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Abstract

One of the usual ways to degrade phenol contaminant is sulfate radical-based advanced oxidation processes (SR-AOPs). In
this study, reactive sulfate radicals have been produced by Co;0,/Fe;0,@nSiO,@mSiO, catalyst and Fe;O, nanoparticles.
It has been found that the couple of supported cobalt catalyst and peroxymonosulfate (PMS) is highly effective to produce
sulfate radicals for phenol oxidation. In contrary to, Fe;0,-PMS system displays much low phenol degradation, and Co;0,/
Fe;0,@nSi0,@mSi0, catalyst shows a good catalytic performance in solution. The properties of this supported catalyst
have been characterized by XRD (powder X-ray diffraction), SEM-EDS (scanning electron microscopy—energy-dispersive
X-ray spectroscopy), TEM (transmission electron microscopy), and nitrogen adsorption—desorption. This magnetic catalyst
is facility separated from the medium by an external magnetic field. Finally, three different methods involving annealing in
the air, washing with water and applying ultrasonics was used for regenerating the deactivated catalyst. The heat treatment
can recover the catalyst nearly.

Keywords Co,0,/Fe;0,@nSi0,@mSiO, mesoporous catalyst - Peroxymonosulfate (PMS) - Advanced oxidation processes

(AOPs) - Phenol degradation - Magnetic separation

Introduction

The presence of phenol and its derivatives in water has
become a main water pollutants which have toxic effects on
the environment even at low concentrations. The phenolic
contaminants are byproducts of several industries such as
petrochemical, petroleum refining, pharmaceutical, plastic,
and pesticide industries [1, 2]. The technique such as pri-
mary and secondary treatment methods cannot easily remove
these organic contaminants. Hence, it is essential to adopt a
tertiary treatment such as wet air oxidation, thermal oxida-
tion, chemical oxidation, catalytic oxidation, etc., that are
generally known as advanced oxidation processes (AOPs)
[3-10]. These methods, which involve highly reactive oxi-
dizing species such as hydroxyl radical and sulfate radical,
have attracted great interests in the areas of water treatment
[10-13].
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In principle, the AOPs will produce compounds harmless
to the environment such as CO, and H,O. Hydroxyl radicals
have been widely applied in various chemical processes due
to their remarkable reactivity towards many organic reac-
tants. However, these radicals suffer from many limitations,
such as complicated radical generation processes, pH-tuning,
and potential sludge generation [14, 15]. Recently, utilization
of sulfate radicals instead of hydroxyl radicals in oxidation
processes has been widely carried out due to its higher selec-
tivity and reactivity as a result of its superior characteristics
in comparison with hydroxyl radicals [16]. In the previous
investigations, the reaction of cobalt ion and peroxymono-
sulfate (PMS) for sulfate radical production provides an
impressive method for oxidation of organic contaminants
in water [14, 17-21]. However, the main problem in using
cobalt ions as catalysts to activate PMS is the toxicity of this
heavy metal in the treatment system. These metal ions can
cause several health problems such as asthma and pneumonia
[20, 22]. Therefore, to prevent cobalt discharging in waste-
water, development of heterogeneous catalysts is required.
For this purpose, the transition metals should be loaded into
solid supports such as silica, alumina, and zeolite. Hetero-
geneous catalysts have been applied for many chemical and
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photochemicals reactions [23-25] and can be easily miner-
alize, and organic compounds undergo reactions. They can
be completely convert to CO, and H,O or moderately oxi-
dize the organic compounds to less toxic ones [26, 27]. The
selection of suitable supports is vital in the preparation of
Co-based catalysts and their applications. Mesoporous silica
materials have different applications, and in water treatment
processes, they are the best option as adsorbent and catalyst,
due to their large surface area, high mechanical strength, non-
toxicity, and thermal and chemical stability [28].

When the volume of catalytic solution is high, the separa-
tion of catalyst from medium is time-consuming, so the use
of superparamagnetic materials for catalytic applications has
been developed [29]. These materials can easily be retrieved
by a magnetic field and reused.

In this paper, to prepare a cobalt-based catalyst, a new
core—shell microsphere with a magnetic core, a middle
nonporous silica shell, and an outer cobalt-functionalized
mesoporous silica shell have been synthesized. This sup-
ported catalyst has demonstrated high magnetic efficiency
and activity in oxidation of phenol solution.

Materials and methods
Chemicals

All chemical substances employed were of analytical grade.
Furthermore, deionized water was utilized to prepare the
solutions.

Preparation of Fe;0,

Magnetite was prepared by a co-precipitation method.
In the beginning of the reaction, 5 g FeCl;-6H,0 and 2 g
FeCl,-4H,0 were dissolved in deionized water under con-
stant stirring. Afterward, NaOH solution [30% (w/v)] was
added dropwise with nitrogen bubbling, so that the pH
reached 10 and Fe;O, nanoparticles were synthesized. The
suspension was stirred constantly for 30 min, and then, the
vessel was transferred to an oil bath to be heated at 90 °C
for 1 h. Finally, the black nanoparticles were cooled down
to room temperature, and then, the resultant product was
washed with a mixture of ethanol/water for several times
and dried at 60 °C overnight.

Preparation of Fe;0,@nSi0,@mSiO,

A typical hydrolysis reaction was applied for synthesis of
Fe;O /silica spheres. In the beginning, 2 g magnetic particles
were washed by 0.1 M HCl solution mixture and then trans-
ferred to a solution containing 20 mL H,0, 80 mL ethanol,
and 1 mL of aqueous ammonia (25 wt %). After dispersing
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this mixture, 1 mL tetraethyl orthosilicate (TEOS) was added
dropwise into the solution and stirred vigorously at room
temperature for 12 h. After that, the product was divided and
washed with ethanol and deionized water and then dispersed
for 30 min in a solution containing 80 mL deionized water,
60 mL ethanol, 6 g CTAB, and 1.2 mL of aqueous ammonia
(25 wt%). Subsequently, 9 mL of TEOS was added to the
above mixture under stirring. After reacting for 12 h, the
product was collected with a magnet and washed with etha-
nol and deionized water. At the last step, surfactant template
was removed by dispersing particles in 100 mL ethanol and
refluxed at 90 °C for 48 h. Eventually, the obtained solid
(Fe;0,@nSi0,@mSi0,) was dried at 60 °C overnight.

Preparation of Co;0,/Fe;0,@nSi0,@mSiO, catalyst

In general, an impregnation method was utilized for synthesis
of Fe;0,@nSi0,@mSiO,-supported cobalt oxides. First, a
fixed amount of magnetic support was dispersed in 90 mL of
ethanol for 15 min, then, Co(NO;),.6H,0O (Sigma—Aldrich)
and 50 mL ethanol were added to the mixture and kept stir-
ring intensively for 16 h, and then dried at 60 °C. The result-
ant material was heated at 200 °C for 2 h and the loading of
Co on the support was maintained at 5 wt%.

Characterization

The obtained catalyst was characterized by X-ray diffrac-
tion (XRD), nitrogen adsorption—desorption, scanning
electron microscopy—energy-dispersive X-ray spectroscopy
(SEM-EDS), and transmission electron microscopy (TEM).
The structural features and the mineralogy of the support
and catalyst were studied by XRD patterns. The spectra
were recorded on a Philips 1830 diffractometer with Cu-Ka
(A=0.154) radiation at a current of 30 mA and voltage of
30 kV. The chemical compositions and external morphol-
ogy of the Fe;0, cores were observed using SEM (scanning
electron microscopy, Philips XL 30). EDS was also utilized
to detect the cobalt particles on the support. The particle
structures were determined by TEM (transmission electron
microscopy) operated at 100 kV (Zeiss-EM10C). The spe-
cific surface area of the catalyst was evaluated by N, adsorp-
tion—desorption. The support and catalyst were degassed at
120 °C for 12 h prior to the analysis.

Experimental procedure

Catalytic oxidative examinations were performed by
degrading 500 mL phenol solution with a concentration of
50 ppm. This mixture was stirred severely in a glass beaker
to obtain a homogeneous solution at 25 °C. Subsequent, a
fixed amount of catalyst was added to the solution to achieve
adsorption—desorption equilibrium. Then, a known amount
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of peroxymonosulfate (oxone) as an initial reactant was
added to the mixture. The reaction was done for 3 h. During
appropriate time interval, 50 mL of the solution was sepa-
rated and mixed with excess of sodium nitrite as a quench-
ing reagent. Eventually, the magnetic catalyst was separated
from the solution using a magnet. Next, phenol concentra-
tions were determined by standard method employed 4-ami-
noantipyrine at maximum wavelength of phenol, i.e., 500 nm
using spectrophotometric measurements (UV/Vis mini 1240
Shimadzu).

Results and discussion

Characterization of cobalt impregnated Fe;0,@
nSi0,@mSiO0, catalyst

Figure 1 shows the XRD patterns of support and Co;0,/
Fe;0,@nSi0,@mSi0,. The core—shell materials exhibit
diffraction patterns similar to that of Fe;O, microspheres
[30], suggesting that the SiO, shells were well formed on
the magnetic microspheres. Owing to the amorphous nature
of silica, we cannot see a sharp peak in XRD pattern of
Fe;0,@nSi0,@mSi0, and as can be perceived in Fig. 1b,
a diffusive peak at around 26 20 present in the patterns of
as-prepared core/shell structure, is related to the SiO, layer.
It can be seen that cobalt species are found in the form of
Co;0, on Co;0,/Fe;0,@nSi0,@mSi0, in Fig. Ic [31].

Morphology and structure of the synthesized magnetic
nanoparticles have been perused by SEM images. Figure 2a
shows the sphere-like morphology of Fe;O, core nanoparti-
cles. The EDS measurement illustrates that cobalt has been
successfully loaded on the support. Thus, the EDS spectra
confirm the XRD results.

The core/shell structure of Fe;0,@nSi0,@mSiO, as sup-
port display by TEM image of particles (Fig. 3).
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Fig.1 XRD patterns of Fe;O, a, Fe;0,@nSiO,@mSiO, b, and
Co;0,/Fe;0,@nSi0,@mSiO, ¢
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Fig.2 SEM image of Fe;O, core nanoparticles (a) EDS spectra of
Co;0,/Fe;0,@nSi0,@mSiO, (b)

The porous structure of the support and catalyst sam-
ples has been determined by N, adsorption (Fig. 4). It is
found that the BET surface area of Fe;0,, Fe;0,@nSiO, @
mSiO, and Co;0,/Fe;0,@nSi0, @mSiO, was 102, 394, and
316 m*/g, respectively. This demonstrates that after loading
of Co;0, species, the specific surface area of the catalyst
became lower than the support. The hysteresis loop suggests
a typical mesoporous structure (isotherm Type IV) of Fe;O,,
support and Co;0,/Fe;0,@nSi0,@mSiO, samples.

Adsorption and heterogeneous phenol degradation

Actually, in catalytic oxidation process, various transition
metals in the form of oxides can be applied. Indeed, transi-
tion metal participates in the redox reactions (Egs. 1, 2) for
generation of sulfate radicals and the redox potential of M**/
M?>* will be an important factor. For heterogeneous oxidation
of phenol, activation of PMS occurred on the surface of oxide
particles [25, 32]:
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Fig.3 TEM image of Fe,0,@
nSi0,@mSiO, as support

HSO; +2MO — SO, + H" + M,0;

(D
M = Fe, Co,Mn, Ru, ...

HSO; + M,0; — SO + OH™ + 2MO 2)

Transition metals such as Co (IT) and Ru (III) are the best
metal catalysts for the generation of sulfate radicals [32]. The
reaction of Co (II) with PMS can be described as the follows:

Co (II) + HSOS — Co (II) + OH™ + SO~ 3)

The following procedures show the steps of phenol
oxidation:

S-Co (II) + HSOZ — S-Co (I) + H" + SOZ™ (S: solid surface)
“4)
S-Co (ID + HSO5 — S-Co (III) + OH™ + SO 3)
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Fig.4 N, adsorption—desorption isotherms of Fe;0,, Fe;0,@
nSi0,@mSiO, and Co;0,/Fe;0,@nSiO,@mSiO,

0

HaC {
OH

HO 0o Co,

— H - (6)

0 OH o
0

H
OH

The original intermediates such as catechol, hydroqui-
none, benzoquinone, maleic acid, oxalic acid, and acetic
acid are produced in the presence of sulfate radicals. The
latter intermediates are finally mineralized to CO, and
H,O [33-36]. Phenol removal is a fast reaction, and in
any experiment, color shows the path of a reaction inter-
mediate, so it might be possible to establish a relationship
between the color level observed and the intermediate

@ Springer

compounds generated during the oxidation. In the first
stages of oxidation, highly colored intermediate com-
pounds such as p-benzoquinone (yellow) and o-benzo-
quinone (red) are generated. Their color comes from their
quinoidal structure, which contains chromophore groups
substituted in benzene rings. After a while, colored
intermediates start to degrade to colorless compounds.
This degradation takes place slowly, because quinone-
type compounds seem to be a very stable species in this
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Fig.6 Photos of magnetic separation of Co;0,/Fe;O0,@nSiO,@
mSiO,

medium. Therefore, it is concluded that observed color
depends on the level of oxidation.

The adsorption and degradation tests on Fe;0,, Fe;0,@
nSi0,@mSiO, and Co;0,/Fe;0,@nSi0,@mSiO, are dis-
played in Fig. 5. In these experiments, the Fe;0, particles,
support and catalyst can adsorb phenol compound at low
efficiency. Adsorption performance can be seen on Fe;O,,
Fe;0,@nSi0,@mSi0, and Co;0,/Fe;0,@nSi0,@
mSiO,, at 2%, 10%, and 7% in 2 h, respectively. Fe;0,@
nSi0,@mSiO, has much higher surface area than others,
resulting in higher phenol adsorption. In oxidation proce-
dure, the oxone without a catalyst could not oxidize phe-
nol. Degradation process would occur when catalyst and

o

20 40 60 80 100 120 140 160

Time (min)

Fig.7 Effect of phenol concentration on phenol removal. Co;0,/
Fe;0,@nSi0,@mSiO,. Reaction conditions: 1 g oxone, 0.2 g cata-
lyst, 25 °C

PMS simultaneously are present in the solution. In a com-
parison of three material performances, Co;0,/Fe;0,@
nSi0,@mSi0, is effective in activating oxone to generate
sulfate radicals. As demonstrated in the above reactions,
the redox potential of M?*/M>* will be an important fac-
tor in generation of sulfate radical. The standard reduc-
tion potential (E") of Co**/Co?* and Fe**/Fe?* is 1.92 and
0.11 V, respectively [32]. Anipsitakis and Dionysiou found
that Co?* and Ru’" are the best transition metal catalysts
for the production of freely diffusive sulfate radicals [32].

In catalytic test, the suspension is stable and homoge-
neous before magnetic separation. In the presence of a
magnet, the particles can be separated fast. After magnet
removing, particles were rapidly redispersed in solution.
This shows that the catalyst possessed good water disper-
sion and magnetic separation (Fig. 6).
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Fig.8 Effect of catalyst loading on phenol removal. Co;0,/Fe;0,@
nSiO0,@mSiO,. Reaction conditions: 50 ppm, 1 g oxone, 25 °C

Effects of reaction parameters on phenol degradation

All experiments were carried out in 500 mL of solution.
Several parameters such as phenol concentration, catalyst
loading, oxone concentration, and reaction temperature can
influence phenol oxidation in solution.

Phenol concentration was the first parameter investigated
in this study. Various concentrations of phenol (between 20
and 100 ppm) on the phenol oxidation are shown in Fig. 7.
Overall, efficiency of phenol removal decreased with
increasing phenol concentration. 100% phenol degradation
could be achieved within 30 min at low phenol concentra-
tions (20-50 ppm). At a phenol concentration of 100 ppm,
efficiency of phenol removal is only 58% within 2 h.

The effect of Co;0,/Fe;0,@nSi0,@mSiO, loading in
solution on phenol oxidation is shown in Fig. 8. An increased
amount of catalyst in the solution enhanced phenol degra-
dation efficiency. A complete removal of phenol could be
reached within 30 min at 0.4 g/L Co;0,/Fe;0,@nSiO,@

+2 g/L oxone
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Fig.9 Effect of oxone concentration on phenol removal. Co;0,/
Fe;0,@nSi0,@mSiO,. Reaction conditions: 50 ppm, 0.2 g catalyst,
25°C
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mSiO, loading, while with catalyst loading of 0.2 g/L, oxida-
tion of phenol would reach 88% at 60 min.

Overall, the phenol degradation is dependent on sulfate
radicals (Fig. 9). High concentration of oxidant (oxone) leads
to more degradation of phenol, because oxone was the source
of driving force for the forming of sulfate radicals. At 2 g/L
oxone, phenol could be fully removed within 30 min. At extra
oxone loading, degradation efficiency would decrease. This
occurrence was possibly due to the self-quenching of hydroxyl
and sulfate radicals by PMS as follows [3]:

OH’ + HSO; — H,0+S0%" (7)

SO, +HSO; — H +50:" (8)

The reduction potential of SO5 /HSO5™ is 0.95 V at pH
7. Meanwhile, SO, /SO,*~ has an oxidation potential of
[2.5-3.1 V] [22].

Figure 10 reveals that reaction temperature considerably
affected phenol oxidation efficiency. The formation of sul-
fate radicals was accelerated by increasing in temperature.
Complete degradation efficiency of phenol at temperature
of 25 °C would be achieved in about 30 min when the tem-
perature was raised to 45 °C, complete removal could be
achieved in about 10 min.

Adsorption of intermediates and a fraction of loose cobalt
leaching from the support was caused the catalyst deactiva-
tion. In this study, the catalyst was utilized once before the
regeneration by annealing in the air, using ultrasonication
and washing with water. For heating treatment, after cata-
lytic reaction, the catalysts were collected from the solution
and washed with deionized water, and then, a fixed amount
of catalyst was heated in 300 °C for 2 h in the presence
of the air. It can remove surface-attached intermediates
nearly and 100% phenol removal was achieved after 50 min.
Whereas regeneration of the used catalyst using ultrasonic

[y
—
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g8 -
Q
c
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] ©25°C
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o 0.4 4
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2 °
202 -
o
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Fig. 10 Effect of temperature on phenol removal Co;0,/Fe;0,@
nSi0,@mSiO,. Reaction conditions: 50 ppm, 1 g oxone, 0.2 g cata-
lyst
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Fig. 12 EDS spectra of Co304/Fe304@nSi02@mSiO2 after three-
time use

and washing with water, partially eliminated the intermedi-
ates presented on the surface of the catalysts (Fig. 11).

The cobalt leaching was suggested to be responsible for
the decreased activity in reuse. The catalyst was used three
times in degradation of phenol solution. In the first time,
the degradation efficiency was 100% in 30 min, in the sec-
ond time, degradation efficiency was 78% in 80 min, and in
the third time, degradation efficiency was 41% in 140 min.
These results indicated that active phase (Co species) was
separated from the surface of catalyst, therefore, degrada-
tion efficiency was decreased, and the degradation time
was increased. In addition, after three-time use, the catalyst
was collected from the solution and was analyzed by EDS

method. This measurement illustrated that after three-time
reaction, the percentage of Co was about 3 wt % (Fig. 12).

This oxidation reaction involves a reaction between cobalt
and HSO5™, where cobalt ions are generated. These species
can bind to intermediate species with hydroxyl groups substi-
tuted in benzene rings generating metal complexes. Therefore,
the intermediate species can easily connect to the surface of
catalyst. In addition, for evaluation of intermediates absorp-
tion on the surface of catalyst, the catalyst was collected after
one-time use and washed with deionized water, and then, a
fixed amount of catalyst was heated in 300 °C for 2 h in the
presence of the air. By this method, apart of intermediate spe-
cies can remove from the surface and 100% phenol removal
was achieved after 50 min. In addition, the EDS measurement
illustrated that after three-time reaction, the percentage of C
and O increased that related to adsorption of intermediates’
species (Fig. 12).

Conclusion

This study provides a conceivable method for employing
the Fe;O,/silica spheres as proper support for synthesizing
of based catalyst. The cobalt oxide loaded on the support
was prepared by an impregnation method. Heterogeneous
oxidative degradation of phenol using cobalt-supported
catalyst—oxone is convenient method for waste water
treatment. Efficiency of phenol oxidation is dramatically
influenced by operating parameters, such as phenol and
oxidant concentration, catalyst dosage, and reaction tem-
perature. Our results illustrate that in this catalyst, oxone
effectively activated; for removal of 500 mL phenol with
concentration of 50 ppm, 1 gr oxone and 0.2 gr catalyst
were added. Therefore, the ratio of catalyst/phenol and
oxidant/phenol was equal to 8 and 40, respectively, and
100% phenol degradation occurs in 30 min. The regen-
eration test shows that anneals in the air could recover
the catalyst activity partly. Whereas applying ultrasonic
and washing with water were inappropriate regeneration
methods.
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