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Abstract

For the first time, the potential of Ni/NiO and NiO-TiO, nano-catalysts for the oxidation of toluene under moderate tem-
peratures was investigated. The nano-catalysts were prepared using the solution combustion synthesis method (SCSM) and
the effect of the composition of nano-catalysts, the inlet toluene concentration ([C;Hg];,), the relative humidity (RH), and
the temperature on the percentage of toluene conversion (%TN,,, ) were subsequently examined. Results revealed that the
nano-catalysts synthesized with a low fuel-to-metal ratio produced pure NiO, which has significant catalytic activity toward
the conversion of toluene. Conversely, the high fuel-to-metal ratio generated a nano-catalysts that contains a mixture of Ni/
NiO or pure Ni with low activity toward the conversion of toluene. Adding NiO to TiO, increased the surface area of the
catalyst, augmented the catalyst active sites, enhanced the oxidation of toluene, and increased CO, selectivity (S¢o,). NiO
and NiO-TiO, nano-catalysts exhibited higher reaction rates, significant catalyst turnover frequency, and low activation
energy. The obtained results revealed that the SCSM is a promising synthesis method for producing NiO or NiO-TiO, nano-
catalysts, which can be employed successfully for the removal of toluene from gas streams.

< Fares Almomani
falmomani @qu.edu.qa

Department of Chemical Engineering, College

of Engineering, Qatar University, P. O. Box 2713, Doha,
Qatar

@ Springer


http://orcid.org/0000-0003-4785-4567
http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-020-01270-4&domain=pdf

3076

Waste and Biomass Valorization (2021) 12:3075-3089

Graphic Abstract

Waste gas stream S—")

Toluene

Catalytic oxidation

- /’co2
* H,0

€ (‘onductit}

=) Treated Waste gas stream

100{-e 5 cycle  NiO
304+ 2™ cycle

ht Band

nano-catalyst

Valance

Ev 601 Iy
c\o 40 4
201 B

O‘P“q‘.“'-.".’ .- : ' ‘ .
20 40 60 80 100 120 140

Temperature (°C)

Keywords CO, selectivity - Volatile organic compounds - Degradation products - Industrial contamination

Statement of Novelty

Industrial emissions of volatile organic compounds (VOCs)
can cause substantial air pollution problems and affect
human health and the environment. The current study
presents for the first time an efficient waste-gas treatment
method based on destruction processes rather than the con-
version of contaminates from one phase to another. This
is the first study that provides an optimization strategy for
waste gas treatment under moderate temperature using nano-
catalysts in pilot plant configuration. The study also ascer-
tains the treatment mechanism based on the formed radicals
and identified by-products.

Introduction

Volatile organic compounds (VOCs) cause substantial air
pollution problems that are harmful to human health and to
the environment [1-6]. An increase in environmental aware-
ness has prompted researchers to explore effective treatment
technologies to reduce the amount of VOCs in the air [7-10].
Toluene, a common VOC, is an extremely dangerous and
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abundant pollutant due to its aromatic structure, which is
resistant to conventional treatments and often requires oxi-
dation at low temperatures [11-13]. Additionally, toluene
has a long half-life [14] and a photochemical ozone creation
potential (POCP) [15, 16]. The presence of toluene has been
identified in industrial effluents of printing, paint pressing,
and petrochemical industries [11, 17, 18]. Various methods
have been implemented to eliminate, and control VOC and
toluene emissions [13]. Procedures such as reverse-flow
packed bed reactors, bio-filters [19], incineration, distilla-
tion, and solid acids have been tested [20-31]. However, the
efficiency, durability, and cost of these techniques have made
their application difficult.

Among the numerous technologies available for VOCs
reduction, catalytic oxidation processes are a more viable
option, especially at low concentrations (< 1%) [32-36].
These processes include complete oxidation of the hydrocar-
bon into water and carbon dioxide, rather than transferring
the pollutant from one phase to another. Primarily, the cata-
lytic oxidation of VOCs is carried out using metal oxide [37,
38], noble metals supported on a carbon or inorganic carrier
[39-42], or a mixture of metals and their oxides [43-45].

The use of noble metals (e.g. Pt and Pd) have exhibited
excellent activity and selectivity for the catalytic oxidation
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of VOCs [44, 46]. However, some studies have recom-
mended replacing noble metals with cheaper catalysis due
to the high cost [47, 48]. Alternatively, transition metals and
their oxides, have displayed a high level of activity, signifi-
cant selectivity, and resistance against deactivation [49-51].
Barakat et al. [46] and Delannoy et al., [52] demonstrated
that the catalytic reactivity of transition metals and their
oxides can be enhanced if they are formed as a thin film
over inorganic support or as a nano-catalysts with a diameter
of <5 nm. The improvement in catalytic activity was con-
nected to the increase in the surface areas of catalyst, the
decrease in the particle size or thickness, and the increase
in the number of active sites formed in corners and particle/
support interfaces.

The use of NiO nano-catalysts alone or combined with
other supports such as thin films have exhibited high cata-
lytic oxidation reactivity toward VOCs [53, 54], and particu-
lar interest has been given to the application of NiO-based
catalysis. Ni-based catalysts are available, cheap and safe to
used. Therefore, have been implemented for hydrogen gen-
eration, hydrocarbon, carbon dioxide, and oxygen reforming
processes [55-57]. Shaban et al. [58], have used the MCM-
48/Ni,05; composite for the photocatalytic removal of red
dye. Recent studies have demonstrated that Ni can be used to
catalyze the conversion of CO to CO, at lower temperatures
in contrast to the high temperatures required by noble metals
[59-62]. Other studies have indicated that a thin film of NiO
deposited on the support surface possesses a high reactivity
and good stability for different processes such as ethanol
decomposition, CO, and VOC oxidation [63-66].

The performance of the catalyst toward the oxidation
of VOCs depends on the physicochemical properties and
morphology of the catalysts, the operating conditions, and
the type and composition of the inlet gas stream [67-69].
Esmaeilirad et al., [70] have suggested that humidity could
negatively affect the catalyst activity and the decomposi-
tion of the VOCs. Arnold and Sundaresan [71] highlighted
a decrease in the oxidation performance of VOCs by increas-
ing the relative humidity (RH) in the feed, which was asso-
ciated with the competition between water and toluene on
the catalyst active site. Within this context, low humidity
enhances the VOCs catalytic oxidation because of the for-
mation of OH from the dissociative chemisorption of water
vapor [72-74]. However, high humidity increases the chance
of water molecule adsorption on the active site of the cata-
lyst which subsequently blocks the adsorption of VOCs, and
minimizes the catalytic oxidation efficiency [75, 76].

Although various studies have reported the use of Ni and
its oxide in the oxidation of hydrocarbons [55, 56, 77], a
review of the relevant research literature indicates that only
one study reported the use of Ni, NiO, and NiO-TiO, for
the catalytic oxidation of toluene under low to moderate

temperatures [78]. Therefore, the present work investigated
the catalytic activity of pure NiO, a mixture of Ni/NiO, pure
Ni, and a film of NiO supported on TiO, for the oxidation
of toluene under different temperatures. Additionally, the
influence of the inlet concentration of toluene ([C;Hgl,, ),
relative humidity (RH), and feed temperature on the conver-
sion performance were investigated. The kinetic parameters,
catalyst stability, and the types of oxidation intermediates
were examined and discussed. The nano-catalysts were
prepared using the SCSM method and characterized using
different techniques including Field-Emission scanning elec-
tron microscope (SEM), transmission electron microscopy
(TEM), Fourier Transform infrared spectroscopy (FTIR),
and X-ray diffraction (XRD).

Materials and Methods
Preparation of Catalysts

NiO nano-catalysts were synthesized using the SCSM
method as it is a widely used approach to synthesize nano-
catalysts with the high-surface area. According to this
method, the mechanism for nano-catalysts formation is
based on the decomposition of glycine and nickel nitrate
generating NH; and HNO; as reaction fuels (RFs). Once
generated, the RFs react together in an exothermic reaction
creating the required energy to self-sustain high-temperature
reaction conditions following Reaction (1) [79, 80]. The stoi-
chiometric equilibrium of the reaction suggests that using
high concentration of glycine would create an environment
that helped to reduce the formation of metal oxides over
pure metals.

M*(NO,) + (gV(p)CHZNH2C00H
+ v%((p -0, » M"O;(s)

10 25
+(5ve)COxe) + T30H0()

5p+9
V( ¢18 )Nz(g)

where M is the metal valance charge, ¢ is RF to metal ratio.

Based on Ashok et al. [79], a ¢ > 1 represents a fuel-rich
environment, a ¢ < 1 is fuel lean environment, and ¢ =1 rep-
resents stoichiometric conditions where no external oxygen
is needed for synthesis.

Different stoichiometric values of nickel nitrate hexa-
hydrate, Ni(NO;),6H,0, (Alfa Aesar, 99%) and glycine,
CH,NH,COOH, (Alfa Aesar, 98.5%) were used to synthesis
a pure NiO, a mixture of Ni and NiO, and pure Ni, as per

(Reaction 1)
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Reaction (1). The Ni(NO;),6H,0 and glycine were mixed in
a 100 mL of deionized water at 25 °C for 1 h which created
a clear homogeneous solution. Then, the mixture was heated
using hotplate (Barnstead Thermolyne, model no: sp 46925)
under atmospheric pressure and a controlled heating rate of
10 °C/min. when the water evaporated, the temperature of
the solution augmented to an ignition point. Thereafter, com-
bustion occurred, which produced gaseous products and the
synthesized nano-catalysts. The nano-catalysts were grinded
in a hand mortar, sieved <75 um sieve, characterized and
used in VOC oxidation.

NiO Supported onTiO,

The NiO supported on TiO, was prepared by mixing tetrabu-
tyl orthotitanate (Ti(OCHy),) with acetylacetone (CsHgO),
n-propanol (C;HgO), and deionized water in a volumetric
ratio of 1.0:0.5:5.0:0.5 at a controlled temperature of 25 °C.
Acetyl acetone acts as a chelating agent which controls
the hydrolysis of tetrabutyl orthotitanate. The mixture was
blended gently for 30 min. Subsequently, the NiO added to
the resulting mixture at a ratio of 1 mL mixture to 0.5 mg
NiO under continuous mixing, left to react for another
30 min, dried at 85 °C and annealed at 450 °C for 1 h at
atmospheric pressure.

Characterization of Catalyst
Field-Emission scanning electron microscope (SEM),
transmission electron microscopy (TEM), Fourier Trans-

form infrared spectroscopy (FTIR), and X-ray diffraction
(XRD) were used to measure the surface area, structure and

Fig. 1 Experimental setup
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morphology of the synthesized nano-catalysts (NiO and
NiO-Ti0O,). Surface area measurements were carried out in a
Quanta-chrome autosorb-1 using nitrogen as adsorbent gas.
The nano-catalysts were outgassed at 473 K and the pressure
was gradually reduced at rate of 25 uHg min~! followed by
immersion in a liquid nitrogen bath. X-ray diffraction (XRD)
measurements were conducted in the air using a Scintag
X-ray diffractometer with Cu-Ka radiation wavelength of
1.54056 A. The nano-catalysts microstructures were imaged
using a Field-Emission SEM (Magellan 400 (FEI) that pro-
vides a nondestructive ultra-high resolution imaging.

Experimental Set-Up

The catalytic decomposition of toluene was carried out
using a flow-type reaction system (Fig. 1). The installation
consisted of toluene (Aldrich, purity 99.8%), pure oxygen
(Aldrich, purity 99.99%), helium (Aldrich, purity 99.998%)
tanks, a humidifier, a gas mixer, a reactor, and a gas chro-
matograph. The reactor is comprised of a quartz chamber
(ID =25 mm, L =350 mm) surrounded by a tubular fur-
nace. The outlet of the reaction unit was linked to a humid-
ity meter and a gas chromatograph (GC, Perkin Elmer Cla-
rus 500) for effluent gas analysis. The mass flow rate of the
inlet air mixture to the reactor was measured and controlled
by a mass flow controller (MFC, MKS Instruments, USA).
The temperatures of toluene and the humidifier were con-
trolled at 25+2 °C. The toluene vapor had the ]C;Hg];, in
the range of 10-80 ppm and was constantly supplied into the
reactor. The concentrations of influent and effluent streams
were measured by the GC, which is equipped with a ther-
mal conductivity detector (TCD). A thermocouple inserted
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inside the quartz reactor was used to monitor the reaction
temperature. The temperature of the furnace was monitored
using a controller that was connected to a PC. Heating cycles

were conducted at a rate of 3 °C min~".

Experimental Procedure

The oxidation of toluene over Ni/NiO and NiO-TiO, nano-
catalysts was conducted at atmospheric pressure in a continu-
ous flow packed reactor. The inlet gas to the reactor was pro-
duced by mixing Toluene, C; =400 ppmv with water from the
humidifier (T=25 °C and p=685 mmHg). The gas was mixed
with high purity O, and helium. Subsequently, the gas mixture
(Toluene, O,, He, and water vapor) which had a flow rate in
the range of 0.1 to 0.5 L.min~! was introduced into the reac-
tor. To adjust the toluene concentration, two O, streams were
used. The first was introduced into the humidifier to maintain
a constant flow rate of toluene vapor. The second balanced the
overall concentration. The inlet and outlet stream concentra-
tions were analyzed using an on-line GC (TCD) using several
columns (Shin Carbon ST, Q PLOT, 2 OV 101, and molecular
sieve) to quantify the toluene, O,, CO, CO, and Benzene. The
detection limit for all of the gases was determined to be in the
range of 0.7+0.02 ppmv.

Mathematical Manipulation

The inlet and outlet concentrations of toluene and the con-
centration of effluent gases (toluene, O,, CO,, CO) were
utilized to determine the percentage toluene conversion
(%TN¢,,), as displayed in Eq. (1), the selectivity of cata-
lyst toward CO, (SCOZ) as displayed in Eq. (2), the reaction
rate (r) as shown in Eq. (3), and turnover frequency (TOF)
as illustrated in Eq. (4).

_ [C7H8]in_ [C7H8]0ut

%TN = 100% 1
o Conv. [C7H8]m * 0 ( )
[COZ]outlet * 100
Sco. (%) =
COZ( ) 7 * [Toluenel; i * TN .op. &

-1 41
r (mOIe § gnanocalalyst )

r(moles™")

(mvmo(nfE )#600) 4)
(p( m% )*d(m)*um (m2)=N, )

TOF(s™') =

where [C;Hg],, and [C7H8] o & the initial and final concen-
trations of toluene, [CO,],,.; 1 the concentration of CO, in
the effluent gas, Q is the gas flow rate (L s™'), MWy is the
molecular weight of NiO (g mole™), p is the density of NiO
(g m™), d is the average particle diameter (m) (from SEM
images), ap, is the surface area of one NiO atom (m?), and
NA is Avogadro’s number.

Results and Discussion
Characterization of Catalyst

Figure 2a illustrates how the produced nano-catalysts have
a spherical shape with tightly agglomerated nanocrystallites
porous structure and individual particle size in the range of
10-50 nm. Figure 2b displays the XRD distribution of the
final products of nano-catalysts at different fuel/metal ratios
of 0.5, 1, and 1.75. The ¢ value has a significant effect on the
composition of the nano-catalysts with a general trend show-
ing the change from pure NiO product at ¢ <0.5 to a mixture
of Ni-NiO at 0.5< ¢ < 1.75 and pure Ni at ¢ >1.75. Table 1
presents the average, maximum, and minimum crystal sizes of
nano-catalysts mixture at @ of 0.5, 1, and 1.75 as calculated
from the XRD measurement. Results indicated an increase in
the crystal size by increasing the ¢ value. The nano-catalysts
prepared with ¢ =0.5 (i.e. pure NiO) has an average crystal
size of 428.5 A, followed by pure Ni (¢ >1.75) has an aver-
age crystal size of 342.6 A. Lastly, the mixture of Ni-NiO
nano-catalysts prepared with ¢ =1 demonstrated an average
crystal size of 317.0 A. As the nano-catalysts prepared with
@ =0.5 exhibited the highest crystal size, it was thereafter
selected to be combined with TiO, and used for toluene oxi-
dation. The composition of the Ni-NiO nano-catalysts was
determined by the mass balance calculations and revealed that
it contains 20 mol% nickel and the balance nickel oxide.

Molar flow rate of toluent(mole g1 ) # TN cpny.

-1 1 mol 273K
Q(LS ) * [22.4L X 298K

mass of nano — powder(g) 3

* %TNC{mv.

mass of nano — powder(g)
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Fig.2 a SEM and b XRD images of the Ni-NiO nano-catalysts prepared at different metal to fuel ratios (¢)

Figure 3a—c shows the SEM images, XPS spectra, and
XRD patterns of the NiO supported on TiO, (i.e. NiO-TiO,
nano-catalysts). The NiO-TiO, has a homogenous struc-
ture with an average size of 19.5 nm. A lattice spacings of
0.22+0.03 nm and 0.25+0.01 nm were associated with
cubic planes of NiO and TiO,, respectively. The XRD test

@ Springer

of the NiO-TiO, was compared with NiO (Fig. 3b, c). Pure
NiO showed diffraction peaks at 37°, 43°, 63°, 76°, and 79°
which is connected to the cubic structure of NiO. NiO-TiO,
nano-catalyst was observed to have peaks at 24.0°, 36.7°,
43°, 53.9°, 55.1°, which corresponds to the TiO, anatase
phase. Other peaks observed at 25.1°, 39.2°, 43.6°, and
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Table 1 Average, maximum, and minimum crystal sizes of Ni-NiO
nano-catalysts at different fuel to metal ratios (@)

@ Crystal size (A) SD
Maximum Minimum Average

0.5 854.8 219.3 428.5 8.7

1.0 395.1 254.2 317.0 9.2

1.75 402.25 208.4 342.6 4.5

Calculated from the XRD measurement

57.9° were related to the TiO, rutile phase. The high ratio
of anatase to rutile suggests the formation of a stabilized
anatase phase caused by the annealing processes [81, 82].
The presence of NiO in the structure was combined with a
reduction in anatase peaks and the appearance of peaks at
36.2°,42.1°, 76.1°, and 79.1° which are related to the for-
mation of NiO crystallites. Similar results were reported by

Ahmed et al. [83]. Moreover, the results revealed that Ni**
was incorporated within the lattice of TiO, by replacing the
Ti** ions. The incorporation of Ni** within the lattice of
TiO, was due to similarity in the ionic radii of Ni** (0.72
A) as compared with Ti** (0.75 A) [84].

The discernible trends reflect how nickel ion can be easily
introduced into the TiO, lattice. Additionally, NiO was likely
diffused as amorphous oxide which coated the surface of
the anatase phase and prevented changes to the rutile phase.
Figure 3d displays the Ni 2p and Ti 2p XPS data of the
NiO-TiO, nanoparticles. The Ni 2p spectrum highlighted
one chemical state of Ni at 854 eV belonging to NiO of
the form of Ni 2p3/2. No other forms of Ni were observed,
which confirms that NiO is the dominant structure [85]. The
Ti 2p spectra of NiO-TiO, nanoparticles (inner Fig. 3d) was
observed to have a peak at approximately 456 eV which cor-
responds to the binding energy of Ti 2p3/2 on the form of
Ti(IV) state (i.e. TiO,).
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Fig.3 a TEM image of NiO-TIO, n nano-catalysts b XRD patterns of NiO and NiO-TiO, nano-catalysts, and ¢ XPS spectra of NiO-TiO,

nano-catalysts, d external Ni 2p and internal Ti 2p spectra
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SEM images were used to calculate the surface area of the
nano-catalysts. No less than 10 measurements were carried
out for each compound. The results were presented as aver-
age values at a 95% confidence interval. NiO was observed
to have a surface area of 135 +5 m? g~! (Std. Dev. 4.5) and
NiO-TiO, had a surface area of 115+3 m? g=! (Std. Dev.
9.5). The addition of TiO, to NiO decreased the surface area,
which resulted from its deposition on the surface of TiO,.

Catalytic Oxidation of Toluene

Figure 4 presents the percentage conversion of toluene
(%TN¢,,,.) at different cycles (1st, 2nd, and 7th) as a func-
tion of temperature over nano-catalysts produced with
@ of 0.5, 1, 1.75, as well as NiO-TiO,. For the tests per-
formed with Ni/NiO there was a distinguishable relation-
ship between the % TN, and the composition of nano-
catalysts. Pure NiO (¢ =0.5) showed a % TN, > 7% at
a temperature of 60 °C and proceeded to reach 100% at
123 °C. On the other hand, the nano-catalysts contained a
mixture of Ni and NiO required a higher temperature ~78 °C
to achieve significant % TN, of toluene and a tempera-
ture > of 158 °C was required to attain % TN, of 100%.
Alternatively, pure Ni nano-catalysts achieved considerable
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Eﬁ 601
< 401

207
O et ;;a-_’r’.'-'-_'.‘. R : I | | |
20 40 60 80 100 120 140
Temperature (°C)
1007-e- lst Cycle ":-?:::-‘
80_'-- 2" Cycle /::',:,,

g -a- 71 Cycle : NO
Eﬁ o ¥ o=L75
S 40 A

7 e
e K
o) FECFF STt 1

20 40 60 80 100 120 140 160

Temperature (°C)

% TN ¢, Of toluene at 75 °C and attained a 100% conversion
at 160 °C. The observed trends showed that the composition,
physicochemical properties, morphology and structure of the
Ni- nano-catalysts play a key role in the conversion of tolu-
ene and controlling the operating temperature for maximum
removal. The highest conversion was achieved with pure
NiO at T<65 °C, in comparison with the nano-catalysts
that contain a mixture of Ni-NiO or pure Ni. As previously
indicated, pure NiO has large surface areas, which supports
greater catalytic activity toward the conversion of toluene.
The pure NiO nano-catalysts has larger particle sizes than
Ni—NiO or pure Ni that form a weak Ni—O bond on the cata-
lyst surface and contribute to the generation of more reactive
oxygen on the surface of the catalyst causing an increase in
% TN ,,.,. Consequently, the degradation of toluene occurs
at lower temperatures. The observed trends suggest that the
catalytic activity of the Ni-based catalysts can be improved
by controlling the synthesis process to produce pure NiO.
Tests conducted with NiO-TiO, nano-catalysts displayed
a substantial improvement in % TN, beginning at 40 °C
with the majority (100%) of toluene removed at 110 °C.
Although the surface area of NiO-TiO, (115+3m? g7!) is
lower than NiO (135+5m? g™, the significant enhance-
ment in % TN,,, could be caused by the increase in the
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Fig.4 % TN, as a function temperature over pure NiO (¢ =0.5), oure Ni (¢ =1.75), and mixture of Ni/NiO (¢ =1.75) and NiO-TiO, nano-
catalysts for Ist, 2nd and 7th cycles. Flow rate=0.1 L min~!, RH=10%, [C;Hg];,=40 ppm, 20% O, and the balance He
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number of active sites formed in corners and particle/sup-
port interfaces. Park et al. [86] demonstrated that NiO and
TiO, and their combinations have a greater affinity toward
toluene oxidation in comparison with other catalysts such as
bare-Si0O,. The performance of all Ni-NiO catalysts are sta-
ble over the seven cycles, as the results during these cycles
were similar, which indicates that these catalysts have an
excellent service life.

The products of toluene conversion were tested using
GC-TDC and it was established that under all study
conditions, CO, was the main product. Benzene and
other non-identified hydrocarbons were also detected at
% TNy, < 55. Additionally, no CO was detected in the
outlet stream, which confirms the ability of the NiO and
NiO-TiO, nano-catalysts to catalyze the conversion of
toluene to CO,. As the % TN, increases, the selectivity
toward CO, () simultaneously increased reaching 100%
for % TN,,,, of 100. Similar results were reported in stud-
ies reported by Rooke et al. [87] and Kim et al. [88]. As
the treatment of the toluene, in the present study, was
carried out with a synthetic toluene, it is expected that
the developed nano-catalysts will still have significant
% TN¢,,,. when used with real industrial wastewater. To
verify this expectations, a set of experiments were carried

1001 = e ° °
L
3
> 3
Z 801
X
701NiO e HRT=105s
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60 (P_ : : : A: HRTI: 21 S
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out with gas stream containing a mixture of gases simi-
lar to the composition of real industrial VOCs. The pre-
liminary results reavelaed significant % TN, , which is
aligned with the results presented in this work. Further
testing of real gas streams will carried out in the future.

Effect of the Inlet Toluene concentration ([C;Hg];,)

Figure 5 illustrates the effect of the [C;Hg];, on the % TN,
The results are the average of three repeated experiments at
a 95% confidence interval. The experiments were conducted
at a gas flow rate of 0.21 L min~! with the gas stream con-
sisted of 20% O,, the balance He, and relative humidity of
10%. Changing the [C;Hg];, showed a minor impact on the
reported % TN, for a gas-phase reaction carried out at
longer Hydraulic retention time (HRT) > 105 s. However,
tests conducted at a shorter HRT exhibited a noticeable
decrease in the % TN, as the [C;Hg];, increased. The
% TN ... decreased from 100 to 91% as the HRT decreased
from 105 s to of 21 s for the tests carried out with [C;Hg];,
of 40 ppm. Tests carried out with higher [C;Hg];, (e.g.
80 ppm) were observed to have a significant decrease (17%)
in the % TN, as the HRT decreased from 105 to 21 s. The
decrease in the % TN, by the increase in the [C;Hg];, is
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Fig.5 The effect of [C;Hg];,, on the % TN¢,,, of toluene. Conditions: flow rate=0.1 to 0.5 L min~!, RH=10% and gas composition:

[C;Hgl;, =40 ppm, 20% O, and the balance He
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attributable to low residence time (i.e. short reaction time),
which impacts the amount of toluene oxidized to CO, and
other products. The oxidation of toluene occurs in two steps,
beginning with the chemisorption of oxygen on the nano-
catalysts, followed by the reaction of oxygen with toluene in
the gas stream to produce CO,, water, and other products. As
the HRT decreases (i.e. low reation time) and the [C,;Hg];,
increases, the chemisorption of oxygen conversely decreases
and the % TN,,,, decreased.

Effect of Relative Humidity (%RH)

Figure 6 presents the effect of %RH on toluene decomposi-
tion. Increasing the water content of the gas stream affected
the % TN,,,, The general trends showed that the %TN,,,
of toluene is significant when the %RH <20. However,
higher %RH resulted in a noticeable decrease in conver-
sion efficiency. Lower humidity enhanced the formation of
hydroxyl radicals (OH) from the dissociative chemisorp-
tion of water vapor [72-74] and increase the % TN, at
higher humidity, water will be adsorbed on the active site
of the catalyst blocking the adsorption of VOCs and lower-
ing the % TN, [75, 76]. This may be attributed to the
excessive water vapor on the surface of the catalyst, which

100

90{ &
2 4 ¢ 3
ED 80+ . ()
X * NiO, ¢=0.5 A

701 = NiO, ¢=1.0 %

2 NiO, =175
60 v N10-:F102 . .
0 20 40 60 80

Relative Humidity (%)

Fig.6 Effect of the %RH on the % TN,,, Conditions: HRT=50 s,
flow rate=0.2 L min~! and gas composition: [C;H,];, =40 ppm, 20%
O,, and the balance He

inhibits toluene oxidation due to the competition between
the toluene and water for adsorption on the nano-catalysts
active sites resulting in a decrease in the oxidation rate in
what is called ‘competitive adsorption’ [89, 90]. For experi-
ments conducted with [C;Hg];, of 40 ppm, HRT =50 s, flow
rate=0.2 L min~!, the % TN,,,,, decreased by 11.5%, 20.0%,
19.6%, and 7.5% as the RH increased from 10 to 60 for the
pure NiO, the mixture of Ni-NiO, pure Ni, and NiO-TiO,,
respectively.

Kinetic Parameters

Table 2 displays the toluene decomposition rate () normal-
ized as a function of catalyst weight, and the catalyst turno-
ver frequency (TOF) of the studied nano-catalysts. It was
observed that pure NiO and NiO-TiO, had higher r and
TOF compared to mixed Ni—NiO or pure Ni. This suggests a
high reactivity for these nano-catalysts. The increase in r and
TOF values for all of the nano-catalysts was proportional to
temperature. The reaction rate of toluene decomposition per
gram of catalyst. The catalytic reaction rate was the highest
for NiO-TiO, followed by pure NiO. Lower r values were
reported for a mixture of Ni-NiO and pure Ni. Previous stud-
ies regarding the catalytic oxidation of toluene to a proposed
two-step oxidation mechanism: first, the oxygen chemisorp-
tion on the catalytic active site, and second, the surface reac-
tion between toluene and adsorbed oxygen. Intermediates
can also react with adsorbed oxygen. In this instance, the
use of NiO and NiO-TiO, and the presence of oxygen in
the structure of the nano-catalysts has eliminated the need
for the first chemisorption step. Instead, toluene oxidation
occurred once molecular toluene reached the surface of the
catalyst. For mixed Ni-NiO and pure Ni, the catalyst must
reach an excitation state, which causes the chemisorption
oxygen to start the oxidation of toluene, which results in a
lower reaction rate.

The activation energy for the conversion of toluene over
NiO and NiO-TiO, nano-catalysts was calculated using
Arrhenius Eq. (5):

r(mols_l) =AExp(—R€—;) 5)

where E, is the apparent activation energy (J mol~'), R is
the universal gas constant (J mol~! K1), T is the temperature

Table 2 Kinetic parameters of

the studied nano-catalysts Nano-catalysts ~ TOF (s™!)x 107 r (mol s~ Znano-powder) Ea (kJ mol™!)
T=100°C T=140°C T=100°C T=140°C T=160°C
Pure NiO 0.88 1.89 2.1 7.6 45 110
Mixed Ni-NiO  0.65 1.04 1.1 32 23 155
Pure Ni 0.55 0.95 0.78 1.9 11 180
NiO-TiO, 0.92 1.96 43 9.9 49 95
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Fig.7 % TN, for extended process time (40 h). Experimental con-
ditions: flow rate=0.1 to 0.5 L min~!, RH=10% and gas composi-
tion: [C;Hg];,=45 ppm, 20% O, and the balance He and T=100 °C

(K), and A is Arrhenius pre-exponential factor. A regression
analysis of the experimental data by plotting Ln(r) versus
1/T allows for the calculation of the activation energy for
toluene oxidation (Table 2). Pure NiO and NiO-TiO, had
lower E, values within the range of 95-110 kJ mol~! in com-
parison with high E, for Ni-NiO and pure Ni nano-catalysts
(>155 kJ mol™"). This indicates a lower energy requirement
for the first two nanocatalysts is needed to achieve significant
toluene oxidation.

Stability Tests

Examining the stability of the catalysts was crucial in
determining a practical application of this technology. Fig-
ure 7 illustrates the evolution of % TN, at 100 °C for
40 h. Pure NiO nano-catalysts exhibited a slight decrease
in % TN, of toluene from 72 to 66% during the first five
hours of operation, thereafter the %TN,,, of toluene was
stabilized. However, Ni—-NiO and pure Ni nano-catalysts
showed a decrease in the % TN,,,, in the range 11-15%
and 17-22%, respectively, for the first eight hours of the
reaction. After that period, the decrease in %TN,,, stabi-
lized at approximately 12% and 17% lower than fresh nano-
catalysts. However, after 15 h of operation, the %TN,,,
increased, approaching 95% of the fresh catalyst conversion,
and remained constant through to the end of the test. The
decrease in % TN, during the preliminary oxidation time
may be connected to the formation of coke [91], blocking of
NiO active sites by water vapor, catalyst poisoning or fouling
[92, 93]. Previous studies have shown that the deactivation
of the catalyst by water vapor is reversible [94-96]. Based
on the observed trends, it may be concluded that the cause
for catalyst deactivation in the earliest stage is related to

blocking of NiO active sites by water vapor, which was pre-
sent during the initial five hours of the test, and subsequently
decreased after 8 hours. It is noteworthy that the NiO-TiO,
nano-catalysts showed a stable oxidation capacity during
the entirety of the test, which suggests that the deactivation
factor on the catalyst was of limited effect.

Toluene Decomposition Intermediates

FTIR measurements were conducted on the outlet gas to
determine the possible intermediates of toluene decompo-
sition. At low % TN, the FTIR spectra had four major
peaks in the range of 1433 to 1600 cm~!, peaks in the
range of 1383 to 1400 cm™', and small peaks in the range
of 3000 to 3500 cm™'. These peaks were assigned to the
aromatic ring on the toluene, C-H bond in methyl group
and non-identified hydrocarbon, respectively. However,
when the reaction continued and the % TN, increased
to 100%, the FTIR spectra displayed peaks at 3500 and
2400 cm™" which were assigned to benzene and CO,. The
FTIR results indicate that the aromatic structure from
toluene can be maintained for some time under the stud-
ied reaction condition. In contrast, as the time progressed
with increases in system reactivity, the ring broke up into
smaller hydrocarbons, which were detected in the FTIR
but not identified.

Conclusion

Ni-NiO and NiO-TiO, nano-catalysts synthesized by SCSM
exhibited high catalytic activity toward toluene oxidation.
Nano-catalysts with pure NiO and NiO-TiO, completely
oxidized toluene in the gas stream. Whereas, Ni mixed with
NiO or pure Ni metal required a greater amount of time
and a higher temperature to achieve total toluene removal.
Based on XPS, TEM, and FTIR data, pairing NiO with TiO,
produced a nano-catalysts with a structure that enhanced
the decomposition of toluene at low temperatures. NiO and
NiO-TiO, demonstrated fast kinetic regimes in compari-
son with Ni mixed with NiO or pure Ni. The stability test
showed synthesized nano-catalysts which exhibited a strong
toluene conversion during a 40-h test.
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