS obtained a higher oxidation capacity than the
complex composed of PMS [58,59]. Moreover, the increase in open
circuit potential brought by the introduction of PMS was obviously
higher than that of PDS, which corroborated that the contribution of
active species in the PMS-induced system was higher than that in the
PDS-induced system.

Interestingly, the effect of target pollutants on the variation of LSV
and open circuit potential is a pattern. The electrochemical changes of
the systems containing MeP was higher than that of the system con-
taining ACT. It was demonstrated that pollutant was another factor
affecting the strength of the electron transfer pathway, which might
further influence the superior persulfate species [19].

3.3. Correlation between reaction kinetics and properties of phenolic
compounds

As mentioned above, in MWCNT/persulfate systems, the effect of the
target pollutant on superior persulfate species was observed by ACT and
MeP. The difference in degradation mechanisms between MWCNT/PDS
and MWCNT/PMS systems ultimately results in the superior persulfate
species varied with pollutants. In order to investigate the underlying
relationship between the superior persulfate species and the properties
of phenolic components, 7 p-substituted phenols (MOP, ACT, 4-CP, HAP,
MeP, HBAc, and 4-NP) with similar structure and PH were involved. The
optimized structure of these 8 phenolic compounds was listed in Fig. S8.
The Fukui index was applied to evaluate the reactive sites of phenolic
compounds. To be specific, ', f, and 0 are associated with nucleophilic,
electrophilic, and free-radical attack, respectively, and the high value of
f*, £, and f° represents a higher likelihood of being attacked [60,61].
Obviously, the f° is applied to index the reactive sites on the target
pollutant for the radical pathway. Moreover, in the electron transfer
pathway, target pollutants act as electron donators, and they are sub-
jected to an electrophilic attack. Thus, the value of f is applied to
appraise the reactive sites for the electron transfer pathway. As shown in
Table S7, 1(C), 4(C) and 7(0) on PH are most vulnerable to be attacked
by electrophilic species, and radicals are most likely to attack the carbon
atom in the benzene ring. The introduction of para-substituent brought
about more reactive sites on target pollutants (Table S5-S12), and the
reactive sites for electrophilic attack were widely transferred to the
para-substituent. These might finally affect the degradation rate and
mechanisms of phenolic compounds in persulfate activation.

To avoid the effects of persulfate self-degradation and adsorption,
persulfates and MWCNT were separately introduced in pollutant solu-
tion. It could be observed that a single PMS/PDS or MWCNT could not
markedly reduce the concentration of these 8 phenolic compounds
(Fig. S9). Thus, the decline of pollutant concentration was mainly
ascribed to the degradation process in MWCNT/persulfate systems.
Apparently, the degradation rates of ACT, MOP, 4-CP, and PH in the
MWCNT/PDS system were higher than that of the MWCNT/PMS system
(Fig. 4 and Fig. S10). However, the elevation of reactive sites amount did
not universally increase the degradation efficiency of target pollutants,
and the value of f*, f, and 9 did not show obvious relation with the
superior persulfate species. Thus, the Fukui index could not act as the
indication for superior persulfate species in MWCNT/persulfate systems.
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Fig. 4. Catalytic performance with different phenolic compounds of MWCNT/
PDS and MWCNT/PMS systems. [Experimental conditions]: [MWCNT]=
0.10 g/L, [Persulfate]= 4 mM, [Pollutant]= 0.20 mM.

Considering target pollutants as a whole, the main distinction of
these phenolic compounds was the para-substituents. As is reported, the
electron-donating (withdrawing) ability of substituents could influence
compound reactivity by changing the electron density [62]. Thus, the
electron-donating (withdrawing) ability of substituents might be
considered as the factor determining the priority of persulfate species.
The electron-withdrawing ability of substituent was -OCHgs
(MOP)< -NHCOCH3 (ACT)< -Cl (4-CP)< -COCH3 (HAP)< -COOCH3
(MeP)< -COOH (HBAc)< -NO; (4-NP).

According to the experimental results, when a strong electron-
withdrawing substituent was located at the parasite, the degradation
capacity of PDS activation systems sharply declined. To dig out a precise
conclusion, vertical ionization potential (VIP) and Egopmo (Fig. 5) were
involved. Specifically, VIP is associated with the reactivity of the com-
pound and can be applied to quantify the effect of substituent on the
compound (electron-withdrawing groups can raise VIP, and electron-
donating groups can reduce the VIP) [63]. Moreover, Egomo can be
applied to evaluate the electrophilic reaction activities of compounds
[64]. The value of VIP and Egomo were listed in Table S13. The com-
pounds with electron-withdrawing substituents generally possessed a
relatively high VIP and low Eyowmo, the electron-donating substituents
exhibited the opposite effect. A good linear relationship could be
observed between the degradation rate (Ink,s) and the VIP (R?
=0.9459) (or Egomo (R% =0.9466)) of phenolic components in the
MWCNT/PDS system (Fig. 6). Furthermore, the value of VIP (or Egonmo)
could also apply as the index for superior persulfate species in
MWCNT/persulfate systems. The threshold should emerge at some-
where between PH (VIP=6.397 eV, Eyomo=-—7.810eV) and HAP
(VIP=6.674 eV, Egomo=—8.035 eV). Thus, it could be deduced that
VIP= 6.397-6.674 eV (Egomo=—8.035~—7.810 eV) were recognized
as the threshold of superior persulfate species. That is, when the VIP
value was higher than 6.674 eV and the Eyomo value was lower than
— 8.035 eV, PMS would be the superior species. Otherwise, when the
VIP value was lower than 6.397 eV or the Eyopmo value was higher than
— 7.810 eV, PDS would be the superior species.

To explore the generalizability of this conclusion, other types of
pollutants (BA, NB, and SMX) were introduced. The results of the DFT
calculation illustrated that the Egomo of BA, NB, and SMX was — 8.799,
—9.079, and — 7.659 €V, respectively. The VIP of BA, NB, and SMX was
7.658, 9.256, and 6.503 eV, respectively. Based on the conclusion
mentioned above, the superior persulfate species of SMX should be PDS
because it possesses above-threshold Eyomo and below-threshold VIP.
Accordingly, the superior persulfate species of BA and NB should be
PMS. The degradation experiment verified this deduction. As shown in
Fig. S4 and Table S13, the SMX degradation efficiency in the MWCNT/
PDS system is obviously higher than that of the MWCNT/PMS system.



X. Zhou et al. Journal of Hazardous Materials 460 (2023) 132363

Fig. 5. Spatial charge distributions of HOMO orbit of (a) MOP, (b) ACT, (c) PH, (d) 4-CP, (5) HAP, (6) MeP, (7) HBAc, and (8) 4-NP (isosurface value = 0.02).

Fig. 6. (a) Correlation of Ink,,s and VIP in MWCNT/PDS system, (b) correlation of Ink,,s and VIP in MWCNT/PMS system, (c) correlation of Inkyps and Egomo in
MWCNT/PDS system, (d) correlation of Inkps and Egyomo in MWCNT/PMS system.

The ability of PMS-induced systems to degrade BA and NB is indeed target pollutants.
higher than that of PDS-induced systems. It was illustrated that the However, the significant correlation between degradation rate and
obtained threshold value is applicable when dealing with other types of VIP (or Egomo) has not been embodied in MWCNT/PMS system
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(Fig. S12b, S12d). As mentioned above, Egomo could represent the
electrophilic reaction activities of phenolic compounds [65], and the
electron transfer process (electrophilic attack) is preferred to take effect
in MWCNT/PDS systems rather than in MWCNT/PMS systems. This
might be the reason why Egono exhibited a better correlation with Ink,pg
in MWCNT/PDS system than that in MWCNT/PMS system.

To work out the dominating properties affecting the degradation
efficiency in MWCNT/PMS systems, other common indexes were
involved. Ejymo (Fig. S11) and AE (AE=E_ymo-Enomo) are quantifiable
indicators to estimate the reactivity of phenolic compounds. Epyymo in-
dicates the nucleophilic reaction ability and AE is associated with ki-
netic stability [65,66]. However, the linear fitting results illustrated that
the nucleophilic reaction ability and kinetic stability did not play a role
in either MWCNT/PDS or MWCNT/PMS system (Fig. S12).

Aside from the physicochemical characteristics obtained from DFT
theoretical calculation, hydrophobicity was another property that would
influence the degradation rate of phenolic components in the persulfate
activation system. Mao and co-workers proved that the pollutant with
high hydrophobicity would occupy the more active site on the catalyst,
which ultimately resulted in a higher degradation rate [21]. In order to
achieve the quantification, Wang et al. developed a method based on
atom (Xlog P) to predict the hydrophobicity of organic compounds (The
detail of Xlog P is presented in Section 2.3) [67]. As shown in Fig. S12f,
Inkps exhibited a good linear relationship with Xlog P in MWCNT/PMS
system (R? =0.9189). Different from the positive correlation reported in
the previous study, Inkps decreased with the lift of the Xlog P value in
this study. It might account for the difference in degradation mechanism
induced by different persulfates. Compared to MWCNT/PDS systems,
active species played a greater role in the MWCNT/PMS system. The
contact between target pollutants and free active species in water is
closely related to the hydrophobicity of organic compounds. Thus, the
degradation efficiency presented a good correlation with the hydro-
phobicity of organic compounds in the MWCNT/PMS system. However,
apparently, different from VIP (or Egomo), the Xlog P could hardly be
denoted as the indicator for superior persulfate species.

To sum up, the electron transfer process dominated the MWCNT/PDS
system, thus the VIP (or Egomo) correlated well with Inkgps. Similarly,
the Xlog P value had a good correlation with Inkgs for the radical
pathway that played a greater role in MWCNT/PMS system. However,
among the mentioned characteristics, only the value of VIP (or Egomo)
decided the superior persulfate species in MWCNT/persulfate systems,
and the threshold was VIP= 6.397-6.674 and
Enomo= —8.035~— 7.810 (Fig. 7).
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3.4. The superior peroxydisulfate species

Aside from potassium persulfates (PDS and PMS), PDS-Na and PDS-
NHy, are also universally applied as oxidants in the persulfate activation
system [68,69]. Although the PDSs (PDS, PDS-Na, and PDS-NH,) share
the same main effective component (szoé'), the different coexisting
cations may make some changes. Identifying the effects of coexisting
cations on the degradation efficiency of the persulfate activation system
is also of great significance.

Similarly, the thermal activation system was applied to investigate
the effect of oxidant properties on superior persulfate species. An
evident difference in degradation efficiency can be seen in the thermal
activation system (Table S3 and Fig. S13). For both ACT and MeP, the
order of degradation performance order was the same: PDS-
Na>PDS>PDS-NH,4. This phenomenon manifested that the co-existing
cation affected the pollutant degradation rate, and this effect was in-
dependent of the pollutant. It has been reported that the hydrated cation
radius of monovalent cations could influence the relative electrostatic
shielding of compounds, which might finally act on thermal stability. A
larger hydrated cation radius might lead to lower thermal stability [70,
71]. As for the monovalent cations in common PDSs, the hydrated cation
radius of Na™, K", and NHf was 0.358 nm, 0.331 nm, and 0.330 nm,
respectively [72]. This implied that the thermal stability of PDSs was
ranked as PDS-Na<PDS<PDS-NH,4, which was consistent with the
degradation performance order of the thermal activation system.

However, when MWCNT was involved, the influence of cation size
on degradation rate could not be observed (Fig. 8 and Fig. S14). This
might be because the degradation process in MWCNT/PDSs systems was
dominated by the electron transfer pathway, which relied on the contact
of MWCNT with PDSs and pollutants. Thus, the difference in PDSs
thermal stability caused by coexisting cations is weakened.

4. Conclusions

Although the O-O bond in PDS is more fragile than that of PMS, and
the degradation efficiency of the PDS-induced system is not consistently
superior to that of the PMS activation system. This study investigated the
effect of target phenolic compounds on superior persulfate species. On
account of the difference in degradation mechanism proportion, the
degradation rate of different phenolic compounds in PDS and PMS
activation systems presented different trends. In MWCNT/persulfate
systems, while VIP (or Egomo) of target pollutants dominated the
degradation efficiency of MWCNT/PDS systems, hydrophobicity was the

Fig. 7. The main pollutant properties affecting the degradation efficiency of MWCNT/PDS and MWCNT/PMS systems, and the ranking of relevant properties of the

introduced pollutants.
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Fig. 8. (a) ACT degradation rate in MWCNT/PDSs systems, (b) MeP degradation rate in MWCNT/PDSs systems [Experimental conditions]: [MWCNT]= 0.1 g/L,

[Persulfate]= 4 mM, [Pollutant]= 20 mg/L.

main properties influence the degradation efficiency in MWCNT/PMS
systems. Moreover, the value of VIP (or Egomo) could be regarded as the
threshold of superior persulfate species. Specifically, the threshold was
VIP= 6.397-6.674 and Epomo= —8.035~— 7.810. This result is only
valid in MWCNT/persulfate systems. To emphasize the vision of green
development, it is necessary to investigate the superior persulfate spe-
cies in different reaction systems. Furthermore, in a homogeneous cat-
alytic (thermal activation) system, the size of co-existing cations size
would influence the thermal stability of PDS, which would ultimately
act on the degradation efficiency. However, this effect was not embodied
in a heterogeneous catalytic (MWCNT/persulfate) system. Thus, the
option of PDSs in heterogeneous catalytic systems could ignore the in-
fluence of co-existing cations on degradation efficiency to some extent.
Overall, the option of persulfate is another emerging key point for the
green development of AOPs, it is necessary to focus on the superior
persulfate species for different persulfate activation systems.

Environmental Implications

At present, the research on improving the cost-efficiency of persul-
fate activation system mainly focuses on the modification of catalysts,
the option of persulfates is rarely reported. In this study, the multiwalled
carbon nanotube (MWCNT)/persulfate system was denoted as the model
system to investigate the effect of pollutants on superior persulfate
species. It was illustrated that EHOMO, vertical ionization potential
(VIP), and hydrophobicity were closely related to the degradation effi-
ciency under certain conditions. Moreover, EHOMO and VIP could be
recognized as the index for superior persulfate species. This verdict
provides a new perspective for the design of efficient persulfate activa-
tion technology.
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