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ABSTRACT

Peroxymonosulfate (PMS)-based advanced oxidation processes have been widely concerned because
of their efficient treatment and wide applicability for the removal of various organic pollutants.
In this study, ZnCo layered double hydroxide (ZnCo-LDH) were prepared by the hydrothermal
method, analyzed by several characterization methods, and tested as a heterogeneous photoacti-
vator to activate PMS for the removal of refractory organic dyes. The experimental results showed
that 3D multi-layered ZnCo-LDH (1:1) catalyst can activate PMS to achieve the main degradation
of 10 mg L™ rhodamine B (RhB) under dark within 40 min. Moreover, the RhB can be completely
degraded within 30 min by supplying the additional visible light under the same conditions. It can
be seen that all degraded reaction processes were corresponded with the pseudo-first-order kinetic
model, and the highest rate of RhB removal is 0.1303 min™ in visible light. The effect of various
conditions including the reaction system, inorganic anions, and initial pH on the RhB degradation
was analyzed in detail. The ZnCo-LDH (1:1) catalyst can still keep high catalytic activity to PMS
and achieved more than 95% degradation efficiency even after continual four recycles. In addition,
the reaction mechanism indicated that hydroxyl radical (*OH) and sulfate radical (SO;") can effec-
tively oxidize RhB by the single activation of ZnCo-LDH catalyst, and this reaction process can
also be enhanced under visible light irradiation. Briefly, the heterogeneous PMS-AOPs synergistic

techniques could be a promising work for the integrated control of environmental pollution.
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1. Introduction

Organic dye is an important chemical product, which
has been widely applied in all aspects of daily life includ-
ing textiles, plastic ware, and ceramics [1]. It is reported
that a considerable part of dyes will finally enter into
water environment, which results in significant reduction
of water transparency and biological oxygen demand [2].
Afterwards, pollutant problems caused by organic dyes
have attracted extensive attention due to its serious hazards
to natural environment and human health [3]. Therefore, it
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is necessary that a kind of green and efficient approach is
developed to remove the organic dyes from the industrial
wastewater. In recent decades, several approaches are used
to remove dye contaminants, including ultrasound oxida-
tion, biological oxidation, physical adsorption, and mem-
brane separation techniques [4-7]. However, most of the
above approaches can only separate the contained pollut-
ants from wastewater and fail to decompose into the small
non-toxic molecules. In contrast, some refractory dyes can
be effectively oxidized and degraded by using advanced
oxidation processes (AOPs).
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At present, AOPs technologies have brought about
widespread attention because of their excellent oxida-
tion capacity, high degradation rate, and wide applicabil-
ity for the degradation of various organic pollutants [8,9].
Commonly, PMS-based AOPs technologies are used to
degrade all kinds of dyes by oxidation of *“OH and SO;-
radicals which are derived from PMS through special acti-
vator such as ultraviolet irradiation, active carbon, and
transition metal ions [10-12]. Among them, it was discov-
ered that the Co*/PMS system showed the excellent perfor-
mance to produce many active species including *OH and
SO;" radicals [13]. For example, Xie et al. [14] prepared the
porous Co-doped g-C,N, to improve activation of PMS for
the degradation of chlorophenols. Furthermore, Zeng et
al. [15] synthesized the yolk-shell Co,0,@MOFs catalysts
to activate PMS effectively for completed degradation of
4-chlorophenol as compared to only 59.6% for pure Co,O,
nanoparticles under the same conditions. In addition, above
some researches indicated that heterogeneous cobalt-based
catalysts with specific structure can improve activated ability
of catalyst as well as avoid the second pollution of metal ions
leaching. Hence, it is urgent to develop the heterogeneous
Co/PMS systems which have high efficiency and good sta-
bility for the effective treatment of organic dye wastewater.

Layered double hydroxides (LDHs) as typical anionic
clay is commonly called as the hydrotalcite-like compounds.
It has a special layer structure including positively charged
brucite-like layers of main body layer board and compen-
sating anions between the layers [16,17]. Commonly, it can
be described by this typical formula: [M}" M?>(OH),]*(A™),
mH,0, in which M* and M* represent divalent and triva-
lent cation, respectively, and A" is the interlayer anion of
charge 1, x denotes the molar ratio of M*"/(M?*" + M*), and
m is the molar amount of crystal water [18-21]. As a typi-
cal heterogeneous catalyst, LDHs have been widely applied
in the catalytic and adsorption fields owing to its unique
advantages such as simple synthesis, adjustable structure,
and large specific surface area [22,23]. For instance, Zhao
et al. [24] synthesized a CoMn-LDH as an effective hetero-
geneous catalyst to activate peroxymonosulfate (PMS) for
the degradation of AOG dyes [24]. Besides, it is reported
that ZnAlFe-LDH has good photocatalytical performance
for the photocatalytic degradation of 2,4-dichlorophe-
noxyacetic acid [25]. Therefore, we propose to design 3D
multi-layered ZnCo-LDH as cobalt-based catalyst which
has large specific area and special lamellar structure to
expose more active sites for the effective activation of
PMS, and the combination of LDH catalyst with PMS
can also further enhance this reaction process under visi-
ble light irradiation. As far as we are concerned, there are
almost no reports about advanced techniques of synergistic
heterogeneous Co-based catalyst/PMS photosystem.

In this work, the ZnCo-LDH catalyst was synthesized
via the hydrothermal method. Its morphological and struc-
tural features were clearly investigated by several character-
izations, and then the degradation properties of RhB were
explored under visible light irradiation. The important
influence factors including pH values and the inorganic
anions were explored by the condition experiments. In
addition, the relevant reaction mechanism of radical inter-
mediates was proposed in the degraded processes of RhB.

Finally, the stability and reusability of the ZnCo-LDH cata-
lyst were tested by four recycle tests. This work might pro-
vide an efficient green and feasible synergistic technique
to treat the dye pollutants from industrial wastewater.

2. Materials and methods
2.1. Chemicals

All chemicals were analytical-reagent grades and used
as received of reagent or higher purity, and all solutions
were prepared with the ultrapure water in the whole exper-
imental processes. PMS (KHSO,-0.5KHSO,-0.5K,SO,, 95.0%)
was purchased by Saen Technology Co., Ltd., (Shanghai,
China). Rhodamine B dye (RhB, C,,H, CIN,O,) was pro-
vided by Tianjin Kemiou Chemical Reagent Co., Ltd. Zinc
nitrate hexahydrate (Zn(NO,),-6H,0), aluminum nitrate
nonahydrate (AI(NO,),9H,O), cobalt nitrate hexahydrate
(Co(NO,),"6H,0), urea (CO(NH,),), ethanol (CH,CH,OH),
tert-butyl alcohol (TBA) were purchased from Sinopharm
Chemical Reagent Co., Ltd., (Shanghai, China).

2.2. Preparation of catalyst

3D multi-layered ZnCo-LDH was prepared by the
hydrothermal method. Firstly, an equal amount of
Zn(NQ,),6H,0 and Co(NO,),6H,0 (Zn/Co molar ratio
1:1) were added into 80 mL deionized water with vig-
orous stirring. After that, a certain amount of urea as the
precipitant was added in this salt solution with magnetic
stirring, and then the mixed solution was transferred into
100 mL Teflon-lined steel reactor at 150°C for 12 h. Finally,
the precipitate was obtained via centrifuging and wash-
ing with ethanol and deionized water for several times,
and dried at 60°C in the oven. The obtained material was
denoted as ZnCo-LDH (1:1). Besides, other LDH materials
were similarly prepared with the different addition of cobalt
source and called as ZnCo-LDH (2:1), ZnCo-LDH (3:1), and
ZnAl-LDH, respectively.

2.3. Characterization

The crystalline phases analysis of the as-prepared sam-
ples was obtained by using the X-ray diffractometer (XRD,
D8 Advanced, Bruker Co., Germany) at the condition of Cu
Ka radiation (A = 1.5406 A, 40 mA, and 40 KV), and the cor-
responding data were completely recorded at a 20 range
of 10°-80° with a scanning rate of 8°/min. The morpholog-
ical structure and elemental composition were obtained by
using scanning electron microscopy (SEM, TESCAN MIRA3
LMU) and energy-dispersive X-ray spectroscopy (EDX)
at an accelerating voltage of 10 kV. The Fourier transform
infrared (FT-IR) spectra can be used to analyze relevant
functional groups at the range of 4,000-500 cm™ by using
an AVATAR 360 spectrometer (Nicolet Instrument Corp.,
America). The specific surface area and porosity of the sam-
ples were determined by using Brunauer—-Emmett-Teller
(BET) under the following parameters: 77 K, 6 h outgas,
and 300°C in advance. Besides, the Barrett-Joyner-Halenda
(BJH) method was carried out to study the pore volume
and diameter. X-ray photoelectron spectroscopy (XPS)
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measurement was taken by using the ULVAC-PHI spec-
trometer (Thermo Fisher Scientific, UK) with non-mono-
chromatic Al Ka X-rays beam (1,486.6 eV).

2.4. Catalytic activity test

The degradation experiment of RhB was carried out in
a test tube containing 50 mL of simulated pollutant solution
under the Xe lamp (500 W) with a 400 nm cut filter. In a typical
degradation of RhB, 25 mg ZnCo-LDH catalysts were added
into RhB dye solution (10 mg L) with a constant stirring
to obtain uniform dispersion. The adsorption-desorption
equilibrium has been built after stirring of 30 min in dark.
Then, the reaction solution was exposed under visible light
to start the reaction after the addition of 15 mg PMS. After a
time interval of 8 min, 3 mL sample was collected and filtered
to remove the catalyst particles. The concentration variation
of RhB was obtained by testing this sample liquid by using
a UV-vis spectrophotometer (UV-9600) at the characteristic
absorption peak of 554 nm. Due to the very low adsorption
of ZnCo-LDH catalysts for RhB, the effects of adsorption on
whole degradation experiments can be ignored, and the cor-
responding degradation efficiencies of RhB can be described
as this general formula: DE% = (C, — C)/C, where C, is
the real-time concentration and C, is the initial concentration.

3. Results and discussion
3.1. Structural characterization

The XRD pattern of ZnCo-LDH samples is presented
in Fig. 1a. It is discovered that the characteristic diffraction
peaks were about 25°, 33°, 38°, 43°, 47°, and 53° which accord
with the lattice plane of (006), (100), (012), (015), (018), and
(102) planes according to the previous work [26]. The sharp
diffraction peaks showed its high crystallinity in these sam-
ples. Besides, the ZnCo-LDH (1:1) exhibited a few clear
diffraction peaks of the typical brucite-like layers with the
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increase of cobalt source. The above results indicated that
the high purity of hierarchical ZnCo-LDH was successful
synthesized by the hydrothermal method, and it does not
contain any other impurity peaks.

The FT-IR spectra of ZnCo-LDH samples are shown in
Fig. 1b. There is a broad absorption peak at about 3,428 cm™,
which revealed the stretching vibration of the O-H groups
from the hydroxide layers and water molecules form the
interlayer [27]. Besides, the strong peak at nearly 1,653 cm™
revealed the existence of water molecules with the bending
vibration. The peak at around 1,380 and 2,360 cm™ can be
associated with the C-O stretching of interlayer carbonate
ions and the weak absorption of carbon dioxide, respec-
tively [28]. Notably, a large of peaks existed in the range of
about 500-1,000 cm™, which can be ascribed to the stretching
vibrations of metallic bond (Zn-OH and Co—-OH) [29]. It can
be seen that the three samples have similar peak shape and
peak location which will not be affected by metal contents.

The SEM images were used to analyze the morpholog-
ical structure of samples. As shown in Fig. 2a, the ZnCo-
LDH (1:1) has homogeneous cubical morphology structure
with a relatively wide size distribution and good disper-
sion. Commonly, the construction of ZnCo-LDH has many
main body layers which are consisted with octahedral units
with central metal cations, and each vertex angle existed the
hydroxyl ions. In order to balance the extra positive charge
of main body layers, the carbonate ions as compensating
anions were intercalated between the interlayer regions.
The 3D multi-layered ZnCo-LDH showed the construction
of octahedron unit which has lamellar structure with the
large surface area. Besides, it can support layered structure
with more active site, which is beneficial to the adsorption
of targeted dyes and enhancement of degradation pro-
cess. In Fig. 2b, the EDX elemental spectrum illustrates
that the elements including Zn, Co, and O were contained
in ZnCo-LDH samples without other impurities.

The adsorption of ZnCo-LDH (1:1) was associated
with the pore structure as well as specific surface area of
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Fig. 1. (a) XRD pattern and (b) FI-IR spectra of different ZnCo-LDH samples.
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Fig. 2. (a) SEM image and (b) EDX map of ZnCo-LDH (1:1).

as-prepared catalyst. As shown in Figs. 3a and b, the N,
adsorption—desorption isotherms curve and the relevant
pore-size distribution curve were obtained by the test and
analysis. Based on the descriptions of the International
Union of Pure and Applied Chemistry (IUPAC), ZnCo-LDH
(1:1) presented an obvious IV isotherm fitted to the H3 type
hysteresis loop, which was well accorded with the typical
characteristics of microporous structures. From Fig. 3a, a
hysteresis loop and abrupt leap are observed in this region
(P/P, = 0.2-1.0), which indicated that the interconnected
channels can be existed in ZnCo-LDH (1:1) catalyst. Fig. 3b
displays the pore-size distribution of ZnCo-LDH (1:1), and
its pore diameters are mostly presented at the range of
2-10 nm which furthermore confirmed the existence of
mesopores. In addition, the adsorption kinetics parameters

MIRA3 TESCAN
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were obtained, including the surface area (4.853 m* g™'), pore
volume (0.006 cm?® g™), and pore diameter (2.173 nm), respec-
tively. Therefore, it can be concluded from above results that
3D multi-layered ZnCo-LDH (1:1) catalyst has the micro-
porous structures with many active sites, thus improving
the degradation efficiency of the organic pollutants.

XPS test results was employed to analyze the element
valence states of the ZnCo-LDH (1:1) in Fig. 4. It can be seen
that the main elements of the survey XPS spectrum included
Zn, Co, O, and C in Fig. 4a. More notably, the peak of C 1s
at 285.1 eV are owing to external carbon contamination from
the signal of carbon of the apparatus. The results of Fig. 4b
indicate that the peaks at 1,045.2 and 1,022.1 eV could be
assigned to the binding energies of Zn 2p,, and Zn 2p,,,
respectively. In Fig. 4c, the two binding energies peaks at
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Fig. 3. (a) N, adsorption-desorption isotherms and (b) pore size distributions of ZnCo-LDH (1:1).



S. Zhou et al. / Desalination and Water Treatment 216 (2021) 315-325 319
(a) Zn2p Survey (b) Zn2p
Ols
3 Co2p 3
g g
iy iy
5 g
= =
B Cls =
J j T i T j ' j : ' : T T T T T T T T T T T 1
1200 1000 &0 60 40 200 0 1050 1045 1040 1035 1030 1025 1020
Binding energy (eV) Binding energy (eV)
(c) Co2p (d) Ols
Ols

) )
G &
£ £
172} 172]
2 g
= =

— T + T '+ T T T T T ' T T T T T 7 — T '+ T ' T ‘T T T T T T T 7

810 805 800 795 790 785 780 775 536 535 534 533 532 531 530 529 528
Binding energy (eV) Binding energy (eV)

Fig. 4. XPS spectra of ZnCo-LDH (1:1): (a) the survey scans, (b) Zn 2p, (c) Co 2p, and (d) O 1s.

802.8 and 797.5 eV are assigned to the Co 2p, ,, and the bind-
ing energies of Co 2p,, shows two other peaks at 785.9 and
781.5 eV, which demonstrate the existence of the Co* and
Co*" oxidation states [30]. In addition, Fig. 4d shows that
the binding energy of Ols and the strong peak located at
531.7 eV, which is attributed to the oxygen of the hydroxyl
groups on the surface of the LDH [31]. The XPS results
further confirm the successful formation of ZnCo-LDH.

3.2. Catalytic activity evaluation
3.2.1. Effect of different reaction system

As depicted in Fig. 5a, the degradation efficiency of
RhB was explored by using different ZnCo-LDH samples in
the ZnCo-LDH/PMS system. It was discovered that ZnAl-
LDH as well as an unused catalyst cannot cause the deg-
radation of RhB in dark. However, when the ZnCo-LDH

samples were added, RhB can be oxidized and degraded by
the generated various active species, which is owing to the
effective activation of cobalt source for PMS. Among them,
the optimal degradation efficiency of RhB was about 95%
within 40 min in the ZnCo-LDH (1:1)/PMS dark process.
Besides, the pseudo-first-order kinetics was used to evalu-
ate the degradation performance of catalysts by using the
general formulas (In(C/C,) = -kt and ¢, = In2/k) where C/C,
stands for the relative change of concentration, k (min™)
is the pseudo-first-order rate constant and t,, (min™) is
half-life [32]. In Fig. 5b, the degradation process of RhB in
dark was well accorded with the pseudo-first-order kinet-
ics owing to which the correlation coefficients (R?) are very
close to 1. From Figs. 5c and d it can be seen that the high-
est rate is 0.0748 min™, and the shortest half-life is 8.89 min
for the degradation of RhB in dark. The above experimental
results revealed that 3D multi-layered ZnCo-LDH (1:1) cat-
alyst can achieve better degradation of RhB due to which
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Fig. 5. (a—d) Degradation curve, pseudo-first-order kinetics model, reaction rate constants and half-lives of RhB with different
catalysts in dark. (Experiment conditions: 10 mg L™ RhB solution; 0.3 g L' PMS; 0.5 g L™ catalyst; room temperature (25°C);

no initial pH adjustment).

it provides a lots of cobalt-based active sites on the surface
of multi-layered structure to enhance the activation of PMS.
In order to achieve the further enhancement of PMS
activation, the ZnCo-LDH as an excellent cobalt-based
catalyst can rapidly degrade RhB by various active species
from activated PMS by introducing visible light irradiation.
In Fig. 6a, ZnAl-LDH catalyst had weaker photocatalytical
ability for the degradation of RhB. In addition, PMS can-
not be completely activated under the condition of no cat-
alyst, so the removal of RhB can only relied on itself weak
activation of PMS. Compared with other several catalysts,
the ZnCo-LDH (1:1) catalyst can achieve the complete deg-
radation for RhB within 30 min. As shown in Fig. 6b, the
degradation process of RhB was also accorded with the
pseudo-first-order kinetics. From Figs. 6¢ and d, the ZnCo-
LDH (1:1)/PMS system under visible light showed that the
reaction rate (0.1008 min') was faster more than that of

dark condition, and the half-life (6.87 min) is shorter. All the
above results indicated that the combination of LDH cata-
lyst with PMS can also further enhance the effective degra-
dation of RhB by the assistance of visible light irradiation.
Therefore, the 3D multi-layered ZnCo-LDH (1:1) material
can be considered as a green and effective heterogeneous
photoactivator in the ZnCo-LDH/PMS photosystem.

3.2.2. Effect of different anions

Some inorganic anions in the natural groundwater can
cause an influence on the degradation reaction of RhB solu-
tion, such as CI;, NO;, SO, and HCO;. In Fig. 7a, when
10 mM CI- was added, the degradation efficiency of RhB
notably increased within 30 min. However, compared with
existence of ClI-, other three anions inhibited the generation

of the *OH and SO;- radicals, which results in the decline
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Fig. 6. (a—d) Degradation curve, pseudo-first-order kinetics model, reaction rate constants and half-lives of RhB with different cata-
lysts under visible light. (Experiment conditions: 10 mg L™ RhB solution; 0.3 g L' PMS; 0.5 g L™ catalyst; room temperature (25°C);

no initial pH adjustment).

of RhB degradation efficiency. More specifically, when the
reaction solution was, respectively, added an equal amount
of NO;, SO}, and HCO;, RhB could be degraded to 91.4%,
92%, and 92.5% at the same time. As seen from Fig. 7b, the
highest rate is 0.1151 min™ with the addition of CI-, but the
reaction rates of solution with the other three anions were
0.0799, 0.082, and 0.087 min™, respectively. Therefore, it
is necessary that the effect of the competitive adsorption
of anions on the degradation processes of RhB should be
clearly investigated.

Based on the above results and previous literatures,
it was discovered that these inorganic anions were easily
oxidized by *OH and SO;- radicals for a negative influ-
ence of RhB degradation efficiency, which is presented in
these equations (Egs. (1)-(9)) [33-36]. Obviously, the pres-
ence of CI” can enhance the degradation rate of RhB in the

ZnCo-LDH/PMS photosystem, which is ascribed to these
three radicals including CI*, CIOH*, and Cl;-, respectively.
Conversely, other three anions can decline the degradation
rate of RhB, because the *OH and SO;~ radicals can be eas-
ily quenched by these anions, which resulted in the gen-
eration of competitive relations with the target pollutions.
In addition, it can be seen from Fig. 7b that the inhibiting
order of these anions was NO; > SO > HCO;. The above
researches verified that the competitive adsorption of inor-
ganic anions was largely responsible for the degradation
rate of RhB:

Cl" +*OH — CIOH" 1)

CIOH" +H' - CI' + H,0 @)
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Fig. 7. (a—d) Degradation curve and pseudo-first-order kinetics model with different inorganic anions (pH values) under visible
light. (Experiment conditions: 10 mg L RhB solution; 0.3 g L' PMS; 0.5 g L™ catalyst; room temperature (25°C)).

Q"+l > QI 3)
Cl™ +S0O; — SO +CI° 4)
NO; +S0;” - SOi™ +'NO, (5)
NO; +*OH — OH +°NO, ©6)
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HCO; +80;” — SO + H* +CO;~ ®)
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3.2.3. Effect of different pH

As shown in Fig. 7c, the effect of initial pH on the deg-
radation efficiency of RhB was investigated at various pH
conditions from 3 to 9. It was found that the degradation
efficiency of RhB was more than 95% at the range of ini-
tial pH 4 to 7, so this PMS-AOPs synergistic techniques can
be applied for the treatment of organic pollutants without
pH adjustment. In addition, the higher catalytical activi-
ties were shown at pH ranging from 5 to 9 than extreme
pH (pH = 3 or 9) in the ZnCo-LDH/PMS photosystem.
Meanwhile, it is also observed from Fig. 7d that the reac-
tion rate constants were 0.0695 min™ (pH = 3), 0.118 min™’
(pH = 5), 0.115 min™ (pH = 7), 0.088 min™ (pH = 9), and
0.115 min™ (blank group pH = 5.7), respectively. Compared
with blank groups, the above results indicated that the
degradation reaction of RhB was negative under extremely
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acidic or alkaline conditions. On the one hand, an excess
of H* could cause the loss of Co* from ZnCo-LDH catalyst
for the negative effect on heterogeneous activation of PMS.
On the other hand, it was also obvious that the degrada-
tion of RhB could be inhibited at extreme acidic or alka-
line conditions, which presented in the following reactions
(Egs. (10)—(11)) [37,38]:

SO +H" - HSO; (10)

SO +OH — SO +*OH (11)

3.3. Possible degradation mechanism

In order to analyze the degraded processes of RhB,
the free radicals quenching experiment was carried out
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in the ZnCo-LDH/PMS system under visible light irradi-
ation. Typically, heterogeneous ZnCo-LDH/PMS system
can generate two basical active species including *OH and
SO;- radicals from the activation of PMS. According to
previous reports, EtOH was found to have high reactivity
for the quenching of *OH radicals (reaction rate constant:
1.2-2.8 x 10° M s™') and SO;" radicals (1.6-7.7 x 10" M s7)
[23]. Besides, TBA is more effective quenching for *OH rad-
icals (3.87.6 x 108 M s) which is 1,000 times faster than
SO;" radicals (4-9.1 x 10° M s7) [39]. In view of the above
analysis, EtOH (ethanol) is used to quench *OH and SO;~
radicals, but TBA (tert-butyl alcohol) can only quench *OH
radicals. In Fig. 8a, when 0.2 mol L™ TBA and EtOH were
added into this system, the degradation efficiency of RhB
declined to about 80% and 27%, respectively. Therefore, it
can be seen that many SO;- radicals and few *OH radicals
play an important role in the degradation processes of RhB.

104 (a)

0.8

0.6

(C-C,)/C, (%)

0.4 1

0.2 1

0.0 -

TBA EtOH

No Scavenger

(b)

0.8 1

0.6

0.4 -

(Co-C)/Co (%)

0.2 4

0.0 4

Cycles

ZnCo-LDH

Fig. 8. (a) Effect of various radical scavengers on RhB degradation, (b) recycle test of ZnCo-LDH (1:1) for RhB degradation,

and (c) Mechanism scheme for RhB degradation.
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Based on above results, the possible mechanisms of
ZnCo-LDH catalyst for the RhB degradation is proposed
in Fig. 8c. In a typical photocatalytical reaction, ZnCo-LDH
catalyst can be excited and produce the photo-generated
electro-hole pairs in the conduction band under visible light
irradiation. On the surface of catalyst, the photo-generated
electrons (e”) can react with the dissolved oxygen to pro-
duce the superoxide species (*O;), the photo-generated react
holes (h*) with water molecules to generate active *“OH spe-
cies (Egs. (12)-(14)) [40,41]. Finally, small amount of RhB dye
molecules can be oxidized and degraded by active *OH and
*O;, species in the typical photocatalytic reaction (Eq. (15)) as
follows:

ZnCo-LDH +hv — LDH(e ")+ LDH(h") (12)
LDH(e )+0, >LDH+'0, (13)
LDH(h")+H,0 - LDH + "OH (14)
‘O, +"OH +RhB — By-products + H,0 + CO, (15)

In addition, PMS-AQOPs technology plays a major role
for the degradation of RhB. Firstly, the photo-generated
electrons can react with HSO; from PMS to produce SO;~
species (Eq. (16)) [41]. On the other hand, Co* can be acti-
vated by HSO; and generate SO;~ species, and Co* can also
be captured and generate SO species (Egs. (17) and (18))
[42,43]. Further, main *OH species were obtained by SO;-
species reacting with water molecules, and SO;" species can
also obtained by its own oxidation reaction of SO;~ species
(Eq. (19) and (20)) [44,45]. Lastly, the generated SO;~ and
*OH radicals can effectively oxidate RhB dye molecules to
achieve complete degradation (Eq. (21)). Briefly, PMS can be
heterogeneously activated by the synergetic assistance of the
photo-induced electrons and cobalt source, and then the rel-
evant reactions for PMS activation by the ZnCo-LDH/PMS
photosystem were shown as follows:

HSO; +LDH(e") - OH™ +S0; (16)
Co®* +HSO; — Co®* +SO; +°OH (17)
Co’* +HSO; — Co* +SO; +H" (18)
SO; +H,0 > H" +S0O; +°"OH (19)
SO: +S0:" -0, +250; 20)
SO} + "OH + RhB — By-products + SO +H,0+CO, (21)

3.4. Reusability of the catalyst

The stability evaluations of the catalyst are widely con-
cerned for their practical applications. In this system, the

sustainable reusability of ZnCo-LDH (1:1) catalyst was
estimated by the cycle experiment. Specifically, the used
catalysts were collected by centrifugation, then washing
with ethanol and deionized water for several times, and
dried at 60°C for the next utilization. As shown in Fig. 8b,
the degradation efficiency of RhB can still keep over 95%
after four continual cycles, which indicated that the ZnCo-
LDH catalyst has excellent stability and reusability for the
degradation of refractory pollutants from wastewater.

4. Conclusion

In this study, 3D multi-layered ZnCo-LDH, prepared
via the facile one-step hydrothermal method, was used
for the first time as heterogeneous photoactivator which
has good crystallographic structure and large surface area
to offer more active site. Therefore, ZnCo-LDH can pho-
toactivate PMS to achieve the highly efficient degradation
of RhB under visible light irradiation, and the reaction
processes were accorded well with the pseudo-first-order
kinetic behaviors. In the ZnCo-LDH/PMS photosystem,
the synergetic action of the photo-induced electrons and
cobalt cations play a major role in the degradation of RhB.
Briefly, this work could provide a simple idea to fabricate
novel cobalt-based catalyst with high catalytical activity
and excellent stability for all kinds of applications in the
treatment of organic pollutants.
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