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In this study, the catalytic mechanism of Mn,Cu-Fe2O3 catalyst was directly determined through reaction
kinetics coupled with surface characterization. The impact of operating conditions on the catalytic per-
formance of Mn,Cu-Fe2O3 nanocomposite for toluene oxidation in a continuous fixed-bed reactor was
investigated. It was found that Mn,Cu-Fe2O3 catalyst gave the best catalytic performance in toluene
removal when the initial concentrations of toluene and oxygen were at 165 ppmv and 10% at a flow rate
of 200 mL min�1, respectively. Subsequently, Power-law, Mars-van Krevelen, and Langmuir-Hinshelwood
models were developed to describe the kinetics of the total toluene oxidation for both toluene- and
oxygen-dependent mixtures in a range of temperatures. According to the results, the basic Power-law
model could not properly represent the kinetics of toluene oxidation over the catalyst. Meanwhile, the
Mars-van Krevelen model allows for determining the kinetic mechanism under the variation of C7H8 con-
centration. The Langmuir-Hinshelwood model is attainable to express the kinetics of the oxygen-involved
reaction mechanism. Moreover, the change in the structure of Mn,Cu-Fe2O3 catalyst after the catalytic
reaction was characterized by X-ray Absorption Near-edge Structure (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS) measurements to confirm the catalytic mechanism determined
through reaction kinetics. The achieved results suggest the possibility of using various models to justify
the correlation between model-simulated and experimental data for VOCs oxidation in a continuous-flow
catalytic reactor.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Volatile organic compounds (VOCs), known as carcinogenic
pollutants, are released through various sources such as solvents,
fossil fuel thermal power plants, and transportation. They are pre-
cursors for the formation of photochemical smog and particulate
matter, which threaten human health and the environment
(Zhang et al., 2020). Although noble metals (Pt, Au, Pd) are highly
active for catalytic oxidation of toluene and other VOCs oxidation,
the high synthesizing cost and difficult regulation of particle size
restrain their large-scale application (Zang et al., 2019). Hence,
low-cost transition metal oxides-based (i.e., Mn, Cu, Ce, Ti, Co) cat-
alysts are recognized as alternative materials because of their high
activity and poisoning counteraction (Figueredo et al., 2020; Li
et al., 2021). In addition to the catalyst composition, kinetic model
derivation, which makes it possible to foresee the reaction rate of
VOCs combustion over the catalyst, is another factor that must
be considered for the catalytic combustion technique. Various
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conceptual models defining the surface mechanism were theorized
in the quest to construct reliable kinetic models for the catalytic
oxidation processes (Mohammed et al., 2020; Xu et al., 2023).

Moreover, it may be hard to explain the catalytic mechanism of
the as-prepared material under reaction conditions, especially in
the existence of various reactants and their interaction with the
catalyst’s surface (He et al., 2020; Lin et al., 2023). To our best
knowledge, current kinetic expression is not available for describ-
ing the oxidation route as well as the catalytic mechanism. There-
fore, constructing suitable kinetic models to contrast the
experimental data of the oxidation pathway is needed to support
the catalytic mechanism. Accordingly, kinetic modeling can pro-
vide a detailed understanding of the oxidation reaction rate and
the effect of contaminant and oxygen feed on a catalytic process
(Shakor et al., 2022). Several studies on the kinetic models have
been carried out to hypothesize different conceptual approaches
for describing the catalyst surface mechanism in the catalytic oxi-
dation of VOCs (Hu, 2011; Zou et al., 2019). Power-law (P-L) model
is the most facile mathematical kinetic equation used to express
the relationship between the reaction rate with the rate constant
and reactant concentration or pressure (Tseng and Chu, 2001).
Mars-Van Krevelen (MVK) and Langmuir-Hinshelwood (L-H) mod-
els are used to express the reaction rate, as well as to elucidate the
mechanism of catalytic oxidation of VOCs over metal oxides
(Arzamendi et al., 2009). The MVK model usually illustrates the
acute and absolute reactions over the metal oxides-derived cata-
lysts (Genty et al., 2019; Vannice, 2007). Experimental data from
kinetics of methane in the oxygen-rich mixtures via cobalt oxide
(Bahlawane, 2006); the oxidation of VOCs over SmMnO3 per-
ovskites (Liu et al., 2019), and the oxidation of toluene over CoAlCe
catalyst (Genty et al., 2019) were all well expressed by the MVK
model. L-H model, on the other hand, is used to investigate the
adsorption and desorption of gas molecules, which interact with
reactants on the catalyst surface (Mahmood et al., 2021). The L-H
model is also used to explain the dependence of oxidation rate
on reactant concentration in heterogeneous catalytic processes
(Dang et al., 2021; Wang et al., 2002). Since the catalytic reaction
is a chemical adsorption, L-H model shows more consistent with
the catalytic oxidation of styrene by Fe2O3/MnO (Tseng and Chu,
2001) than that of the MVK model. The most challenging data to
derive in a catalytic oxidation system is involved kinetic
parameters.

The XANES method in XAS (X-ray Absorption Spectroscopy) is
often used to specify the oxidation state and association status of
materials because of its sensitivity to the elements valence state
(Cai et al., 2019). Besides, by using XANES, it is able to distinguish
the species of identical standard oxidation stages but distinctive
coordination due to its sensitivity to bondings and oxidation states.
In this study, XANES was utilized to analyze the difference in metal
valence before and after the reaction. Accordingly, the change in
the structure before and after the reaction is based on the valence
alteration of metal elements (Fe, Mn, and Cu) and the difference in
the atomic structure of the second layer from the absorbing atoms.
Hence, the intermediate product of the catalyst surface in the cat-
alytic reaction can be determined. Moreover, the EXAFS provides
information about the structure and bonding of an excited atom’s
local environment, including the identity of distance and the num-
ber of adjacent atoms and the disorder grade in a specific atomic
shell (Teo and Exafs, 2012). Theoretically, the catalyst does not par-
ticipate in the reaction, but practically, the structure of the catalyst
can be influenced by surface reactions, reactants, and residues.
Hence, EXAFS can provide more accurate differences in the struc-
ture before and after the catalytic reaction (Zhao et al., 2015).

In this study, we synthesized Mn,Cu co-doped Fe2O3 (hereafter
denoted as Mn,Cu-Fe2O3), calcined at 400 �C for toluene oxidation
in a continuous fixed-bed reactor. The obtained experimental
2

results provide preliminary data to evaluate the aforementioned
kinetic models for the best representative of the complete toluene
oxidation reactions over Mn,Cu-Fe2O3 catalyst. Particularly, kinetic
models are first built up by considering the nature of oxidation
reactions on active sites, then their applicability are justified by
comparing the as-simulated model fittings with experimental data.
Subsequently, the obtained kinetics and the intrinsic structure
characterization of Mn,Cu-Fe2O3 catalyst after reaction is the pre-
mise to confirm a catalytic mechanism.
2. Experimental

2.1. Synthesis of catalyst

The iron manganese copper oxide Mn,Cu-Fe2O3 was synthe-
sized by co-precipitation method followed by pyrolysis. Typically,
3 mol Fe(NO3)3, 1 mol Mn(NO3)2, and 1 mol Cu(NO3)2 (Sigma-
Aldrich, >99%) were dissolved in a beaker containing 0.5 L of DI
water under well mixing, so-called solution A. In another beaker
(B), 0.25 mol Na2CO3 (Fluka, USA) was dissolved in 0.5 L of DI water
to make another solution (B). The solution in beaker A was gradu-
ally added to the solution in beaker B under the well-mixing con-
dition to get a homogeneous solution, which was then kept
standstill for 24 h. The precipitation was collected, washed and
dried at 105 �C for 12 h. The obtained powder was ground and
annealed in air at 400 �C for 4 h. After cooling down, the final pro-
duct was collected and stored in a closed container.

2.2. Characterization

The change in structural properties of the as-prepared catalyst
after oxidation process was investigated via several measurements.
The specific atoms of the as-prepared material were detected using
X-ray Absorption Near-edge Structure (XANES) measurement. The
structure of the region close to central atom was determined by
and Extended X-ray Absorption Fine Structure (EXAFS) characteri-
zation. Both XANES and EXAFS measurements were performed in
National Synchrotron Radiation Research Center, Hsinchu city, Tai-
wan. All samples were characterized by K-edge XANES and EXAFS
in transmission mode under normal conditions using Fe, Mn, and
Cu foil as references.

2.3. Catalytic experiments

Catalytic oxidation of toluene over Mn,Cu-Fe2O3 was carried out
in a continuous-flow fixed-bed system. The reactor made of glass
tube with 9.5 cm long and inner diameter of 2 cm was loaded with
48 g of quartz (1 mm diameter) coated by 0.2 g of catalyst. The gas-
eous mixture was made up of N2, O2, and toluene in synthetic air
by adjusting the flow rate from three sets of these corresponded
gas cylinders to have different C7H8 and O2 concentrations. The
reactor was wrapped around and heated by a heating tape
(300 W). The temperature of reactor was monitored by a thermo-
couple and controlled in the range of 220–320 �C. The toluene con-
version efficiency was measured by a gas chromatograph (GC,
PerkinElmer Clarus 500 GC, FID). A blank experiment was imple-
mented without catalyst coated on quartz sands using the same
feed stream to assess the effect of temperature on the catalytic
activity.

2.4. Optimization of operating parameters for C7H8 conversion

To understand the effect of operating variables on C7H8 oxida-
tion efficiency over Mn,Cu-Fe2O3, the system was proceeded non-
isothermally under different initial concentrations of C7H8 and
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O2, and at different flow rates in the feed stream. The effect of ini-
tial concentration of C7H8 was tested by varying C7H8 concentra-
tion from 55 to 220 ppmv, while keeping the concentration of
oxygen and flow rate (Q) constant (CO2 = 10%, Q = 200 mL min�1).
The effect of oxygen concentration in the feed stream was evalu-
ated by maintaining the concentration of C7H8 and flow rate con-
stant (CC7H8 = 165 ppmv, Q = 200 mL min�1), but altering the
oxygen concentration of oxygen in the range of 1–30%. The influ-
ence of flow rate (from 200 to 500 mL min�1) on the catalytic per-
formance was evaluated at constant O2/C7H8 ratio (104: 165 = 61).
O2 was used as an oxidizing agent, and the mass of catalyst in the
reactor was maintained stable for all experiments.

The catalytic experiment was conducted at different tempera-
tures (202–307 �C) for testing the mass balance. During the exper-
iment, C7H8 concentration, O2 concentration, and flow rate are
adjusted to 165 ppmv, 10%, and 200 mL min�1, respectively. The
conversion rate of CO2 was considered as a function of the conver-
sion rate of C7H8. The inlet concentration of C7H8 was controlled,
while the outlet concentrations of C7H8 and CO2 were analyzed
for mass balance calculation, which is the base to determine exper-
imental reaction rate.

2.5. Kinetic modelling

The catalytic reaction is expressed by the function of conversion
rate (Y-axis) versus the temperature (X-axis). Generally, the con-
version rate is enhanced with an increase in temperature. In a cat-
alytic reaction dynamic experiment, different concentrations of a
reactant results in different reaction rates. Therefore, the reaction
rate is discussed according to each catalytic reaction mode using
MVK, and L-H models. From the linearity fitting of each tempera-
ture, the reaction rate constant (k) is then derived and used for lin-
earity regression to find the activation energy using the Arrhenius
equation.

The reaction rate (�r) can be calculated as:

�r ¼ Fe

V
W ¼ Fe

V
ðCin � Cout

Cin
Þ ð1Þ

where Fe is reactant flow rate (mol s�1), V is reactor volume (cm3),
W is conversion rate (W ¼ Cin�Cout

Cin
� 100%), Cin and Cout are the influ-

ent and effluent concentrations of reactant, respectively.

2.5.1. Power-law model
The oxidation rate as a function of toluene and oxygen concen-

tration is described via the Power-law model:

�r ¼ dC
dt

¼ kCn
eC

m
O2 ð2Þ

where r is reaction rate of toluene (mol cm�3 s�1), k is rate constant
(s�1), Ce, CO2 are concentrations of toluene and oxygen, respectively
(mol cm�3), n and m are reaction orders.

Because CO2 >> Ce, hence CO2 can be assumed to be a constant,
the equation can be rewritten as follows:

lnð�rÞ ¼ ln kp
� �þm� ln Ceð Þ ð3Þ

where kp is the rate constant in the case of CO2 >> Ce.
When concentration of O2 is fixed, the reaction rate of toluene

catalytic oxidation is calculated by linear regression fitting. The
slope m represents reaction order, whereas rate constant kp can
be derived from the intercept ln(kp) at each heating temperature
point.

2.5.2. Mars-van Krevelen model
MVKmodel consists of two steps. The first is the reaction of oxi-

dized catalyst sites (OCS) and toluene to form reduced catalyst
3

sites (RCS). Another is the reaction of RCS and O2 from the gas
phase to regenerate OCS for the next cycle. The process can be elu-
cidated by the following reaction equations:

C7H8 þ OCS!ke RCSþ CO2 þH2O ð4Þ

O2 þ RCS!kO2 OCS ð5Þ
When the combustion reaction of toluene reaches equilibrium,

1 mol of toluene needs 3 mol of oxygen to be completely oxidized
(C7H8 + 3O2 ? 2CO2 + 2H2O), the reaction rate (r) can be combined
into the following formula:

�r ¼ keCekO2CO2

3keCe þ kO2CO2
ð6Þ

where kO2 (mol cm�3 s�1) is reaction rate constant depending on
the oxygen concentration, ke (mol cm�3 s�1) is reaction rate con-
stants depending on the toluene concentration. Eq. (6) can be
altered:

1
�r

¼ 3
kO2CO2

þ 1
keCe

ð7Þ

Since CO2 is a constant, ke and kO2 can be derived from the slope
of a linear regression fitting (1/(�r) versus 1/Ce) for each tempera-
ture point.

2.5.3. Langmuir – Hinshelwood model
In Langmuir Hinshelwood model, it is assumed that all catalyst

components have the same activation position, where oxygen and
reactant molecules are adsorbed (hereafter denoted by C7H8*, O*,
and O2*), then the reactions take place as follows:

C7H8 þ S!ke C7H
�
8 ð8Þ

O2 þ 2S!kO2 2O�orO�
2 ð9Þ

C7H
�
8 þ 2O� orO�

2 ! H2Oþ CO2 ð10Þ
Oxygen molecule adsorption and oxygen atom adsorption are

explained separately:

(1) Reactions involving the adsorption of molecular oxygen:

�r ¼ kueuO2 ¼ kKeCeKO2CO2

ð1þ KeCe þ KO2CO2Þ2
ð11Þ

where ue and uO2 represent the adsorbed sites ratio for toluene and
O2, respectively; Ke and KO2 represent the equilibrium adsorption
constant for C7H8 and O2, respectively.

(2) Reactions involving the adsorption of atomic oxygen:

�r ¼ kue
ffiffiffiffiffiffiffiffiffi
uO2

p ¼ kKeCe
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KO2CO2

p

ð1þ KeCe þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KO2CO2

p Þ2
ð12Þ

where k, Ke, and KO2 are constants at the same operating tempera-
ture. Eq. (12) can be simplified to:ffiffiffiffiffiffi

Ce

�r

r
¼ 1ffiffiffiffiffi

K 0p þ K 00ffiffiffiffiffi
K 0p Ce ð13Þ

where K 0 ¼ kKeKO2CO2

ð1þKO2CO2Þ2
, K 00 ¼ Ke

1þKO2CO2

When the concentration of toluene is fixed, the Eq. (13) is sim-
plified into two linear equations:

a. Molecular oxygen (O2) adsorption:
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ffiffiffiffiffiffiffiffi
CO2

�r

r
¼ 1ffiffiffiffiffiffi

K 0
1

q þ K 00
1CO2ffiffiffiffiffiffi
K 0

1

q ð14Þ
K 0
1 ¼ kKeCeKO2

ð1þ KeCeÞ2
K 00

1 ¼ KO2

1þ KeCe

A plot of
ffiffiffiffiffiffi
CO2
�r

q
versus CO2 provides a linear regression.

b. Atomic oxygen (O) adsorption:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CO2

p

�r

s
¼ 1ffiffiffiffiffiffi

K 0
2

q þ K 00
2

ffiffiffiffiffiffiffiffi
CO2

pffiffiffiffiffiffi
K 0

2

q ð15Þ

where K 0
2 ¼ kKeCe

ffiffiffiffiffiffi
KO2

p
ð1þKeCeÞ2

,K 00
2 ¼

ffiffiffiffiffiffi
KO2

p
1þKeCe

.

A plot of
ffiffiffiffiffiffi
CO2
�r

q
versus

ffiffiffiffiffiffiffiffi
CO2

p
provides a linear regression.
2.5.4. Activation energy
The activation energy (Ea, kJ mol�1) was calculated using Arrhe-

nius equation:

ln k ¼ lnA� Ea

RT
ð16Þ

where k is rate constant (s�1), A is frequency factor (s�1), T is oper-
ating temperature (K), and R is ideal gas constant (8.31 � 10�3 kJ
mol�1 K�1).
3. Results and discussion

3.1. Effects of operating parameters

3.1.1. Initial concentration of toluene
It is well-known that the operating conditions for catalytic oxi-

dation are changeable and complicated. Hence, exploring the
effects of working conditions on toluene conversion is essential
to get the highest conversion efficiency of the Mn,Cu-Fe2O3 catalyst
in practical application. Fig. 1a displays the dependence of conver-
sion rate on the initial concentration of toluene at a constant O2

concentration (10%) and inlet flow rate (200 L min�1). The conver-
sion rate decreases when the concentration of toluene increases
from 55 to 220 ppmv. Specifically, when the heating temperature
is in the range of 200–270 �C, the conversion rate is inversely pro-
portional to the concentration of feeding toluene, i.e., the higher
the concentration of toluene is, the lower the conversion rate will
be (Fig. S1a). This result may be due to the limit of the active sur-
face of Mn,Cu-Fe2O3 catalyst for toluene adsorption before oxida-
tion. Because the reactor is a continuous flow, toluene molecules
probably compete with each other for the adsorption on Mn,Cu-
Fe2O3 catalyst surface. In other words, the more C7H8 molecules
enter the reactor, the higher competition for them to occupy on
the catalyst surface, resulting in more C7H8 molecules to be kicked
out. Hence, it is concluded that the reactant adsorption over the
catalyst surface is a rate-determining stage.

It is noteworthy that heating temperature has a supportive
effect on the efficiency of C7H8 conversion. Remarkably, at
220 �C, the conversion rate of four investigated C7H8 concentra-
tions is under 20%. However, when the reactor temperature
increases to 270 �C, the conversion rate of C7H8 at 55, 110, 165,
and 220 ppmv is 97, 95, 90, and 80%, respectively. At 290 �C,
C7H8 was removed nearly completely at most concentrations.
When the heating temperature reaches 300 �C, C7H8 was converted
completely, which promotes the mass transfer process (Wu et al.,
2021).
4

3.1.2. Inlet concentration of O2

In terms of reactants, oxygen concentration also plays an indis-
pensable role in the heterogeneous reaction of catalytic system. As
illustrated in Fig. 1b, the conversion rate increases significantly
when O2 concentration is in the range of 1–5%, but varies slightly
when O2 concentration is in the range of 5–30%. Apparently, reac-
tion rate changes obviously when oxygen concentration is within
5% but keeps constant when oxygen concentration is in the range
of 5–30%. This result suggests that to achieve complete C7H8 oxida-
tion, the inlet O2 should be maintained at a concentration greater
than 5% (Fig. S1b).

When the O2 concentration increase from 1 to 5%, the probabil-
ity of oxygen adsorption on the metal oxide surface increases to
replenish the oxygen vacancies made by consumed lattice oxygen,
resulting in enhancement of C7H8 oxidation (Hu, 2011). Therefore,
once oxygen is supplied with a higher concentration, the oxidation
will be accelerated. Previous studies also pointed out that metal
oxides still can catalyze the oxidation of C7H8 at low concentration
or even without oxygen, which is assigned to the effect of lattice
oxygen or OH groups on the catalyst surface (Su et al., 2020;
Halim et al., 2007). When the supplied O2 concentration is over
5%, the catalytic oxidation of toluene reaches a certain limit and
no longer increases, leading to the unchanged performance of
toluene oxidation.

The relationship between reaction rate and reactant concentra-
tion is shown in Table S1. Typically, the reaction rate increases
when the concentration of O2 and C7H8 increases. According to
the principle of L-H model, when the C7H8 and O2 are supplied to
reactor with low level, increasing the concentration of C7H8 and
O2 will also increase the reaction rate. This phenomenon takes
place if the adsorption positions of reactants are different, the reac-
tion rate will increase. In contrast, the same adsorption positions
may lead to competitive adsorption among reactants, resulting in
the reduction of the reaction rate. In terms of the MVK model,
increasing O2 concentration improves the reaction rate because
more activation sites with oxygen vacancies are supplied on the
metal oxide surface for toluene coupling and oxidation (Zhao
et al., 2019).

3.1.3. Flow rate
The change in the catalytic reaction efficiency under different

flow rates was tested at different temperatures, while the ratio
between C7H8 and O2 were kept constant. Fig. 1c shows that the
reaction efficiency decreases when the flow rate increases. This
result can be assigned to the overload of limited active catalyst sur-
face due to the higher content of toluene in the reactor caused by
the higher flow rate. Obviously, the catalytic oxidation of toluene
over Mn,Cu-Fe2O3 is the surface-supported reaction. Hence, the
limited surface of Mn,Cu-Fe2O3 catalyst cannot accommodate all
toluene to be adsorbed on the Mn,Cu-Fe2O3 catalyst surface, result-
ing in efficiency decrease. Moreover, at the flow rate of 200, 300,
400, and 500 mL min�1, the empty-bed residence time (EBRT), a
fraction of catalyst volume (12 cm3) and flow rate (cm3/min), is
calculated as 3.6, 2.4, 1.8, and 1.4 s, respectively. Decreasing EBRT
from 3.6 s to 2.4 s caused a decrease in toluene removal efficiency
by 13.2%, demonstrating that shorter residence time is not favor-
able for toluene to be adsorbed and decomposed on the Mn,Cu-
Fe2O3 catalyst surface, thereby reducing the reaction efficiency
(Brandt et al., 2016). In overall, it is concluded that flow rate is con-
versely proportional to the conversion rate.

3.1.4. Mass balance
In order to determine the catalytic oxidation conversion of

toluene over Mn,Cu-Fe2O3 catalyst in the reaction process, the
change in concentration of both toluene and CO2 was measured
simultaneously through GC/FID. A converting system was used to



Fig. 1. (a) and (b) the effect of initial toluene concentration (CO2 = 10%, Q = 200 mL min�1) and inlet O2 concentration (CC7H8 = 165 ppmv, Q = 200 mL min�1) on the conversion
rate at different temperatures, respectively; (c) the effect of flow rate on catalytic activity (CO2/CC7H8 ratio = 91); (d) mass balance of C7H8 and CO2 (CC7H8 = 165 ppmv,
CO2 = 10%, Q = 200 mL min�1).
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confirm if other intermediates are generated during the catalytic
reaction. As presented in Fig. 1d, toluene is totally converted to
CO2 without the generation of any intermediate products. Further-
more, the concentration of C7H8 and CO2 are divided by the total
carbon content (summary of C7H8 and CO2) to find the individual
conversion rate. Fig. S2 illustrates that the conversion of C7H8

and production of CO2 approximately intersects at 50%, indicating
that C7H8 is completely oxidized to CO2. Therefore, the relationship
between the reactant (C7H8) and product (CO2) suggests that the
possible steps affecting the reaction rate are in the following order:
C7H8 adsorption, O2 adsorption, C7H8 oxidation reaction, and pro-
duct desorption.
3.2. Kinetic modelling

The process to carry out the modeling can be separated into two
cases depending on the alteration of C7H8 and O2 concentrations. In
the first case, the initial concentration of C7H8 is changed while the
concentration of oxygen and flow rate are kept constant, the reac-
tion rate at each investigated temperature point can be obtained
using Eq. (1). The results are substituted to Eq. (3) for P-L model,
substituted to Eq. (7) to derive reaction orders and reaction rate
constants for MVK (ke) models, and substituted to Eq. (13) to get
mixed rate constant K0 and K00 for L-H model. Subsequently, by
using the Arrhenius equation (Eq. (16)), the activation energy (Ea)
can be determined. In the second case, the inlet oxygen concentra-
tion is changed while the concentration of toluene and flow rate
are kept constant, the reaction rate at investigated temperature
points can be obtained using Eq. (1). After that, the results are sub-
stituted to Eqs. 17 and 18 to get the reaction rate constants (K0

1, K
00
1)

and (K0
2, K

00
2) for L-H models, respectively. From the linear plot of

Arrhenius equation, the activation energy can be obtained using
the reaction rate constants (K0

1, K
00
1) and (K0

2, K
00
2) against different
5

temperatures (1000/T). The pairs (K0
1, K

00
1) and (K0

2, K
00
2) are used to

calculate k, Ke, and KO2 for a reaction involving O2 and O adsorp-
tion, respectively. The best fit giving model can be specified based
on determination coefficient (R2) and their activation energies.

3.2.1. Power-law model
As displayed in Table S2, under constant oxygen concentration

(10%), the reaction rate of toluene oxidation over Mn,Cu-Fe2O3 cat-
alyst increases as the reaction temperature increases. The linear
regression fittings for the P-L model are shown in Fig. 2a, in which
the slope represents the reaction order, whereas the intercepts sym-
bolize the rate constant kp. The Arrhenius fitting graph is exhibited
in Fig. 2b with R2 = 0.943. The activation energy is calculated to be
164.8 kJ mol�1, and the frequency factor is 11.1� 1012 s�1. Since the
R2 value is low, the PL model is not suggested to be feasible for the
catalytic oxidation of C7H8 over Mn,Cu-Fe2O3 catalyst. In general,
the Power-law model mainly assumes a heterogeneous catalytic
reaction mode based on homogeneous mode (Pandhare et al.,
2018). Therefore, it is less applicable when complex reactions, such
as adsorption or multi-molecular reactions, are involved. According
to the catalytic reaction data results, the low catalytic reaction is
more complicated and may include the mechanism of the reactant
or product adsorption.

3.2.2. Mars-van Krevelen model
Generally, the mechanism of MVK is explained that the adsorp-

tion of one molecule occurs on top of the previous adsorbed one.
Specifically, MVK model clarifies a redox reaction cycle of surface
lattice oxygen, reactants, and oxygen, focusing on surface redox
reactions, i.e., the source of oxygen required for toluene oxidation
is lattice oxygen. Fig. 2c illustrates the linearity data fitted by the
MVK model at each temperature point. The reaction rate constants
derived from the slope for temperature points were then collected
and plotted linearity using Arrhenius equation. As shown in Fig. 2d,



Fig. 2. (a) and (b) linear fitting of C7H8 oxidation for the PL model and corresponded Arrhenius equation, respectively; (c) and (d) linear fitting of C7H8 oxidation for the MVK
model and corresponded Arrhenius equation, respectively.
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the results show the R2 value is 0.993 and the activation energy Ea
was obtained as 59.1 kJ/mol and frequency factor A of 0.41 � 106

s�1. Based on chemical mechanism, the MVK consists of the two
stages occurred in the catalytic reaction between the catalyst and
C7H8 (Wang et al., 2018). The first stage is the interaction of C7H8

with the lattice oxygen on the surface of the metal oxide, resulting
in the formation of CO2 and H2O, which was proved in mass bal-
ance discussion part. The followed stage relates to the supplement
of lattice oxygen by adsorbed oxygen in the gas phase for the next
cycle of reactions.
Fig. 3. Linear fitting of C7H8 oxidation for the L-H model.
3.2.3. Langmuir Hinshelwood model
From the result of the MVK model, the oxygen concentration is

assumed to have no effect on the catalytic reactions; it can there-
fore be a constant. However, the L-H model shows that the oxygen
concentration has a higher correlation with the catalytic reaction
rate than the C7H8 concentration. Fig. 3 illustrated the linearity
curves with high R2 values fitted by L-H model. The K0 and K 00 val-
ues for each line can be derived from the slope and intercept and
shown in Table S3. Even though the O2 concentration is greater
than C7H8 concentration, its influence on the catalytic oxidation
of C7H8 should be put in a deep consideration to get more under-
standing of the oxidation kinetics and mechanism as well. Typi-
cally, the interaction of reactants (toluene) and O2 on the catalyst
surface can be described by L-H model. If we assume that C7H8

and O2 adsorb at the same activation position, the progress of
6

the catalytic reaction should then be discussed. In other words,
both lattice oxygen and adsorbed oxygen participate in the C7H8

oxidation reaction, which also agrees with previous studies (Tang
et al., 2018; Gao et al., 2018). The reaction rate in the case of fixed
C7H8 concentration and altered O2 concentration is shown in
Table S4.



Fig. 4. (a) and (b) kinetic linear fitting of C7H8 oxidation in the case of K0
1, K

00
1 by the L-H model and Arrhenius equation, respectively; (c) and (d) kinetic linear fitting of C7H8

oxidation in the case of K0
2, K

00
2 by the L-H model and Arrhenius equation, respectively.
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The result data are then substituted to Eq. (14) and plotted the
linear regression at various heating temperatures (Fig. 4a) to show
the dependence of reaction rate on the oxygenmolecules (O2). Sub-
sequently, K0

1 and K00
1 at each temperature point can be derived

from the intercept and slope of the linear equation (Table S5).
When temperature increases, both K0

1 and K00
1 decrease. The

obtained data of K’, K‘‘, K0
1, and K00

1 are combined with the known
values of Ce and CO2 to compute the value of k, Ke, KO2 for the O2

adsorption. Fig. 4b exhibits the rate constant k fitted by the Arrhe-
nius plot and the obtained activation energy of 61.6 kJ mol�1,
which is within the range for the catalytic reaction (Tseng and
Chu, 2001). Previous studies have also proved that the adsorption
of oxygen molecules on the catalyst surface is a vital step during
the catalytic process of pollutants oxidation (Tseng and Chu,
2001; Chu et al., 2001).

Similarly, by substituting the achieved data to Eq. (15), a linear
regression at various heating temperatures can be plotted (Fig. 4c)
to show the dependence of reaction rate on the oxygen atoms (O).
Herein, K0

2 and K00
2 at each temperature point can be derived from

the intercept and slope of the linear equation (Table S6). The values
of K’, K‘‘, K0

2, and K00
2 are combined with the known values of Ce and

CO2, the value of k, Ke, KO2 for the reaction involved with O adsorp-
tion can also be estimated from their definition. Fig. 4d exhibits the
Arrhenius equation fitting of rate constant and activation energy of
28.3 kJ mol�1. In both cases, the plot for calculating K0 and K00

shows that the catalytic reaction has a lower correlation with the
adsorption of reactants, while K0

1, K
00
1 and K0

2, K
00
2 plotting show high

linearity of the attributable oxygen concentration. Therefore, the
L-H model indicates that the main influencing factors of the cat-
alytic reaction have a low correlation with the reactant adsorption
but a high correlation with the redox properties of metal oxides.
7

This redox ability may come from the metal itself or be affected
by the desorption of the product on the surface.
3.3. The change of chemical compositions and states after catalytic
reaction

3.3.1. XANES
Fig. 5a shows that there is almost no change in the valence and

structure of the spectrum of Fe before and after the reaction. There-
fore, it can be inferred that Fe2O3 plays a role as an electron bal-
ance, transfer, and structure stability in the catalytic reaction of
the toluene oxidation process.

In Fig. 5b, the XANES spectrum of Mn reduced slightly, from
14.891 eV before the reaction to 13.996 eV after the reaction (set
E0 = 6542 eV), indicating that part of Mn might be reduced from
Mn4+ to Mn3+ state (Manceau et al., 2012). This result suggests
the establishment of oxygen vacancies to compensate for the
charge loss. In Fig. 5c, the spectra of Cu before and after the cat-
alytic reaction are slightly different, indicating that the structure
and the valence did not change. Hence, it can be estimated that
Cu may also serve as an active center, but the effect is not as good
as Mn.

In summary, the XANES results show the reduction of Fe, Mn,
and Cu. The activation of Mn4+ was documented to be more active
than noble metal oxides and gives better catalytic performance
(Wu et al., 2013). It was also reported that a synergistic combina-
tion of copper and manganese provides more active sites than indi-
vidual ones (Aguilera et al., 2011). Einaga et al. demonstrated the
incorporation of Cu into Mn oxides can build up the average oxida-
tion state of Mn on the surface sites higher than bulk sites, result-



Fig. 5. XANES (a, b,c) and EXAFS (d, e, f) of Fe, Mn, and Cu before and after catalytic oxidation, respectively.
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ing in higher activity compared to single-metal oxides (Einaga
et al., 2014).
3.3.2. EXAFS
As shown in Fig. 5d, there is almost no difference in Fe structure

between before and after the reaction. Therefore, it can be deter-
mined that Fe may act as an electron balance or transfer or a carrier
in the catalytic reaction. The formation of Fe/CuOx composite
reduces the phase shift of Mn oxide. In Mn K-edge EXAFS
(Fig. 5e), the 1–2 Å Mn-O in the first layer is slightly shifted, and
the second layer Mn-O-Mn has more obvious changes, indicating
that Mn may be the main reaction activation center of the catalyst
(Kou et al., 1998). Hence, it can be concluded that the activation
center of Mn could be the formation of a complex structure from
Mn3+ and Mn4+. The results show that it may be part of the partial
reduction process of Mn4+ to Mn3+. The change in Mn-O-Mn struc-
ture of the second layer about 2–3 Å might come from the adsorp-
tion of reactants and products on the catalyst surface (Yang et al.,
2020). This interference signal is generated by Mn-O-C, which
superimposes with the original layer.

Accordingly, Mn-O-Mn will cause the change and compensation
of the signal and become significant changes after 3 Å. The results
of the EXAFS analysis of Cu in Fig. 5f show a slight change in the
structure of the catalyst after the catalytic reaction. Hence, the acti-
vation center is formed by co-doping of Mn and Cu the composite
structure of Mn3+ and Mn4+, resulting in higher catalytic reaction
activity. Therefore, the formation of part of the Mn and Cu struc-
tures in Mn,Cu-Fe2O3 can also improve the reactivity. Li et al. have
demonstrated the existence of Cu2+/Mn3+ M Cu+/Mn4+ in the reac-
tion system (Li et al., 2021). The authors also stated that in the
metal oxide catalyst, the reaction is based on the redox of the met-
als and the interaction between the lattice O and oxygen. The effect
of Cu2+/Mn3+ M Cu+/Mn4+ can reduce the hindrance of the afore-
mentioned reaction, resulting in the improvement of the catalytic
efficiency. Besides, the mixed structure of Mn3+ and Mn4+ acceler-
ates the electron transfer and speeds up the catalytic reaction.
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Therefore, the formation of Mn/Cu structure in Mn,Cu-Fe2O3 com-
posite can also improve the reactivity.
3.4. Catalytic reaction mechanism

The reaction mechanism of gas catalytic oxidation is examined
and demonstrated by the hypothetical computation and analysis of
the reaction kinetic models. The calculation results of the activa-
tion energy of each catalytic reaction are shown in Table S7. The
P-L model represents a relationship between two quantities, in
which one changes as a power other. Therefore, it is only applied
for heterogeneous reactions in high-temperature condition. In this
case, the calculated Ea is 164.8 kJ mol�1, which is the highest com-
pared to other models. Meanwhile, the MVK model mainly dis-
cusses the redox cycle between the C7H8 and the lattice oxygen
of the metal oxide surface in the catalytic reaction, forming oxygen
vacancies. This theory matches the calculated Ea (59.1 kJ mol�1). In
contrast, based on the kinetic data that both oxygen species partic-
ipate in the oxidation reaction, the L-H model demonstrates that
oxygen concentration has a high correlation with the reaction rate,
i.e., the reaction is also supported by O or O2 binding of metal oxi-
des on the catalyst surface. Therefore, the L-H model is appropriate
for the catalytic reaction involving molecular (Ea = 61.6 kJ mol�1)
and atomic oxygen adsorption (Ea = 28.3 kJ mol�1). The Ea values
calculated by MVK and O2 adsorption-related L-H models are
almost the same, which indicates that both models correspond to
the participation of adsorbed oxygen on the catalyst surface.
Therefore, it can be concluded that the calculation results in MVK
and L-H models consolidate the reactions proposed in Eqs. (4), 5,
8, 9, and 10. The lowest Ea obtained in the case of the O
adsorption-related L-H model demonstrates that atomic oxygen
is easy to be adsorbed on the catalyst surface and then triggers
the oxidation reaction to happen faster, compared to molecular
oxygen. In summary, the MVK model can be the most workable
for the description of toluene catalytic oxidation over Mn,Cu-
Fe2O3 composite, whereas the L-H model could be feasible to
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describe the kinetics of oxygen adsorption and oxygen-involved
reaction mechanism.

Moreover, characterization analysis after the catalytic test con-
firms that the change of Mn,Cu-Fe2O3 during the catalytic oxida-
tion of toluene is related to the reduction of Mn,Cu-Fe2O3

catalyst. Based on the results of XAS (XANES and EXAFS) analysis,
combined with kinetic models, it can be inferred that the reaction
process is as follows:

2C7H8 + (Fe3þ/Mn4þ/Cu2þ�Olat) + 11O2 + O ! 14CO2

þ8H2Oþ ðFe2þ=Mn3þ=Cuþ�OÞ ð17Þ

At lower energy, C7H8 is first partially oxidized to form an inter-
mediate product of Mn,Cu-Fe2O3ACO. Some of the electrons are
transferred to Mn4+ to reduce Mn4+ to form Mn3+. After breaking
the Mn,Cu-Fe2O3 from Mn,Cu-Fe2O3ACO, the ACO bond is com-
pletely oxidized to form CO2 and desorbed from the surface. Fe2+/
Mn3+/Cu+ reacts with oxygen and is then oxidized to Mn4+, forming
a catalytic reaction cycle.
4. Conclusion

A new approach to the linearity of the kinetic models for eval-
uating the reaction mechanism versus experimental data of
toluene catalytic oxidation in a continuous-flow reactor was devel-
oped based on the consideration of reactant fluctuation. The con-
version rate of toluene oxidation over Mn,Cu-Fe2O3 is
proportional to C7H8 and O2 concentration and temperature. How-
ever, the toluene conversion rate is disproportional to the flow rate
due to the limit of active sites on the catalyst surface and correla-
tive reaction between C7H8 and O2. The enhancement of C7H8

adsorption on the Mn,Cu-Fe2O3 catalyst surface with high redox
property induces the complete oxidation of C7H8 to CO2. As a
result, the initial concentrations of toluene of 165 ppmv and oxy-
gen of 10% at a flow rate of 200 mL min�1 give the highest catalytic
performance of Mn,Cu-Fe2O3. The Mars-van Krevelen model fitting
data indicate the majority of the toluene catalytic oxidation pro-
cess regards the interaction between C7H8 and lattice oxygen on
the surface of Mn,Cu-Fe2O3. Furthermore, L-H model fitting
demonstrates that adsorbed oxygen species also participated in
the catalytic reactions. The surface reaction mechanism of toluene
oxidation over Mn,Cu-Fe2O3 catalyst was proposed through the
newly developed kinetic models and surface characterization
(XANES and EXAFS) of the catalyst after the reaction. Overall, the
importance of our findings is the applicability of kinetic models
and characterization to the direct identification of catalytic reac-
tion mechanism of gas removal process over metal oxides-based
catalysts in continuous flow catalytic systems.
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