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As an antibiotic, sulfadiazine has posed a serious threat to humans and ecosystems due to its chronic
toxicity. The advanced oxidation processes (AOPs) via heterogeneous catalytic activation of peroxymono-
sulfate (PMS) have significant potential for the degradation of antibiotics. However, there are multiple
restrictions including non-specifically binding to target contaminants, which would deplete oxidation ca-
pacity, and lacking energy effectiveness due to inefficient utilization of reactive oxygen species (ROS). To
overcome these obstacles, we adopted the “bait-hook & destroy” strategy in this study. Herein, we syn-
thesized a novel micrometer-sized NiOOH hierarchical spheres assembled from nanosheets, which have
relatively large specific surface areas and yield specified cavities to “bait-hook” sulfadiazine and PMS onto
the surface cavities. This process was further conductive to effective generation of ROS and subsequently
“destruction” of sulfadiazine with elevated mass transformation rate. 20.4% of sulfadiazine can adsorb to
NiOOH surface in less than 30 min (0.0051 min~'), and then sulfadiazine was completely degraded in 90
min intervals in the NiOOH/PMS system. The degradation rate constant (k = 0.0537 min~!) was about
5.3, 2.5 and 2.2 times higher than that in Ni,O3/PMS, NiO/PMS and Ni(OH),/PMS system, respectively.
This was ascribed to the synergistic catalytic oxidation and adsorption process occurred on the surface
of NiOOH. Appreciably, there were both non-radicals (10,) and radicals (0,"~ and SO4 ) involved in the
NiOOH/PMS system, and '0, was distinguished as the dominated ROS for degradation of sulfadiazine.
This study provides a novel strategy via synergistic adsorption and catalytic oxidation, and indicates that
the micrometer-sized NiOOH hierarchical sphere as heterogeneous catalyst is an attractive candidate for

potential application of the SR-AOPs technology in water treatment.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Sulfadiazine has attracted wide-spread attention since it is ex-
tensively applied as an antibiotic pharmaceutical in both veterinary
and human medicine, and it can pose serious threats to human
well-being and ecosystems [1,2]. Conventional wastewater disposal
systems, which typically based on the biological treating method,
perform poorly on sulfadiazine removal due to the high toxicity
and poor biodegradability of sulfadiazine [3,4]. As reported, sul-
fate radical (SO4"~) based advanced oxidation processes (SR-AOPs)
could be regarded as competent, environmentally friendly, and re-
liable assistants to completely remove antibiotic pharmaceuticals
[5,6]. As such, SO4°~ is usually obtained by activating peroxymono-
sulfate (PMS) [7] and persulfate (PS) [8] in association with ultra-
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violet [9], heating [10], cavitation [11], microwaves [12], transition
metals [3], and so on. Due to the asymmetric molecular structure
and low activation energy, PMS is relatively easier to be activated
than PS [13]. While compared with other energy-based activation
methods, transition metals activation is a much simpler attribute
to its lower energy consumption and cost-effectiveness [14,15].
Cobalt ion (Co2*) has proven to be the best PMS activator [16].
Unfortunately, the rather low recycling rate of catalysts in the
homogeneous systems significantly inhibits further development
[17,18], and the leaching Co®* can hold critical cytotoxicity to eco-
system and human health [19]. Thus, environmental-friendly het-
erogeneous catalysts, such as Ni, Fe or Mn-based materials in PMS
activation, have the potential to overcome limitations [20-22]. Par-
ticularly, nickel (Ni) is considered as one of the most abundant
elements on the earth and is of less toxic than other transitional
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metals [23]. Ni-based heterogeneous catalysts, such as NiO [24],
Ni(OH), [25] and Ni,03 [26], were proven to be efficient PMS ac-
tivators in the SR-AOPs system. The redox cycle of Ni2t/Ni3* can
improve the highly efficient PMS activation and enhance the gen-
eration of reactive oxygen species (ROSs) Eqs. 1 and 2.

= Ni3* + HSOs~ — =Ni?** + SOs*~ + H* (1)

= Ni** + HSOs~ — =Ni** + SO, + OH~ (2)

However, in the PMS system, target contaminants cannot be ef-
fectively removed by ROSs since only a small fraction of ROSs can
end up reacting the target contaminants, while the partial of ROSs
are either scavenged by background constituents (e.g., NOM, bi-
carbonate, Cl~ etc.) or undergoing fast self-decay [27]. Several re-
searchers emphasized the “bait-hook & destroy” strategy to ame-
liorate the ROS production and utilization, as well as the degra-
dation effect of contaminants [28,29]. Compared with the exclu-
sive adsorption strategy and SR-AOP strategy, the “bait-hook & de-
stroy” strategy could not only pre-concentrate target contaminants
from the solution, and further decompose them in-situ, into low-
or non-toxic products [30]. The ideal catalyst can be used as the
“hook” in providing elevated adsorption affinity for sulfadiazine
and conduct sulfadiazine accessible to ROSs generation sites, which
would facilitate concerning contaminants onto catalyst surface for
the following degradation [31,32]. Furthermore, adequate catalytic
activity for the PMS activation process could also help to form
ROSs. And subsequently ROSs can efficiently react with the ad-
sorbed contaminants, which are referred to as the “destroy” pro-
cess and elevate the mass transformation rate of catalyst on its sur-
face. Therefore, there is urgently demanded in developing a novel
Ni-based heterogeneous catalyst, which can utilize the “bait-hook
& destroy” strategy to degrade sulfadiazine.

Nickel oxyhydroxide (NiOOH) has drawn extensive attention as
a revolutionary catalyst, and exhibits prominent adsorption capac-
ity owing to its magnificent characteristics, including notable ad-
sorption capacity, robust electron transfer rate, and sufficient cat-
alytic active sites [33]. It is worth noting that the redox potential
of Ni3+/Ni%+ (2.0 V) is higher than PMS (1.8 V) [34], indicating
that NiOOH has substantial application potential for PMS activa-
tion. However, since the surface of NiOOH is hydrophilic, it has a
poor affinity for sulfadiazine. To offset its limitation, we attempted
to regulate the size, morphology, and microstructures of NiOOH
through chemical precipitation processes [35].

In this study, we applied micrometer-sized NiOOH hierarchi-
cal spheres prepared via chemical precipitation method [33], and
it exhibits remarkable adsorption capacity and catalytic oxidation
competence in the PMS system. Micrometer-sized NiOOH hierar-
chical spheres, which assembled from nanosheets, have large spe-
cific surface areas and produce specified cavities to adsorb sulfadi-
azine and PMS onto the NiOOH surface. This process was further
conducive to the effective generation of ROS and subsequently de-
grading process of sulfadiazine. Furthermore, the underlying mech-
anism of sulfadiazine degradation was investigated by quenching
tests, X-ray photoelectron spectroscopy (XPS) and electron spin-
resonance spectroscopy (ESR) analysis.

The main reagents, preparation, and characterization of NiOOH,
experimental procedure, and analysis methods are exhibited in
the Supporting information. The X-ray diffraction (XRD) patterns
(Fig. 1a) showed that there are diffraction peaks at 12.6°, 25.5°,
37.6°, 42.7°, 51.0° and 66.0°, corresponding to the (003), (006),
(102), (105), (108) and (110) (PDF #06-0075), respectively. The
peaks of impurities were not detected in XRD patterns, indicating
that NiOOH microparticles synthesized through chemical precipi-
tation processes are of stable crystal formation. Energy dispersive
spectrometer (EDS) image (Fig. S1 in Supporting information) ex-
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Fig. 1. Characterizations of NiOOH: (a) XRD spectrum, (b) SEM image, (c) FT-IR
spectrum and (d) N, adsorption-desorption curves and pore size distribution of
NiOOH.

hibited that the quantity ratio of nickel atoms to oxygen atoms
was about 1:2, which is unanimous about the atomic quantity ra-
tio of nickel and oxygen in NiOOH. Fig. 1b reveals the constituent
nanosheets and surface morphology of the synthesized NiOOH. It
has the morphology of micrometer-sized hierarchical spheres as-
sembled from nanosheets, which endows it a larger specific sur-
face area and thereby provides abundant catalytic active sites [33].
NiOOH has a rather larger specific surface area (35.2 m?/g) com-
pared to other nickel-based catalysts (nanosized Ni(OH),, 20.9
m?/g) (Table S1 in Supporting information), hence enhancing the
surface contact among the sulfadiazine, PMS and NiOOH, expos-
ing more catalytic sites, and increasing the utilization of ROS [36].
According to the FTIR spectrum (Fig. 1c), the strong and sharp
band centered at 567 cm~! represents the movement of hydrogen-
bonded linkages Ni-O-H and to the stretching vibration of Ni3*-0.
The board band at 3450 cm~!, which is congruous with the char-
acteristic of the hydroxyl group, indicates the presence of hydroxyl
(-OH) [37-39]. Thus, we could confirm that NIOOH was purely syn-
thesized in this study. The synthesized NiOOH samples displayed
type IV isotherms, which reveals that it has a representative meso-
porous structure [40]. As show in Fig. 1d, the maximum observa-
tion pore size of NiOOH catalyst distribution is 22.35 nm. In addi-
tion, the average pore size (15.8 nm) and total pore volume (0.14
cm3/g) of the NiOOH were calculated by Barret-Joyner-Halenda
(BJH) simulation (Table S1). It is worth noting that the absorption
of sulfadiazine is available, since the pore diameters of NiOOH are
significantly larger than sulfadiazine (14.9 x 6.31 x 4.86 A) [41].
The adsorption of NiOOH on P MS activation for sulfadiazine
degradation was evaluated. It can be seen from Fig. 2a that 23.2%
of sulfadiazine can be adsorbed on the NiOOH surface and the cal-
culated saturated adsorption capacity (ge) of sulfadiazine is 11.6
mg/g. 46.3% of sulfadiazine was removed within 90 min, imply-
ing that the catalytic oxidation process occurred for sulfadiazine
degradation. Notably, the synergistic adsorption and catalytic oxi-
dation removal rate of sulfadiazine (0.0537 min~!) was 2.65 times
greater than the total contribution of adsorption and catalytic ox-
idation (0.0051 + 0.0096 = 0.0147 min—') (Fig. 2b). The removal
rate of sulfadiazine was increased significantly may attribute to the
enrichment of sulfadiazine onto the surface of NiOOH via the hy-
drogen bonding (OH---N), and the effective utilization of ROS. As il-
lustrated in Fig. 2¢, in 90 min reaction, sulfadiazine was completely
degraded in 90 min intervals in the NIOOH/PMS system, neverthe-
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Fig. 2. Adsorption and catalytic oxidation of different catalysts towards sulfadiazine.
Degradation kinetics (a, c) and reaction rate (b, d) constants of sulfadiazine in differ-
ent catalytic PMS system. Conditions: [sulfadiazine] = 10 mg/L, [PMS] = 0.2 mmol/L,
[catalysts] = 0.2 g/L, pH 7, T = 20 °C.

less, only 59%, 84% and 90% degradation were accomplished in the
Ni, 03/PMS, Ni(OH),/PMS and NiO/PMS system, respectively. Fur-
thermore, based on the first-order kinetic model, the degradation
efficiency of sulfadiazine (0.0537 min~!) in NiOOH/PMS system
was about 5.3, 2.5 and 2.2 times higher than that in Ni,O3/PMS,
NiO/PMS and Ni(OH),/PMS system (Fig. 2d). Conclusively, NiOOH
exhibited much higher catalytic performance for PMS activation
than Ni, 03, NiO and Ni(OH),.

In particular, the fitting correlation coefficient of the quasi-first-
order kinetic model is higher (R? = 0.9833) than quasi-second-
order kinetic model (R? = 0.9463), indicating that sulfadiazine
was adsorbed onto NiOOH via the formation of hydrogen bonds
(O—H---N) between the amino group (—NH) of sulfadiazine and
hydroxy (—OH) of NiOOH [42,43] (Fig. S2 in Supporting informa-
tion). The effects of operation parameters like temperature, sulfa-
diazine doses, PMS doses, NiOOH doses, background constituents
(e.g., NOM, bicarbonate, Cl~ etc.), and the rate constant (k) of the
NiOOH/PMS system were shown in Figs. S3-S5 (Supporting infor-
mation). TOC removal rate during the sulfadiazine degradation in
NiOOH/PMS system was investigated in Fig. S6 (supporting infor-
mation). After 90 min, with the complete degradation of sulfadi-
azine, the removal ratio of TOC increased up to 59.9%, suggesting
that more degradation intermediates of sulfadiazine were further
completely degraded. More importantly, NIOOH has good stability
and recyclability under the initial condition of neutral pH, and it
is an attractive candidate for PMS activation to degrade antibiotic
pharmaceuticals, as a result of Fig. S7 (Supporting information).

The XPS spectra of NiOOH before and after the catalytic reaction
were favorable to evaluate the role of the O and Ni species in the
PMS activation. The peaks of Ni 2p at 855.4 eV and 856.4 eV were
represented Ni(Il) and Ni(Ill), respectively [44] (Fig. 3a). After the
reaction, the peak area of Ni(Ill) peak was decreased from 100.0%
to 33.9%, while the peak area of Ni(Il) peak was increased from
0% to 66.1%, which indicates that Ni(Ill) was reduced to Ni(Il) dur-
ing the reaction. The existence of Ni(Il) on the highly hydroxylated
surface of NiOOH is beneficial to the formation of Ni-OH* active
species, which can enhance PMS activation to produce SO4~ and
other active oxygen species for sulfadiazine degradation. The peaks
of O 1s performed at 533.0 eV, 531.3 eV and 529.1 eV (Fig. 3b),
which was ascribed to adsorbed oxygen (O,,s), hydroxyl oxygen
(Ni-OH) and lattice oxygen (Ni-O), respectively. Specifically, the Ni-
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O content hardly changed after the reaction, whereas the amounts
of Ni-OH increased and the amounts of O,,, decreased. It was as-
cribed to the formation more of Ni-OH* species on the NiOOH sur-
face (Table S2 in Supporting Information). Taken together, cycling
of Ni valance and formation of Ni-OH* provided a good explana-
tion for the mechanism of PMS activation via NiOOH.

To determine the role of various ROS in sulfadiazine degrada-
tion, FFA, EtOH, TBA and p-BQ were used as quenchers of 10,
S04, "OH and 0, to perform the quenching reactions [45], re-
spectively (Fig. 3c). Detailed discussion is presented in the supple-
ment information. In order to further identify the various ROS in
the NiOOH/PMS system and verify the results of the quenching
experiment discussion, DMPO and TEMP were added to conduct
the characterization of ESR. Under the secondary redox condition,
DMPO can react with ROS to generate adducts, such as DMPO-"OH,
DMPO-S0,*~ and DMPO-0,'~, while TEMP can react with 10, to
generate TEMP-10,, which resulted in the detection of characteris-
tic peaks on the ESR spectrum [46]. The strong ESR signal shown
in the Fig. 3d was DMPO-"0OH, which with a peak-to-height ratio
of 1:2:2:1, simultaneously, the low peaks were most likely to be
DMPO-SO4°~ [47]. Apparently, four characteristic peaks were con-
ducted in Fig. 3e, which are most likely to be DMPO-0,"~ [48]. In
addition, Fig. 3f illustrated a typical TEMP-10, signal, which per-
formed as a three-equal-intensity-line in ESR pattern with the rel-
ative intensity of 1:1:1 [49]. Consistent with the quenching experi-
ment results, there were both non-radicals (such as '0,) and radi-
cals (05"~ and SO,4*~) occurred in the NiOOH/PMS system, and 10,
was distinguished as the dominated ROS [50].

The degradation intermediates were detected through LC-MS-
MS, and seventeen degradation intermediates were observed, and
the details are exhibited in Fig. S8 and Table S4 (Supporting in-
formation). Practicable pathways of the degrading reaction were
proposed in Fig. S9 (Supporting Information). In the first route,
the hydrogen-nitrogen bonds of sulfadiazine were stroked by ROS
(S04, 0y~ and '0,) and hydroxylation reaction happened, re-
sulting in the creation of intermediate compound 17 with m/z
283.52 [51]. In the second route, the Nitrogen-Carbon bond of sul-
fadiazine was stroked, and then form the intermediate compound
15 with m/z 235.37. Subsequently, the generation of intermediate
compound 12 with m/z 199.00 derived from the cleavage of pyrim-
idine ring, owing to the instability of nitrogen-carbon bonds [52].
In the third pathway, sulfadiazine experiences sulfur dioxide ex-
trusion to yield intermediate compound 11 with m/z 186.66. In the
fourth route, the cleavage of the neighboring sulfur-nitrogen bonds
via ROS result in intermediate compound 8 with m/z 173.21, and
intermediate 8 may hydroxylate instantly and converted to inter-
mediate 5 with m/z 111.83 [51]. Every single determined interme-
diate may further degrade in the following reaction by ROS, bring
about the generation of aliphatic carboxylic acid, and eventually
degrade to CO, and H,0 [53].

In accordance with preceding experimental findings, the syn-
ergism between the catalytic oxidation and the adsorption pro-
cess on the NiOOH surface could depict in Fig. 4. Micrometer-
sized NiOOH hierarchical spheres used nanosheets as components,
which contribute to the extensive specific surface area, and this
feature can improve the adsorption of sulfadiazine and PMS. The
NiOOH can be used as the “hook” in providing elevated adsorp-
tion affinity for sulfadiazine and conducting sulfadiazine accessi-
ble to ROSs generation site, which would facilitate concerning sul-
fadiazine onto NiOOH surface for the following degradation. Fur-
thermore, the hydrogen bonding (O---N) formed between the sur-
face hydroxyl group of NiOOH and the amide group of sulfadiazine
could accelerate the absorption of sulfadiazine Fig. 4b). Referring to
XPS characterization, quenching experiment, and ESR characteriza-
tion, NiOOH could concisely activate PMS through non-radical and
free radical pathways, as shown in Fig. 4c. The ROS produced via
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PMS activation by NiOOH, including SO4*~, O,"~ and '0,, can be
effectively utilized to degrade sulfadiazine (Eqs. 1-12).

=Ni** + H,0 — =Ni-OH* + H* (3)
=Ni— OH" + HSOs~ — =Ni—0 + SO, + H,0 (4)
=Ni-0" 4+ 2H* — =Ni** + H,0 (5)
HSOs~ + OH™ — H,0 + SO~ (6)
SOs>~ + H,0 — SO4% + H,0, (7)
H,0, + *OH — HO," + H,0 (8)
HO,* — H* + 0, (9)
0,*” +°0H — OH + '0, (10)
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0, + 2H,0 — H,0, + 10, + 20H (11)
HSO; + SOs*~ — HSO4~ + SO4* +'0; (12)
Micrometer-sized  hierarchical spheres assembled from

nanosheets provide abundant catalytic active sites in enrich-
ing sulfadiazine and PMS, and then ROS can be effectively utilized
to accelerate the sulfadiazine degrading process in the NiOOH/PMS
system. Therefore, sulfadiazine might be effectively degraded
in the NiOOH/PMS system through the synergism between the
catalytic oxidation and the adsorption process.

In summary, a micrometer-sized NiOOH hierarchical sphere
assembled from nanosheets with a large specific surface area
has been successfully synthesized via the chemical precipitation
method. Herein, we adopted the “bait-hook & destroy” strategy
to enrich sulfadiazine and PMS onto the surface of NiOOH, and
then ROS can be effectively generated and utilized for sulfadiazine
degradation. Particularly, both radicals and non-radicals occurred
in the PMS activation, in which 10, might play an important role
in sulfadiazine degradation. Overall, the micrometer-sized NiOOH
hierarchical sphere can be an attractive candidate as heterogeneous
catalyst for PMS activation. This study provides a novel strategy via
synergistic adsorption and catalytic oxidation for SR-AOPs system
in water treatment.
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