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Abstract

In this study, the catalytic mechanism of Mn,Cu-Fe203 catalyst was directly determined

through reaction kinetics coupled with surface characterization. The impact of operating
conditions on the catalytic performance of Mn,Cu-Fe203 nanocomposite for toluene oxidation in
a continuous fixed-bed reactor was investigated. It was found that Mn,Cu-Fe203 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 mLL min~
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

!, respectively. Subsequently,

model allows for determining the kinetic mechanism under the variation of C7Hs concentration.

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-Fe:20: catalyst after the
catalytic reaction was characterized by 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.

Keywords: catalytic oxidation; toluene; kinetics; Langmuir-Hinshelwood; Mars-van

Krevelen.
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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 precursors for the formation of photochemical smog and particulate matter, which
threaten human health and the environment [1]. Although noble metals (Pt, Au, Pd) 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 [2]. Hence, low-cost
transition metal oxides-based (i.e., Mn, Cu, Ce, Ti, Co) catalysts are recognized as alternative
materials because of their high activity and poisoning counteraction [3, 4]. 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 other factor that must be considered for the
catalytic combustion technique. Various conceptual models defining the surface mechanism
were theorized in the quest to construct reliable kinetic models for the catalytic oxidation
processes [3, 6].

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 [7, 8]. To our best knowledge, current kinetic expression is not
available for describing the oxidation route as well as the catalytic mechanism. Therefore,
constructing suitable kinetic models to contrast the experimental data of the oxidation pathway is
needed to support the catalytic mechanism. Accordingly, kinetic modeling can provide a detailed
understanding of the oxidation reaction rate and the effect of contaminant and oxygen feed on a

catalytic process [9]. Several studies on the kinetic models have been carried out to hypothesize

different conceptual approaches for describing the catalyst surface mechanism in the catalytic
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oxidation of VOCs [10, 11]. 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 [12]. Mars-Van Krevelen (MVK) and Langmuir-Hinshelwood
(L-H) models are used to express the reaction rate, as well as elucidate the mechanism of
catalytic oxidation of VOCs over metal oxides [13]. The MVK model usually illustrates the
acute and absolute reactions over the metal oxides-derived catalysts [14, 15]. Experimental data
from kinetics of methane in the oxygen-rich mixtures via cobalt oxide [16], the oxidation of
VOCs over SmMnOs perovskites [17], and the oxidation of toluene over CoAlCe catalyst [14]
were all well expressed by the MVK model. L-H model, on the other hand, used to investigate
the adsorption and desorption of gas molecules, which interact with reactants on the catalyst
surface [18] .e L-H model is also used to explain the dependence of oxidation rate on reactant
concentration in heterogeneous catalytic processes [19, 20]. Since the catalytic reaction is a
chemical adsorption, L-H model shows more consistent with the catalytic oxidation of styrene by
Fe203/MnO [12] 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 [21]. 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
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product of the catalyst surface in the catalytic 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 number of adjacent atoms and the disorder grade in a
specific atomic shell [22]. Theoretically, the catalyst does not participate 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 structure before and after
the catalytic reaction [23].

In this study, we synthesized Mn,Cu co-doped Fe20s (hereafter denoted as Mn ,Cu-Fe203),
calcined at 400 °C for toluene oxidation in a continuous fixed-bed reactor. The obtained
experimental results provide preliminary data to evaluate the aforementioned kinetic models for
the best representative of the complete toluene oxidation reactions over Mn,Cu-Fe203 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-Fe203 catalyst after reaction is the premise to confirm a catalytic

mechanism.

2. Experimental
2.1. Synthesis of catalyst

The iron manganese copper oxide Mn,Cu-FexOs was synthesized by co-precipitation
method followed by pyrolysis. Typically, 3 mol Fe(NQOs)i, I mol Mn(NO:)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 Na2COs (Fluka, USA) was
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dissolved in 0.5 L. of DI water to make another solution (B). The solution in beaker A was

gradually added to the solution in beaker B under the well-mixing condition 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 product 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) characterization. Both XANES and EXAFS measurements were performed
in National Synchrotron Radiation Research Center, Hsinchu city, Taiwan. 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-Fe20: 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 gaseous mixture
was made up of N2, Oz, and toluene in synthetic air by adjusting the flow rate from three sets of
these corresponded gas cylinders to have different C7Hs and Oz concentrations. The reactor was
wrapped around and heated by a heating tape (300 W). The temperature of reactor was

monitored by a thermocouple and controlled in the range of 220 — 320 °C. The toluene

conversion efficiency was measured by a gas chromatograph (GC, PerkinElmer Clarus 500 GC,




10

11

12

13

14

15

16

17

18

19

20

21

22

23

FID). A blank experiment was implemented 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 C;Hg conversion

To understand the effect of operating variables on C7Hs oxidation efficiency over Mn,Cu-
Fe203, the system was proceeded non-isothermally under different initial concentrations of C7Hs
and O», and at different flow rates in the feed stream. The effect of initial concentration of C7H3s
was tested by varying C7Hg concentration from 55 to 220 ppmv, while keeping the concentration
of oxygen and flow rate (Q) constant (Co2 = 10%, Q = 200 mL min'). The effect of oxygen
concentration in the feed stream was evaluated by maintaining the concentration of C7Hs and
flow rate constant (Cc7us = 165 ppmv, Q = 200 mL min™"), but altering the oxygen concentration
of oxygen in the range of 1 — 30%. The influence of flow rate (from 200 to 500 mL min ') on the
catalytic performance was evaluated at constant O2/C7Hs ratio (10%: 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 temperatures (202 — 307 °C) for
testing the mass balance. During the experiment, C7Hs concentration, Oz concentration, and flow
rate are adjusted to 165 ppmv, 10%, and 200 mL min~', respectively. The conversion rate of CO2
was considered as a function of the conversion rate of C7Hs. The inlet concentration of C7Hs was
controlled, while the outlet concentrations of C7Hs and CO: were analyzed for mass balance
calculation, which is the base to determine experimental 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 conversion rate is enhanced with an increase in temperature.
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In a catalytic 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 temperature, the
reaction rate constant (k) is then derived and used for linearity regression to find the activation

energy using the Arrhenius equation.

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

_F

—r e & ( Cfn B Com‘
4 v C, M

m

W=

where Fe is reactant flow rate (mol s!), V is reactor volume (cm®), W is conversion rate

ot

(W =—"—2%x100% ), Cin and Cou are the influent and effluent concentrations of reactant,

respectively.
2.5.1. Power-law model

The oxidation rate as a function of toluene and oxygen concentration is described via the

Power-law model:

=9 _rcren )

dr

where r is reaction rate of toluene (mol em™ s'), k is rate constant (s™'), Ce, Co2 are
concentrations of toluene and oxygen, respectively (mol cm™), 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:
In(-r) = In(kp) + mxin(C,) (3)

where kj is the rate constant in the case of Co2 >> C..
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When concentration of O 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 In(kp) at each heating temperature point.

2.5.2. Mars-van Krevelen model

MVK model consists of two steps. The first is the reaction of oxidized catalyst sites (OCS)
and toluene to form reduced catalyst sites (RCS). Another is the reaction of RCS and Oz from the
gas phase to regenerate OCS for the next cycle. The process can be elucidated by the following

reaction equations:

C,H, +OCS—<>RCS +CO, + H,0 (4)
0, +RCS—50CS (5)

When the combustion reaction of toluene reaches equilibrium, 1 mole of toluene needs 3 moles
5]

of oxygen to be completely oxidized (C7Hs + 302 — 2CO2 + 2H20), the reaction rate (r) can be

combined into the following formula:

kvcvkojcoj

T 3kc'cc' +k_OZC:OZ (6)

where ko2 (mol em™ s7') is reaction rate constant depending on the oxygen concentration, ke

(mol em™ s7') is reaction rate constants depending on the toluene concentration. Eq. 6 can be

altered:
— =y T (7

Since Co2 is a constant, ke and ko2 can be derived from the slope of a linear regression

fitting (1/(—r) versus 1/C.) for each temperature point.
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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

C7Hs", 0", and 02"), then the reactions take place as follows:

CHs + S —re C/Hg* (8)
02+ 28— 3 20" 0r 05" (9)
C7Hs "+ 20" or 02" = H20 + CO2 (10)

Oxygen molecule adsorption and oxygen atom adsorption are explained separately:

(1) Reactions involving the adsorption of molecular oxygen:

kK(C(KOZCOZ
(1+K.C.+K,,C,,)

- =k@,0,, = (11)

where @e and @o2 represent the adsorbed sites ratio for toluene and Oz, respectively; Ke and Koz
represent the equilibrium adsorption constant for C7Hs and Oz, respectively.

(2) Reactions involving the adsorption of atomic oxygen:

kK C /K .C,,
_":k‘pe\}‘poz = s (12)

(1 + Kc'Cc' + \‘ KUZCUZ )2

where k, Ke, and Koz are constants at the same operating temperature. Eq. 12 can be simplified to:

C 1 K"

- —+—_C (13)
BN NS
kK K,.C., . K
where "= e 02 O;j . K - €
(l + K02C02 )_ l+ K02C02

When the concentration of toluene is fixed, the Eq. 13 is simplified into two linear

equations:

10
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a. Molecular oxygen (O2) adsorption:

[c_ kG,
J_ VK,

. kKCK,_, ‘ K
where K, =——9% K =
(1+K,C))

02

1+K,C,

(14)

C > . . .
A plot of JL versus Coz provides a linear regression.
—r

b. Atomic oxygen (O) adsorption:

C

1K
J_ VK.

where K, = “ Ko 741{0-

(1+KC) - Ky 1+ K,C,

(15)

C 5
A plot of ,|—2% versus ./C,, provides a linear regression.
P 1’ . \} o P g

2.54. Activation energy

The activation energy (Ea, kJ mol™") was calculated using Arrhenius equation:

Ink =

where k is rate constant (s™'), A is frequency factor (sH, Tis operating temperature (K), and R is

ideal gas constant (8.31x107 kJ mol™' K™!).

3. Results and discussion
3.1. Effects of operating parameters

3.1.1. Initial concentration of toluene

11

(16)
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It is well-known that the operating conditions for catalytic oxidation 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-Fe20s catalyst in practical
application. Fig. la displays the dependence of conversion rate on the initial concentration of
toluene at a constant Oz concentration (10%) and inlet flow rate (200 L min™'). The conversion
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
proportional to the concentration of feeding toluene, i.e., the higher the concentration of toluene
is, the lower the conversion rate will be (Fig. Sla). This result may be due to the limit of the
active surface of Mn,Cu-Fe:03 catalyst for toluene adsorption before oxidation. Because the
reactor is a continuous flow, toluene molecules probably compete with each other for the
adsorption on Mn,Cu-Fe203 catalyst surface. In other words, the more C7Hs molecules enter the
reactor, the higher competition for them to occupy on the catalyst surface, resulting in more C7Hs
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 C7Hs
conversion. Remarkably, at 220 °C, the conversion rate of four investigated C7Hs concentrations
is under 20%. However, when the reactor temperature increases to 270 °C, the conversion rate of
C7Hs at 55, 110, 165, and 220 ppmv is 97, 95, 90, and 80%, respectively. At 290 °C, C7Hs was
removed nearly completely at most concentrations. When the heating temperature reaches 300

°C, C7Hs was converted completely, which promotes the mass transfer process [24].

12
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Fig. 1. (a) and (b) the effect of initial toluene concentration (Co2 = 10%, Q = 200 mL min~') and
inlet O2 concentration (Ccrus = 165 ppmv, Q = 200 mL min~') on the conversion rate at different
temperatures, respectively; (c) the effect of flow rate on catalytic activity (Co2/Ccms ratio = 91);
(d) mass balance of C7Hg and COz (Ccrng = 165 ppmv, Coz2 = 10%, Q = 200 mL min™).
3.1.2. Inlet concentration of O2
In terms of reactants, oxygen concentration also plays an indispensable role in the
heterogeneous reaction of catalytic system. As illustrated in Fig. Ib, the conversion rate increases
significantly when O concentration is in the range of 1 — 5%, but varies slightly when Oz
concentration is in the range of 5 — 30%. Apparently, reaction rate changes obviously when

oxygen concentration is within 5% but keeps constant when oxygen concentration is in the range

13
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of 5 — 30%. This result suggests that to achieve complete C7Hs oxidation, the inlet Oz should be
maintained at a concentration greater than 5% (Fig. S1b).

When the Oz concentration increase from 1 to 5%, the probability of oxygen adsorption on
the metal oxide surface increases to replenish the oxygen vacancies made by consumed lattice
oxygen, resulting in enhancement of C7Hs oxidation [10]. 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 C7Hs at low concentration or even without
oxygen, which is assigned to the effect of lattice oxygen or OH groups on the catalyst surface [25,
26]. When the supplied Oz 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 concentration is shown in Table S1.
Typically, the reaction rate increases when the concentration of O and C7Hs increases.
According to the principle of L-H model, when the C;Hs and Oz are supplied to reactor with low
level, increasing the concentration of C7Hs and O2 will also increase the reaction rate. This
phenomenon takes place if the adsorption positions of reactants are different, the reaction 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 Oz concentration improves the reaction rate because more activation sites with oxygen
vacancies are supplied on the metal oxide surface for toluene coupling and oxidation [27].

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 C7Hs and O2 were kept constant. Fig. 1c shows

that the reaction efficiency decreases when the flow rate increases. This result can be assigned to

14
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the overload of limited active catalyst surface 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-Fe203
is the surface-supported reaction. Hence, the limited surface of Mn,Cu-Fe203 catalyst cannot
accommodate all toluene to be adsorbed on the Mn,Cu-Fe203 catalyst surface, resulting in
efficiency decrease. Moreover, at the flow rate of 200, 300, 400, and 500 mL min~', the empty-
bed residence time (EBRT), a fraction of catalyst volume (12 cm?) and flow rate (cm®/min), is
calculated as 3.6,24, 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 favorable for toluene to be adsorbed and decomposed on the Mn,Cu-Fe20s catalyst surface,
thereby reducing the reaction efficiency [28]. In overall, it is concluded that flow rate is
conversely proportional to the conversion rate.
3.1.4. Mass balance

In order to determine the catalytic oxidation conversion of toluene over Mn,Cu-Fe203
catalyst in the reaction process, the change in concentration of both toluene and CO: was
measured simultaneously through GC/FID. A converting system was used to confirm if other
intermediates are generated during the catalytic reaction. As presented in Fig. 1d, toluene is
totally converted to CO:2 without the generation of any intermediate products. Furthermore, the
concentration of C7Hs and CO: are divided by the total carbon content (summary of C7Hs and
CO2) to find the individual conversion rate. Fig. S2 illustrates that the conversion of C7Hs and
production of CO2 approximately intersects at 50%, indicating that C7Hs is completely oxidized
to COz. Therefore, the relationship between the reactant (C7Hs) and product (COz) suggests that
the possible steps affecting the reaction rate are in the following order: C7Hs adsorption, O2

adsorption, C7Hs oxidation reaction, and product desorption.

15
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3.2. Kinetic modelling

The process to carry out the modeling can be separated into two cases depending on the
alteration of C7Hg and Oz concentrations. In the first case, the initial concentration of C7Hs is
changed while the concentration of oxygen and flow rate are kept constant, the reaction 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 K’ and K" 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 concentration 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 substituted to Eqs. 17
and 18 to get the reaction rate constants (Ki', K1") and (K2', K2") for L-H models, respectively.
From the linear plot of Arrhenius equation, the activation energy can be obtained using the
reaction rate constants (Ki', Ki") and (K>', K2") against different temperatures (1000/T). The
pairs (K1, Ki") and (K»', K2") are used to calculate k, Ke, and Koz for a reaction involving O2 and
O adsorption, respectively. The best fit giving model can be specified based on determination
coefficient (R?) 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-Fe20s catalyst 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 symbolize the rate constant kp. The

Arrhenius fitting graph is exhibited in Fig. 2b with R? = 0.943. The activation energy is

16




1 calculated to be 164.8 kJ mol™', and the frequency factor is 11.1 x 10'? s7!. Since the R? value is
2 low,the PL model is not suggested to be feasible for the catalytic oxidation of C7Hs over Mn,Cu-
3 Fe20s catalyst. In general, the Power-law model mainly assumes a heterogeneous catalytic
4 reaction mode based on homogeneous mode [29]. Therefore, it is less applicable when complex
5 reactions, such as adsorption or multi-molecular reactions, are involved. According to the
6  catalytic reaction data results, the low catalytic reaction is more complicated and may include the

7  mechanism of the reactant or product adsorption.
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10 equation, respectively; (c) and (d) linear fitting of C7Hs oxidation for the MVK model and

11 corresponded Arrhenius equation, respectively.
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3.2.2. Mars-van Krevelen model

Generally, the mechanism of MVK is explained that the adsorption 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, the results show the R? value is 0.993 and the activation energy E. was
obtained as 59.1 kJ/mol and frequency factor A of 0.41 x 10° s™'. Based on chemical mechanism,
the MVK consists of the two stages occurred in the catalytic reaction between the catalyst and
C7Hs [30]. The first stage is the interaction of C7Hs with the lattice oxygen on the surface of the
metal oxide, resulting in the formation of CO2 and H20, which was proved in mass balance
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.

351w

°Ce 248°C
" m 258°C

R1:0,353

y= 1.4487 + (
V:l.}t]"-."-.+tl.tl‘."'\.383x R

Eli ]I(] 0 ]I2 R ]I4 16
C x10" (mol cm™)

Fig. 3. Linear fitting of C7Hs oxidation for the L-H model.
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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 therefore be a constant. However, the L-H model shows that the
oxygen concentration has a higher correlation with the catalytic reaction rate than the C7Hs
concentration. Fig. 3 illustrated the linearity curves with high R? values fitted by L-H model. The
K’ and K" values for each line can be derived from the slope and intercept and shown in Table
S3. Even though the O2 concentration is greater than C7Hs concentration, its influence on the
catalytic oxidation of C7Hs should be put in a deep consideration to get more understanding of
the oxidation kinetics and mechanism as well. Typically, the interaction of reactants (toluene)
and Oz on the catalyst surface can be described by L-H model. If we assume that C7Hs and O2
adsorb at the same activation position, the progress of the catalytic reaction should then be
discussed. In other words, both lattice oxygen and adsorbed oxygen participate in the C7Hs
oxidation reaction, which also agrees with previous studies [31, 32]. The reaction rate in the case
of fixed C7Hs concentration and altered Oz concentration is shown in Table S4.

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 oxygen molecules
(O2). Subsequently, Ki' and Ki" at each temperature point n be derived from the intercept and
slope of the linear equation (Table S5). When temperature increases, both Ki' and K" decrease.
The obtained data of K', K", Ki', and K" are combined with the known values of Ce and Coz to
compute the value of k, K¢, Koz for the Oz adsorption. Fig. 4b exhibits the rate constant k fitted

by the Arrhenius plot and the obtained activation energy of 61.6 kJ mol™', which is within the

range for the catalytic reaction [12]. Previous studies have also proved that the adsorption of
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oxygen molecules on the catalyst surface is a vital step during the catalytic process of pollutants

oxidation [ 12, 33].
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Fig. 4. (a) and (b) kinetic linear fitting of C7Hs oxidation in the case of K1',K1" by the L-H
model and Arrhenius equation, respectively; (c) and (d) kinetic linear fitting of C7Hs oxidation in

the case of K2', K2" by the L-H model and Arrhenius equation, respectively.

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, K2' and K»" at each temperature point can be derived from the intercept and

slope of the linear equation (Table S6). The values of K', K", K2', and K>" are combined with the

known values of Ce and Coz, the value of k, Ke, Koz for the reaction involved with O adsorption
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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™". In both cases, the plot for calculating K’ and K"

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

Ki', Ki" and K2', K»" plotting show high linearity of the attributable oxygen concentration.

Therefore, the L-H model indicates that the main influencing factors of the catalytic reaction

have a low correlation with the reactant adsorption but a high correlation with the redox

properties of metal oxides. 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. Therefore, it can be inferred that Fe2Os plays a role as an

electron balance, transfer, and structure stability in the catalytic reaction of the toluene oxidation

process.
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Fig. 5. XANES (a, b,c ) and EXAFS (d, e, f) of Fe, Mn, and Cu before and after catalytic
oxidation, respectively

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 Eo = 6542 eV), indicating that part of Mn might be
reduced from Mn* to Mn** state [34]. 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
catalytic 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
Mn** was documented to be more active than noble metal oxides and gives better catalytic
performance [35]. It was also reported that a synergistic combination of copper and manganese
provides more active sites than individual ones [36]. Einaga et al. demonstrated the incorporation
of Cu into Mn oxides can build up the average oxidation state of Mn on the surface sites higher
than bulk sites, resulting in higher activity compared to single-metal oxides [37].

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 determined 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. Se), the 1-2 A 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 [38]. Hence, it can be concluded that the activation

center of Mn could be the formation of a complex structure from Mn** and Mn**. The results
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show that it may be part of the partial reduction process of Mn*™ to Mn**. The change in Mn-O-
Mn structure of the second layer about 2-3 A might come from the adsorption of reactants and
products on the catalyst surface [39]. 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 3A. 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 activation center is
formed by co-doping of Mn and Cu the composite structure of Mn** and Mn*, ulting in
higher catalytic reaction activity. Therefore, the formation of part of the Mn and Cu structures in

Mn,Cu-Fe203 can also improve the reactivity. Li et al. have demonstrated the existence of

Cu**/Mn** <> Cu*/Mn* in the reaction system [40]. The authors also stated that in the metal

oxide catalyst, the reaction is based on the redox of the metals and the interaction between the
lattice O and oxygen. The effect of Cu*/Mn** <> Cu*/Mn** can reduce the hindrance of the
aforementioned reaction, resulting in the improvement of the catalytic efficiency. Besides, the
mixed structure of Mn** and Mn** accelerates the electron transfer and speeds up the catalytic
reaction. Therefore, the formation of Mn/Cu structure in Mn,Cu-Fe203 composite 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 activation 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
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calculated Ea is 164.8 kJ mol™', which is the highest compared to other models. Meanwhile, the
MVK model mainly discusses the redox cycle between the C7Hs 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™). In contrast, based on the kinetic data that both oxygen species
participate 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 Oz binding of
metal oxides on the catalyst surface. Therefore, the L-H model is appropriate for the catalytic

reaction involving molecular (Es = 61.6 kJ mol™') and atomic oxygen adsorption (E: = 28.3 kJ

mol™"). The Ea values calculated by MVK and Oz 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 Egs. 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 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-Fe203 composite, whereas the L-H model
could be feasible to describe the kinetics of oxygen adsorption and oxygen-involved reaction
mechanism.

Moreover, characterization analysis after the catalytic test confirms that the change of

Mn,Cu-Fe20: during the catalytic oxidation of toluene is related to the reduction of Mn,Cu-

FeoOs 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:

2C7Hs + (Fe**/Mn*/Cu®—Ow) + 1102 + O — 14C0: + 8H20 + (Fe*/Mn**/Cu*—0) (17)
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At lower energy, C7Hs is first partially oxidized to form an intermediate product of Mn,Cu-
Fe203-CO. Some of the electrons are transferred to Mn** to reduce Mn** to form Mn**. After
breaking the Mn Cu-Fe203 from Mn,Cu-Fe203—CO, the —CO bond is completely oxidized to
form CO> and desorbed from the surface. Fe>*/Mn**/Cu* reacts with oxygen and is then oxidized
to Mn**, forming a catalytic reaction cycle.

4. Conclusion

A new approach to the linearity of the kinetic models for evaluating the reaction
mechanism versus experimental data of toluene catalytic oxidation a continuous-flow reactor
was developed based on the consideration of reactant fluctuation. The conversion rate of toluene
oxidation over Mn,Cu-Fe203 is proportional to C7Hs and Oz concentration and temperature.
However, the toluene conversion rate is disproportional to the flow rate due to the limit of active
sites on the catalyst surface and correlative reaction between C7Hs and O2. The enhancement of
C7Hs adsorption on the Mn,Cu-Fe203 catalyst surface with high redox property induces the
complete oxidation of C7Hs to COz. As a result, the initial concentrations of toluene of 165 ppmv
and oxygen of 10% at a flow rate of 200 mL min~' give the highest catalytic performance of
Mn,Cu-Fe20:. The Mars-van Krevelen model fitting data indicate the majority of the toluene
catalytic oxidation process regards the interaction between C;Hs and lattice oxygen on the
surface of Mn,Cu-Fe203. Furthermore, L-H model fitting demonstrates that adsorbed oxygen
species also participated in the catalytic reactions. The surface ction mechanism of toluene
oxidation over Mn,Cu-Fe20s 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
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identification of catalytic reaction mechanism of gas removal process over metal oxides-based
catalysts in continuous flow catalytic systems.
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