
One-Step Synthesis of Magnetic Zeolite from Zinc Slag and Circulating
Fluidized Bed Fly Ash for Degradation of Dye Wastewater

Zhichao Han, Yaojun Zhang* and Panyang He

College of Materials Science and Engineering, Xi’an University of Architecture and Technology, Xi’an, 710055, China
*Corresponding Author: Yaojun Zhang. Email: zhangyaojun@xauat.edu.cn

Received: 05 December 2019; Accepted: 13 February 2020

Abstract: In this study, a magnetic P zeolite was directly synthesized by utiliza-
tion of industrial solid wastes of zinc slag (ZS) and circulating fluidized bed fly
ash (CFBFA) via one-step hydrothermal method. The effects of different
CFBFA/ZS ratios and hydrothermal times on the as-synthesized zeolite were
investigated. The X-ray diffraction (XRD) and vibrating sample magnetometer
(VSM) results indicated that the magnetic P zeolite possessed well-defined
crystals and superparamagnetism. The as-prepared zeolite was employed as a
Fenton-like solid catalyst for degradation of direct green B dye wastewater. It
was discovered that the magnetic P zeolite took the advantage of rapid separation
and efficient recovery under the external magnets in a solid-liquid reaction. The
effects of the solution pH, the catalyst dosage, and the H2O2 concentration on
the degradation rate of direct green B dye wastewater were studied systematically.
The results showed that the highest degradation of 96.3% was obtained and the
magnetic P zeolite showed excellent stability after four cycles. Therefore, the
magnetic P zeolite derived from industrial solid wastes had a potential application
in wastewater treatment.
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1 Introduction

Zeolite, a type of aluminosilicate material with regular channels and unique crystal structure, has
been widely used in the fields of petrochemical industry, fine chemical industry and environmental
protection due to its excellent ion exchange, catalysis and adsorption properties [1,2]. However, the
synthesized zeolites are usually solid powders which are difficult to be separated in the solid-liquid
system so that the wide applications of zeolite powders have been limited. Magnetic zeolite powders
have the advantages of easy separation and recycling by use of the magnetic technology, and become
a research hotspot in the water treatment. Yamaura et al. [3,4] reported that the hydroxyl sodalite was
synthesized by the hydrothermal reaction of fly ash and NaOH solution at 100°C for 24 h, and then
the magnetic composite was obtained by blending of hydroxyl sodalite with magnetic Fe3O4 by a
mass ratio of 3:1 in aqueous solution. Anunziata et al. [5] synthesized a magnetic Fen+-ZSM-11
zeolite by the incipient wetness impregnation of FeSO4•7H2O and Fe(NO3)3•9H2O salt solutions on
the surface of NH4-ZSM-11 zeolite, and then heated at 500°C for 10 h under nitrogen atmosphere and
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calcined in air at 500°C for 12 h. Cao et al. [6] reported that some pure chemical reagents were mixed at a
molar ratio of Na2O:Al2O3:SiO2:H2O = 3:1:2.3:185, and then blended with magnetic Fe3O4 to get a
mixture which was heated at 95°C for 6 h to obtain a magnetic P-type zeolite.

As mentioned above, the magnetic zeolites are usually achieved by addition of magnetic oxide into the
as-synthesized zeolites, in which two or more steps are required in the preparation of magnetic zeolites.
Recently, Belviso et al. [7] reported that a mixture of waste materials (fly ash and red mud) and NaOH
at a mass ratio of 1:1.2 was fused at 600°C for 12 h, and then the molten material was mixed with
distilled water which was incubated at 25–40°C for 4 days to acquire a mixture of A-, X- and ZK-5-
type magnetic zeolites without the addition of iron oxide magnetic nanoparticles.

Zinc slag (ZS) is an industrial solid waste discharged from the zinc smelting process. The China
Report Hall [8] reported that the output of zinc metal was 5.681 million tons in 2018. The discharge of
zinc slag in China was about 5.45 million tons, and its historical stockpiling volume exceeded to 100
million tons according to the production of each ton of zinc metal to discharge 0.96 tons of zinc slag
[9]. Circulating fluidized bed boiler (800–900°C) is a new clean combustion technology of high
efficiency and low pollution. It is reported that the annual discharge of circulating fluidized bed fly ash
(CFBFA) is about 90 million tons and gradually increases year by year [10]. The vast accumulation of
ZS and CFBFA has already caused wasting of resources, serious environmental pollution, and huge
economic losses [11,12]. This paper takes a mixture of ZS and CFBFA as silicon and aluminum
sources, and utilizes the magnetic component containing in the ZS and CFBFA to directly synthesize
magnetic P zeolite without addition of magnetic oxide via one-step hydrothermal reaction. The
utilization of industrial solid wastes as precursors for preparation of zeolites can not only reduce the
environmental pressure, but also obtain high value-added magnetic zeolite. Moreover, the magnetic P
zeolite synthesized from ZS and CFBFA is employed as a Fenton-like catalyst for the simulated
degradation of printing and dyeing wastewater. It can be a new approach to achieve the dual purpose of
“waste control by waste”. To our knowledge, the study on utilization of ZS and CFBFA as precursors
for the direct synthesis of magnetic P zeolite by one-step hydrothermal reaction has not yet been
reported in the current literatures.

2 Materials and Methods

2.1 Materials
The zinc slag (ZS) was provided by Zinc Smelting Plant of Shangluo, Shaanxi province of China and the

circulating fluidized bed fly ash (CFBFA) was from Shenhua Junggar Energy Corporation in Junggar, Inner
Mongolia of China. The main chemical components of ZS and CFBFAwere measured by the weight percent
using X-ray fluorescence (XRF) and listed in Tab. 1. The sodium hydroxide (A. R.) was purchased from
Xi’an Chemical Reagent Company. The water is deionized water.

2.2 Synthesis of Magnetic Zeolite
The ZS, CFBFA, NaOH and water at the mass ratio of 0.66:1:0.73:15 were weighed respectively. The

ZS and CFBFAwere thoroughly blended to form a mixture which was poured into 1.2 mol/L NaOH solution
and stirred for 2 min to become homogeneous slurry, and then the slurry was placed into a 200 mL of

Table 1: Chemical composition of CFBFA and ZS

Sample CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2

CFBFA 2.87 35.14 45.35 2.61 0.23 0.08 0.34 0.54 1.82

ZS 9.10 16.79 8.94 39.68 2.32 1.00 4.00 0.42 –
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autoclave to carry out the hydrothermal reaction at 105°C for 12 h, 24 h, 48 h and 60 h, respectively. The
different magnetic P zeolite samples were obtained after filtration, washing and drying. The different
ratios of CFBFA and ZS were shown in Tab. 2.

2.3 Characterization of Magnetic Zeolites
Elemental analysis of the sample was carried out on an X-ray fluorescence spectrometer. The X-ray

diffraction (XRD) patterns of the samples were recorded on an X-ray diffractometer using CuKα (λ =
1.54056 Å) operated at 40 kV and 40 mA with a scanning rate of 10°/min from 2θ range of 5–70°. The
micro-morphologies were captured by a FEI Quanta 200 scanning electron microscopy (SEM) equipped
with energy dispersive X-ray spectroscopy (EDS). Fourier-transform infrared (FT-IR) spectra of samples
were detected on a Nicolet 5700 FT-IR spectrophotometer in the range of 400 to 4000 cm−1 using a KBr
disk. The magnetization hysteresis loop of sample was determined on a VSM-7404 type vibrating sample
magnetometer.

2.4 Treatment of Printing and Dyeing Wastewater
The catalytic activities of magnetic P zeolites were evaluated by simulated degradation of printing and

dyeing wastewater of direct green B dye in Fenton-like reaction. The initial absorbance (A0) of direct green B
dye (the corresponding concentration (C0)) was measured at the maximum absorption wavelength of 628 nm.
Put 100 mL of direct green B dye solution with concentration of 40 mg/L into a beaker, and then add certain
amount of H2O2 into the solution. The pH value of solution was adjusted by addition of 0.1 M HCl or 0.05 M
NaOH. After a certain amount of magnetic P zeolite was introduced to the solution containing direct green B
dye, the solution was stirred at 200 rpm for certain time. The supernatant solution was obtained by centrifugal
separation at 10 min intervals and was monitored the absorbance (At) (the corresponding concentration (Ct)).
The degradation rate (DR) of dye was calculated using Eq. (1). Where DR is the degradation rate of direct
green B dye, A0 (C0) and At (Ct) are the absorbance (concentration) of direct green B dye solution at original
and t time, respectively.

DR %ð Þ ¼ ðC0�CtÞ =C0 � 100% ¼ ðA0 �AtÞ =A0 � 100% (1)

3 Results and Discussion

3.1 Microstructure of Magnetic P Zeolite
Fig. 1 shows the XRD patterns of samples. From the Fig. 1a, it can be found that the CFBFA sample

displays several diffraction peaks at 20.85°, 26.74° as well as at 16.28°, 26.47°, 33.29°, 40.90°, 45.63°,
67.39° belonging to quartz and mullite phases, respectively, and the broad diffuse hump in the range of
15°–35° is assigned to be amorphous silica. In the pattern of ZS, there are the characteristic peaks of
magnetite at 30.1°, 43.1° and 53.5° (JCPDS No. 74–0748), besides the quartz and mullite phases. Fig. 1b
presents the XRD patterns of samples synthesized from the different ratios of CFBFA to ZS by the
weight percent which are shown in Tab. 2. For the CZ(20/80) sample, some peaks occur at 12.42°,

Table 2: Composition of CFBFA and ZS mixture

Sample CFBFA (wt%) ZS (wt%) Si/Al

CZ(20/80)* 20 80 1.07

CZ(60/40)* 60 40 0.76

CZ(80/20)* 80 20 0.70
* The samples of CZ(80/20), CZ(60/40) and CZ(20/80) were synthesized at the different ratios of CFBFA
and ZS by the weight percent (The acronym of CZ is from the first letters both CFBFA and ZS).
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17.63°, 21.61°, 28.04°, 33.35° and 46.02° corresponding to P zeolite (JCPDS No.44–0052), and others
appear at 30.1°, 43.1° and 53.5° to be the magnetite (Fe3O4) (JCPDS No. 74–0748), indicating that the
magnetic P zeolite is successfully synthesized by one-step hydrothermal reaction. When the weight
percent of CFBFA is gradually increasing from 20 to 80 in the different samples, it is clear that the peak
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Figure 1: XRD patterns of samples. (a) Rawmaterials of CFBFA and ZS, (b) Samples of CZ(80/20), CZ(60/40)
and CZ(20/80) synthesized from the different ratios of CFBFA to ZS by the weight percent, and (c) Crystallization
times of CZ(60/40) from 12 h, 24 h, 48 h to 60 h, respectively
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intensities of P zeolite display a trend of increasing first, but then decreasing. The pattern of CZ(60/40) has a
set of the highest intensity of peaks. Fig. 1c shows the patterns of the CZ(60/40) sample at different
crystallization times from 12 h, 24 h, 48 h to 60 h. It can be seen that the peak intensities of P zeolite are
rapidly increasing from 12 h to 48 h, and then approach to constant value at 60 h, demonstrating that the
optimal mass ratio of ZS:CFBFA:NaOH:H2O = 0.66:1:0.73:15, and the hydrothermal time of 48 h are
critical for the synthesis of magnetic P zeolite.

Fig. 2 displays SEM micrographs of the samples. The CFBFA shows the irregular particles with size
about 30 μm in Fig. 2a, and ZS also exhibits an irregular morphology with size about 20 μm in Fig. 2b.
From Fig. 2c–2f, a kind of spherical crystals are obtained and identified as P zeolite, which are similar
to those reported in previous literatures [13,14]. In addition, it is revealed that the increasing of
crystallization time from 12 h to 60 h is beneficial to the formation of magnetic P zeolite spherical
particles with mean size about 2 μm. In comparison with CFBFA and ZS, the magnetic P zeolites show
relatively much smaller and more uniform spherical particles. The previous studies also reported that
the particle size of P zeolite is about 2–10 μm [13,14]. During the hydrothermal treatment, the silicon
and aluminum species in CFBFA and ZS are dissolved in NaOH solution to form [SiO4]

4− and [AlO4]
5−

tetrahedrons which are the primary building block of zeolite, and then the micro-crystals of P zeolite
are obtained under the template agent of Na+ ions [15]. Furthermore, the EDS result indicates that the
presence of Fe, Si, Al and O in the P zeolites. SEM and EDS results further demonstrate the creation of
magnetic P zeolite.

Figure 2: SEM micrographs of (a) CFBFA, (b) ZS, (c–f) crystallization times of magnetic P zeolite sample
(CZ(60/40)) from 12 h, 24 h, 48 h to 60 h as well as the element analysis of EDS
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Fig. 3 shows the FT-IR spectra of ZS, CFBFA and magnetic P zeolite that there are a wide peak at the
high frequency region from 3429 to 3448 cm−1 for each sample corresponding to the stretching vibration of
O-H bond, and a weak peak at intermediate frequency region from 1624 to 1645 cm−1 associating with the
bending vibration of O-H bond, respectively [16]. In the spectrum of ZS, there are two peaks at 1041 cm−1

and 467 cm−1 which are attributed to antisymmetric stretching and bending vibrations of Si-O, and the band
at 606 cm−1 is assigned to the Fe-O stretching mode of the tetrahedral and octahedral sites in magnetite [17].
The CFBFA presents a series of bands deriving from antisymmetric stretching vibration of Si-O at
1097 cm−1, symmetric vibration of Si-O-Si and Al-O in mullite-like structures at 821 cm−1, stretching
vibration of Al(VI)-O-Si at 566 cm−1, and Si-O bending vibration at 469 cm−1 [18,19]. In the spectrum of
the magnetic P zeolite, the peak at 606 cm−1 ascribes to the Fe-O stretching mode, and the band at
739 cm−1 is attributed to the symmetric stretching vibration of the internal tetrahedrons [20]. The peaks
at about 981 cm−1 and 430 cm−1 belong to the internal vibrations of Si(Al)O4 tetrahedrons in P zeolite
[21,22]. The above results also demonstrate the formation of magnetic P zeolite.

3.2 The Magnetic Properties of P Zeolite
Fig. 4 shows the hysteresis loop of the magnetic P zeolite measured by a vibrating sample magnetometer.

The hysteresis loops of magnetic P zeolite presents the curve of S-like shape. The magnetization of the
magnetic P zeolite increases with increasing of applied magnetic field and tends to saturation at high
intensity, while the magnetization gradually decreases and approaches to zero as the applied magnetic
field slowly reduces from high intensity to zero, so do the applied magnetic field in reverse. In addition,
the magnetic P zeolite has a small coercive force of 70.02 G and a remanence of 0.05 emu/g, which
indicates that the magnetic P zeolite has superparamagnetism. The special saturation magnetization (M)
of 3.85 emu/g testifies that the magnetic P zeolite has a promising application in the magnetic separation
technology of wastewater treatment. Belviso et al. [7] and Cao et al. [13] reported that the magnetic
zeolite with a saturation magnetization (M) of 2 emu/g and 2.88 emu/g were synthesized, respectively.
Jiang et al. [23] prepared magnetic zeolite of P/Ni/wollastonite composite fibers with a saturation
magnetization (M) of 1.81 emu/g. It is clear that the saturation magnetization of the as-prepared P zeolite
is slightly higher than that of magnetic zeolites reported in previous literatures, meaning that the magnetic
P zeolite can be more quickly attracted towards a magnet.
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Figure 3: FT-IR spectra of samples
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3.3 Degradation of Wastewater
The magnetic P zeolite is used as a solid catalyst for the degradation of direct green B dye wastewater in

Fenton-like reaction. The effects of the pH of solution, the dosage of catalyst, and the H2O2 concentration on
the degradation rate of direct green B dye wastewater are studied through single factor experiments to obtain
the optimal parameters as shown in Fig. 5.

Fig. 5a shows that the influence of the solution pH from 3.2 to 9.6 on the degradation of direct green B
dye when the catalyst dosage of magnetic P zeolite is 2 g/L and the concentration of H2O2 is 4 mmol/L. It is
found that the degradation rate rapidly reduces from 95.9% to 45.1% as the solution pH increases from 3.2 to
9.6 due to the decomposition of H2O2 into H2O and O2 under alkaline condition [24]. Much lower pH is easy
to cause the corrosion of equipment, thus, the optimal initial pH is about 3.2. Fig. 5b displays that the effect of
the catalyst dosage from zero to 6.0 g/L on the degradation of direct green B dye under the certain conditions,
for instance, solution pH 3.2 and H2O2 concentration of 4 mmol/L. The degradation rate of direct green B dye
is ascend first from 5.5% (without catalyst) to 94.2% (4.0 g/L catalyst), and then descend from 94.2% to
91.6% (6.0 g/L catalyst) due to the fact that the catalyst is prone to aggregate into lump in the case of
catalyst excess. Therefore, the optimum catalyst dosage is about 4.0 g/L. Fig. 5c shows the influence of
H2O2 concentration on degradation of direct green B dye under the constant pH 3.2 and catalyst dosage
of 4.0 g/L. The degradation rate of direct green B dye increases from 65.1% to 96.3% with the increasing
of H2O2 concentration from 0 to 8 mmol/L, while the degradation rate declines to 85% as the
concentration of H2O2 rises to 16 mmol/L, suggesting that excessive H2O2 traps hydroxyl radical (∙OH)
to generate peroxy radical (HO2∙) with lower redox potential than hydroxyl radical (∙OH) so as to
decrease the degradation rate of dye [25]. Hence, the optimal H2O2 concentration is 8 mmol/L. It can
draw an optimized reaction condition from Fig. 5. When the initial pH is about 3.2, the H2O2

concentration is about 8 mmol/L, and the magnetic P zeolite catalyst dosage is about 4.0 g/L, there is the
highest degradation rate of 96.3% for the direct green B dye over the magnetic P zeolite catalyst.

Fig. 6 shows the UV-vis spectra of direct green B dye before and after degradation over the magnetic
P zeolite. The spectrum of direct green B dye presents three main characteristic absorption peaks at the
wavelengths of 208 nm, 372 nm, and 628 nm. The strongest peak at 628 nm is assigned to be the
absorption of azo chromophore, while the peaks at 208 nm and 372 nm are related to the absorptions of
E2 and the naphthalene ring structure [26,27]. After degradation reaction, the peaks both 372 nm and 628
nm almost disappear, demonstrating that the azo chromophore and the naphthalene ring structure are
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broken down to form the small molecule products, like phenol and aminobenzene which possess an
absorption peak at 208 nm identified by high performance liquid chromatography-electrospray ionization-
mass spectrometer (HPLC-ESI-MS) and gas chromatography-mass spectrometer (GC-MS) [28].

3.4 Stability of Magnetic P Zeolite
The stability of magnetic P zeolite is evaluated through four cycles under the optimal conditions as

shown in Fig. 7. The degradation rate of direct green B dye decreases by 9.3% from initial 96.3 to 87%
after four cycles, implying that the magnetic P zeolite still remains excellent catalytic activity in Fig. 7a.
The XRD patterns of the magnetic P zeolite before and after degradations are almost same, indicating
that the magnetic P zeolite has excellent stability as shown in Fig. 7b.

4 Conclusions

In this study, a magnetic P zeolite was directly synthesized by one-step hydrothermal method by use of
industrial wastes of zinc slag and circulating fluidized bed fly ash. The magnetic P zeolite possessed
superparamagnetism, a small coercive force of 70.02 G, a remanence of 0.05 emu/g, and a saturation
magnetization of 3.85 emu/g. In addition, the magnetic P zeolite as a Fenton-like catalyst for dye
wastewater treatment showed excellently catalytic degradation activity and high stability. The degradation
rate of direct green B dye over the magnetic P zeolite catalyst approached to 96.3% under the conditions
of initial pH of 3.2, H2O2 concentration of 8 mmol/L, and catalyst dosage of 4.0 g/L. The as-synthesized
magnetic P zeolite from both circulating fluidized bed fly ash and zinc slag realized the dual goal of
“waste control by waste”, in which not only the industrial solid waste could be effectively reused, but
also the magnetic P zeolite could be used as the catalyst for the treatment of dye wastewater in Fenton-
like reaction.
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