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a  b  s  t  r  a  c  t

This  study  reveals  the  simultaneous  deep  oxidation  of benzene  and  toluene  over the  novel  supported
cobalt  oxide  catalyst  derived  from  metal  organic  framework  (MOF)  over  the  almond  shell  based  activated
carbon.  The  performance  of  the  fabricated  catalyst  was evaluated  under  the various  operating  conditions
including  oxidation  temperature,  initial  concentration  of  benzene  and toluene.  The  maximum  conver-
sion  of  benzene  and toluene  were  also  measured  to be  89.74  % and  82.37  %,  respectively.  The  sample
morphology  was studied  by  applying  XRD,  FESEM,  BET and  TGA  analysis.  The  characterization  tests  indi-
cated  that  the  well  dispersed  spherical  nano-supported  catalyst  was  synthesized  with  size  of  less  than
40 nm.  To  the best  of  our  knowledge,  the  computational  fluid  dynamics  (CFD)  analysis  incorporated  with
artificial  neural  network  (ANN)  was  also studied  for modeling  the  deep  catalytic  oxidation  over  the  pre-
pared  sample.  The  modeling  involved  with  the  three  dimensional  analysis  of  polluted  air  flow  through  of
a tubular  micro-reactor  axial  inlet  and  outlet.  The  computational  fluid  dynamics  was coded  by  adopting
COMSOL  Multiphysics  to model  the  catalytic  conversion  of volatile  organic  compounds  (VOCs)  inside
the  porous  media.  The  kinetic  modeling  was also  conducted  by using  three-layer  ANN  to  determine  the
reaction  rates  while  the  reaction  temperature,  initial  concentration  of  benzene  and  toluene  were  consid-
ered as  the input  variables  of  network.  The  reaction  rates  were  calculated  by  a  non-linear  feed-forward

hotpaper.nethotpaper.net
network  with  5  neurons  and  log-sigmoid  function  in  the  hidden  layer  while  the  correlation  coefficient
was  achieved  to be 0.99.  The  validation  of CFD  model  was  accomplished  which  showed  the  appropriate
matching  between  the  experimental  data  and  model  achievements.  Therefore,  the developed  intelligent
hybrid  model  (CFD-ANN)  in  the  offered  investigation  can be  a useful  tool  for studying  the  fluid  dynamics
of  VOCs  oxidation  over  the  nano-catalyst  under  the different  operating  conditions.

©  2020  Institution  of Chemical  Engineers.  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

Presence of the volatile organic compounds (VOCs) in the
xhausted gas of many industrial factories causes the various health
nd environmental problems (Azalim et al., 2010; Jeon and Jeon,
017; Tidahy et al., 2007a). In the meantime, benzene, toluene, and
ylene (BTX) known as priority pollutants by the U.S environmen-
al protection agency (EPA) are the major VOCs that have similar
hysical and chemical properties with highly toxic and carcino-

enic specification (Montero-Montoya et al., 2018). Therefore, the
emoval and the separation of the mentioned compounds are of
articular importance.

∗ Corresponding author.
E-mail address: zabihi@sut.ac.ir (M.  Zabihi).

ttps://doi.org/10.1016/j.psep.2020.05.035
957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights
Among the various techniques (Anjum et al., 2019; Bandura
et al., 2017; Binas et al., 2019; Derco et al., 2017; Jafari et al.,
2018; Lee et al., 2020; Li et al., 2018; Liang et al., 2015; Lu et al.,
2020; Rajamanickam et al., 2020), catalytic oxidation is one of the
most significant methods for the removal of BTX compounds from
the air (Deng et al., 2018; Pham et al., 2019; Russo et al., 2018).
Bimetallic nanoparticles are applied as the efficient catalysts for
the deep oxidation of VOCs in the presence of oxygen which has
been investigated recently (Fiorenza et al., 2015; Li et al., 2020a;
Nowicka and Sankar, 2018; Tabakova et al., 2015). Cobalt as the
available and the low cost metal has been employed as an active
site for the total oxidation of VOCs in many offered works (Choya
et al., 2020; Łojewska et al., 2009; Todorova et al., 2020, 2019; Zhao

et al., 2020). The various substrates activated carbon (Zabihi et al.,
2015), alumina (Hyodo et al., 2015; Sedjame et al., 2014) and zeo-
lite (Popova et al., 2019; Tidahy et al., 2007b) have been also used
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or the preparation of the supported metal oxides in the oxidation
f VOCs process. Activated carbon due to its high surface area and
roper catalytically performance would be in the central focus of
esearches.

In the recent years, the metal oxide catalysts have been syn-
hesized from the metal organic framework (MOF) materials as

 template to prepare the modified structure of nano-catalysts
Li et al., 2020b). The coating activated carbon by metal organic
ramework can be an appropriate by-material for the formation of
rranged monometallic and bimetallic catalysts for the complete
xidation of VOCs. Cobalt oxide catalyst was fabricated from the
etal organic framework template for the conversion of toluene in

he air at the low temperature in the range of 150−300 ◦C (Liu et al.,
015). The Co-MOF was calcined at about 325 ◦C for preparation
he cobalt oxide catalyst. Mn-Co bimetallic oxide was  synthesized
y using metal organic framework formation with different molar
atios of Mn  and Co for total oxidation of VOCs (Luo et al., 2018).
he well dispersed uniform metal oxide with high valence of sur-
ace was characterized by using various tests. Polyhedron cobalt
xide with different sizes was prepared from ZIF-67 for the deep
ombustion of toluene in the air (Zhao et al., 2019). The results
howed that the complete oxidation of toluene was carried out at
emperature in the range of 200−280 ◦C. CO oxidation was  evalu-
ted by using cobalt oxide catalyst derived from ZIF-67 by thermal
reatment (Chen et al., 2020).

In addition to experimental studies, modeling strategies have
een developed to investigate the behavior of chemical processes.
omputational fluid dynamics (CFD) is increasingly being used to
redict a behavior of the chemical reactor for the catalytic oxida-
ion process. Da Costa et al. (2003), and Bounaceur et al. (2005)
ndividually investigated and modeled benzene and toluene oxi-
ation in a jet-stirred reactor. The detailed kinetic mechanism to
eproduce their experimental results was proposed in these stud-
es. The catalytic oxidation of vanillic acid in the trickle bed reactor

as modeled by Lopes et al. (Lopes et al., 2007). Based on the gen-
ralized kinetic model, the kinetic parameters were obtained and
he CFD design equations have been solved using user-defined rou-
ines in the commercial software Fluent. The CFD results showed

 significant temperature effect, whereas the partial pressure of
he air had only a minor influence. Niaei et al. (Niaei et al., 2008)
tudied the gas catalytic oxidation of ethyl acetate over Cr-HZSM-5
atalyst. Two-stage Redox kinetic model (known as the Mars van
revelen model) was used to explain the catalytic oxidation of VOC
nd Fluent v. 6.2 was utilized in this catalytic process simulation.
he findings indicate elevated temperatures and low inlet mass
ow rate boost the conversion of ethyl acetate. Chong et al. (2011),
rovided the CFD modeling for the photo catalytic oxidation of
oluene and formaldehyde in a monolith reactor. In the reactor,
he monoliths are considered as the porous medium and Langmuir

 Hinshelwood (L–H) kinetics was used to model the photo cat-
lytic oxidation on the monolith surfaces by fluent software. The
esults of the model showed that the reflectivity of the reactor wall
ad a significant effect on the reaction rate and overall conversion.
inaga et al. (2015), analyzed the behavior of photo catalytic ethy-

ene oxidation in the fixed-bed reactors by CFD computations. The
ffect of gas flow rates and ethylene concentrations in the feed of
ectangular and cylindrical reactors were evaluated. The k-�  turbu-
ence model and L–H kinetics were selected to study the ethylene
xidation behavior in rectangular and cylindrical reactors at the
ifferent gas flow rates and ethylene concentrations in the inlet
as. Ansys-Fluent v. 12.1 commercial software was  applied to pre-
are the acceptable model by using CFD. The results showed that

he behavior of ethylene oxidation in the reactors depended heav-
ly on the distribution of gas velocity and time of gas residence.
uring total catalytic toluene oxidation, Esparza-Isunza and López-

sunza developed a dynamic 2D two-phase model in a packed-bed
nmental Protection 141 (2020) 321–332

catalytic reactor (Esparza-Isunza and López-Isunza, 2016). In the
presented 2D model, the convection and axial and radial disper-
sions of heat and mass with Mars-van Krevelen’s kinetic scheme
were discretized using finite elements. The simulation achieve-
ments showed that the velocity of the gas stream and diameters of
the reactor and catalyst particles were to be the significant param-
eters for a safe design. The photo catalytic oxidation of toluene
was assessed by Nakahara et al. using CFD simulations (Nakahara
et al., 2017). Ansys-Fluent v. 16.0 as the commercial CFD software
was used with k–� model, the Reynolds Averaged Navier–Stokes
equation (RANS) and L–H kinetic mechanism. The results of the
prediction of the exhaust concentration are reasonably consistent
with those in experiments with a variance of less than 4%.

In spite of extensive studies in the explained research field,
the challenge still remains to determine the performance of the
supported catalysts for the simultaneous oxidation of VOCs in the
binary mixture. Based on the open literature, the reaction kinetics
studies have been one of the important pillars of the CFD modeling
for a proper model. Therefore, the kinetic study requires the accu-
rate solution of the partial differential equations derived from the
governing equations which will be really time-consuming. There-
fore, using artificial neural networks as a reliable method for kinetic
modeling in the CFD studies will help to save time without solving
any differential equations (Zabihi and Babajani, 2018).

The objective of the present work is to synthesize the supported
cobalt oxide on the activated carbon by using the metal organic
framework template for simultaneously removal of benzene and
toluene from the polluted gas. The experimental results were also
used to validate the CFD model. The hybrid modeling including neu-
ral network and CFD was then studied to illustrate the impact of
temperature, initial pollutant concentration and reactor length. In
particular, this study is aimed to:

- The experiment configuration was  described.
- Multi-layer back-propagation neural network was applied to

obtain a kinetic model for the catalytic reaction.
- Cylindrical oxidation reactor was simulated in COMSOL Multi-

physics as a 2D physical model.
- The operating conditions and their effect on the total oxidation

were investigated.
-  The key parameters affecting the oxidation of benzene and

toluene were studied.

2. Experimental

2.1. Preparation nano composite of supported cobalt oxide from
Co-MOF@AC

The applied activated carbon in this study was prepared from
the almond hard shell as described in our previous work (Zabihi
et al., 2015), by physical activation method using water vapor. Ini-
tially, the solution of di-methyl formamide (DMF) and trimesic acid
(H3BTC) was prepared by using 50 mL  of DMF  and 0.5 g of H3BTC for
adding to the almond based activated carbon. The prepared solu-
tion was  heated and mixed at 30 ◦C for 5 h. After that, the cobalt
slat (Co(NO3)2.6H2O) was  added to the mixture of trimesic acid and
the activated carbon, and the suspended solution was heated at 45
◦C for 5 h on the stirrer. The generated solid was  washed several
times by mixture of deionized water and ethanol (1:1, V/V). The
product was mixed by acetone and dried in the oven for 24 h. The

hotpaper.nethotpaper.net
dried nanocomposite was  calcined at 200 ◦C under the nitrogen
flow for 2 h while the heating rate was  set at 10 ◦C/min. The fabri-
cated cobalt based MOF  was calcined at 500 ◦C under the nitrogen
flow for about 2 h. Therefore, the supported cobalt oxide on the

hotpaper.net
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Fig. 1. Schematic 

ctivated carbon was prepared as the final product derived from
o-MOF@AAC as the template.

The prepared nanocomposites of MOF  and cobalt oxide were
amed Co-MOF@AAC and Co3O4@AAC (the used catalyst) for sim-
lifying in the characterization tests and modeling, respectively.
he used chemical materials were also purchased from Merck Com-
any.

.2. Characterization tests

Nitrogen adsorption/desorption to recognize the surface area
nd pore sizes were measured at 77 K using a BEL (Japan)
nd Brunauer–Emmett–Teller (BET) method. The X-ray diffraction
XRD) curve for the nano catalyst was plotted employing model
-64295 equipment from STOE Company. XRD test was accom-
lished at 30 kV, 20 mA,  copper Ka radiation, and scanning rate of
◦/min. Morphologies of the prepared sample was evaluated using

 field-emission scanning electron microscope (FESEM) by model
eScan-Mira III equipment from Czech Republic. The oxidation
esistance of the supported cobalt oxide was studied by apply-
ng thermogravimetric analysis (TGA) utilizing a TGA-25 apparatus
Mettler-Toledo, Switzerland) by heating (rate of 10 ◦C min−1) the

 g of catalyst up to 1000 ◦C under the air flow of 55 cm3 min-1

STP).

.3. Catalyst performance

The utilized experimental set-up was explained in our previous
ork with complete schematic (Zabihi et al., 2015). The tubular
xed reactor was applied for the investigation of deep oxidation
f multiple feed with 200 mL/min flow rate including toluene and
enzene over the Co3O4@AAC. The 1 g of fabricated catalyst was
acked in the quartz reactor by using glass bead and wool with
00 and 12 mm in length and internal diameter, respectively. The
emperature of reaction was evaluated by using PID controller in
he center of the micro-reactor. The concentration of toluene, ben-
ene, carbon dioxide and water vapor were measured online by
sing a gas chromatograph-mass spectroscopy (GC-Mass, Agilent,
SA) system equipped with 5975C mass detector and a 30 m long
P-5MS stainless steel column. It must be pointed that there are
o intermediate products such as carbon monoxide and hydrogen

n this reactor which was described before (Zabihi et al., 2015).
owever, the conversion of species is calculated using the Eq. (1).

CA0 − CA
onversion % =
CA

× 100 (1)

here CA0 and CA are input and output concentration of species,
espectively.
 catalytic reactor.

3. Modeling procedure

The 2D physical configuration of cylindrical oxidation reactor
illustrated schematically in Fig. 1 was simulated as the continuous
porous medium in COMSOL Multiphysics (v.5.4). An unstructured
tetrahedral mesh was exploited for the depicted domain in Fig. 1.
The main advantageous of proposed model is the use of artificial
neural network modeling rather than complex kinetics mecha-
nisms. The intelligent modeling reduced the computational errors
caused by complex mechanisms.

3.1. Governing equations

The fluid flow in the porous medium was affected by the solid
particles which occupied the pore spaces (Zhuang et al., 2012).
The following assumptions were considered for the writing of the
governing equations after the geometry was  specified.

- The bulk fluid viscosity and density were to be constant in entire
micro-reactor (At operating temperature and average pressure
inside the micro-reactor).

-  The porosity of micro-reactor was  considered to be constant.
- The diffusion mass transfer coefficient for all components in the

entire micro-reactor was assumed to be constant; and
- The operating conditions were stayed constant as time passes.

The continuity and momentum balance equations of the Navier
Stokes based on the pointed assumptions along with the other main
governing and supplementary equations in matrix form are listed
in Table 1.

3.2. Boundary conditions

Between the polluted air and the micro-reactor wall, the non-
slip boundary condition was brought up for the calculation of the
fluid velocity. The operating conditions of the feed including C0
= 1000 ppmv, and Q0 = 200 mL/min were applied at the inlet of
micro-reactor. In addition, the temperature, the pressure and the
porosity were considered to be about 20 ◦C, 1 atm and 30 %, respec-
tively.

3.3. Algorithm of neural network and CFD

To model the kinetic behavior of the catalytic oxidation,
artificial neural network was designed by using a three-layer back-
propagation network consisting of the input, hidden and output

layers as shown in Fig. 2. The Oxidation temperature (A), the ini-
tial concentration of benzene (B) and toluene (C) were variables of
input layer in designed network. The specific weights were multi-
plied input data and added to the threshold values. The calculated

hotpaper.net
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Table 1
The used governing and supplementary equations.

Zone I & III

�(u. ∇)u = ∇ . [-pI + K];
K=�(∇u + (∇u)T);

Continuity Equation �∇ . (u) = 0;
∇ . Ji + u. ∇Ci =0 ;

Fick’s Laws of Diffusion Ji=-Di∇Ci ;

Zone  II

1
C-- P

�(u. ∇)u 1
C-- P

= ∇ . [-pI + K] – (��−1+bF)u;

Continuity Equation �∇ . (u) = 0;
K=� 1

C-- P
(∇u + (∇u)T) - 2

3 � 1
C-- P

(∇ . u)I

Forchheimer Coefficient bF =
Cf .C-- P . �

√
�

;
Friction Coefficient Cf = 1.75√

150∗C-- 3
p

;

Permeability: Kozeeny Carman � =
d2
p∗C-- 3

p

180∗(1−C-- p)
2

∇ . Ji + u. ∇Ci =Ri ;
Fick’s laws of diffusion Ji=-De,i∇Ci ;

De,i = C-- p

i

Di ;

Tortuosity: Millington and Quirk Model i = C-- p−1/3 ;
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Fig. 2. Architecture of the 

esults were then used as the feeds in the hidden layer for each neu-
on. The transfer function was determined “logsig” and “purelin” for
he hidden and output layer, respectively.

The training function named “trainlm” was employed to update
he weights and thresholds. To find the optimal size of the back-
ropagation network, the training algorithm was studied with
ifferent number of neurons from 1 to 20. In the present work,
0 data points were collected from experimental runs to construct

he proposed network. The experimental data was divided to three
roups including validation (20 %), test (20 %) and training (60 %).
t must be noted that the neural network modeling was  coded by
pplying Matlab V. 2018b software.
FD-ANN hybrid modeling.

Defined as Eqs (2) and (3) similar to (Zabihi and Babajani, 2018),
and (Abdoli et al., 2018), the determination coefficient (R2) and the
mean square errors (MSE) were estimated from the calculation of
100 epochs for each training algorithm.

n∑
(xi,exp − xavg)2 −

n∑
(xi,exp − xi,cfd)2
R2 = i=1 i=1
n∑

i=1

(xi,exp − xavg)2

(2)
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SE  = 1
n

n∑

i=1

(xi,exp − xi,cfd)2 (3)

here xi,exp, xavg, and xi,cfd are the experimental, average of exper-
mental and the results of CFD modeling conversion, respectively.

It must be mentioned that he experimental data was  obtained
n two set including constant reaction temperature and constant
nitial concentration of VOCs. The neural network modeling was
pplied for the calculation of reaction rate as explained before.
herefore, the exit concentration of VOCs at the end of reactor
as achieved by employing the summarized equations in Table 1

nd the calculated rate of reaction in COMSOL software. Then, the
onversion of VOCs in the simultaneous deep combustion was  mea-
ured with knowing the initial and exit concentration of VOCs by
q. 1. The explained method was added to the revised manuscript.

The summarized equations in Table 1 were solved by COMSOL
ultiphysics. The governing equations are discretized by the finite

lement method (FEM) in a non-uniform structural mesh. Analysis
f grid independence was carried out to achieve the most suitable
esh number (86,086 domain elements and 2346 boundary ele-
ents) for the physical model and a non-uniform mesh of was  lastly

hosen. The technique of sub-relaxation iteration was  used for CFD
imulations to guarantee convergence of simulations. Furthermore,
he simulation runs were carried out in a 3.20 GHz Core i7 CPU with
2 GB of RAM.

. Results and discussion

.1. Catalyst characterizations

The XRD patterns of Co-MOF@AAC and Co3O4@AAC were stud-
ed and compared with the similar metal organic framework
resented in the previous work (Punde et al., 2018) in Fig. 3. The
eak and sharp peaks at 2� = 17.5◦, 18.70◦, and 27.15◦ were related

o the formation of cobalt based MOF  in the presence of the acti-
ated carbon according to the pointed study (Punde et al., 2018).

he amorphous phase is corresponded to the almond based acti-
ated carbon (Zabihi and Babajani, 2018). The low intensity of
etected peaks indicated the high dispersion of Co3(BTC)2 crystal-

ites over the porous activated carbon as seen in Fig. 3a.

Fig. 4. FESEM results of C
Fig. 3. a. XRD pattern of Co-MOF@AAC sample. b. XRD pattern of Co3O4@AAC sam-
ple.

Fig. 3b also shows the XRD pattern of Co3O4@AAC which was
studied by Xpert-HighScore software (v.1) and ICDD codes. The
Co3O4 crystallites were also detected according to ICDD = 00-042-
1467 which illustrated that the formed peak at 2� = 36.85◦ was
related to the formation of cobalt oxide on the activated carbon.
The size of detected crystallite was estimated to be below of 40
nm by using Scherrer equation (Didehban et al., 2018; Soltani and
Zabihi, 2020).

o3O4@AAC sample.

hotpaper.net
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Fig. 5. Nitrogen adsorption-desorption of Co3O4@AAC sample. Fig. 6. TGA analysis of Co3O4@AAC sample.

Fig. 7. a. Plotted ANN output versus experimental data. b. Effect of neuron number on the MSE.
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Fig. 8. Conversion vs. initial concentration for benzene and toluene (T = 250 ◦C, Q0 = 200 mL/min and catalyst dosage = 1 g).
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Fig. 9. Conversion vs. temperature for benzene and tolue

The morphology of prepared nanocomposite was characterized
y using FESEM analysis as seen in Fig. 4. The well dispersed sup-
orted cobalt oxide was observed on the mesoporous activated
arbon with the spherical shape. The size of nanoparticles was
easured by using Clemex software and the frequency distribution
as plotted in Fig. 4. As obtained results, the FESEM micro-images

an be in the appropriate agreement with the XRD and Scherrer
chievements. The results demonstrated that the supported cobalt
xide nanoparticles were fabricated in size below of 40 nm.

The nitrogen adsorption-desorption on the synthesized MOF
atalysts was conducted to determine the surface area and total

ore volume of sample by using BET model. As depicted hysteresis
urve in Fig. 5, the prepared sample was produced with mesoporous
tructure which was confirmed by IUPAC classification (IV type).
ccording to our previous work (Zabihi et al., 2015), the almond
= 500 ppm, Q0 = 200 mL/min and catalyst dosage = 1 g).

based activated carbon with the mesoporous structure was derived
by physical activation. Therefore, the preparation method and the
formation of cobalt - MOF  had no significant effect on the struc-
ture of prepared activated carbon. The surface area and total pore
volume of almond based activated carbon were calculated to be
860.70 m2/g and 0.4697 cm3/g, respectively. In the present study,
the surface area and total pore of Co3O4@AAC were also measured
to be 690 m2/g and 0.3762 cm3/g, respectively which were in the
good agreement with the reported results in the similar previous
work (Fleker et al., 2016).

One of the significant properties of the applied catalysts in the

oxidation of VOCs is the resistance to the oxidation which can be
analyzed by TGA test as seen in Fig. 6. The results clearly show that
no weight loss and burning off of the synthesized catalyst occur
at the temperatures below 470 ◦C. It must be pointed that the
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Fig. 10. a. The variations of benzene concentration along the reactor. b. The benzene concentration contours in the micro-reactor.
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Fig. 11. a. The variations of toluene concentration along the reactor. b. The toluene concentration contours in the micro-reactor.

hotpaper.nethotpaper.net

hotpaper.net


3 nviro

a
◦

h
T
w
◦

c
c

4

v
t
m
0
c
m
i
t

r
t
w
s
e
z
o
t

s
d
p
r
f
o
t
c
f
e
0

d
E
e
o
c
d
i
i
b
t
c
s
s
2
e
t
c
a
v

4

m

30 A. Sokhansanj et al. / Process Safety and E

lmond hard shell based activated carbon was carbonized at 800
C as explained in the previous work (Zabihi et al., 2015) and the
eating process of cobalt oxide catalyst was carried out at 500 ◦C.
he results also determined that the reduction of catalyst weight
as observed with increasing the temperature from 470 to 960

C. Therefore, the cobalt oxide catalyst supported on the activated
arbon (Co3O4@AAC) can be the proper sample for the complete
ombustion of VOCs.

.2. Model validation

Fig. 7 indicated the results of MSE  and correlation coefficient
alues versus the number of neurons in the hidden layer to achieve
he proper network for the kinetic study. The minimum MSE  and

aximum correlation coefficient were calculated to be about 5 and
.99, respectively which illustrated that there is an appropriate
onsistent between the experimental data and the neural network
odeling. Therefore, the numerical modeling can be substituted

nstead of theoretical model to investigate the kinetic behavior of
he catalytic oxidation.

In order to validate the CFD simulation incorporated with neu-
al network modeling, domain size and boundary conditions were
he same as those used in experiments and the simulation results
ere compared with the experimental observations. Fig. 8 demon-

trates the comparison between the modeling achievements and
xperimental data for the deep simultaneous conversion of ben-
ene and toluene at the various initial concentrations in the range
f 500–2500 ppmv (initial concentration ratio: 50:50 V/V %) while
he other operating conditions kept constant.

The offered results in Fig. 8 indicate that the maximum conver-
ion of VOCs was measured at 500 ppmv and the total conversion
ecreased with increasing the initial concentrations similar to the
revious works (He et al., 2010; Zabihi et al., 2015). The important
eason for the reduction of catalyst activity can be descripted by
orming the by-products including water vapor and carbon dioxide
ver the surface of the prepared sample. Based on the experimen-
al results, the maximum conversion of benzene and toluene were
alculated to be 89.74 % and 82.37 %, respectively. As can be seen
rom Fig. 8, the modeling results are in good agreement with the
xperimental data according to the obtained results including R2 =
.92, MSE  = 0.05.

Fig. 9 also illustrates the total conversion of benzene and toluene
uring complete oxidation in air over the synthesized catalyst.
xperiments were conducted over 1 g of catalyst at the differ-
nt reaction temperatures (150−350 ◦C) while the concentration
f VOCs was to be 500 ppmv in the feed. As shown in Fig. 9, the
onversion of toluene and benzene boosted by increasing the oxi-
ation temperature in the binary solutions. The conversion of VOCs

ncreased sharply in the initial stages (150−300 ◦C) when the mildly
ncreasing was detected at the temperatures upper than 300 ◦C for
oth benzene and toluene. In continued, the results showed that
he performance of the prepared catalyst was higher for benzene
ompared with toluene which can be justified by the adsorption
trength and the chemical structure of toluene and benzene. The
imilar results were also reported in the open literature (He et al.,
010). The computational modeling also was evaluated for the
ffect of oxidation temperature as seen in Fig. 9, which illustrated
he appropriate consistent with the experimental results as cal-
ulated correlation coefficient and mean square error (R2 = 0.92
nd MSE  = 0.03). Finally, the model is capable of exploring certain
ariables of impact on the VOCs catalytic oxidation.
.3. Evaluation of VOCs concentration in along the reactor

The obtained calculations showed that there is a good agree-
ent between the numerical model and experimental data.
nmental Protection 141 (2020) 321–332

Therefore, the model was  applied to display the concentration of
benzene and toluene along the reactor at the various oxidation tem-
peratures. Fig. 10a shows the variation of benzene concentration in
the reactor while the reaction temperature increased from 150 to
350 ◦C. The obtained results demonstrated that the concentration of
benzene reduced linearly in the reactor and the difference between
the concentration of benzene at the high temperatures (300 and
350 ◦C) can be ignored along the reactor. In the other word, the
simultaneous conversion of benzene was  enhanced linearly along
the reactor. The contour of benzene concentration was also plotted
in Fig. 10b, which confirms the mentioned results obtained from
Fig. 10a. The conversion of benzene gradually decreased consider-
ing plug flow without axial dispersion. The similar behavior was
studied for the toluene oxidation in the presence of benzene in air
as shown in Fig. 11. However, the increase of temperature on the
catalyst performance for the oxidation of toluene at the low tem-
perature was remarkable effect. The higher conversion near the
wall was  achieved due to the higher retention time near the wall
as indicated in the contours.

5. Conclusion

A hybrid modeling using CFD and ANN was  applied to design an
intelligent model to study the simultaneous catalytic oxidation of
benzene and toluene in the porous micro-reactor. Nano-supported
cobalt oxide on the almond based activated carbon was prepared by
using the metal organic framework as a template in the presence of
trimesic acid. Maximum conversion of benzene and toluene were
obtained to be about 89.74 % and 82.37 % at 350 ◦C, respectively.
The catalytic activity of the synthesized sample was found to be
enhanced with increasing and reducing the oxidation temperature
and initial concentration of VOCs, respectively. It is very complex
to derive the kinetic mechanism for the simultaneous deep con-
version of VOCs over the catalyst in the dynamics fluid studies.
Therefore, the kinetic rates were measured by using ANN mod-
eling to avoid the solving the partial differential equations. The
calculated correlation coefficient (0.99) of the ANN model with
5 neurons and logsig as a transfer function of the hidden layer
illustrated the successful modeling to measure the reaction rates.
The results of established CFD model were also in the good agree-
ment with the experimental data while the value of R2 was to be
o.92. The achievements of contours also illustrated that the con-
centration of VOCs decreases along the reaction linearly. Finally,
the recommended model can be employed for the complex simul-
taneous oxidation of VOCs in the plug reactor without involving in
the kinetic mechanism.
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