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Abstract: Pure metal-doped (Cu,Zn)Fe,O, was synthesized from Zn-containing electric arc furnace dust (EAFD) by solid-state reaction using
copper salt as additive. The effects of pretreated EAFD-to-Cu,(OH),CO5-6H,0 mass ratio, calcination time, and calcination temperature on the
structure and catalytic ability were systematically studied. Under the optimum conditions, the decolorization efficiency and total organic car-
bon (TOC) removal efficiency of the as-prepared ferrite for treating a Rhodamine B solution were approximately 90.0% and 45.0%, respect-
ively, and the decolorization efficiency remained 83.0% after five recycles, suggesting that the as-prepared (Cu,Zn)Fe,O4 was an efficient het-
erogeneous Fenton-like catalyst with high stability. The high catalytic activity mainly depended on the synergistic effect of iron and copper ions
occupying octahedral positions. More importantly, the toxicity characteristic leaching procedure (TCLP) analysis illustrated that the toxic Zn-
containing EAFD was transformed into harmless (Cu,Zn)Fe,O, and that the concentrations of toxic ions in the degraded solution were all lower
than the national emission standard (GB/31574—2015), further confirming that the as obtained sample is an environment-friendly heterogen-

eous Fenton-like catalyst.
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1. Introduction

Zn-containing electric arc furnace dust (EAFD) is a toxic
solid waste produced in the process of electric steelmaking
[1-3]. Because the dust is mainly composed of Fe, Zn, and
some trace heavy metal elements such as Pb, Cr, and Cd, tra-
ditional treatment methods have mainly included solidifica-
tion, pyrometallurgical, and hydrometallurgical processes. In
the solidification approach, EAFD is mixed with clay or ce-
ment evenly and cured at a certain temperature before land-
fill treatment; although the process flow is simple, this meth-
od cannot extract valuable metals from the Zn-containing
EAFD, which may damage soil through re-leaching of toxic
substances over time [4]. In pyrometallurgical and hydrome-
tallurgical processes, Zn resources are extracted by reducing
ZnFe,O, at high temperatures [5] and acid/alkali leaching of
Zn into solution [6], respectively. Unfortunately, these meth-
ods suffer drawbacks of high energy consumption for the
pyrometallurgical process and a lengthy procedure and poor
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selectivity for the hydrometallurgical process; these short-
comings have restricted the development of these ap-
proaches [7]. Balancing the advantages of these methods is a
current goal of researchers in this field. However, the use of
green processes for overall utilization of Zn-containing
EAFD has rarely been reported.

Spinel ferrite is an important inorganic functional materi-
al with the advantages of good thermal stability, good dielec-
tric property, high resistivity, and high corrosion resistance. It
is widely used in various fields applications [8]. In our previ-
ous study [9-10], spinel ferrite (Ni,Zn)Fe,O, was synthes-
ized from Zn-containing EAFD by a solid-state reaction
method; the product exhibited good magnetic properties,
with a high saturation magnetization of 60.5 emu-g ' and low
coercivity of 49.8 Oe. Unfortunately, no work has been done
on the preparation of ferrite-based heterogeneous Fenton-like
catalysts from EAFD.

Traditional Fenton oxidation is an advanced oxidation
technology that combines Fe** and H,0, to produce *OH rad-
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icals for degrading organic wastewater, as depicted in Egs.

(D-G):

Fe?'/=Fe’* + H,0, — Fe*/=Fe’* + «OH + OH~ (1)
Fe*Y/=Fe** + H,0, — Fe**/=Fe** + HO,+ + H* 2
*OH + RhB — degraded products 3)

It has the advantages of convenient operation, a high ox-
idation rate, and no selectivity toward the oxidized substance;
however, this process also has several disadvantages, such as
strong acidic conditions, difficulty recycling Fe*', and the
formation of large amounts of iron sludge during the reaction,
which greatly increases the cost of wastewater treatment. To
overcome these shortcomings, researchers have developed
heterogeneous Fenton oxidation technology using an easily
separable solid catalyst instead of Fe*' ions, and some fer-
rites with suitable magnetic properties and high stability have
been investigated as efficient heterogeneous Fenton catalysts
[11-14]. Unfortunately, compared with the reaction rate
between Fe** and H,0, with a homogeneous Fenton catalyst
that between Fe? in the ferrite and H,0, is slower (Eq. (2)),
which results in longer degradation time for organic dyes.
Under this circumstance, external fields such as light, electri-
city, and microwaves have been used in conjunction with the
ferrite to increase its catalytic rate [15]. Sharma and Singhal
[16] synthesized a CuFe,O, catalyst from pure
Fe(NOs);-9H,0 and Cu(NO;);-3H,0 via a sol-gel method,
the degradation efficiency of the ferrite for treating 2-NP
were higher (80% in 30 min under visible light) than that in
the absence of light (54% in 30 min) in a reaction system of
dye + H,0,. More importantly, doping metallic ions into fer-
rites can improve their catalytic performance [17]. Given that
the standard electrode potential of Cu*’/Cu’ (0.15 V vs.
standard hydrogen electrode (SHE)) is lower than that of
Fe*'/Fe*" (0.77 V vs. SHE) at 298 K, doping Cu*" into pure
ZnFe,O4 can promote the circulation of Fe*'/Fe*" and im-
prove its catalytic efficiency (Egs. (4)—(5)).

=Cu’ + =Fe** »=Cu®" + =Fe** 5)
Huang et al. [18] prepared the ferrite (CuygZn,,)Fe,O,
using pure Fe(NO;);:9H,0, Cu(NO;),"2.5H,0, and
Zn(NOs),6H,0 and found that the product could degrade
more than 95% of atrazine in 30 min. Zhao et al. [19] found
that doping Cu into pure ZnFe,O, substantially enhances its
photocatalytic performance. Under optimal conditions, the
degradation efficiency for treating Orange Il was approxim-
ately 90% in 30 min. Because the main phases of Zn-contain-
ing EAFD are spinel-structured ZnFe,O, and Fe;0,, trans-
forming the Zn-containing EAFD into pure (Zn,Cu)Fe,O, is
feasible, which would not only decrease the preparation cost
but also enable the full utilization of the dust.

In this paper, metal-doped (Cu,Zn)Fe,O, spinel ferrite
was successfully synthesized from pretreated Zn-containing
EAFD and Cu,(OH),CO;6H,0 as an additive using a solid-
state reaction approach. The influences of the experimental
conditions on the preparation of (Cu,Zn)Fe,O, and on its
catalytic properties were studied in detail. Moreover, the
catalytic mechanism of as-prepared ferrite was also dis-
cussed. This paper may provide a green and cost-effective
way to integrally utilize the metallurgical solid wastes for
high performance heterogeneous Fenton catalyst.

2. Experimental
2.1. Raw materials

The Zn-containing EAFD used in experiments was sup-
plied by the Tianjin Pipe (Group) Corporation, China. The
element components of EAFD were mainly Fe, Zn, Ca, Si,
and trace quantities of Pb and Cr, as shown in Table 1; the
major crystalline phases were ZnFe,O,, Fe;0,, CaCO;, KCI,
and SiO,, as shown in curve (a) in Fig. 1. The dusts com-
prised spherical particles that had agglomerated to some ex-
tent (Fig. 2(a)). In addition, analytical-grade reagents includ-
ing HCl (36wt%—38wt%), H,O, (30wt%), Rhodamine B
(RhB), and ethanol were purchased from Sinopharm of

— (2 — . . . .
=Cu™" + HOy* »=Cu" + H" + O, “) China and were used without further purification.
Table 1. Chemical compositions of Zn-containing EAFD and pretreated EAFD by XRF analysis wt%
Material Fe Zn Ca Si K Cl Pb Cr
Zn-containing EAFD 37.29 7.79 533 2.21 3.11 2.63 1.16 0.16
Pretreated EAFD 50.03 8.59 0.31 291 0.15 0.09 1.21 0.20

2.2. Experimental procedure

2.2.1. Pretreatment of Zn-containing EAFD

First, 20 g of Zn-containing EAFD was mixed with
200 mL of 0.5 mol-L™" HCl solution in a beaker and the res-
ulting mixture was transferred to an electromagnetic stirrer
and stirred at 900 r/min for 15 h at room temperature.
Second, the solid and liquid were separated by centrifugation
(TGL-16, China) at 5000 r/min for 10 min. Third, the ob-

tained solid was dried in a drying oven at 100°C for 10 h.
Curve (b) in Fig. 1 indicates that the major phases of the pre-
treated EAFD were ZnFe,0,, Fe;0,, and SiO,; CaCO; and
KCl in the EAFD were washed away after treatment. The
morphology of pretreated EAFD remained nearly unchanged
compared with that of the Zn-containing EAFD (Fig. 2(b)).
2.2.2. Synthesis of Cu—Zn ferrite

To synthesize pure ferrite, the molar ratio between the +2
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Fig. 1. XRD patterns of (a) Zn-containing EAFD and (b) pre-
treated EAFD.

ions and the +3 ions should be controlled at 1:2 on the basis
of the chemical formula of the ferrite (MFe,O,). The molar
ratio in the pretreated EAFD was less than 1:2 (Table 1);
thus, a salt containing M*" ions needed to be added to the
dust. Cu,(OH),CO;6H,0 was chosen as the additive be-
cause Cu’* has catalytic effects and because it can be decom-
posed to CuO and CO, while not producing toxic substances
at high temperatures during the preparation process. In detail,
2.0 g of pretreated EAFD was first mixed with 0.8, 0.9, or 1.0
g Cu,(OH),CO;'6H,0 in an alumina crucible. After the com-
ponents were evenly mixed, the crucible was transferred to a
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muffle furnace at room temperature (25°C). The furnace was
then heated to 1000°C gradually, maintained at this temper-
ature for 2 h, then cooled to room temperature. Finally, the
reaction products were ground into powders for further ex-
periments. The overall flow chart for the synthesis of the
Cu—Zn ferrite is illustrated in Fig. 3.
2.2.3. Catalytic reaction

In the catalytic degradation experiments, 200 mL of RhB
solution diluted to a concentration of 10 mg-L™" (C,) was ad-
ded to a 250 mL beaker and the initial absorbance of the RhB
(4,) was measured. A certain amount of the synthetic sample
was then added to the RhB solution and stirred continuously
with an agitator (NP20L, China) at 200 r/min for 30 min un-
der dark conditions. A certain amount of H,O, was sub-
sequently added to the solution by pipette, and the suspen-
sion was immediately irradiated with visible light with an in-
tensity of 20 W. Every 30 min, 5.0 mL of the solution was
collected from the reaction system into a centrifuge tube and
centrifuged at 3000 r/min for 5 min for solid-liquid separa-
tion. The absorbance of the RhB solution at 554 nm (4,) was
measured using a spectrophotometer (722S, China). The de-
colorization efficiency (1) of the RhB and the reaction rate
constant k (min ') were obtained from Egs. (6) and (7), re-
spectively:

Zn-containing EAFD

0.5 mol-L™" HCI solution

PR
| Washing

Centrifugal separation ‘

Supernate

Treated
Zn-containing EAFD

Drying

Cu,(OH),CO,-6H,0

Calcination

Metal-doped Cu—Zn ferrite

Fig. 3. Overall flow chart for the synthesis of Cu—Zn ferrite.

n=(Ag—A,) /Ay x100% (6)
k-1=1n(Cy/C,) @)

All of the catalytic reaction temperatures were controlled
at 25°C with a water bath (HH-6, China).

2.3. Characterization

The mineralogical phases and elements of the Zn-con-
taining EAFD and the pretreated EAFD were determined by
X-ray diffraction (XRD, Rigaku Dmax 2500 PC, Japan) and
X-ray fluorescence (XRF, XRF-1800, Japan), respectively.
The crystalline structures of the as-synthesized samples and
the samples after five cycles of catalytic degradation experi-
ments were characterized by XRD. The micromorphology of
the EAFD, treated EAFD, and as-synthesized samples were
characterized by scanning electron microscopy (SEM,
SUPRA 55, Germany).
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3. Results and discussion

3.1. Effect of preparation parameters on the synthesis of
metal-doped Cu—Zn ferrite and catalytic capability

3.1.1. Effect of the pretreated EAFD to Cu,(OH),CO;:6H,0
mass ratio

Fig. 4 shows the crystalline properties and composition of
synthetic catalysts with different pretreated EAFD-to-
Cu,y(OH),CO5-6H,0 mass ratios (Rearpicy)- When the Rearpicy
was controlled at 2.0:0.8 or 2.0:0.9, peaks appeared at 26 val-
ues of 79.0°, 74.0°, 71.0°, 62.5°, 57.0°, 53.4°, 43.1°, 37.0°,
35.4°, 30.1°, and 18.3°; these peaks were indexed to the
(444), (533), (620), (440), (511), (422), (400), (222), (311),
(220), and (111) crystallographic planes of (CugsZnys)Fe,O4
(JCPDS: 01-077-0012), respectively. No other phases were
detected, confirming that pure (Zn,Cu)Fe,O, with good crys-
tallinity was obtained according to Eq. (8):

’ ¢ (Cu,Zn)Fe,0, ¢ CuO
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Fig. 4. XRD patterns of synthetic samples with varying
REAFD/Cu values.

2
§Cuz(0H)2co3 -6H,0 + ?xFe304 +yZnFe,0, + goz N

7
(Cu,Zn,)Fe,0, + gco2 + EXHZO ®)

When the Rgappc, Was increased to 2.0:1.0, the diffrac-
tion peaks of CuO appeared. The appearance of CuO was
mainly attributed to the decomposition of excessive
Cu,y(OH),CO5-6H,0 into CuO at the high calcination temper-
ature (1000°C), as depicted in Eq. (9):

Cu,(OH),C05-6H,0 — 2CuO + CO,+7H,0 Q)

Moreover, the obtained samples exhibited an irregular
morphology and different sizes, some of which were ag-
glomerated under different Rpappic, values, as illustrated in
Figs. 5(a)-5(c).

The influences of Rgarpc, On the catalytic properties of
the synthetic catalysts are given in Fig. 6, and the degrada-
tion system for treating 10 mg-L™' RhB solution was 0.2 g
sample + 2.0 mL H,0, + 200 mL + 10 mg-L™" RhB solution
assisted by visible light irradiation. When the Rpsppic, Was
changed from 2.0:0.8 to 2.0:0.9, the decolorization effi-
ciency increased from 61.0% to 90.0%, suggesting that the
Cu—Zn ferrite obtained with Rpappic, 0f 2.0:0.9 was an effi-
cient heterogeneous catalyst for treating the RhB solution.
However, when the Rgarpc, Was further changed to 2.0:1.0,
the degradation efficiency decreased from 90.0% to 77.0%,
possibly because of the formation of a mixture of
(Zn,Cu)Fe,0, and CuO. The CuO produced by excessive
Cuy(OH),CO5-6H,0 at high temperatures might have coated
the ferrite surface and reduced the accessibility of the active
reaction sites in the ferrite, resulting in poor catalytic ability.
Thus, we chose Rparpic, = 2.0:0.9 for the next experiments.

vir

Fig.5. SEM images of the samples prepared using various Rg,pp,c, Values: (a) 2.0:0.8; (b) 2.0:0.9; (c) 2.0:1.0.
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Fig. 6. Effect of different Rgsrp,cy Values on the decoloriza-

tion efficiency of an RhB solution (25°C, catalyst concentration
of 1.00 g-L™', H,0, dosage of 1.00vol%, and pH 6.78).

3.1.2. Effects of calcination temperature and time

To explore how different calcination temperatures and
time periods influenced the crystal phases of ferrites and the
decolorization efficiencies of RhB solution, further experi-
ments were conducted at Reappicy = 2.0:0.9 and the calcina-
tion temperature and time were controlled at 1000, 900, and
800°C for 2 and 1 h. The XRD patterns of the prepared
samples are shown in Fig. 7. When the conditions were
1000°C for 2 or 1 h or 900°C for 2 or 1 h, all of the diffrac-
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Fig.7. XRD patterns of the catalysts prepared under differ-
ent conditions.

800°C,2h | o

tion peaks of the samples were consistent with
(CuysZnys5)Fe,0, (JCPDS: 01-077-0012) and no other peaks
were detected, indicating that all the obtained samples were
pure ferrites. The chemical compositions of the ferrite cata-
lysts formed under conditions of 1000°C for 2 or 1 h or
900°C for 2 or 1 h are summarized in Table 2. The chemical
formulas of these samples were all approximately
CuyZny 3,Fe,0,, demonstrating that the calcination temper-
ature and time (1000°C for 2 or 1 h or 900°C for 2 or 1 h) did
not affect the chemical compositions of the prepared ferrites.

Table 2. Chemical compositions of synthetic catalysts under different conditions (Rgarp/cy = 2.0:0.9), as determined by XRF ana-

lysis mol%
Condition Fe /n Cu Si Ca Pb Cr
1000°C, 2 h 654 10.6 22.1  0.05 83x107° 8.8x10 47 %107 2.6x107°
900°C, 2 h 654 106 221  0.05 82x 107 7.9 %107 5.7 %107 33x10°
1000°C, 1 h 654 10.6 22.1  0.05 9.1x107 7.7x107 55x107 28x107
900°C, 1 h 654 10.6 221  0.05 8.7x107° 8.1x10™" 6.1 107 41x107

We doped Ca, Si, Pb, and Cr (Table 2) into the spinel-
structured Cu—Zn ferrite. When the calcination temperature
decreased to 800°C, other diffraction peaks assigned to Fe,O;
and CuO appeared in addition to those of the Cu—Zn ferrite,
suggesting that the samples prepared at 800°C for 2 or 1 h
were not pure ferrite. Moreover, the SEM images (Fig. 8)
show that the particle sizes of the ferrites decreased dramatic-
ally and that the size distribution became narrower when the
reaction temperature was changed from 1000 to 900°C,
which should enhance the catalytic performance of the ob-
tained ferrites in theoretical.

Fig. 9 presents the catalytic properties of the samples pre-
pared under different temperatures and time periods. In the
reaction systems of 0.2 g ferrite + 2 mL H,0, + 200 mL 10
mg-L™" RhB solution assisted by visible light irradiation, the
ferrite prepared at 1000°C for 2 h, which exhibited a relat-
ively large size (Fig. 8(a)), exhibited the best decolorization
efficiency of 90.0% for treating RhB solution compared with
the other three samples. This phenomenon is inconsistent
with the consensus that a catalyst with higher specific sur-
face area generally exhibits higher catalytic performance.

Elucidation of the catalytic reaction mechanism of the syn-
thetic (Cu,Zn)Fe,0, in the system of catalyst + H,O, + vis-
ible light + RhB solution is necessary to explain this experi-
mental result.

3.2. Catalytic reaction mechanism of as-synthesized
Cu—Zn ferrite catalyst in reaction system of catalyst +
H,0, + visible light + RhB solution

In general, the main factors that determine the catalytic
performance of ferrite include chemical composition, specif-
ic surface area, and ion occupation. According to Table 2, the
chemical formulas of the samples under different temperat-
ures and time periods were approximately CuggsZng,Fe,O,,
which demonstrates that the calcination temperature and time
did not affect the chemical compositions of the prepared fer-
rites. In addition, the catalyst calcined at 900°C for 1 h exhib-
ited the smallest particle size among the four prepared cata-
lysts (Fig. 8); thus, the catalyst calcined at 900°C for 1 h
should theoretically demonstrate greater removal efficiency
of RhB because it has more active sites exposed; however, a
different result was obtained. Therefore, on the basis of the



J.W. Li et al., Metal-doped (Cu,Zn)Fe,0, from integral utilization of toxic Zn-containing electric arc furnace ...

2 pm

1001

2 pm

Fig. 8. SEM images of the samples prepared under different conditions: (a) 1000°C, 2 h; (b) 1000°C, 1 h; (¢) 900°C, 2 h; (d) 900°C,

1h.

041 _a 1000°C,2h
—~ 1000°C, 1 h
021 —900°C,2h

—v—900°C, I h

0 30 60 90 120 150 180
Reaction time / min

Fig.9. Effects of calcination temperature and time on the de-

colorization efficiency of RhB solution (25°C, catalyst concen-

tration of 1.00 g-L™', H,0, dosage of 1.00vol%, and pH 6.78).

aforementioned analysis, the amounts of metallic ions oc-
cupying octahedral (Oct) positions and tetrahedral (Tet) posi-
tions in the ferrite catalyst might play an important part in de-
termining the catalytic performance.

To semi-quantitatively characterize the occupation of
metallic ions, the ferrites were analyzed by XPS; the results
are presented in Fig. 10. The survey XPS spectrum of the
(Cu,Zn)Fe,0, ferrites confirmed the coexistence of Cu, Zn,
Fe, and O (Fig. 10(a)). In the high-resolution spectra of Fe 2p
(Fig. 10(b)), the peaks at 710.5 eV, which are attributed to Fe
2psp, can be deconvoluted into two peaks at approximately
710.3 and 712.7 eV, corresponding to Fel, and Fe!,
[20—21]. In the Cu 2p spectral region (Fig. 10(c)), the bind-
ing-energy peaks ascribed to Cu 2p;, at 933.7 eV were also
deconvoluted into two components corresponding to the Cu
2ps of Cug, and Cugf, [22-23]. As shown in Fig. 10(d), the
characteristic peaks of Zn 2ps;, at 1021.2 eV can be divided

into two peaks at approximately 1021.0 and 1021.8 eV, cor-
responding to Zn3}, and Zng,, respectively [24]. Because the

catalytic performance of the prepared ferrites mainly de-
pended on the amount of Fel', and CuZ,, the occupation ra-
tio of Fe, and Cug,, as well as the sum of Fe/}}, and Cug;,,
is included in Table 3. The results show that the decoloriza-
tion efficiency increases with increasing sum of FelY and
Cug),. The catalyst calcined at 900°C for 2 h exhibited the
lowest Fel, (42.6%) and the smallest sum of Fel, and Cug,
(109.9%); it therefore exhibited the lowest degradation effi-
ciency of 56.0%. By contrast, both the catalyst calcined at
1000°C for 1 h and that calcined at 900°C for 1 h had ap-
proximately the sum of Fe, and CuZ’,; thus, their decoloriz-
ation efficiencies were about the same(73.8%, 72.5%). Not-
ably, although the catalyst calcined at 1000°C for 2 h did not
have the maximum Fe} , it had the maximum sum of Fel},
and Cu, (130.6%); it therefore exhibited the highest decol-
orization efficiency (90.0%). This result may be due to a syn-
ergistic effect of Fel, and Cug, according to Egs. (4)5).
Under this circumstance, more *OH species were generated;
the ferrite (CuygsZngs,)Fe,O, prepared at 1000°C for 2 h

therefore exhibited the best catalytic efficiency.

3.3. Effect of catalytic conditions on the decolorization
of RhB

3.3.1. Catalyst concentration

The influence of catalyst concentration on the decoloriz-
ation efficiency of RhB is shown in Fig. 11. As the catalyst
concentration was varied from 0.50 to 1.00 g-L™', the decol-
orization efficiency of RhB and the £,,, (chemical reaction
rate constant) increased from 69.0% to 90.0% and from
0.0063 to 0.0122 min ', possibly because additional active
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Table 3. Ion occupation ratios of Fe?;;l and Cug;;t under different conditions determined by XRF analysis and the decolorization

efficiency of RhB
. Ion occupation ratio / mol% o )
Condition i o Decolorization efficiency of RhB / %
Fel., Cugy, Sum
1000°C, 2 h 56.3 74.3 130.6 90.0
1000°C, 1 h 57.8 67.8 125.6 73.8
900°C, 2 h 42.6 67.3 109.9 56.0
900°C, 1 h 59.7 62.8 122.5 72.5
(b) A
1.0 2.0 Lw0.50 gL, k, = 0.0063 min! -
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Fig. 11.  Effect of catalyst concentration on (a) the decolorization efficiency of RhB and (b) the catalytic kinetics curves (25°C, H,0O,
dosage of 1.00vol%, and pH 6.78).

further increased to 1.50 g-L™', the 5 decreased to 66.0%.
This decrease may be caused by the additional active sites
provided by the excess catalyst dramatically increasing the

sites on the ferrite surface reacted with H,0O, to generate more
reactive radicals such as *OH, thereby leading to improved
efficiency. However, when the catalyst concentration was
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concentration of *OH and the amount of *OH adsorbed onto
the ferrite surface within a short time, increasing the probab-
ility of collision between *OH radicals (Eq. (10)) [25], finally
reducing the amount of *OH and decreasing the # of RhB:

*OH + *OH — H,0 + O, (10)

3.3.2. H,0, dosage

The dosage of H,O, played a key role in the heterogen-
eous Fenton reaction. The effect of the initial H,O, dosage
(0.25v0l%—1.50v01%) is shown in Fig. 12. When the H,0,
dosage ranged from 0.25vo0l% to 1.00vol%, more *OH radic-
als were generated as described in Eq. (1); thus, the # value of

(a)

0.25vol%
0.50vol%
0.75vol%
1.00vol%
1.25vo01%
1.50vol%

30 60 90 120 150 180
Reaction time / min

Fobbi

S

S

RhB increased from 41.0% to 90.0% and the k,,, value in-
creased from 0.0031 to 0.0122 min"' correspondingly.
However, when the H,0, dosage was further increased from
1.00vol% to 1.50vol%, the removal efficiency was not im-
proved as expected; it instead decreased from 90.0% to
77.0%, and the £, decreased from 0.0122 to 0.0090 min™".
This phenomenon might be due to the formed *OH radicals
again reacting with added excess H,0, to generate HO,* rad-
icals (Eq. (11)), which could also react with *OH radicals
(Eq. (12)), leading to low concentration of *OH radicals
[26—27]:

(b) T
2.0 | ® 0.25vo0l%, &k, = 0.0031 min™' e
® 0.50vo0l%, k, = 0.0052 min™ v’
4 0.75vol%, ky; = 0.0082 min™! Lo >
L5 b v 1.00vol%, k, = 0.0122 min' 7~ -ic%
o |+ 1250l ko= 0.008s mint 47
S0l 1.50vol%, kézo.o??qﬁ]n:l:;i;:‘ .
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Fig. 12. Effect of HO, dosage on (a) the decolorization efficiency of RhB and (b) the catalytic kinetics curves (25°C, catalyst con-

centration 1.00 g-L', and pH 6.78).

*OH + H202 e HOz’ + H20 (11)
*OH + HO,* —» H,0 + O, (12)
3.3.3. Initial pH value

The initial pH value of reaction solutions is an important
parameter for the decolorization of RhB. Initial pH values of
3.17,4.35, 6.78, 8.35, and 9.62 were selected in this system,
and the pH values of the solution were adjusted by addition
of HCI solution or NaOH solution [28]. As observed in Fig.
13, the # reached its highest value when the initial pH value

1.0 142

0L 1 1 1 1 1 1

0 30 60 90 120 150 180
Reaction time / min

of the reaction solution was 6.78. When the pH value of the
solution was varied from 6.78 to 3.17, the removal efficiency
of RhB and the k,,, decreased with decreasing pH value. In
the reaction system, excessive H™ ions could easily react with
H,0, to form oxonium ions by solvating a proton (Eq. (13))
[29], thereby reducing the amount of *OH radicals:
H*+ H,0, —» H;0;} (13)
Moreover, increasing the initial pH value to 9.62 would
lead to decomposition of the H,0O, in the system into H,O and

(b) ® PH3.17, k, =0.0067 min’! B
o pH 4.35, k, = 0.0080 min"! L
20 A pH6.78, k= 0.0124 min™! P’
v pH 8.35, k, = 0.0090 min™ .~
sk pH9.62, k=0.0087 min’, - oz ff
5 . Latic
) Vs L 1~ .-
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- s el
- zZ R~
05[ {:ffi:"
ore’
1 1 1 1 1 1 1
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Reaction time / min

Fig. 13. Effect of the initial pH on (a) the decolorization efficiency of RhB and (b) the catalytic kinetics curves (25°C, catalyst con-

centration of 1.00 g-L™", and H,0, dosage of 1.00vol%).
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O, in alkaline solution, leading to less H,O, adsorbed onto the
ferrite, further affecting the reaction between the catalyst and
H,0, and decreasing the amount of *OH radicals [30]. Under
this condition, the # of RhB decreased gradually from 90.0%
to 78.0% and the £,,, decreased from 0.0124 to 0.0087 min .
The results illustrate that a near-neutral but slightly acidic pH
condition was beneficial for the removal of RhB; a pH value
of 6.78 was therefore selected.

In conclusion, the optimum catalytic conditions were as
follows: calcination temperature 1000°C, calcination time 2
h, pH 6.78, catalyst concentration of 1.00 g-L™', and H,0,
dosage of 1.00vol% with visible light irradiation. These con-
ditions lead to a # value of 90% in 180 min.

3.4. Stability of as-prepared ferrite Cu,Zng3,Fe, O, over
five cycles

Cycle experiments were necessary to study the stability
of the as-synthesized catalyst under irradiation. The satura-
tion magnetization (M) value of the obtained
CugesZny,Fe,0, was 54.62 emu-g ' (Fig. 14(a)), indicating
the catalyst was a magnetic material that could be easily sep-
arated. The magnetic sample CuyZn,3,Fe,04 was removed
from the reaction solution by a strong magnet and then
washed and dried. The results of experiments in which the
same catalyst was used for five cycles (Fig. 14(b)) demon-
strate that the decolorization efficiency of RhB decreased

60 |- ()
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g 30 H;: 1828 emu-g
Q
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&
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Fig. 14.
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slightly after five cycles compared with that after the first
cycle, still achieving 83.0%. The TOC removal efficiency
(Fig. 14(c)) decreased from 45.0% to 36.7% after five cycles.
In addition, XRD patterns of used and fresh ferrites (Fig.
14(d)) show no obvious change in the crystalline phase after
five cycles, implying that the as-synthesized Cuy gZn3,Fe,04
was very stable and could be reutilized in the removal of
RhB.

3.5. Environmental effect

To verify the toxicity of the EAFD and synthetic ferrite,
the toxicity characteristic leaching procedure (TCLP) experi-
ment was conducted. First, 1.0 g EAFD and 1.0 g ferrite were
respectively mixed with HAc solution (pH = 2.88) under
electromagnetic stirring at room temperature for 24 h. The
solid-liquid separation was conducted by centrifugation, and
the leachates were analyzed intensively using inductively
coupled plasma optical emission spectrometry (ICP-OES,
OPTIMA 7000DV, USA). The results are summarized in Ta-
ble 4. According to the TCLP standard, the hazardous EAFD
could be transformed to nontoxic Cu—Zn ferrite catalyst by
the novel process proposed in this work.

In addition, the degraded RhB solutions were also meas-
ured; the results are shown in Table 5. The metallic ion con-
centrations in the RhB solutions after the first and fifth de-
gradation were all below concentration limits specified in

1.0 La®
0.8
S 0.6 Ist 2nd 3rd 4th Sth
>
0.4+
0.2+
0 1 1 1 1 1 1
0 180 360 540 720 900
Reaction time / min
(d) .
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(a) Room temperature hysteresis loops and the corresponding saturation magnetization (1) and coercive force (H.) values;

(b) results of a recycling study of the decolorization efficiency of RhB under optimal conditions; (c) decolorization efficiency and TOC
removal efficiency of RhB in five cycle experiments; (d) XRD patterns of used and fresh samples synthesized at 1000°C for 2 h.
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Table 4. Toxicity experiment results of Zn-containing EAFD and synthesized ferrite according to TCLP standard, as obtained by

ICP-OES analysis mg-L™!
Sample Cr Pb Zn Ni Cd
Zn-containing EAFD 4.93 132.6 43.6 b.l.d 18.7
(CugesZn0,32)Fe;04 b.lL.d b.l.d b.l.d b.ld b.ld
Maximum concentration 5 5 — — 0.5

Note: b.l.d—below the limit of detection.

Table 5. Ion concentrations in RhB solutions by ICP-OES analysis and the emission standard (GB/31574—2015) mg-L™
Cycle number Cu Zn Pb As Ni Cr Cd
1 b.ld b.ld 0.103 b.l.d b.ld b.ld b.l.d
5 b.l.d b.l.d 0.097 b.l.d b.l.d b.l.d b.l.d
Maximum concentration (GB/31574—2015) 0.2 1 0.2 0.1 0.1 0.5 0.01
emission standard GB/31574—2015, meaning that the de- References

graded solutions could be discharged directly.

In our experiments, the (CuygZngsy)Fe,O, ferrite ob-
tained under the optimum preparation conditions of Rgarpic, =
2.0:0.9 and a calcination temperature of 1000°C and time of 2
h exhibited the best catalytic efficiency and the recovery ra-
tio of the pretreated EAFD reached 90.7%, basically realiz-
ing the overall and high-value-added utilization of the toxic
dust.

4. Conclusion

Nontoxic metal-doped CuygZng3,Fe,0, was success-
fully synthesized from hazardous Zn-containing EAFD
through a solid-state reaction process, and it could be used as
a Fenton catalyst. The effects of preparation parameters on
the formation of ferrite catalyst and on the degradation of
RhB were investigated in detail. The as-synthesized
CuyZny 3,Fe,0, exhibited the best decolorization efficiency
of 90.0% in 180 min in the system of 0.2 g ferrite + 2 mL
H,0, + 200 mL 10 mg-L™" RhB solution assisted by visible
light irradiation. The cycling experiment demonstrated the
good stability of the Cuy Zny 3,Fe,O,; the decolorization effi-
ciency of RhB could still reach 83.0% after five cycles. In the
meantime, the recovery ratio of the pretreated EAFD was
90.7%. The TCLP measurement illustrated the hazardous Zn-
containing EAFD was turned into nontoxic ferrite and that
the concentrations of metallic ions in the degraded RhB solu-
tions were lower than the national emission standard, thereby
demonstrating that the method proposed in this paper real-
ized green and efficient use of the toxic EAFD.
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