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Heterogeneous activation of persulfate by
ZnCo,Fe, ,0,4 loaded on rice hull carbon for

degrading bisphenol A
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A new low-cost composite of ZnCo,Fe,_,O4 loaded on rice hull carbon (ZnCoyFe,_,O4-RHC) was

synthesized via waste ferrous sulfate (the industrial waste produced in the process of producing titanium
dioxide) and rice hull as raw materials, which was applied for the degradation of bisphenol A (BPA) by
heterogeneous activated peroxodisulfate (PS). A series of characterizations including XRD, SEM, FTIR, and

BET analysis were carried out to analyze the structure and morphology of the materials. It is confirmed
that the ZnCo,Fe, ,O4-RHC composites show better catalytic activity and performance than other
control samples, which can be attributed to the synergistic effect of Fe and Co, ZnCo,Fe, ,O4 and RHC
based on these analyses. The degradation rate of BPA by ZnCo; 3Feq704-50%RHC reached 100% within
15 min, and it can still maintain good catalytic efficiency after 5 cycles. ESR test and XPS results showed
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that free radical and non-free radical processes were involved in BPA degradation. These findings offer

a novel, low cost and simple strategy for rational design and modulation of catalysts for the industrial

DOI: 10.1039/d0ra08852h

rsc.li/rsc-advances titanium dioxide industry.

1 Introduction

Bisphenol A (BPA), also known as diphenolic propane, is an
important raw material used in the manufacture of poly-
carbonate plastics and epoxy resins, which widely exists in
industrial wastewater.® As a typical endocrine disruptor, BPA
can mimic and interfere with the secretion of endogenous
hormones, hinder the hormone's function, interfere with the
hormone balance in the human body, and thus affect the
endocrine, nerve, immune and reproductive systems of humans
and animals, causing great harm to human health.>* In addi-
tion, BPA is not biodegradable and highly resistant to chemical
degradation.® Therefore, it is crucial to develop a cost-effective,
low-consumption, green treatment technology to remove BPA in
waste water.

In recent years, among the multiple technologies for
removing BPA, the emerging persulfate oxidation technology
based on sulfate radicals (SO, ) has attracted more and more
attention.® As a kind of strong oxidant, the sulfate radical
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degradation of organic pollutants, and provide a new idea for the utilization of waste ferrous sulphate in

degrades organic pollutants in the system remarkably.
Compared with the traditional advanced oxidation method
based on hydroxyl radical ("OH), the use of SO,"~ has a number
of advantages, such as higher oxidation potential (SO, ~, E/ =
2.5-3.1V; "OH, E” = 1.8-2.7 V),® higher selectivity and efficiency
for organic pollutants with unsaturated bonds or aromatic
rings, wider pH range (pH = 2-8), longer half-life.” Persulfate
oxidation technology can activate K,S,0g (PS) through heat,
ultraviolet light and transition metals (such as Fe*", Cu®*, Co*",
Ag") to form sulfate radicals (SO, ~).5'° The use of transition
metal ions requires lower activation energy than other external
energy. However, it is difficult for transitional ions to recover
and may cause secondary pollution. Therefore, it is of great
significance to choose an activating agent for PS that can
improve the recycling rate and can be magnetically separated.

Spinel ferrite [AB,O, (A = Mn*", Co**, Ni**, Zn*", etc. B =
Fe®")] is a class of important functional materials because of
their unique electromagnetic, optical and catalytic properties,
stable chemical properties, and excellent magnetic properties.
Spinel zinc ferrite (ZnFe,0,) has attracted wide attention due to
its low cost, free of precious or carcinogenic metals, and envi-
ronmentally friendly."* The synthesis methods of ZnFe,O,
mainly include solid phase method,”* co-precipitation
method,” hydrothermal method,* sol-gel method" and so
on. Among them, the solid phase process is a simple and
effective method because of operation to easy, environmentally
friendly, low cost, short time, and suitable for industrialization.
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The current reported studies for the synthesis of ZnFe,0, by
solid phase method usually take analytically or chemically pure
ferrous sulfate as raw material.’**® Due to the process of
producing titanium dioxide by sulfuric acid method, about 7
million tons of ferrous sulfate waste was produced in 2018, and
it increases at a rate of more than 10% with the increasing
demand for titanium dioxide year by year.**-** Nowadays most of
waste ferrous sulphate is still disposed as solid waste.”> Such
vast amount of piled waste ferrous sulphate not only occupies
the farm land but also causes serious pollution to the
surrounding environment, and causes a great waste of renew-
able resources. This left us open to thinking that whether the
waste ferrous sulphate could be adopted as raw materials to
obtain ZnFe,O, via facile solid state method, thus to realize the
resource utilization of waste, and further reduce the cost of
preparing ZnFe,0,. It is worth noting that the ZnFe,0, nano-
particles prepared by the solid phase method are peculiarly
prone to aggregate, which result in reduced active sites and
unfavourable catalytic property.”® On the one hand, this can be
improved by Co doping because of the excellent catalytic activity
of Co. Zhong et al.** confirmed that Co-doped bismuth ferrite
increased the degradation rate of levofloxacin by 3.52 times
compared with undoped BFO. Zhang et al*® found that Co
doping ZnFe,O, have abundant oxygen vacancy, which can
rapidly activate persulfate to remove organic pollutants. In
addition, due to the synergistic effect of Zn and Co, the metal
ion leaching rate of Co-doped zinc ferrite nanomaterials is
reduced.”® On the other hand, the composite of ferrite nano-
particles and carbon matrix (graphene, carbon nanotubes,
et al.) can deliver enhanced catalytic activity compared with
ferrite nanoparticles, profiting from the inhibition of agglom-
eration by carbon matrix. It is important to choose a cheap
carbon matrix from a practical industrial applications view
point. For the past few years, rice hull carbon, which is
a common food by-product, has been widely studied as biomass
carbon source applied in many fields owing to the source cheap
and sustainable.” The derived rice hull carbon (RHC) has the
feature of large specific surface area, strong adsorption capacity,
and fast conduction rate, which can raise synergistic effect
between ferrite and RHC, leading to higher catalytic activity of
the ferrite/RHC composite.?®

In this study, we designed and prepared a new composite of
cobalt doped zinc ferrite loaded on rice hull carbon (ZnCo,-
Fe, ,0,-RHC), via one-step solid phase method using waste by-
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product ferrous sulfate as iron source and rice hull as carbon
source. The composite shows enhanced activity and property
when used as a catalyst for bisphenol A degradation in persul-
fate system. The synthetic and degradation mechanisms and
degrading BPA process were studied, the degradation condi-
tions were optimized, and the reaction kinetics and cyclic
stability of the composite were investigated systematically. This
research put forward a thinking of “using waste to treat waste”,
which not only provides an efficient and environmentally
friendly way to degrade BPA, but also expands the resource
utilization of waste by-product ferrous sulfate, and thus achieve
good economic and environmental benefits.

2 Experimental section

2.1. Materials

Waste by-product ferrous sulphate from Panzhihua Iron and
Steel Group Co. Ltd (Sichuan, China). Rice husks are taken from
Sichuan agricultural production base (Sichuan, China). Bisphe-
nol A(Cy5H;60,) was purchased from Aladdin Reagent Co. Ltd.
Pyrite (FeS,) purchased from Beijing Hawke Technology Co. Ltd.
Cobalt sulfate (CoSO,-7H,0), zinc sulfate(ZnSO,-7H,0), potas-
sium peroxosulfate (K,S,03), sodium hydroxide (NaOH), hydro-
chloric acid (HCI), ethanol (C,HO, EtOH) were purchased from
Chengdu Kelong Chemical Reagents Co. Ltd. tert-Butanol
(C4H100, TBA), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 2,2,6,6-
tetramethyl (TEMP), p-benzoquinone (BQ), potassium chloride
(KCl), potassium nitrate (KNO3), potassium carbonate (KHCOs3),
potassium dihydrogen phosphate (KH,PO,) were purchased
from Chengdu Jinshan Chemical Reagent Co. Ltd. Furfuryl
alcohol (CsHgO,, FFA) was purchased from Makerlin Biochemical
Co. Ltd. All the solutions were prepared using deionized water.

2.2. Preparation of catalyst

Rice husk is washed with deionized water for several times and
put them in a dry place to dry naturally. The dried rice husks are
put into a ball mill and ground for 1 h at a rotational speed of
500 rpm. Then, rice husk powder is put into a tubular furnace
and calcines at 600 °C for 120 min under the protection of N,
atmosphere to obtain RHC. The cooled RHC is added to 3 M
NaOH and stirrs continuously for 12 h to remove the silicon
dioxide in the rice hull. The rice hull after desilication is washed
many times in deionized water until it becomes neutral. Then, it
is added to a solution of dilute hydrochloric acid and stirs

Table 1 Abbreviation for sample corresponding to the cobalt molar ratios in the course of synthesis (Zn/Co/Fe)

x = 0.7
ZnCo, ;Fe; 304

x=0
ZnFe,0,

Co molar ratios (x)
ZnCo,Fe,_,0,

Table 2 Abbreviation for sample corresponding to the RHC mass ratios

x=1.3
ZnCo, 3Feq ;0,4

x=1.6
ZnCo, gFey 404

X =
ZnCo,0,

RHC mass ratios (y wt%) y =0
ZnCo, 3Fe 704-y%RHC

y =20

44552 | RSC Adv, 2020, 10, 44551-44570

y =40
ZnCoq 3Fey ;04 ZnCo, 3Fe;04-20%RHC ZnCo, 3Fe;04-40%RHC ZnCo, 3Fep ;04-50%RHC ZnCo 3Fe( ;04-70%RHC

y =250 y=70

This journal is © The Royal Society of Chemistry 2020
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Fig.1 TG-DSC of the obtained mixtures by mixing zinc sulfate, cobalt
sulfate, waste ferrous sulfate and pyrite ina molar ratioof4 : 4 : 3.5: 1.

continuously for 3 h to remove the metal oxides. Washing with
deionized water several times until neutral, and then dry at
50 °C for 3 h. Store in a dryer for later use.

Using pyrite as the reducing agent and waste ferrous sulfate
as the iron source, the ZnSO,-7H,0, the waste ferrous sulfate
and pyrite are weighed by a certain molar ratio, and dried at
100 °C for 5 h. Then, Co molar ratios (x = 0, 0.7, 1.3, 1.6 and 2)
(Table 1) and RHC mass ratios (y = 0, 20, 40, 50 and 70 wt%)
(Table 2) were add into the mixture, and ball milled in a ball mill
of 500 rpm for 2 hour. The mixture after homogenization was
put into a tube furnace and calcined at 550 °C for 90 min under
a protective atmosphere to synthesize ZnCo,Fe, ,O4y wt%
RHC composite. Following cooling to room temperature, wash
with deionized water and absolute ethanol 5 times to remove
impurities. Finally, it was dried in a freeze dryer for 24 hours.

2.3. Characterization of catalyst

Phase analysis of the catalyst is carried out using an X-ray
diffractometer (XRD, Empyrean, PANalytical) at CuK ray (1 =
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0.15401 nm), working current 300 mA, working voltage 40 kV,
scanning speed 0.02° s~', scanning range 5-80°. Model JSM-
5900LV SEM-EDX is used to analyze the surface morphology
and element composition of the samples. Model XSAM800 XPS
(Kratos, UK) is used to study the surface composition of the
sample. The morphology of the samples is observed by JEOL
JEM-12100 transmission electron microscope (TEM). The
surface properties of the samples are identified by Andor SR-
5001 Raman spectrum (RM) and Nicolet IS10 Fourier Trans-
form spectrum (FTIR). The reaction mechanism of the mixed
materials and the thermal stability of the samples are analyzed
by TG-DSC (STA 449F3, Germany). N, adsorption and desorp-
tion data are obtained by Mike 2460 Brunauer-Emmet-Teller
technique (BET). DMPO and TEMP are used as trapping agents
to analyze the free radicals generated by the reaction using
electron paramagnetic resonance (ESR, JEOL JES-FA200). The
Zn, Fe and Co ions released from the catalyst are detected by
a plasma spectrometer (ICP-OES, Shimadzu, Japan).

2.4. Degradation experiments

The degradation process of BPA is conducted in a beaker fol-
lowed by stirring at room temperature. At the same time, all
experiments are carried out by adding 200 mL of BPA solution
(20 mg L™1), K,8,05 (molar ratio of K,S,0g/biphenol A is 42.23),
ZnCo,Fe, 04y Wt% RHC catalyst (0.75 g L’l) to a 250 mL
beaker, and the mixing paddle stirs the mixture at 400 rpm to
start the catalytic degradation reaction. At each predetermined
time interval (0, 3, 5, 10, 15, 20, and 30 minutes), 10 mL of the
supernatant is taken out and Na,S,0; solution (0.5 M) is added
into to the supernatant to prevent further BPA degradation.
After that, the solution is centrifuged at high speed for 5 min in
a centrifuge, and takes the supernatant concentration to be
measured. By adding NaOH (0.1 M) and H,SO, (0.1 M) to adjust
pH to 2, 5, 7, 9 and 11, the effect of pH value on degradation
experiment is tested. C1~, H,PO, , HCO; ™, NO;™ are added to
the solution to explore the effect of anions on catalytic oxidation
of BPA. tert-Butyl alcohol (TBA), ethanol (EtOH), p-benzoqui-
none (BQ) and furfuryl alcohol (FFA) are used as scavengers for
SO,"”, "OH, '0, and O, . The molar ratio of TBA to PS, EtOH to

ZnCo, Fe, .0,

|

ZnCo, Fe, ,0,-20Wt%RHC
A

ZnCo, ,Fe, ,0,-50wt%RHC
(1) %02 @20) | 29) (400 @G o’ e
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Fig. 2 The XRD patterns (a), FTIR spectra (b) of samples.
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PS, BQ to PS and FFA to PS are set as 1000, 1000, 600, and 600
respectively to study the free radicals in the catalytic systems.
BPA concentrations are measured at 277 nm with an ultraviolet
spectrophotometer (V-5800).

3 Results and discussions

3.1. Synthesis and characterization of Zn,Co,Fe-RHC
composites

The TG-DSC was used to analyze the formation mechanism of
ZnCoFeO, synthesized by solid phase reduction. As shown in
Fig. 1, under the protection of nitrogen, the thermal
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decomposition of raw materials is divided into three processes.
The first stage is at the temperature range between 71 and 95 °C,
with a mass loss of 1.29% due to the loss of adsorbed water on
the surface of raw materials. In the second stage of 267-375 °C,
the mass loss is 9.26%, which is due to the loss of crystal water
in waste by-product, the loss of crystal water in zinc sulfate and
cobalt sulfate. The third stage is from 481 °C to 862 °C, with
a mass loss of 39.89% due to the reaction of the feedstocks with
each other and the release of sulfur dioxide gas. It can be
inferred that ZnCoFeO, is synthesized through the following
reactions (eqn (1)-(4)):

Fe-tCo-Kat Ina

C

Fig. 3 SEM images of RHC (a), ZnCo; 3Feq;04 (b), ZnCoy3Feq704-50%RHC (c). Energy dispersive X-ray spectroscopy (EDS) patterns of
ZnCoy 3Feq704-50%RHC (d). EDS elemental mapping of Fe (e), Zn (f), Co (g), O (h) and C (i).
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ZnS0O4-TH,0 — ZnSO,4 + TH,0(g) (1)
FeSO4-H,O — FeSO,4 + H,0(g) (2)
Co0S0O4-7H,0O — CoSO4 + 7TH,0(g) (3)

2FeSO,4 + 3CoSO,4 + 3ZnS0O,4 + FeS, — 3ZnCoFeO,
+ 10S0O, (4)

Fig. 2a shows the XRD patterns of the waste ferrous sulfate,
7ZnCo, 3Fe, ,0,4, ZnCoq 3Fe(,0,4-20%RHC, ZnCo, 3Fey,04-50%
RHC and RHC. It can be seen that the XRD pattern of the waste
ferrous sulfate is basically consistent with the standard pattern
of FeSO,-H,O (JCPDS Card No. 81-0019), indicating that the
main component of the purified ferrous sulfate is FeSO,-H,0.
From the XRD patterns of ZnCo; ;Fe, ;04, ZnCo4 3Fe, ;0,-20%
RHC and ZnCo, 3Fe, ,0,4,-50%RHC, it can be observed that the
260 values of the diffraction peaks are 18.16°, 30.05°, 35.43°,
36.94°, 42.97°, 56.91° and 62.43°, corresponding to the crystal
planes (111), (220), (311), (222), (400), (511) and (440) respec-
tively for the as-obtained samples, which are in agreement well
with the standard characteristic peaks for the cubic spinel
ferrites with the conventional formula [Fe**],[M**Fe**];0, as
a reference standard for ZnFe,0, (JCPDS Card No. 77-0011) and
CoFe,0, (JCPDS Card No. 22-1086).> RHC has a broad peak at
25.23°, which is indicative of amorphous carbon. The (002)
crystal plane appeared in the XRD pattern of ZnCo, 3;Fe, ;0,-
50%RHC (JCPDS Card No. 41-1487), indicating that rice husk
carbon was successfully doped into ZnCo, 3Fe, 50,.>*° The (002)
crystal plane did not appear in the XRD pattern of

d@=0311 nm(002)
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ZnCo, 3Fe(704-20%RHC because the doped biochar content is
less, and the intensity of the diffraction peak is weak, which is
covered by the strong peak of ZnCo, ;Fe, ;O,. These XRD results
indicate that ZnCo, ;Fe,;0, nanoparticles were successfully
interspersed on the rice husk carbon substrate.

The FTIR spectra of RHC, ZnCo, ;Fe, 0, and ZnCo, 3Fe, ;-
0,4-50%RHC are shown in Fig. 2b. The absorption peaks of 1040,
1630 and 3442 cm™ " in the RHC spectrum can be attributed to
C-0O-C stretching vibration, C=0 stretching vibration and O-H
stretching vibration in water molecules, respectively.*
Comparing with the spectra of RHC and ZnCo, 3Fe,,04-50%
RHC. We can observe the peaks corresponding to oxygen-
containing functional groups in RHC with a slight shift for
some of them, which indicates that RHC has been supported
well on the ZnCo, 3Fe, 50, in ZnCo, 3Fe, ,0,-50%RHC. Besides,
the absorption peak of 571 cm™* observed in the spectrum of
ZnCo, 3Fe, ;0, can be attributed to the stretching vibration of
Zn**-0>" while the absorption peak of 413 cm™' can be
attributed to the stretching vibration of M**-0%>~ (Co*'-0°7,
Fe**-0%7) in typical spinel ferrite.® In the FTIR spectrum of
ZnCo, 3Fe, ;04-50%RHC, the peak value of metallic bond (M-O)
corresponding to ZnCo, ;Fe,,0, varies. This means that
ZnCo, 3Fe(704-50%RHC is not a simple mixture of ZnCo, ;-
Fe, -0, and RHC.

Fig. 3a-c are SEM images of RHC, ZnCo, ;Fe,,0, and
ZnCo, 3Fe,;04-50%RHC, respectively. It can be seen from
Fig. 3a that the RHC has a smooth surface and a huge sheet
structure. The ZnCo,;Fe,,0, shows nano-structure with
uniform spherical particles, and it occurs agglomeration of
nanoparticles caused by electrostatic attraction and van der

Fig. 4 TEM images of ZnCo; 3Feq ;O (a), ZnCoy 3Feq704-50%RHC (b). HRTEM images of ZnCoy sFeq704-50%RHC (c).

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 44551-44570 | 44555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08852h

Open Access Article. Published on 17 December 2020. Downloaded on 3/14/2026 12:22:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Q140+ Zoow ) b
% 0.025 —ZnCo::Fe::O;Svm'/. RHC|
£
1204 3 RHC
o 2 0
5100 3
3 2o S
Q2 801 RHC 0 _5 10 15 20 25 30 .é‘
o —o— ZnCo‘ 3FeQ 704 Pore Diameter (nm) 2
S 0 J—+—2nCo, Fe,,0,-50mt% RHC 5
= o < ZnCo, Fe, 0,-50%RHC
3 E r— 13 V0774
5 9 3
a 20: § ZnCo, Fe, 0,
1 Pt P, .AA.'_'_
04
L) . ) L] T T T T )
0.0 0.2 0.4 0.6 0.8 1.0 500 1000 1500 2000

Relative Pressure (P/P )

Fig. 5 N, adsorption—desorption isotherms (a), Raman spectra (b).

Waals force. From Fig. 3¢, the ZnCo, ;Fe, 0, nanoparticles are
interspersed in the RHC, which alleviates the agglomeration
phenomenon to a certain extent. The EDX spectrum result
shown in Fig. 3d indicates that the prepared sample is
composed of Fe, Zn, O, Co and C. The element map confirms

Wavenumber (cm™)

that the distribution of Zn, Co, Fe, O and C is relatively uniform,
which is beneficial to enhance the catalytic activity.

Fig. 4a and b display the TEM micrographs of ZnCo, ;Fe, ;-
0,-50%RHC and ZnCo, 3Fe,;0, composites. ZnCo, 3Fe, 0,
shows serious aggregation state in Fig. 4a, which is consistent

a Zn 2p b
O1s
i =
S Co 2p K
> =
B Fe 2p 8
ch C1s E
= =
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Fig. 6 XPS spectrum of wide-scan (a), C 1s (b), Fe 2p (c) and Co 2p (d)
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of ZnCo, 3Feq;04-50%RHC composites.
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with SEM results. In addition, the ZnCo, 3Fe, ;O, nanoparticles
(Fig. 4b) are embedded in the biological carbon layer, indicating
that the RHC acts as a carrier material and disperses ZnCo, 3-
Fe,,0, nanoparticles. It can be seen from Fig. 4c that the
spacing of (311) crystal planes corresponding to ZnCo; 3;Fe, ;04
is 0.251 nm.* What's more, the lattice fringe of 0.311 nm near
ZnCo, 3Fey,0, (311) crystal plane is attributed to the lattice
surface of carbon (002).>*

The N, adsorption-desorption isotherm is exhibited in
Fig. 5. The total specific surface area and total pore volume of
RHC are 133 m? g ' and 0.16 cm?® g~ *. The total specific surface
area of ZnCo, ;Fe, 50, is 10 m* g, and the total pore volume is
0.011 cm?® g7, The total specific surface area of ZnCo, ;Feq ;04
50%RHC is 37 m* g~', and the total pore volume is 0.08 cm®
g’l. The specific surface area of ZnCo, 3Fey;0,-50%RHC is 3.7
times larger than that of ZnCo,3;Fe,;04. It shows that the
presence of RHC increases the specific surface area of the
prepared nano-material and inhibits the aggregation of nano-
particles. Compared with RHC, the specific surface area of
7ZnCo, 3Fe; ,0,-50%RHC is reduced because ZnCo, ;Fe, -0,
nanoparticles occupy the adsorption sites of activated biochar.
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The N, adsorption-desorption isotherms of ZnCo, 3Feq ;0,,
ZnCo, 3Fe(;04,-50%RHC and RHC show typical type IV
isotherms, confirming that they are mesoporous materials.

It can be seen from the Raman spectrum that RHC and
ZnCo, 3Fey;0,-50%RHC have two characteristic peaks at near
1349 cm ™' and 1585 cm™'. Among them, 1585 cm ™' corre-
sponds to the graphite structure (sp?), and the other peak at
1349 cm ™' corresponds to amorphous and polyphase carbon
materials.?* The Ip/I; of RHC and ZnCo, 3;Fe,504-50%RHC are
1.03 and 0.93, respectively. Compared with RHC, the Ip/Ig of
ZnCo, 3Fey;0,-50%RHC is significantly reduced. That may be
because at high temperatures, the catalytic action of Fe and Co
causes the unstable carbon atoms to transform from the chaotic
layer structure to the graphite crystal structure.

The surface chemical compositions of ZnCo, 3;Fey,04-50%
RHC complex were determined by XPS. From the wide-scan XPS
spectrum of ZnCo, 3Fe,;0,-50%RHC, the binding energies of
285, 533, 712, 781 and 1023 eV, demonstrate the coexistence of
C, O, Fe, Co and Zn in the sample. The C 1s spectrum of
ZnCo, 3Fe,,0,-50%RHC (Fig. 6b) shows three convolution
peaks of 284.7, 285.6 and 287.0 eV, corresponding to C-OH

= RHC
a1.0- e RHC+PS
A ZnCo, Fe 0,
3" € v
v ZnCo, Fe,,0,+PS
0.8 ¢ ZnCo, Fe, 0, -RHC
3 < ZnCo, Fe,,0,-RHC+PS
[ » PS =
5§ 0.6 —=—RHC
Lﬁ_ —e— RHC+PS
g —4+—2ZnCo, Fe,,0,
g 044 —v—2ZnCo, Fe ,0,+PS
O ——2ZnCo, ,Fe,,0,-RHC
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0.2 ——PS
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Fig.7 BPA degradation in different systems (a). Pseudo-first order kinetics model in different systems (b). Pseudo-second order kinetics modelin
different systems (c). Reaction conditions: [catalyst] = 0.75 g L™%; [PS] = 1.00 g L™%; [BPA] = 20 mg L%, initial pH = 7, T = 25 °C.
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(60.2%), C-O-C (22.2%) and C=0 (17.6%).>** The Fe 2p spec-
trum is depicted in Fig. 6¢c. The two main peaks with binding
energies of 711.0 eV and 724.5 eV appear on the energy levels of
Fe 2p;,, and Fe 2py),, which are a typical feature of the ferrite
Fe** respectively.?”” In addition, the Co 2p spectrum (Fig. 6d) at
780.4 and 796.4 eV prove the presence of Co*" in ZnCo, ;Feq ;04
50%RHC.*® In the activation process of PS, Co has higher
catalytic activity than Fe. Therefore, it is possible that the
substitution of Co®" for Fe*" ions in the spinel ZnCo,Fe,_,O4
50%RHC lattice can improve its catalytic performance.

3.2. Catalytic properties of systems based on ZnCo, ;Fe, ;0,

Fig. 7a shows the effect of RHC, ZnCo, ;Fe,,0, and ZnCo, 3-
Fe,,0,-RHC on BPA degradation with and without PS. The
degradation rate of BPA by PS within 60 min is 6.0% without any
catalyst, indicating that it is difficult to degrade BPA when PS
exists only. In addition, RHC, ZnCo, ;Fe, 0, and ZnCo, 3Fe, ;-
0,-RHC degrade 28.4%, 12.6% and 22.3% of BPA within 60 min
without PS addition, respectively, which is attributed to the
adsorption of catalyst on BPA. However, after adding PS to
ZnCo, 3Fe, ;04 and ZnCo, 3Fe,,0,-RHC, the degradation effi-
ciency of BPA is significantly accelerated and the degradation
rate of ZnCo, ;Fe, ,0,-RHC/PS reaches 96.3% within 10 min. It
is more effective than RHC/PS (21.2%) and ZnCo, 3Fe, ;0,/PS
(58.9%) systems in BPA degradation, showing that ZnCo, ;-
Fe,,04,-RHC can activate PS more effectively than RHC and
ZnCo;, 3Fe, ;0,4 for degrading BPA. The adsorption of ZnCo, ;-
Fe, ;0,-RHC on BPA degradation is not an important factor.

In addition, the ZnCo, 3;Fe,,0, has synergistic effect with
RHC when BPA is degraded by ZnCo, 3;Fe, ;0,-RHC system. This
is because the degradation efficiency of ZnCo, ;Fe,;0,-RHC
system on BPA (Fig. 7a) is greater than that of RHC/PS and
ZnCo, 3Fe, ;0,4/PS system on BPA at 10 min, which confirms
that RHC plays an important role in improving the catalytic
activity of ZnCo, 3;Fe,,0,-RHC composite material. Synergistic
effect is shown in: (1) RHC has can prevent the aggregation of
part of ZnCo, 3Fe, ;O, nanoparticles and a large specific surface
area during the reaction. (2) RHC and ferrite materials accel-
erate the electron transfer rate, thus improving the catalytic
performance of ZnCo, 3;Fe, ;O, nanoparticles.

The relationship between reaction rate and reaction time of
different systems is analyzed by pseudo-first-order and second-
order kinetics models. The pseudo-first-order kinetics model

Table 3 Kinetic parameters on BPA degradation of different catalysts
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(eqn (5)) and second-order kinetics model (eqn (6)) are
expressed as follows:**

de

3 = ki C=In(C/C) = (5)
de 2 1 1 _
a__sz@a—a_kzt (6)

where C, is the initial concentration of BPA, C; is the concen-
tration of BPA at time ¢, k; is a pseudo-first-order kinetic
degradation rate constant, and k, is a second-order kinetic
degradation rate constant. The experimental data of BPA
degradation are fitted, and the results are shown in Table 3. As
shown in Fig. 7b and c, the correlation coefficient of the
experimental data fitted with the second-order kinetic model
(R,> = 0.9104-0.9659) is higher than that of the pseudo-first-
order kinetic model (R,*> = 0.8550-0.9617), so the degradation
process of BPA should be more in line with the pseudo-second-
order kinetic equation. Meanwhile, it can be observed that
ZnCo, 3Fe,;0,-RHC has higher catalytic activity than ZnCo, ;-
Fe, ;04 and RHC to degrade BPA in the persulfate system.

3.3. Catalytic properties of Zn,Co,Fe-RHC composites

3.3.1 Effect of the molar ratio of Co to Fe in ZnCo,Fe, ,0,
on the catalytic degradation of BPA. In order to comprehen-
sively evaluate the catalytic performance of ZnCo, 3;Fe,,0, for
BPA degradation, as shown in Fig. 8a, we conducts a series of
parallel experiments with ZnO, Fe;O,, Fe,0; Co03;0, and
ZnCo, sFe, ;04 as catalysts. Within 30 minutes, the degradation
efficiencies of ZnO, Fe;0,, Fe,03;, Co;0, and ZnCo; 3Fe,,0, to
BPA are 19.9%, 29.9%, 35.5%, 56.5% and 82.6%, respectively.
Among them, ZnCo, 3Fe, ;0,4 has the highest degradation rate
of BPA, which shows that the coexistence of Co and Fe improves
the catalytic activity of the catalyst. This indicates that in the
reaction system, Co and Fe may have a synergistic effect, so that
ZnCo, 3Fe, ;04 has good catalytic activity.

In addition, Fig. 8b shows the effect of Co content on BPA
degradation. With the increase of Co content, the catalytic
activity of ZnFe, ,Co,0, for BPA first increased and then
decreased. When x = 0, 0.7 and 1.3, the degradation efficiency
of ZnFe,_,Co0,0, to BPA are 67.7%, 87.9% and 97.4% within
60 min, respectively. The results show that a proper proportion
of Co doping can promote the activity of ZnFe, ,C0,0,.

Pseudo-first-order kinetics

Pseudo-second-order kinetics

k (1072 min ") Ry® k, (10?2 L mg ' min™ ") R,®
RHC 0.47 0.8786 0.028 0.9127
ZnCo, 5Fey 50, 0.22 0.9442 0.012 0.9526
ZnCo ;Fe, ;0,-RHC 0.40 0.9527 0.023 0.9659
RHC + PS 0.75 0.8594 0.051 0.9104
ZnCo, 3Fey 0, + PS 5.29 0.9617 1.21 0.9651
ZnCo, ;Fe, ;04-RHC + PS 25.25 0.8550 13.07 0.9599
PS 0.097 0.9126 0.005 0.9497
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Fig.8 Degradation of BPA using different catalyst (ZnO, FezO4, Fe,03, Co,Ozand ZnCoy sFeq 704, respectively) (a). Effect of the molar ratio of Co
to Fein ZnCoyFe, ,O4 (x =0, 0.7, 1.3, 1.6 and 2, respectively) on the catalytic degradation of BPA using PS as oxidant (b). Effect of RHC content in
ZnCoy3Feq;04-y%RHC (y =70, 0, 20, 40 and 50, from a to e, respectively) on catalytic oxidation of BPA (c). Effect of bisphenol A concentration
on catalytic degradation (d). ([catalyst] = 0.75 g L™%, [BPA] = 20 mg L%, [PS] = 1.00 g L™, initial pH = 7, T = 25 °C).

However, in the range of 1.3-2, the increase in the molar ratio of
Co is inversely proportional to the degradation efficiency. This
may be due to the introduction of a large amount of Co in the
zinc ferrite to cause the formation of hematite, which has poor
catalytic activity for PS.**** Therefore, the Co molar ratio x = 1.3
is an appropriate ratio of ZnFe, ,C0,0,.

3.3.2 Effect of RHC content on the catalytic degradation of
BPA. Fig. 8c shows the effect of RHC content on the catalytic
degradation of BPA. When RHC content is 0%, 20%, 40% and
50% in ZnCo, ;Fe, 0, nanoparticles, the degradation rate of
BPA reaches 61.9%, 74.5%, 96.3% and 91.5% within 10 min. It
shows that the introduction of RHC increases the surface area
of ZnCo, 3Fe,;0, nanoparticles, increases the active area
between catalyst and reactants during the reaction, and accel-
erates the reaction process.*” The unique synergy between
ferrite nanoparticles and RHC enhances catalytic activity.
However, as the content of RHC increased to 70%, the degra-
dation rate of BPA decreased, and the degradation rate
decreased to 31.5% within 10 minutes. This is because the
increase of RHC content will inevitably lead to the decrease of

This journal is © The Royal Society of Chemistry 2020

ZnCo, 3Fe,;0, content, so the catalytic activity of ZnCo, ;-
Fe,.,04y%RHC decreases. Therefore, 50 wt% is selected as the
optimal content of RHC.

3.3.3 Effect of bisphenol A concentration on catalytic
degradation of BPA. Fig. 8d shows the effect of the initial
concentration of BPA on the catalytic performance of ZnCo, ;-
Fe,,04,-50%RHC. The concentration of BPA increased from
20 mg L' to 50 mg L', and the degradation rate of BPA
decreased from 96.3% to 48.0% within 10 minutes. However,
there is a lower concentration of BPA in the industrial waste
water. So it is more meaningful to set a lower concentration of
BPA from the perspective of practical application.

3.3.4 Effect of the catalyst dosage on the catalytic degra-
dation of BPA. The effect of the ZnCo, ;Fe,-0,4-50%RHC
dosages on BPA degradation is shown in Fig. 9a. When the
dosage of ZnCo; sFe,;0,-50%RHC is 0.25 g L', 0.40 g L™},
0.50 g L ' and 0.75 g L™, the catalytic rates of BPA reach 74.1%,
82.6%, 94.85% and 100% within 15 minutes. However, when
the dosage of ZnCo, 3Fe,;04-50%RHC is increased to 1.00 g
L', ZnCo, ;Fe,,0,-50%RHC has an inhibitory effect on the

RSC Adv, 2020, 10, 44551-44570 | 44559
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Fig.9 Effect of the catalyst dosage on the catalytic degradation of BPA (a). Effect of the PS dosage on the catalytic degradation of BPA (b), effect
of pH on the catalytic performance of ZnCo; sFeq;04-50%RHC (c). Effect of temperature on the catalytic performance of ZnCo; zsFeq704-50%
RHC (d). ([catalyst] = 0.75 g L™ [BPA] = 20 mg L% [PS] = 1.00 g L% initial pH = 7, T = 25 °C).

degradation of BPA, which is due to excessive catalytic active
sites (Fe**, Co**) quenching effect on SO,"~ (eqn (7) and (8)).**

Co®* + S0, ™ — SO, + Co** 7)

Fe’* + 80, — SO, + Fe** (8)

3.3.5 Effect of the PS dosage on the catalytic degradation of
BPA. The effect of PS concentration on BPA degradation in
ZnCo, 3Fe, ;04-50%RHC/PS system is studied, and as shown in
Fig. 9b. When the concentration of PS increased from 0.5 g L ™"
to 1.00 g L', the BPA degradation rate of ZnCo, ;Fe,50,-50%
RHC/PS system increased from 78.6% to 94.9% within 15 min.
However, when the concentration of PS further increased to
1.25 ¢ L, the degradation rate of BPA decreased to 90.0%
within 15 min. It suggests that higher PS concentration does not
lead to better BPA degradation rates. This may be caused by the
auto-coupling reaction of SO,"~ (eqn (9) and (10)).****

SO, ™ + SO, ™ — S,047 (9)

44560 | RSC Adv, 2020, 10, 44551-44570

SO, "+ $,05°” — S,05" + SO~ (10)

3.3.6 Effect of pH on the catalytic performance of
ZnCo, 3Fe, ;04-50%RHC. Solution pH has a significant impact
on the performance of various redox systems. Fig. 9c shows the
effect of solution pH on the catalytic oxidation of BPA. As the pH
value increases, the degradation rate of BPA also increases,
indicating that the ZnCo, 3;Fe;;0,-50%RHC composite can
increase the degradation rate of BPA under alkaline conditions.
Because Co>* on the surface of ZnCo, ;Fe, ;04-50%RHC reacts
with H,0O to form CoOH' (eqn (11)). CoOH" activates PS to
generate SO, ~ (eqn (12)).*® SO, ~ has a high redox potential
and can efficiently oxidize BPA. Under alkaline conditions,
SO, can be transformed into surface-bound hydroxyl radicals
(‘OH) (eqgn (13)).*” Under acidic conditions, the production of
CoOH" is limited.*® In addition, under acidic conditions, excess
hydrogen ions can scavenge sulfate radicals and hydroxyl radi-
cals to adversely affect catalysis (eqn (14)). And strong acid
conditions inhibit the activation of persulfate through acid

This journal is © The Royal Society of Chemistry 2020
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catalyzing persulfate (eqn (15) and (16)).* Therefore, alkaline
conditions are conducive to the degradation of BPA.

Co** + H,O0 — CoOH* (11)

CoOH" + S,05>~ — CoOH*" + SO,*™ + S0, ™ (12)
SO, ~+OH™ + H" —» "OH + SO~ + H* (13)
SO, /'OH + H" + e~ — HSO, /H,0 (14)

H* + S,05>~ — HS,05~ (15)

HS,08— + H,0 — H,SOs5 + HSO,~ (16)

3.3.7 Effect of temperature on the catalytic performance of
ZnCo, sFe, ;04-50%RHC. The effect of temperature on BPA
degradation is shown in Fig. 9d. It can be seen from that the
degradation rate is positively correlated with the reaction
temperature. When the temperature drops from 25 °C to 15 °C,
the time for complete BPA degradation increase from 15 min to
25 min. When the temperature increases to 35 °C and 45 °C, the
complete BPA degradation reaction time are 12 min and 9 min.
With the temperature from 15 °C to 45 °C, k of BPA degradation
increases greatly from 0.0896 to 0.3448 min . It has been re-
ported®® that high temperature could promote PS decomposi-
tion to form active radicals and also speed up the collision
frequency between PS and pollutants and catalysts. According

. . —E .
to Arrhenius equation In k = R—;—i— In A, where k is the rate

constant, universal gas constant R = 8.314 Jmol ' K !, and 4 is
a constant. The E, of the ZnCo, ;Fe,,0,4-50%RHC activated PS
system is 34.24 k] mol ', which is lower than previously re-
ported E, of BPA degradation activated only by heating
(133.5 kJ mol").”* However, due to the high requirements for
high temperature energy input, high temperature is not suitable
for large-scale applications for considering actual production.
In addition, the catalytic performance of ZnCo, ;Fe,,04-50%
RHC is compared with the recently reported catalysts (Table 4),
and the catalytic performance of ZnCo, 3;Fe,,0,-50%RHC is
significantly better than that of other catalysts.

3.4. Effect of anions

In general, inorganic salts are abundant in water bodies. The
effects of C17, NO;, HCO;  and H,PO," 4 inorganic anions on
BPA degradation in ZnCo, ;Fe,;04,-RHC/PS
explored.

system are

View Article Online
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3.4.1 Effect of ClI” on the catalytic performance of
ZnCo, 3Fe, ;0,-50%RHC. Fig. 10a shows the effect of CI™
concentration on catalytic degradation of BPA. When the Cl1™
concentration increases from 0 mM to 10 mM, the degradation
rate of BPA decreases with the increase of Cl™ concentration.
However, when the Cl™ concentration increases from 10 mM to
30 mM, the degradation rate of BPA increases with the increase
of CI” concentration. This may be under the condition of low
Cl™ concentration, both SO,"~ or "OH are likely to oxidize Cl” to
the less reactive Cl' and HOCI~ (E°(Cl,/Cl") = 1.36 V, E°(HOCV/
Cl7) = 1.36 V) (eqn (17)-(19)).** At a high CI™ concentration,
excessive Cl™ in ZnCo, 3Feq ;0,-RHC/PS system will react with
PS to form highly oxidizing HOCI and Cl, (eqn (20) and (21)).*
Therefore, C1I” can increase the degradation rate of BPA in
a certain range.

Cl~ + 'OH — HOCI'~ (17)

HOCI'~ + H" —» CI' + H,0 (18)

Cl™ +S0,~ — CI' + SO,*~ (19)

Cl™ + HSO5s~ — SO, + HOCI (20)

2CI” + HSOs™ + H* — SO,* + Cl, + H,0 (21)

3.4.2 Effect of NO;~ on the catalytic performance of
ZnCo, 3Fe(;04-50%RHC. Fig. 10b shows the effect of NO;~
concentration on catalytic BPA degradation. It can be seen that
NO;~ has almost no effect on the degradation of BPA in
ZnCo, 3Fe, ;0,-RHC/PS system, and the degradation curves of
BPA by different concentrations of NO;~ are almost identical.
This is due to the reaction rate of NO;~ and SO, is slow (k =
(5.6 £ 0.5) x 10 M~" s7") and the weak reactivity of NOj (eqn
(22)).*” In addition, NO;~ does not generate other free radicals
with PS. Moreover, ZnCo, ;Fe,,0,-RHC/PS system has good
stability and is not easily affected by changes of external
environment.

SO, + NO;~ —S0,* + NO; (22)

3.4.3 Effect of HCO;  on the catalytic performance of
ZnCo, 3Fe, ;04-50%RHC. As shown in Fig. 10c, the influence of
different concentrations of HCO;™ on the catalytic oxidation of
BPA by ZnCo, 3Fe, ;0,-RHC is investigated. As can be seen from
the figure, with the concentration of HCO;  increasing from
0 mM to 30 mM, the BPA degradation rate decreases from

Table 4 Comparison of catalytic performance of ZnCo, sFeg;04-50%RHC with recently reported catalysts toward the degradation of BPA®

Catalyst Meae (LY mpg (mg L™ 1) Crpa (mg L) Time (min) R (%) Ref.
ZnCo, ;Fe, ;0,-50%RHC 0.75 1.00 20 15 100 This work
Fe;S, 0.2 0.22 5 120 95 52
CuFe,0,/kaolinite 0.5 0.5 50 60 100 53

Mny ¢Zn, 4Fe,0, 0.2 0.5 10 60 100 54

“ Meqe is the dosage of catalyst, mps is the dosage of PS, Cgp, is the concentration of BPA, R is the removal efficiency.

This journal is © The Royal Society of Chemistry 2020
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96.3% to 59.6% within 10 min. Because HCO;~ and CO5>" react
with strongly oxidizing SO, ~ to produce less oxidizing CO; "~
and HCO; (eqn (23)-(27)), so HCO; ™ inhibits BPA degradation.*®

SO, + HCO;~ —S0,* + HCO; (23)
‘OH + HCO;~ — H,0 + HCO; (24)
CO:%™ + S0, ™ — SO + CO5™~ (25)
‘OH + HCO;~ — CO3*~ + H,0 (26)
COs*>” +'OH — OH™ + CO;"~ (27)

3.4.4 Effect of H,PO,  on the catalytic performance of
ZnCo, 3Fe, ;04-50%RHC. As shown in Fig. 10d, the effect of
different concentrations of H,PO,~ on the catalytic oxidation of
BPA by ZnCo, 3Fe, ;0,-RHC is investigated. Fig. 10d shows that
the degradation rate of BPA decreases with the increase of
H,PO, concentration, indicating that the presence of H,PO,"~
inhibits the degradation of BPA. The effect of H,PO,  on

View Article Online
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catalytic oxidation of BPA by ZnCo, 3;Fe, ;O,-RHC was far greater
than that of CI7, NO;~ and HCOj; ™. This is due to the affinity of
H,PO,  to ZnCo, ;Fe,,0,-RHC, and binds to the Co-OH on the
surface of ZnCo, 3;Fe,,0, through a chelation reaction,
reducing the catalytic activity of Co (eqn (28)-(30)). Therefore,
the inhibition of H,PO,” on the degradation of BPA by
ZnCo, ;Fey ;0,-RHC can be considered to be related to the
substitution of hydroxyl groups on the catalyst surface.>

Co-OH + H,PO,~ < CoH,PO, + OH™ (28)
Co-OH + H2PO47 « COHPO47 + Hzo (29)
Co-OH + H,PO,~ — CoPO,*” + H,O + H* (30)

3.5. Stability and reusability

The stability and cyclability of ZnCo, ;Fe,;0,-RHC are very
important to its practical application. In order to determine the
cyclability and stability of ZnCo, ;Fe,,0,-RHC in PS oxidation
system, the particles are recovered (such as centrifugation and
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magnetic adsorption), washed multiple times with deionized
water and ethanol, and dried at 70 °C. ZnCo, ;Fe, ,0,-RHC still
maintained good catalytic activity, and BPA can be completely
degraded within 40 min after 5 consecutive uses (Fig. 11a). The
catalytic activity of ZnCo, 3Fe,;04,-RHC does not decrease
significantly. The slight decrease in BPA degradation rate after 5
cycles is due to the slight aggregation of ZnCo, ;Fe,,0,-RHC,
resulting in the reduction of catalytic active sites. As shown in
the inset of Fig. 11a, the homogeneously dispersed ZnCo, ;-
Fe,.;04-50%RHC is collected by simply applying a magnetic
field. The result strongly indicates that ZnCo, ;Fe, ;04-50%RHC
has considerable magnetic. In addition, comparing the XRD
and FTIR patterns of ZnCo, 3Fe,,0,-RHC before and after the
reaction (Fig. 11b and c), no significant changes are found,
indicating that ZnCo, 3Fe, ;0,-RHC composite maintains good
reuse performance and long service life. Meanwhile, the
leaching concentration of metal ions in ZnCo, 3;Fe,;0,-RHC
after each cycle was measured by ICP (Fig. 11d). The leaching
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concentrations of Zn, Fe and Co are all less than 53.3 ug L™,
31.2 ug L' and 48.7 pg L', which are lower than Chinese
industrial wastewater discharge standards (GB 8978-2002).*°
Compared with cobalt ferrite with no Zn added (Table 5), the
leaching rate of each element decreased. This may be due to the
smaller ion radius of Zn?', the electrostatic coulomb force
increases, so that Zn and Co attract more closely.”® After the
reaction, the metal content of ZnCo, 3Fe,,0,-RHC composite
material did not change much, indicating that ZnCo, 3Fe, ;0,-
RHC composite material has good stability.

3.6. Radical identification and catalytic mechanism

The early report has confirmed that PS could be activated to
generate free radicals to oxidize organic pollutants, that is,
degradation through free radical pathway.** Therefore, the
degradation efficiency of organic pollutants was inhibited after
adding free radical capture agent. However, Duan et al.*> used
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Table 5 Comparison of leaching rate of each element of ZnCo, z-
Feo704-50%RHC with recently reported CoFe,O, catalysts after
degradation of BPA

Catalyst Co(pgL™)  Fe(ugL™")  Ref
7ZnCo, 3Fe,,0,4-50%RHC 48.7 31.2 This work
CoFe,0, 410 50 61
CoFe,0,@graphene 430 160 60
CoFe,0,-SAC 570 250 62
CoFe,0, 763 68 63

nitrogen-doped carbon nanotubes to degrade phenol through
a non-radical process. The degradation rate of organic pollut-
ants is not completely inhibited by the addition of high
concentration of free radical trapping agents. Therefore, it is
necessary to determine main active substances and reaction
pathway in ZnCo, ;Fe, ;0,-RHC/PS system.

The main active substances are determined by the corre-
sponding free radical capture experiment in ZnCo; 3;Feq 04~
RHC/PS system.®® Adding EtOH and TBA to the reaction
system can distinguish the contribution of SO,"~ and "OH to the
ZnCo, 3Fe, ;0,-RHC/PS system. Because EtOH can quickly react
with SO, (k=1.6 x 10’ M 's ') and "OH (1.9 x 10°M "' s ).
Besides, TBA can react quickly with "OH (k= 6.0 x 10’ M ' s~ 1),
and react slowly with SO,"~ (k = 4.0 x 10° M * s~ *).%* As shown
in Fig. 12a, with the increase of TBA concentration, the degra-
dation rate of BPA decreases from 100% to 26.8% within 15
minutes (n[TBA/PS] = 1000). TBA inhibited the degradation of
BPA, confirming the existence of ‘OH in the system. Compared
with TBA, EtOH further inhibits the degradation of BPA, and the
degradation rate of BPA is reduced from 100% to 9.1% within 15
minutes (n[EtOH/PS] = 1000, Fig. 12b). It shows that besides
"OH, there is also SO,"~ in ZnCo, 3Fe,;0,-RHC/PS system. BQ
and FFA are used as capture agents for O,"~ (k=9.6 x 10° M ™"
s ") and '0, (k=2 x 10° M " s7').%” Fig. 12c shows that in the
presence of BQ, the degradation efficiency of BPA can still reach
100%. The result shows that O,"~ does not participate in the
oxidative degradation of BPA. However, the degradation rate of
BPA is reduced, because BQ is adsorbed on the surface of the
catalyst through the interaction with RHC, which hinders the
activation of PS by the catalyst. After adding FFA, the degrada-
tion rate of BPA within 50 minutes is only 51.3% (n[FFA/PS] =
600). It shows that 'O, plays an important role in the degrada-
tion of BPA in the ZnCo, ;Fe, ;0,-RHC/PS system.

The types of free radicals produced during the reaction are
further determined by ESR. Fig. 12d shows that ZnCo, ;Fe, ;04-
RHC activates PS with 7 typical DMPO-X peaks, and shows
strong ‘OH and SO," ™ radical signals, indicating the presence of
'OH and SO,"" in the reaction system of ZnCo, 3Fe,;04-RHC.
The signal of SO,"~ is stronger than that of "OH. Since "OH is
produced by the reaction of SO, ~ with H,O (eqn (32)), and
SO,"" determines the amount of "OH. It further illustrates that
SO, plays a dominant role in degradation. Fig. 12e shows the
ESR test results using TEMP as the capture agent. It shows
a typical ternary peak with an intensity of 1:1: 1, confirming
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the presence of '0,. Based on the results of free radical capture
experiment and ESR test, SO,"~ dominates the ZnCo, 3Fe, ;0,-
RHC/PS degradation system, and 'OH and 'O, play important
roles.

Even when EtOH, TBA, and FFA are added to the ZnCo, ;-
Fe, ;0,-RHC/PS degradation system at the molar ratio of EtOH/
PS = 1000, TBA/PS = 1000, and FFA/PS = 6000, BPA can not be
completely degraded. This indicates that there may be a non-
radical process in the ZnCo, 3;Fe, ;0,-RHC/PS system.®

In this study, the synergy between ZnCo, ;Fe,,0, nano-
particles and RHC also plays a crucial role in the excellent
catalytic performance of ZnCo, 3Fe, ;0,-RHC/PS. Studies®® have
been reported that catalyst with graphitized structure could
induce non-radical process, by using the carbon-based graphi-
tized structure as a bridge to transfer electrons between the
target pollutant and PS. And in this study, the electrons in Co(u)
and Fe(u) can be easily transferred to the sp> hybridized carbon
in the graphitized structure, so that RHC has a large number of
free-flowing delocalized m electrons. RHC with a large number
of free-flowing delocalized electrons promotes the transfer of
electrons from BPA (electron donor) adsorbed on the surface of
ZnCo, 3Fe,;0,-RHC to PS to generate reactive complexes
(electron acceptors). Furthermore, Fig. 8c also shows that when
the RHC content increases from 0% to 50%, the degradation
rate of BPA increases by 36.4% within 15 minutes, indicating
that part of BPA degradation is realized through the non-free
radical pathway of RHC.

By comparing the XPS spectra of ZnCo, 3;Fe, ;0,-RHC before
and after the reaction, the activation mechanism of PS and
transition metals in ZnCo, ;Fe, ;0,-RHC system is investigated
(Fig. 13). The change of Co 2pj3, in ZnCo, 3Fe, ;0,-RHC after
reaction is observed in Fig. 13c, showing that 44.4% of Co(i) is
converted to Co(u). Moreover, compared with the binding
energy of 780.4 eV of Co before catalytic reaction, the binding
energy of Co after reaction is converted to a higher 780.9 eV.
S$,04>" reacts with H,O to produce HSO5 ™ (eqn (31)). Since the
redox potential of Co(ir)/Co(u) (1.81 V) is higher than that of
HSO5 /SO5°~ (1.10 V), HSO5 /SO5"~ can reduce Co(u) to Co(u)
(eqn (32)).° Then, Co(n) is oxidized by S,04>" to produce Co(u),
which realizes the cyclic regeneration of Co(u) and Co(u) (eqn
(33)). Fe 2p also shows similar changes to Co 2p. In the used
ZnCo, 3Fe,;,0,-RHC catalyst, Fe(u) accounts for 52.8% and
Fe(u) accounts for 47.2%. H,O can be dissociated on Fe’" to
form FeOH*"* (eqn (34)). FeOH”" can easily interact with Co(ur) to
form CoOH" (eqn (35)). Besides, the highly reactive Co(u) reacts
with H,O to form CoOH" (eqn (36)). CoOOH" reacts directly with
S,04”” to generate SO,"~ (eqn (9)). SO4"~ can react with H,O to
generate "OH (eqn (11)). At the same time, Fe(i) is reduced by
S,04”" to produce Fe(n) (eqn (37)). However, the redox potential
of Fe(m)/Fe(u) (0.77 V) is lower than that of HSO5 /SOs"~ (1.10
V), so Fe(in) cannot be reduced by HSO5 ™. Then, Fe(u) is oxidized
by SO, ~ or 'OH to produce Fe(u) (eqn (38)), achieving Fe(m)
regeneration. These results indicate that both redox pairs
Co(m)/Co(n) and Fe(m)/Fe(u) are involved in the activation of PS
by ZnCo, 3Fe,,0,-RHC. In addition, FFA free radical capture
experiment and TEMP capture experiment have confirmed that
'O, plays an important role in BPA degradation process.

This journal is © The Royal Society of Chemistry 2020
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Compared with the C XPS spectra of unused and used
ZnCo, 3Fe; ;0,-RHC, the content of C=O functional group
decreases from 17.6% to 6.2%, while the content of C-O-C
functional group increases from 22.2% to 32.8%, and the

44566 | RSC Adv, 2020, 10, 44551-44570

content of C-OH functional group increases from 60.2% to
61.0%. It has been reported that C=0 could promote the self-
decomposition of PS, thereby producing produce '0,.”° The C
XPS spectrum further confirms the importance of 'O, in the
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’ Mechanism of BPA degradation |

Fig. 14 Mechanism of the activation on PS by ZnCo, 3sFeq,04-RHC for the degradation of BPA.

degradation system of ZnCo, 3;Fe,,0,-RHC/PS. The HSOs5™ is
produced in the reaction self-decomposes to produce SO5>~
(eqn (39)). What's more, SO5"~ interacts with HSO; ™ to generate
0, (eqn (40)). And SO5"~ can react with itself or H,O to generate
'0, (eqn (41)-(43)). Finally, ZnCo, ;Fe,,04,RHC is used to
activate PS to produce SO, ~, 'OH and 'O, to decompose BPA
into CO, and H,O (eqn (44)). The mechanism of ZnCo, 3Fe, ;0,-
RHC activated PS to degrade BPA is shown in Fig. 14.

S,0¢*™ + 2H,0 — 2¢~ — 2HSOs™ + 2H" (31)
Co®* + HSO5~ — Co*" + 8Os + H* (32)
$,05°” + Co** — Co®* + S0,> + SO, ~ (33)
Fe** + H,0 — FeOH?" + H* (34)

Co*" + FeOH?* — CoOH" + Fe** (35)
SO, + H,O — HSO,~ + "OH (36)
Fe' + $,05° — Fe™ +S,05 (37)
Fe’* + SO, /'OH — Fe*" + SO, /OH™ (38)
HSOs~ — H* + SOs>~ (39)

HSOs™ + SOs*>~ — SO4*~ + HSO,™ + '0, (40)
2805"~ + H,0 — 3/2'0, + 2HSO,~ (41)
2805~ — 28042 +'0, (42)

2805~ — S04 + !0, (43)

SO, ~/'OH/'0, + BPA — intermediates — CO, + H,0O (44)

4 Conclusions

In this study, a novel composite of ZnCo, 3Fe,,0, spherical
nanoparticles with primary particle size of about 13 nm
interspersed on biological carbon base (RHC) was designed

This journal is © The Royal Society of Chemistry 2020

and prepared by solid phase method, using waste ferrous
sulfate as the iron source. When used as a polyphase catalyst
to activate PS to degrade BPA, the as-obtained ZnCo, 3Fe, ;0,-
50%RHC composite material could completely degrade BPA in
15 min, delivering better catalytic activity compared with the
home-made ZnCo, ;Fe, ,O,, ZnFe,0, and ZnCo,0,. A series of
experiment exploring the effects of several parameters and
anions on BPA degradation demonstrated that the ZnCo ;-
Fe,.;0,-50%RHC possess excellent comprehensive perfor-
mances including for PS activation. Stability and reusability
tests substantiated that it still maintain excellent catalytic
performance for BPA degradation after 5 cycles, and the
leaching of metal ions is much lower than the discharge
standard of wastewater. Based on free radical capture experi-
ment, ESR test and XPS analysis, it is determined that there are
free radical and non-radical pathways in the process of
ZnCo, 3Feq ;0,-50%RHC activation of PS to degrade BPA. We
believe that this “use waste to treat waste” idea and these
findings provide an important guiding role for the develop-
ment of magnetic separation catalyst for wastewater treatment
process, as well as expand a new way with potential application
prospect for the resource utilization of industrial by-product
ferrous sulfate.
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