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Effect of calcination temperature on the catalytic performance of
CoFe,0O4/Nitrogen doped sludge based activated carbon in activation of
peroxymonosulfate for degradation of coking wastewater
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Abstract. A novel supported heterogeneous magnetic catalyst CoFe,O4/N-doped sludge based activated carbon
(CoFe;04/N-SAC) was prepared by polymer network gel method for the first time. The physicochemical properties of
the materials were characterized by means of XRD, SEM, TEM, VSM and XPS techniques. The prepared catalyst is
applied to the heterogeneous activation of peroxymonosulfate for degradation of coking wastewater, and the effect of
calcination temperature on the catalytic activity was investigated. The result reveals that the catalyst shows the
highest catalytic activities under the calcination temperature is 800 °C with the TOC removal rate of coking
wastewater is 84.31%.

1. Introduction heterogeneous Co-base catalysts such as Co30,, CoFe,0,

- - - [4_5]
Over the past period of time, the advanced oxidation coupled with PMS have been investigated and the

orocesses (AOPs) based on peroxymonosulfate (PMS) spinel-structured nano-ferrite CoFe,O, has been widely

have been widely concerned for degradation of coking used in wastewater treatment because of its excellent

- [6] -
wastewater because the sulfate radical (SO, ) is an catalytic performance ™. Activated carbon has been used

oxidizing agent with a high ability to oxidize organic as a carrier for heterogeneous catalysts because of its

= [7-12] i
pollutants due to its higher oxidation-reduction potential huge specific surface area - In addition, the research

and longer half-life period (the oxidation-reduction has been shown that doping heteroatoms such as N into
potential and half-life period of SO, * are 2.6-3.1eV and

4s, respectively), and its use avoids some shortcomings of

the carbon network can create more active sites and bring
new properties such as higher selectivity towards

. s [13-14] :
traditional Fenton and ozone, which both use hydroxyl reduction reaction - Sludge contains a large amount

radicals (*OH) to degrade organic pollutants with the of organic matter, which can be used as raw material for

half-life of *OH is short and the redox potential is low the preparation of sludge based activated carbon (SAC)

[15] ;
(the half-life and redox potential of «OH were 1us and - Supporting CoFe;0, on SAC can not only solves the

18-2.7 eV, respectively) ™3, Transition metal ions problems of easy agglomeration and poor stability of

combined with persulfate to form SO, is a highly unsupported CoFe,O,, but also solves the conundrum of

efficient method for the degradation of organic pollutants SAC separation, which is beneficial to the practical
application of the catalyst.
In this study, the CoFe,04/N-SAC was prepared and

used to activate PMS to generate SO, « for degradation of

and Co?" is the best catalyst for activating persulfate ¥,
However, the detrimental impact of Co®* lost with the

effluent on environment and human health is a serious

concern. Thus it is essential to develop heterogeneous Co coking wastewater. The effect of calcination temperature

catalysts ™. was investigated.
Effluent treatment applications of multifarious
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2. Methods suspension samples were taken out at specific time
intervals and quenched with 1 mL of ethanol to prevent
2.1 Materials further reaction. The TOC was determined with a total

Sewage sludge used in this study is collected from coking
plant of Anshan iron and Steel Group (Anshan, China).
Coking wastewater is taken from the aerobic tank effluent
of Anshan Iron and Steel coking plant (Anshan, China).
HKSOs-0.5K,S0,4-0.5HKSO, was purchased from
Sigma-Aldrich, Co(NOs),-6H,0, Fe(NO3)s-9H,0, Citric
acid, acrylamide and ammonium persulfate were
analytical grade and purchased from rchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China), and DI water was used throughout.

2.2 Preparation of catalysts

Sewage sludge of biological wastewater treatment plant
and agricultural waste were used as the raw material to
product SAC via chemical activated process with ZnCl,
as activation agent within a muffle furnace under 600 °C
for 1.5 h with the protection of N, before cooled to room
temperature.

CoFe,04/N-SAC was prepared by Polymer network
gel method using Co(NO3),-6H,0 and Fe(NOs)3-9H,0 as
the precursors and Citric acid as the complexant. The
appropriate amounts of Co(NQs),-6H,0, Fe(NO3)3-9H,0
and citric acid (Co: Fe: citric acid=1:2:3,by mole) were
dissolved in 100 mL distilled water under vigorous
stirring in a 80°C water bath with the concentrations of
precursor solution is 15%, the ammonia was used to
regulate pH at 7, 10 g SAC was immersed in the solution
and then 7.5 g acrylamide and 0.075 g ammonium
persulfate was added to the system. After a few minutes,
the uniform wet gel formed by polymerization was dried
at 80°C for 12h. Finally, it was transferred to muffle
furnace and calcined at 600-900 °C for 2 h with the
absence of oxygen condition to obtain the catalysts.

2.3 Degradation experiment of coking
wastewater

The oxidation of coking wastewater was carried out in
conical bottles. The catalyst and oxidant were added into
the coking wastewater. The reaction was conducted in the
25 °C constant temperature water bath oscillator. 50 mL

organic carbon analyzer (Sievers InnovOx, GE,

America).

2.4 Characterization of catalyst

The crystal structure of catalysts was analyzed by a
powder X-ray diffractometer (XRD, RigakuD/max-2000)
with monochromatic Cu Ka radiation (45 kV, 50 mA).
The morphology of the catalysts was characterized by a
Jeol 2100 TEM with field emission gun at 200 kV. The
surface morphology of the catalysts was investigated
using a scanning electron microscopy (SEM, Evo 18,
Gemarny). The room temperature magnetic properties of
the samples were investigated using vibrating sample
magnetomertry (VSM, 730T, America) at magnetic fields
up to 15KOe. The elemental compositions of
CoFe,04/N-SAC were detected by XPS on a Thermo
Escalab 250.

3. Results and discussions

3.1 Characterization of SAC and CoFe,0,/N-SAC

3.1.1 XRD

Figure 1 shows the XRD patterns of CoFe,O4/N-SAC
with various calcination temperatures, all the catalysts
exhibited the typical patterns of cubic phase of CoFe,O,
with spinel structure and the space group Fm3m (JCPDS
No0.00-003-0864).
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Figure 1. XRD patterns of CoFe,0,/N-SAC calcined at

different temperatures
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It can be seen from the diagram that with the increase
of temperature, the diffraction peaks of CoFe,O,/N-SAC
became more narrow and intense, indicating that the
particle size of CoFe,O, becomes bigger. When the
temperature is further increased from 800 to 900 °C, the
diffraction peak intensity of each crystal plane increased
remarkably, which caused by the agglomeration of
CoFe,0; on the surface of catalyst !,

3.1.2 XPS

In order to investigate chemical states and the
compositions in the content on the surface of the SAC
and CoFe,0,4/N-SAC which different

temperatures, the XPS measurements were carried out. As

calcined at

shown Figure 2, the XPS spectra of Co 2p, Fe 2p, C 1s,
N1s and O 1s were obtained with the characteristic
absorption peaks appear at 284.62 eV, 399.59 eV, 532.53
eV, 711.27 eV and 780.87 eV, respectively, and the
corresponding element contents in various samples are
shown in Table 2. Compared with SAC, CoFe,0,/N-SAC
prepared at different calcination temperatures showed
characteristic absorption peaks of N1s, indicating that
nitrogen was successfully doped into sludge-based
activated carbon. Moreover, the absorption peak of Ols
decreased obviously, which indicated that some
oxygen-containing groups reacted with the amino group
of polyacrylamide in the process of nitrogen doping.

In order to further study the existing forms and
changes of N in CoFe,0,/N-SAC at different calcination

temperatures, the peaks of N1s in these materials was
fitted. The specific results are as follows:
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Figure 2. XPS spectra analysis of the different samples

Figure 3 shows the peak fitting spectra of N1s at
different calcination temperatures from 400 °C to 800 °C.
The peaks locate at 398.3 eV, 399.3 eV, 400.5 eV, 401.2
eV and 406.4 eV correspond to pyridine nitrogen, amino
or imino (-NHy/-NH-), pyrrole nitrogen, graphitized
nitrogen and nitrogen oxides ", respectively. In addition,
the content of pyridine nitrogen increases with the
increase of temperature when the calcination temperature
is lower than 800 °C, but declines when the calcination
temperature further increases to 900 °C, while the content
of pyrrolic nitrogen and graphitized nitrogen increases
with the increase of calcination temperature. This may be
attributed to the transformation from pyridine nitrogen to
pyrrolic nitrogen at higher temperature &,

Table 1 Contents of elements in different samples

Sample ColFe
C(wt%) O(wt%) N(wt%) Fe(wt%) Co(wt%)
(mole ratio)
SAC 59.80 28.48 - - - -
600°C CoFe,04/N-SAC 58.15 16.78 15.86 12.46 4,07 1:3.23
700°C CoFe,04/N-SAC 53.08 18.62 14.48 12.52 5.94 1:2.22
800°C CoFe,04/N-SAC 31.70 24.30 13.49 13.49 7.17 1:1.98
900°C CoFe,04/N-SAC 26.56 27.38 12.33 14.30 7.66 1:1.97
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The magnetization curve of CoFe,0,/N-SAC is shown in
Fig.4. That catalyst possessed a typical ferromagnetic
hysteresis, with the Saturation magnetization (Ms) of
32.564 emu/g, residual magnetization (Mr) of 14.217
emu/g and coercive force of 134.11 G. Nonzero coercive
residual

force and magnetization proves the non

superparamagnetic  properties of the synthesized
composite . The minimized coercivity ensures that the
CoFe,04/N-SAC

magnetized after exposure to an external magnetic field,

does not become permanently
which in turn permits the composite particles to be
re-dispersed without aggregation when the magnetic field
The inset in Fig.4 affirms that the

composite could be easily separated and reused from

is removed @9,

solution by applying an external magnetic field, which is
beneficial to its practical application in wastewater
treatment.
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Figure 3. XPS spectrum of N1s at (a) 600°C, (b) 700°C, (c) 800°C and (d) 900°C
3.1.3VSM

Magnetization (emu/g)

-15000 -10000 -5000 0

5000 10000 15000
Magnetic field (G)

Figure 4. Magnetization curve of CoFe,O4/N-SAC

3.2
catalytic effect of catalyst

Influence of Calcination temperature on

As shown in Fig.5, the effect of calcination temperature
on the catalytic activity of CoFe,04/N-SAC was studied.
The results show that the effect of the calcination
temperature on TOC removal is significant. The TOC
removal rate of the coking wastewater increases from
50.34% to 80.53% with the increase of temperature from



MATEC Web of Conferences 238, 03009 (2018)
ICNFM2018

https://doi.org/10.1051/matecconf/201823803009

500 to 800°C, but the removal rate of TOC decreases
when the temperature is further increased to 900 °C.
Cobalt ferrite has an ideal inverse spinel structure that
contains different types of crystal faces in which the (111)
plane exposes exclusively tetrahedral Fe®* sites, the (100)
face expose the octahedral Co®*/Fe®" sites. The chemical
components exposed on the surface depended on the
exposed crystal face of mixed oxides which dictated by
the differences in surface energy between the two
component oxides. It has been demonstrated that the
surface energy of iron oxide to be lower than that of
cobalt oxide, suggesting the Fe®* terminated (111)
surfaces would be advantaged and it therefore seems
reasonable to indicate that the small CoFe,O, particles
expose more Fe®* (111) surfaces, while the larger particles
formed with increased calcination temperature expose
more (100) facets thus increasing the Co/Fe ratio ?YJ. The
results of XPS in this study show that the ratio of Co/Fe
(as shown in Tab.l) in the catalyst increases with the
increase of calcination temperature, which is consistent
Increasing
content is beneficial to catalysis. The
removal rate of TOC increased with the increase of

with the results reported in the literature.
surface Co”"

calcination temperature from 500 to 800 °C mainly
ascribe to the larger CoFe,O, nanoparticles at higher
calcinated temperature have more Co rich surfaces and
are more active towards organic pollutant decomposition
than their smaller counterparts at lower calcinated
temperature. When the calcination temperature further
increased to 900 °C, the ratio of Co/Fe does not increase
remarkably but the removal rate of TOC decreased due to
the agglomeration of CoFe,0,.

Moreover, the influence of calcination temperature on
the carrier is mainly manifested in the change of nitrogen
structure. It can be seen from the XPS spectra of N1s (As
shown in Fig.9) at different calcination temperatures that
nitrogen with different chemical structures appears at
different calcination temperatures. Previous studies have
shown that nitrogen-doped carbon materials exhibit
higher catalytic activity in catalytic reactions. But there is
still a great deal of controversy about which type of
nitrogen plays a major role in catalysis. Luo et al %
demonstrated that pyridine nitrogen, containing a pair of
lone electron, could effectively convert the valence band
structure of carbon materials and enhance the n state.

Long et al ! found that graphitized nitrogen was the
active site of catalysis. Sun et al ™ proved that
graphitized N play a dominant role for PMS activation by
theoretical calculation. Guo et al ™! proved that pyridine
nitrogen was the main active site in the oxygen reduction
reaction of nitrogen-doped carbon materials by template
catalyst.

In this experiment, the result shows that pyridine
nitrogen was the highest at the calcination temperature of
800 °C, and the catalytic activity is best at that calcination
that the
pyridine-N is the main active site in this catalytic reaction

temperature, which could be concluded

and this conclusion is consistent with Guo’s report.
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Fig.5 Effect of calcination temperature on TOC removal rate

4. Conclusions

A heterogeneous catalyst CoFe,O,/N-SAC  was
characterized. That catalyst is
ferromagnetic with the Saturation magnetization (Ms) of
32.564 emu/g, residual magnetization (Mr) of 14.217
emu/g and coercive force of 134.11G, which could be
easily separated and reused from solution by applying an
external magnetic field. The effect of the calcination
temperature on the catalytic performance of
CoFe,04/N-SAC was investigated. The results indicated

that the chemical components exposed on the surface and

synthesized and

the chemical structures of N were influenced by the
calcination temperature.
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