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ABSTRACT

Magnetic NdFeB loading on an activated carbon catalyst (FeO -NdFeB@AC) was achieved by a nega-
tive pressure impregnation method in this study. The results of magnetic performance tests show that
the FeO -NdFeB@AC has hard magnetic properties. The surface morphology and composition test
results indicated that the specific area and Fe content of FeO -NdFeB@AC were significantly improved
by the negative pressure impregnation treatment. The feasibility of the FeO -NdFeB@AC as a cata-
lyst in an activated persulfate process was studied by degrading real coking wastewater. The results
showed that the FeO -NdFeB@AC had splendid catalytic activity. Under optimum conditions (pH 3.0,
temperature = 40°C, concentration of FeO -NdFeB@AC =5.0 g/L, concentration of Na,S,0, =300 mg/L,
reaction time = 60 min), The coking wastewater chemical oxygen demand (COD) and total organic car-
bon (TOC) degradation ratio could reach 80.1% and 82.0%, respectively. In addition, a kinetics study
indicated that the TOC of the coking wastewater degradation process follows a pseudo-first-order
kinetics model. This novel catalyst has the advantage of producing no sludge during wastewater
treatment, and the catalyst can be separated from the aqueous phase by the magnetic method. This
innovative magnetic catalyst has good application prospects in solving organic industrial wastewater

pollution.
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1. Introduction

Coal is a key energy source in China for economic devel-
opment [1]. With the development of the coal chemical indus-
try, increases in coking wastewater cause serious threats to
human health and the environment [2]. Coking wastewater
is a kind of typical organic wastewater that has the character-
istics of complex composition, high toxicity, and mutagenic
and carcinogenic features [3]. Coking wastewater has gained
increasing attention because it is difficult to degrade by com-
mon treatments such as biological, physical and chemical
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techniques [4-6]. Alternative technologies must be developed
to solve this problem. Advanced oxidation processes (AOPs)
have been extensively studied for the oxidation and destruction
of hazardous organic pollutants [7-10]. Recently, AOPs based
on activated persulfate (PS) have drawn attention in waste-
water treatment and soil decontamination [11,12]. Organic
pollutants could be degraded into innocuous and low-toxicity
compounds or could be completely mineralized by an activated
PS process treatment [13,14]. PS oxidation has been applied
to degrade various contaminants such as polychlorinated
biphenyls [15], gasoline or petroleum components [16], chloro-
phenols [17], and bisphenol A [18]. PS can be activated by heat
and generated SO,, which has strong oxidation characteristics,
can react with most organic pollutants. Ag and Cu ions can also

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.



146 C. Yang et al. / Desalination and Water Treatment 109 (2018) 145-151

activate PS for pollutant degradation at normal temperatures
and pressures. However, Ag and Cu ions can enter the aqueous
phase during the oxidation process, which increases risks to
environmental systems and human health. Therefore, an envi-
ronment friendly catalyst such as Fe(II) [19] or activated carbon
(AC) [20] has attracted attention. The reaction mechanisms of
the PS oxidation process using ferrous ions as the catalyst are
shown in reactions below (Egs. (1)-(4)). Similar to the Fenton
reactions, PS can be activated by Fe(Il) to generate -SO,” and
sulfate (Eq. (1)) [21]. The degradation rate can be enhanced
through the activation of PS by Fe(II) to generate a reactive oxy-
gen species (sulfate radicals, hydroxyl radicals and superoxide
radical anions) (Egs. (2)-(4)) [22]. In addition, Fe*" can generate
complexes with some aliphatic compounds, which react with
persulfate to allow for the regeneration of Fe*" [23].

Fe* +S5,0,> — Fe¥™ +-50,7+ 50, (1)
50,/ +H,O0 - H"+5S0,> +-OH (2)
5,0,7+2H,0 —» 250> + HO, + 3H" 3)
5,0, 7+HO, - SO +-50, +-0, + H* 4)

However, ferrous ion catalytic activity was significantly
affected by the pH, and it also produced a large amount of
sludge. Therefore, a heterogeneous catalyst, which has out-
standing activity in acidic and alkaline conditions and pro-
duces little sludge, provides a promising alternative for the
treatment of industrial wastewater [24,25]. Then, difficulty of
separating catalysts from the treated water by a filtration pro-
cess is a concern. Among numerous catalysts, magnetic solid
catalysts are causing concern because they can be easily recy-
cled by a magnetic separation method [26]. A magnetic catalyst
such as magnetite (Fe,O,) has been studied and it also has good
activity in catalysis [27]. It is well known that NdFeB is a kind
of perfect magnetic material that has excellent magnetic char-
acteristics [28]. AC, which has a large superficial area, can be
employed as the catalyst substrate [29]. Therefore, the catalyst,
which is a combination of NdFeB and AC, can be more efficient
in the reaction. In this study, a novel magnetic catalyst with AC
as a carrier has been synthesized. By spraying magnetic NdFeB
powder onto the AC under negative pressure, magnetic NdFeB
powder was loaded into the large holes of AC particles to form
NdFeB magnetic AC (NdFeB@AC). Then, the FeO -NdFeB@
AC catalyst was developed by loading Fe*" on the NdFeB-AC
through a negative pressure impregnation method. The mag-
netic properties, surface morphology and elementary compo-
sition of FeO -NdFeB@AC were tested. The effect of coking
wastewater degraded by FeO -NdFeB@AC activated by a PS
process was studied. The optimum conditions were investi-
gated. The kinetics process of coking wastewater total organic
carbon (TOC) degradation was also discussed.

2. Experimental procedure
2.1. Materials and reagents

Isotropy NdFeB powder (37-40 um) was purchased from
Nuode Limited Company (China). Walnut shell AC particles
(0.3-2 mm), HNO, (65%), NaOH, H,SO, (98%), and Na,S,0,

Table 1
Basic characteristics of coking wastewater

pH >9.0

COD (mg/L) 3,200-3,300
TOC (mg/L) 760-800
Dissolved oxygen (mg/L) 0

Electric conductivity (mS/cm) 2.104
Oxidation reduction potential (mV) —439.9

were provided by Shenyang Chemical Reagent Limited
Company (China). All chemicals were of analytical reagents
grade and were used without further purification. Deionized
water (18.2 MQ ¢cm, Smart-S15UVF, Hitech Instruments Co.,
Shanghai, China) was utilized in this work. The heteroge-
neous FeO -NdFeB@AC was fabricated using a negative
pressure impregnation method as in a previous study [30].
Coking wastewater was collected from the wastewater treat-
ment plant of a coal chemistry enterprise, located in Liaoning
Province in China. Table 1 shows the main characteristics of
coking wastewater used in this work.

2.2. Experimental procedures of degradation of coking wastewater

All batch experiments for coking wastewater degrada-
tion were performed in 500-mL beakers under mechanical
stirring (100 rpm). A predetermined dosage of FeO -NdFeB@
AC was dispersed in 300-mL solutions of coking wastewater,
which were adjusted to the desired initial pH with 5% H,SO,
and 5% NaOH. Then, a certain amount of Na,S,0, solution
was added, and the timing was started. Samples were taken
every 5 min. Then, the TOC and chemical oxygen demand
(COD) of the samples were measured immediately. Single-
factor experiments were used to obtain the optimal parame-
ters, such as the dosage of FeO -NdFeB@AC, Na,S O, initial
concentration, and pH. All experiments were carried out at
least three times. The error of the results was less than 5%.

2.3. Characterization and analysis

An analysis of the catalyst surface and internal morphol-
ogy was conducted by using field-emission scanning elec-
tron microscopy (SEM, XL-30, FEI, United States). Magnetite
susceptibility measurements were performed at 300 K on a
vibrating sample magnetometer (7407 Series, Lake shore,
USA). X-ray diffraction (XRD) measurements were carried
out on an XRD diffractometer (2500/PC, Rigaku, Japan).
Fourier transform infrared spectrometer (FT-IR) analysis
was carried out with an FT-IR (Cary630, Agilent, USA) in the
range of 4,000-400 cm™. TOC was measured with a TOC ana-
lyzer (TOC-LCPH, Shimadzu, Japan). COD was measured
with a COD analyzer (HI83099, Hanna, Italy). The COD and
TOC degradation ratios were calculated by Eq. (5):

()=

x 100 (5)

0

where 1) is the COD or TOC of the coking wastewater degra-
dation ratio of reaction time t, C, is the initial COD or TOC
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of the coking wastewater, and C, is the COD or TOC of the
coking wastewater in the reaction time.

3. Results and discussion
3.1. Characterization of FeO -NdFeB@AC

The magnetite characteristics of AC, NdFeB@AC, and
FeO -NdFeB@AC were measured, and the results are pre-
sented in Fig. 1. The magnetic characteristics of AC were
not obvious. However, FeO -NdFeB@AC has typical hard
magnetic properties. The remanence and coercivity were
7.151 emu/g and 2,792.98 Oe, respectively. Even after sequenc-
ing the batch reaction five times (30 min of one sequencing
reaction on the treatment coking wastewater under the
optimal conditions that were obtained in this study), the FeO -
NdFeB@AC had strong magnetism. The remanence and coer-
civity could reach 3.446 emu/g and 1,119.3 Oe, respectively,
which means the catalyst could also be easily separated from
water by the magnetic method. A surface morphology analy-
sis of AC, NdFeB@AC, and FeO -NdFeB@AC was carried out
by SEM, and the results are shown in Fig. 2. We can see from
Fig. 2(a) that the surface of the AC had a porous structure.
The surface of NdFeB@AC had a large number of NdFeB
particles (Fig. 2(b)). However, most of these NdFeB particles
adhered to the AC surface, and only a few NdFeB particles
could move into the large pores of the AC. The adhesive force
was large enough to ensure that a large number of NdFeB
particles stayed in the original position, which can ensure the
magnetic properties of the NdFeB@AC.

Fig. 2(c) shows that the FeO -NdFeB@AC surface mor-
phology changes to a fluffy appearance. The picture shows
that more NdFeB entered the large AC pores after negative
pressure pretreatment, which indicates that the NdFeB could
invade the large pores of AC with the FeSO, solution during
the negative pressure impregnation process. Chemical com-
ponents of the FeO -NdFeB@AC were analyzed using XRD.
Fig. 3 shows the XRD patterns of FeO -NdFeB@AC. Peaks at
22.7° can be mainly indexed with active carbon. Extra peaks
at 37.7°,47.2°, and 53.6° were observed and can be indexed to
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Fig. 1. Magnetization curve (at 300 K) of AC, FeO -NdFeB@AC,
and FeO -NdFeB@AC after using five times. The inset shows a
photograph of the FeO -NdFeB@AC (after five times reaction)
attracted by a magnet.

the NdFeB. It was noted that the intensity of the NdFeB dif-
fraction peak was prominent after the FeO -NdFeB@AC reac-
tion. This is owing to iron ions on the surface of the catalyst
that were consumed in reactions, and more NdFeB and AC
was exposed. Therefore, more iron ions on the surface and
more NdFeB into the AC big holes can increase the magne-
tism of the catalyst even after reactions, and it is also advan-
tageous to the recycling of the catalyst.
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Fig. 2. SEM of FeO-NdFeB@AC. (a) AC surface (x1000);
(b) NdFeB@AC surface (x1000); and (c) FeO -NdFeB@AC (x1000).
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Fig. 3. XRD patterns of AC, AC after pickling, NdFeB@AC,
FeO_-NdFeB@AC, and FeO -NdFeB@AC after reaction.
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Fig. 4. FT-IR spectra of AC, AC
FeO -NdFeB@AC.

after pickling, and

The FT-IR spectra of AC, AC after pickling, and FeO -
NdFeB@AC are presented in Fig. 4. IR bands appeared at
approximately 3,400 cm™ and were assigned to H-O bonds.
All three samples had H-O bonds. However, the peak of the
AC after pickling and the FeO -NdFeB@AC is more obvious
than that of AC. It can be declared that after pickling, more
-OH groups were obtained on the AC surface, which was
beneficial to the next impregnation process. The frequency
band at 1,632 cm™ is attributed to the C=O bond, while the
lower-frequency band at 865 cm™ is ascribed to the vibration
of the Fe-O bond in the samples.

3.2. Influence of initial pH value

The influence of the pH value on the degradation of cok-
ing wastewater in the reaction process with FeO -NdFeB@AC
as a heterogeneous catalyst was investigated. The degrada-
tion reaction was maintained for 60 min under the conditions
of 40°C temperature, 5.0-g/L catalyst dosages, and 300-mg/L
initial concentrations of Na,5,0O,. The results are shown in
Figs. 5(a) and 6(a). It can be seen that in the experimental
range, the removal ratio of TOC and COD decreased rapidly

with the increase in pH. The removal ratio of TOC dropped
from 82.0% to 47.3% as the pH value increased from 3.0 to
9.0. The removal ratio of COD dropped from 80.1% to 68.5%
when the pH value increased from 3.0 to 9.0. Therefore, a
pH value of 3.0 was selected in the subsequent experimental
study. This result is in accordance with that of Zhao et al. [31]
and Zhang et al. [32]. In a word, a low pH value was help-
ful to the FeO -NdFeB@AC catalytic degradation of coking
wastewater.

3.3. Influence of experimental temperature

The influence of temperature on the degradation of the
coking wastewater process with FeO -NdFeB@AC catalyst
was researched. The results are presented in Fig. 5(b). When
the temperature was 20°C, 30°C, 40°C, 50°C, 60°C, and 70°C,
the removal ratio of TOC was 54.6%, 67.9%, 82.0%, 81.8%,
82.6%, and 82.0%, respectively. The removal ratio of TOC
could reach up to 82% when the temperature is 40°C. The
removal ratio does not increase obviously when the tempera-
ture is higher than 40°C. Therefore, 40°C was selected as the
optimal temperature for the subsequent experimental study.
The COD removal ratio could reach 80.1% at the optimum
temperature, which is illustrated in Fig. 6(b). The reaction
temperature has great influence on the Na,S,0, decomposi-
tion to produce sulfate radicals (SO,"). The O-O bond will
break more easily to produce SO, in the high-temperature
condition:

5,0 + Heat — 2:50," 6)

3.4. Influence of the initial concentration of the sodium persulfate

The influence of the Na,S,O, initial concentration on the
degradation of coking wastewater was also investigated in
this study. The initial concentration of Na,S,0, was changed,
and other parameters were maintained at their optimum con-
ditions. The experimental results are shown in Figs. 5(c) and
6(c). When the Na,S,0O, initial concentration increased from
100 to 300 mg/L, the removal ratio of TOC increased from
41.5% to 82.0%. However, the removal ratio declined to 72.6%
and 69.4% when the initial concentration of Na,S,0, reached
400 and 500 mg/L. The removal rate of COD also showed the
same tendency. The removal ratio of COD increased to 80.1%
when the Na,S O, initial concentration was 300 mg/L. This
might occur because a higher concentration of Na,S,0O, leads
to SO, invalid consumption (such as in Eq. (3)). In this study,
300 mg/L of the Na,S,O, initial concentration was chosen as

the optimum condition for subsequent research.

3.5. Influence of FeO -NdFeB@AC dosage

We considered the influence of the FeO -NdFeB@AC dos-
age on the degradation of coking wastewater under the con-
ditions of temperature (40°C), pH value of 3.0, and 300 mg/L
of NaS 0,. The results are presented in Figs. 5(d) and 6(d).
Obviously, the FeO -NdFeB@AC dosage had a few effects on
the removal rate of TOC when it increased to 5 g/L. When the
FeO _-NdFeB@AC dosage was 1.0, 3.0, 5.0, 10.0, and 15.0 g/L,
the removal ratio of TOC was 61.2%, 70.7%, 82.0%, 69.3%,
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Fig. 6. Optimal conditions of coking wastewater COD removal

ratio by FeOx-NdFeB@AC activated persulfate process. (a) pH,

(b) temperature, (c) Na,S,0, initial concentration, and (d) FeOx-NdFeB@AC initial concentration.

and 72.4%, respectively, and the removal ratio of COD was
59.5%, 75.2%, 80.1%, 78.5%, and 70.7%, respectively. A catalyst
dosing of 5.0 g/L was sufficient for pretreatment of this coking
wastewater. When the catalyst dosage was above 5.0 g/L, it
was not a sensitive parameter to control the reaction. Since the
highest TOC and COD removal ratio could be above 80%, we
selected 5.0 g/L FeO -NdFeB@AC in subsequent experiments.

3.6. Reaction kinetics studies on degradation of coking wastewater

The reaction kinetics in the experiment was discussed,
and the results are presented in Table 2.The reaction

kinetics was discussed in the experiment and the results
are presented in Table 2. The TOC of coking wastewater
degradation kinetics followed the pseudo-first-order
kinetics model in different reaction periods. In the first
10 min, the reaction rate constant could reach 0.18 min™.
The TOC of the wastewater declined rapidly, which could
be attributed to the high concentration of Na,5,0, and
more *SO,” generation at the beginning of the reaction. The
reaction rate constant changed to 0.176 min™ after 10 min
of reaction. The intermediate products of coking wastewa-
ter degradation by PS could also be mineralized at a con-
stant speed.
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Table 2
Kinetic parameters of coking wastewater TOC degradation by
heterogeneous PS

Pseudo-first order equation: -In(C/C) =kt +a

k (min™) R? a
0-10 min 0.180 0.949 0.128
10-60 min 0.176 0.918 -0.033

T = 40°C, [FeO -NdFeB@AC] = 5 g/L, [Na,S,0O,], = 300 mg/L, and
reaction time = 60 min.

4. Conclusions

NdFeB magnetic AC was synthesized in this study. The
FeO -NdFeB@AC was established by a method of negative
pressure impregnation. The experimental results indicated
that the catalyst had high catalytic activity. Under optimum
conditions (T'=40°C, FeO -NdFeB@AC initial concentration of
5.0 g/L, Na,S,0Oinitial concentration of 300 mg/L, and pH 3.0),
the TOC of the coking wastewater degradation rate could
reach 82.0% after 60 min of reaction. The results of a kinet-
ics study showed that the TOC degradation process followed
pseudo-first-order kinetics. This catalyst could be easily sep-
arated and reused by the magnetic method. This catalyst has
significant application prospects, and it also could provide a
novel process for the degradation of organic pollutants.
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