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Removal of toluene using cobalt oxide supported on sepiolite catalysts was investigated.
Deposition precipitation method was used to prepare the catalysts. The catalysts were characterized
using X-ray diffraction, field emission scanning electron microscopy, energy dispersive X-ray
spectroscopy, thermogravimetric analysis (TGA) and Brunauer-Emmet-Teller methods. The results
of catalytic testing showed that 20% cobalt oxide/sepiolite (Co20/Sep) had higher catalytic activity
for degradation of toluene. A temperature of 400 °C was found to be the optimum calcination
temperature for Co20/Sep, since it achieved 90% toluene conversion at about 300 °C. The results
showed that the selectivity of the catalysts towards CO, was complete and no byproducts were
detected. Stability tests also indicated that Co20/Sep remains stable at 320 °C with complete
conversion of toluene after 24 h. In conclusion, the results of this study confirmed sepiolite-
supported cobalt oxide catalyst as an efficient catalyst for degradation of toluene.
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Introduction

Air pollution is one of the fundamental health
problems which accounts for more than seven million
deaths annually.! Volatile organic compounds (VOCs)
are considered as the main contributors of air pollution.??
VOC:s are typically released into the air from automobile
industries, fuel combustions, chemical industries, cleaning
products, decomposition in the biosphere and biomass,
petroleum refineries, pharmaceutical plants, solvents
processes, printers, etc.* Aromatic compounds, including
VOCs, are toxic and carcinogenic.’ In addition, they
may harm respiratory, nervous, digestion, and metabolic
systems, pose mutagenic hazards, and cause environmental
issues such as ozone depletion, photochemical smog, and
particulate matter (PM) formation.®” At lower than 100 ppm
concentrations, VOCs can cause nausea, loss of appetite,
memory and sight, and tiredness. Exposure to high levels
of aromatic compounds through inhalation can cause
dizziness, unconsciousness, and even death.®?

*e-mail: asilia_h@modares.ac.ir

Considering the environmental and health related
problems of VOC:s, it is necessary to develop effective and
efficient technologies to control VOCs emissions.!” For
effective VOCs removal from gas streams, various methods
and techniques such as absorption, adsorption, biological
degradation, catalytic oxidation, condensation, thermal
incineration, and photocatalytic oxidation have been
developed.""'® However, most of the control techniques
have their defects and limitations for practical application.
For example, thermal incineration method requires fuel
and temperature resistant materials and involves explosion
hazard. In addition, it may produce hazardous byproducts
such as carbon monoxide and dioxins in the incinerator
exhaust gas.'* Therefore, development of an efficient and
cost-effective technique for VOCs removal and converting
them to less harmful products such as CO, and H,O is
essential.!>16

Catalytic oxidation is considered as an efficient
technique for VOCs removal and is mainly divided into two
categories: noble metal catalysis and metal oxide/transition
metal catalysis.!” Noble metal catalysis is eminent for its
high activity and stability,'®?° however, its high cost and
also the sensitivity to poisons limit the noble metal catalysis
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applications.?'?> On the other hand, metal oxide/transition
metal catalysts are more stable against poisons and they
are less expensive, but they typically have lower activity
than noble metal catalysts.?

For catalytic oxidation and removal of VOCs, metal
oxides including copper oxide, chromium oxide, iron oxide,
magnesium oxide, manganese dioxide, nickel oxide, and
cobalt oxide (Co;0,) have been successfully applied.*
Cobalt catalysts, due to the existence of mobile oxygen
in their spinel type structure, have been used efficiently
in a wide range of reactions.?¢ The noticeable efficiency
of Co;0,1in the VOCs removal is due to its high oxygen
vacancies and reduction capacity as well as the high
concentration of electrophilic oxide species, generated by
the relatively low Co—O bond energy, which facilitates the
interaction between the reactants and the oxygen atoms in
the lattice.'”*” However, its activity depends, among other
factors, on the preparation conditions, the crystallization
level, the cobalt oxidation state, and the surface area of
the material.'®

Metal oxide catalysts can be either unsupported or
supported by different materials such as aluminum oxide,
zeolite, and diatomite. Due to the higher dispersion of
the active components, the supported catalysts have
higher efficiency in the oxidation and removal of VOCs.
Recently, researchers have focused on the porous
adsorbent materials as metal oxide supports for production
of catalysts. Some of the most commonly used porous
materials are activated carbon,?® alumina,” diatomite,*
silica®® and zeolite.*

Sepiolite is a member of clay mineral family with
the formula of MgSi,,0;,(OH),-4H,0-nH,0. It is an
inexpensive hydrated magnesium silicate which has a
fibrous structure with uniform size parallel-piped intra
crystalline tunnels along the fibers. This tunnel structure
results in high porosity and huge specific surface area of
sepiolite, which can provide more reaction sites for various
cations to be substituted with the magnesium ions on the
tunnel surface.

Sepiolite, as a catalyst support, has been investigated
by some researchers. For example Giingor et al.** used it as
a silver support in combustion of soot. In 2010, a sepiolite
based catalyst support was synthesized by Milt et al.**
for removal of diesel exhaust pollutants. Liu et al.* also
introduced a Ni and Mo supported sepiolite catalyst for
steam reforming reactions. Likewise, Bautista et al.’®
studied sepiolite and TiO, supported vanadium oxide
catalysts for removal of toluene from aqueous streams.

Since, up to our knowledge, no research has addressed
the removal of toluene using sepiolite-supported cobalt
oxide catalyst; this study was conducted to evaluate the
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effectiveness of sepiolite-supported cobalt oxide catalyst
in degradation of toluene in air streams.

Experimental
Materials

Natural sepiolite was obtained from Dorkav mine in
North khorasn, Iran. Ammonium nitrate (NH,NO,), toluene,
cobalt nitrate, and sodium bicarbonate (NaHCO,) were
purchased from Merck Company (Germany).

Synthesis

Raw sepiolite was crushed and sieved to obtain a particle
size of 0.425-0.840 mm (mesh 20-40), washed several times
using deionized water and then dried at 110 °C for 24 h.
Then, the product was mixed with NH,NO; solution at a
ratio of 10 mL NH,NO;solution per g sepilolie. The obtained
mixture was heated and stirred for 8 h at 80 °C. Then, it was
filtered and washed by deionized-water until its pH reached
to 7. After that, the mixture was dried at 110 °C for 24 h. A
nitrate solution was prepared by addition of deionized water
to Co(NO,), 6 H,0. Deposition-precipitation was performed
for 9 h by mixing and heating at 70-80 °C and metal ions
were precipitated on the sieved treated sepiolite by adding
a solution of NaHCO; (1 mol L) in 30 min intervals until
reaching a basic solution with a pH of 10-11 to obtain 5, 10,
15 and 20 wt.% metal loadings. To separate the catalyst, the
basic solution was filtered. Then, the catalyst sample was
washed several times by heated deionized water. Afterwards,
the sample was dried at 110 °C in an oven, overnight. The
dried catalyst was calcinated in a furnace for 4 h at a heating
rate of 5 °C min™! from room temperature to 400, 500 and
600 °C. Prepared catalysts were symbolized by metal content
of the support [x(wt%)]Co/sepiolite (x =5, 10, 15 and 20).
For example, the catalyst with 5 wt.% Co supported on
sepiolite was named Co5/Sep.

Characterization methods

Power X-ray diffraction patterns (XRD) of catalysts
were recorded using a Philips pw1730 diffractometer
(Netherlands) with a radiation source of Cu-Ka
(A = 1.5406 A) and operated at 40 V and 30 mA. X-ray
diffraction data were collected with the 26 range from 4
to 80° with a step interval of 0.05°.

The contents of cobalt on the catalysts were measured by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) technique using a VISTA-PRO (Varian Inc.,
USA).
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Micromeritics TriStar instrument (Micromeritics,
Norcross, USA) was used to measure micro pore and
Brunauer-Emmett-Teller (BET) surface area, in this regard,
N, was used as an adsorbent gas at 77 K. To eliminate
surface water, samples were degassed at 130 °C for
25 min and then at 300 °C for 4 h under vacuum. Using
the adsorption isotherm data and the BET equation in the
range of p/p0 from 0.05 to 0.35, the specific surface area
was calculated. The total pore volumes were determined at
p/p0 =0.95. Pore size distribution was calculated using the
Barrett-Joyner-Halenda (BJH) formula from the desorption
branches of the N, adsorption isotherms.

Coke content of the catalyst was measured by
thermogravimetric analysis (TGA) using a TGA7
thermogravimetry analyzer (PerkinElmer, USA) under air
and a heating rate of 10 °C min’'.

The particle size and surface morphology were
evaluated using a field emission scanning electron
microscope (FESEM) model TESCAN MIRAIii, Czech,
at an acceleration voltage of 15 kV. The surface elemental
compositions were determined by energy-dispersive X-ray
spectroscopy (EDS) coupled with FESEM.

Catalytic evaluation

The catalytic performance was measured by a fixed bed
reactor (stainless steel 10 mm diameter and 100 mm length)
which functions in continuous air flow at atmospheric
pressure. Figure 1 shows the layout of the catalyst system.
The catalytic degradation was studied as a temperature
function. In this regard, a total flow of 500 mL min"' and
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0.500 g of 0.841-0.420 mm (mesh 20-40) cobalt/sepiolite
catalyst corresponding to gas hourly space velocity (GHSV)
of 60000 cm® g h'l, treated atmospheric air as an oxidizing
agent, and a toluene concentration of 1000 ppm, supplied
by a permeable unit were used. The catalyst was pretreated
in air flow at 350 °C for 1.5 h.

The catalytic performance was at temperatures of
100 to 400 °C. Concentration of toluene at the inlet and
outlet of the reactor was determined using an Ion Science
Phocheck Tiger with a photoionization detector (PID)
detector (Ion Science, UK). To measure the intermediate
and byproducts of toluene degration, an Agilent (USA)
GC-MS (gas chromatography mass spectrometer) equipped
with a 5975 mass detector and an HP-5ms column was
used according to relevant literature.?-° The concentration
of the produced CO, and CO were measured using a non
dispersive infrared sensor (AQ 110 Kimo) and a portable
CO sensor (Kimo), respectively. Each experiment was
repeated three times, and the average of the results was
determined.

Equations 1 and 2 were used to calculate the removal
efficiency of toluene and CO, yield, respectively:

[Toluene]in — [Toluene]out

%) = 100 1
n (%) [Toluene]in - M
COz]out
COs yield (%) = 22109 ?)
7[Toluene]in

where, [Toluene]in and [Toluene]out are, respectively, the
concentrations of toluene in the inlet and outlet of the reactor
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Figure 1. Experimental system for catalytic degradation of toluene.
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and 7 is the carbon number of toluene molecule. [CO,]Jout is
the CO, concentration at the outlet of the reactor.

Results and Discussion
Characterization of catalysts

The XRD patterns of sepiolite, NH,NO,/Sep, and
Co/Sep samples are presented in Figure 2. For sepiolite
support, the diffraction peaks were detected only at 7,
19, and 26.5 26. For the samples with deposited cobalt,
besides the peaks of sepiolite, diffraction peaks were
observed at 37.9, 60, and 66.8 20 assigned to crystalline
Co;0, (JPCDS 01-074-1656). This part of our findings
is supported by Rokicinska et al.?* study, which reported
nearly similar angles of diffraction for crystalline Co,0,
on zeolite at 36.8, 59.4 and 65.3°.

The average particle size of the cobalt oxide was

calculated using Scherrer formula, L = . In this

Bcosa

formula, L is the crystallite size, K is a constant related to
crystallite shape, A is the wavelength of the X-ray source
(0.15406 nm), B is the full width half maximum (FWHM),
and o is the angle of diffraction. According to the formula,
the average size of the cobalt oxide particles was 52 nm.

The BET surface area, porous volume, and average pore
diameter of the sepiolite and the catalysts are summarized in
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Figure 2. XRD patterns of sepiolite, NH,NO,/Sep, and the sepiolite
samples after deposition of cobalt (l: sepiolite; A: Co,0,).
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Table 1. Figure 3 shows N, adsorption desorption isotherms
and pore size distributions of sepiolite, NH,NO,/Sep, and
cobalt oxide/sepiolite samples. As this figure shows, all
samples exhibit a type IV isotherm, and obvious hysteresis
loops are observed, indicating the formation of mesoporous
material. The BET surface area and the total pore volume
of the sepiloite showed the following order: NH,NO,/Sep >
sepiolite > Co20/Sep > Co15/Sep > Co5/Sep > Co10/Sep
(Table 1). These reductions in total pore volume and surface
area has been reported by other researchers and has been
attributed to the filling of the sepiolite pores with metal
particles.’”38

Field emission scanning electron microscopy (FESEM)
was used to examine the morphology and distribution of
the catalyst. The results of FESEM are shown in Figure 4
As Figure 4 indicates, sepiolite is consisted of bundles of
fibers with a diameter of around 0.2 ym and a length of
up to 3 pm. This finding is in agreement with Zhou et al.*
Figure 3 also indicates that treatment with NH,NO; has
increased the sepiolite pores. BET analysis also confirmed
that sepiolite pores have been increased as a result of
NH,NO, treatment (Table 1). The element distribution and
morphologies of cobalt oxide on sepiolite can be observed
in Figure 4c. According to this figure, cobalt oxide particles
are homogenous and dispersed and have a spherical form.
Particle size of cobalt oxide is 50-200 nm (Figure 4c). This
finding approves the results obtained from Scherrer formula.

Catalytic activity

In catalytic oxidation of VOCs, the reaction temperature
at the catalyst bed is the most critical parameter. To evaluate
the catalytic activities of four catalysts (Co5/Sep, Co10/Sep,
Col5/Sep, and Co20/Sep) for toluene removal at different
temperatures, the oxidation of toluene, with the inlet
concentration of 1000 ppm and GHSV of 60000 cm® g h!,
was tested at 100-400 °C temperature range. The removal
efficiencies of toluene at different reaction temperatures and
different cobalt loads are shown in Figure 5. According to
this figure, increasing the temperature adds the efficiency

Table 1. The BET surface area, porous volume, average pore diameter of the sepiolite, and real cobalt content of the catalysts

Specific surface

Total pore volume /

Catalyst area (BET) / (cm’ g”) (cm*e’) Average pore size / nm Real content*/ wt.%
Sepiolite 116 0.18 6 -
NH,NO,/Sep 195 0.24 5 -

Co5/Sep 52 0.16 12 4.62
Col0/Sep 43 0.11 10 9.44
Col5/Sep 77 0.22 12 14.22
C020/Sep 82 0.16 8 18.71

“Measured by the ICP-AES (inductive coupled plasma atomic emission spectroscopy) technique; BET: Brunauer-Emmet-Teller; Sep: sepiolite.
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Figure 3. N, adsorption-desorption isotherms of catalysts.

of toluene removal which can be explained by the fact
that increasing the temperature provides more energy for
molecules which results in more collisions. In this regard,
the reaction temperature corresponding to 90% toluene
conversion (T,,) for Co5/Sep, Col10/Sep, Col5/Sep, and
Co20/Sep was 380, 349, 310 and 300 °C, respectively. In
addition, the reaction temperature corresponding to 50%
toluene conversion (Ts,) for Co5/Sep, Col0/Sep, Col5/Sep,
and Co20/Sep was 356, 307, 280 and 276 °C, respectively.
Considering the cobalt loading, increasing the cobalt
loading from 5 to 15%, increases the removal efficiency
of toluene, which indicates that high loading of cobalt can
significantly improve the efficiency of the catalyst. But
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further increase in the cobalt loading did not enhance the
catalytic efficiency, so that Col5/Sep exhibited similar
catalytic activity for toluene degradation with that of Co20/
Sep. This finding is in agreement with Luo et al.*’ study
which reported that increasing the cobalt loading from 5
to 10% will enhance the catalytic efficiency of the catalyst
with no enhancement in higher than 10% cobalt loadings.

Table 2 makes a comparison on the catalytic activity of
Co020/Sep in Ty, and T, with cobalt catalysts on different
supports for removal of toluene reported by other researchers.
According to this table, catalytic activity of Co20/Sep
for toluene degradation in this work is comparable with
Au-Co/SBAIS (Santa Barbara Amorphous-15) and it is
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Figure 4. Image of FESEM of the catalysts (a) sepiolite; (b) NH,NO,/Sep; (c) Co/Sep.
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Figure 5. The removal efficiencies of toluene at different cobalt loadings.

higher than those of Co20/y Al,05-Ce0,, Co/halloysite, Co/
beta zeolite, and Co-Al/hydrotalcite. It can be also found
from Table 2 that catalytic activity of Co20/Sep for toluene
removal is less than Co/AC (activated charcoal) and Co/

C;N, which can be due to lower GHSV and toluene inlet
concentration in the case of Co/AC and Co/C;N, catalysts.
This study results also showed that bare sepiolite had no
significant catalytic activity for removal of toluene, so that
its removal efficiency was less than 10% at 400 °C. This
finding is parallel with the results of the studies which have
examined the catalytic activity of sepiolite for degradation
of different pollutants.?3443

The application potential of oxidative catalysts is mainly
influenced by the stability of the catalysts. Therefore this
study evaluated the stability of Co20/Sep at 320 °C during
24 h for 1000 ppm inlet toluene concentration with the results
shown in Figure 6. The stability test showed that the toluene
conversion is constant during the test period. Therefore it
can be concluded that sepiolite-supported cobalt has high
catalytic stability when applied for degradation of toluene.

Table 2. Comparison of the catalytic activity of different catalysts for degration of toluene

No. Catalyst BET/(m?g") GI;IS_Y /_1 Concentration / Conversion temperature / °C Reference
(em’ g b ppm Ty* Tor”
Co20/Sep 82 60000 1000 276 300 this work
2 Co;0,/montmorillonite 98 60000 1000 285 297 Rokicinska et al. ¥
3 Co20/y AL,O;CeO, 65 12000 25gm? 200T,, 350 Balzer et al.¥!
(660 ppm)
4 Co/halloysite 30 30000 600 300 320 Carrillo et al.™
5 Co/beta zeolite 510 30000 1000 300 325 Rokicinska et al.*
6 Co-Al/hydrotalcite 72 60000 1000 257 285 Biatas et al.*
7 Co/AC - 18000 400 260 287 Liao et al.”!
8 Co,0,/ALO; - 60000 2000 313 322 Zhao et al.®
9 Au-Co/SBA15 222 30000 1100 280 300 Wu er al.*
10 CoOx/g-C;N, 50 10000 1000 268 279 Luo et al.*

+50 and 90% toluene conversion, respectively; BET: Brunauer-Emmet-Teller; GHSV: gas hourly space velocity; Sep: sepiolite; AC: activated charcoal,

SBA15: Santa Barbara Amorphous-15.
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Figure 6. Toluene conversion using Co20/Sep catalyst at 320 °C as a
function of time.

Calcination temperature is one of the most important
factors which has a great influence on the catalytic activities
of catalysts. The catalytic performance of Co20/Sep with
different calcination temperatures (400, 500, and 600 °C)
is shown in Figure 7. According to this figure, Co20/Sep
calcined at 400 °C exhibits the highest performance,
achieving Ty, at about 300 °C which is 50 °C lower than
that achieved by the obtained catalyst at 600 °C calcination
temperature. This decrease in catalytic performance can
be due to the conversion of Co;0, to CoO (at 600 °C)
which has lower the catalytic activity.* This decrease in
the catalytic performance can also be linked to the grain
growth caused by the thermal treatment. Yan ef al.*’ also
reported that with increasing the calcination temperature,
the catalytic activity of the catalysts is declined and the
highest catalytic performance of Co,0O, for removal of
toluene was found to be at 400 °C. Despite our findings de
Rivas et al.*® reported optimum calcination temperature of
Co,0, for degradation of VOCs at 500 °C.
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Figure 7. Catalytic performance of Co20/Sep with different calcination
temperatures.

Figure 8 shows the CO, yield vs. reaction temperature
over cobalt oxide/sepiolite catalysts. According to this
figure, when using Co15/Sep and Co20/Sep, CO, balance
is achieved at 350 °C.

To measure the intermediate and byproducts of

200 250 300 350 400
Temperature / °C

Figure 8. CO, yield versus reaction temperature at different cobalt
loadings.

toluene degration by cobalt oxide/sepiolite catalyst,
GC-MS was used according to relevant literature.?-*°
The results showed that at 320 °C and 99.7% removal
efficiency for 1000 ppm inlet toluene concentration, there
was only a toluene peak in the sampled outlet stream
with a concentration of 3 ppm and no CO or any other
hydrocarbons indicating that toluene was efficiently
degraded to CO, at the surface of cobalt oxide/sepiolite
catalyst.

The results of TGA analysis showed that the difference
between the weight losses of fresh and used catalysts was
negligible, confirming no coke formation during catalytic
combustion of toluene over Co20/Sep.

Conclusions

The results of this study showed that increasing the
cobalt loading from 5 to 15%, increases the removal
efficiency of toluene, which indicates that increasing the
loading of cobalt can significantly improve the efficiency of
the catalyst. But further increase in the cobalt loading did
not enhance the catalytic activity. A temperature of 400 °C
was found to be the optimum calcination temperature for
Co020/Sep, since it achieved 90% toluene conversion at
about 300 °C. The results also confirmed that Co20/Sep
has a high selectivity towards CO, and it is stable at
320 °C with complete conversion of toluene after 24 h. In
conclusion, the results of this study confirmed sepiolite-
supported cobalt oxide catalyst as an efficient catalyst for
degradation of toluene.
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