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Abstract: The work presents Pd-containing catalysts for practical application with enhanced low-
temperature activity in the complete oxidation of volatile organic compounds (VOCs) using innova-
tive combinations of reduced graphene oxide (RGO) and alumina. The catalysts were characterized by
XRD, SEM, TEM, XPS, low-temperature N2-adsorption, and CO chemisorption. The tests on complete
catalytic oxidation of different VOC (propane, butane, hexane, dimethyl ether, toluene, propylene)
and CO were carried out. The reaction kinetics and the mechanism of the reaction of complete
oxidation of toluene are being investigated in detail. The results show that the new catalyst design
makes it able to completely oxidize the studied VOCs and CO at low temperatures (100–350 ◦C)
with long-term stability. Using a variety of instrumental methods, it was established that for high
activity and long-term stability, the optimal ratio Pd/PdO should be close to 1:1. The most probable
mechanism of complete toluene oxidation is the mechanism of Langmuir–Hinshelwood. The high
activity and the weak effect of water on the catalyst performance leads to further perspectives for
the application of the currently developed approach for the preparation of large-scale monolithic
catalytic systems for air pollution control.
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1. Introduction

Volatile organic compounds (VOCs) are among the main air pollutants, which are
precursors to the formation of ozone in the ground layer of the atmosphere and, along
with fine dust particles, are the main cause of the formation of photochemical smog [1].
This causes serious damage to human health and has a harmful effect on vegetation. Two
main approaches for VOCs elimination have been proposed and accepted in practice:
the first one is capturing (sorption, separation) and the second one is transformation
(degradation, catalytic oxidation). The first mode is suitable for the purification of VOCs
with high concentrations and is hindered by perplexing processes accompanied by high
costs [2–4]. Among the technologies applied for their elimination, the catalytic oxidation
to carbon dioxide and water has been considered the most beneficial and efficient due to
high efficiency and low process temperatures [5,6]. This technique can be applied for the
elimination of VOCs with low concentrations.

Among the catalysts used for VOCs oxidation, two main groups can be outlined.
The first group comprises noble metals such as platinum, palladium, gold, ruthenium,
or rhodium [7–9]. Their thermal stability and catalytic activity are high, but their use is
limited by their high cost and some operational restrictions (sensitivity in humid media).
The second group contains a large number of individual and mixed transition metal
oxides [10–12]. The advantage is their low cost and abundance; however, their activity is, in
general, lower than those of the representatives in the first group. Significant achievements
have been obtained by using Pd as a catalyst for the elimination of VOCs. Due to its specific
electron configuration and high chemical stability [13], Pd is found to be the most attractive
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for the industrial application of VOCs oxidation among the noble metals [14–18]. Many
authors claimed that the catalytic behaviour of Pd-based catalysts depends on the loading
quantity and oxidation state of Pd [19], its mean particle size and distribution [20–22], and
on the physical and chemical properties of the supports.

For practical applications, both groups of catalysts are combined with different sup-
ports in order to enhance the number of catalytic active centres. Numerous natural or
synthetic inorganic compounds were used as catalytic supports (alumina, silica, zirconia,
zeolites, ceramics, etc.). High catalytic functionality is usually achieved by fine combination
and synergy of the chemical properties of the active phase and the support, accounting
for the possible interaction between them [23,24]. As a result of such interactions, the
electronic structure of the active phase can be significantly rearranged, which reflects in
the performance of supported catalysts. A well-pronounced support effect is found for
Pd-based catalysts because their activity is tightly related to the type of support materials.

Unfortunately, the presence of water vapours in the gas mixture (or formed in the
entire reaction) can deactivate many of the hydrophilic catalytic systems in VOCs oxidation
over Pd-based catalysts. Moreover, some authors pointed out that sulphur compounds in
the emitted gases also led to the deactivation of Pd catalysts [25,26].

The nature of the catalytic support strongly affects the catalytic activity of Pd-based
catalysts in wet media [27,28]. The formation of hydroxyl groups on the catalyst’s surface
(in particular, in the case of alumina support) in the presence of water vapor is considered
to block the interaction of the target gas molecules with the PdO sites, resulting in the
inhibition of the catalytic reaction [29,30]. It should be noted that water vapor inhibits
stronger reactions at lower temperatures [31]. To decrease this inhibition effect, some
authors proposed the use of hydrophobic types of support [32].

Hydrophobic activated carbon supports have been successfully applied for low-
temperature complete oxidation of VOCs [31,33]. Additionally, carbonaceous materials
provide a large specific surface area, total pore volume, presence of micropores and surface
functional groups [34–36]. A comparative study has shown the advantages of the carbon
nanofiber (CNF) over the γ-Al2O3 as a support of Pt and Pd catalysts for benzene, toluene,
and m-xylene oxidation due to the more hydrophobic nature of the CNF surface [36]. The
reason is that the hydrophobicity of the support surface hinders the adsorption of the water
molecules, which are blocking the active centres; therefore, they prevent the deactivation of
the catalyst. In contrast, the adsorption of organic compounds over the catalyst surface is
facilitated by the hydrophobic nature of the support [37]. However, carbonaceous supports
show some deficiencies when used at higher temperatures in oxygen-rich gas streams. It
will be very beneficial to combine the advantages of hydrophobic carbon material with the
high stability of alumina support.

The aim of this work is to prepare Pd-containing catalysts with enhanced low-temperature
activity for the complete oxidation of volatile organic compounds using innovative combi-
nations of reduced graphene oxide (RGO) and alumina.

2. Results and Discussion
2.1. Scanning Electron Microscopy

A SEM photograph of RGO (Figure 1a) shows the typical sheet-like morphology of
the reduced graphene oxide. In contrast, the RGO–Al composite (Figure 1d) shows that
graphene sheets are coated with alumina phase. Finely dispersed Pd-containing particles
can be seen on the SEM photographs of both Pd/RGO and Pd/RGO–Al (Figure 1b,e). The
EDS spectra of the Pd/RGO and Pd/RGO–Al show the presence of 8 wt. % Pd for Pd/RGO
(Figure 1c) and 1.6 wt. % for Pd/RGO–Al, respectively (Figure 1f).

2.2. Low-Temperature Nitrogen Adsorption

Low-temperature nitrogen adsorption was performed to evaluate the texture parame-
ters of the studied samples. The adsorption–desorption isotherms of RGO, RGO-alumina
composite, and catalysts Pd/RGO, Pd/RGO-Al are presented in Figure 2; the pore size
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distributions are shown as insets in the same Figure. The texture parameters of the above
samples are placed in Table 1. The pure RGO exhibits isotherm of II–IV type with H3
hysteresis, indicating slit-shaped pore formation between the graphene sheets [38]. The
deposition of palladium does not significantly change the morphology of the support RGO
because the type of isotherms and hysteresis are preserved, but the deposition leads to
redistribution of the porous space and seems to predominantly proceed in the micropores.
The adsorption isotherms of both composite RGO–Al and Pd/RGO–Al are of IV type
according to the IUPAC classification with H1 type hysteresis, evidencing mesoporous
materials with well-defined cylindrical-like pores. It could be seen that the deposition of
the palladium has a slight influence on the porous structure, probably due to the very small
amount of the palladium applied.
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Figure 2. Nitrogen adsorption–desorption isotherms and pore size distributions of (a) RGO;
(b) Pd/RGO; (c) RGO–Al; (d) Pd/RGO–Al. Full symbols: adsorption, empty symbols: desorption.
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Table 1. Texture characteristics of RGO, Pd/RGO, RGO-Al, Pd/RGO-Al.

Sample S 1

m2/g
V 2

cm3/g
Dav

3

nm
Smi

4

m2/g
Sext

4

m2/g
Vmi

4

cm3/g

RGO 158 0.11 2.7 123 35 0.05
Pd/RGO 134 0.17 5.2 28 106 0.01
RGO-Al 191 0.50 10.0 - 191 -

Pd/RGO-Al 189 0.47 9.5 - 189 -
1 BET; 2 at p/p0 ≈ 0.99; 3 NLDFT; 4 V-t method. The values of all calculated parameters (according to the
Rouquerol criteria) have a standard error of ±2%.

2.3. Powder X-ray Diffraction

XRD patterns of RGO as well as fresh and used catalysts (Pd/RGO-Al and ES-
Pd/RGO/Al/c) are presented in Figure 3; some parameters derived from XRD patterns are
summarized in Table 2. The analyses of XRD patterns reveal that for Pd/RGO–Al, the pal-
ladium phase is highly dispersed and cannot be detected in the XRD patterns. A significant
difference in the RGO and γ-Al2O3 crystallite sizes and structure was not detected between
the fresh and used catalysts. In contrast, the ES-Pd/RGO/Al/c XRD provide evidence for
the successful loading of palladium on the RGO support, forming mainly PdO with traces
of metallic Pd. For this catalyst, after the catalytic tests, the amount of metallic Pd increases,
accompanied by a more significant increase in its crystallite size.

Table 2. Phase composition, unit cell parameters, and main coherent domain size for the RGO, fresh,
and spent complex catalysts. Combined data from XRD, SAED, and HRTEM.

Sample RGO PdO (XRD) PdO (TEM)
PDF#41-1107 Pd (XRD) Pd (TEM)

PDF#46-1043 γ-Al2O3

RGO

100% 13 nm
P63/mmc
a = 2.447 Å
c = 6.676 Å

- - -

Pd/RGO–Al fresh

5% 12 nm
P63/mmc
a = 2.478 Å
c = 6.725 Å

Not detected
<2 nm (112)-1.70 Å

Not detected
<2 nm (200)-1.98 Å

95% 6 nm
Fd-3 m

a = 7.919 Å

Pd/RGO–Al used

5% 12 nm
P63/mmc
a = 2.455 Å
c = 6.767 Å

Not detected
<2 nm (110)-2.16 Å

Not detected
<2 nm (200)-1.97 Å

95% 6 nm
Fd-3 m

a = 7.932 Å

ES-Pd/RGO/Al/c fresh

87% 22 nm
P63/mmc
a = 2.455 Å
c = 6.705 Å

12.5% 10 nm
P42/mmc
a = 3.040 Å
c = 5.308 Å

(002)-2.70 Å
(110)-2.17 Å
(112)-1.69 Å
(211)-1.30 Å

0.5% 21 nm
Fm-3 m

a = 3.885 Å

(311)-1.17 Å
(222)-1.10 Å

Traces

ES-Pd/RGO/Al/c used

90% 25 nm
P63/mmc
a = 2.457 Å
c = 6.714 Å

8%, 15 nm
P42/mmc
a = 3.038 Å
c = 5.315 Å

(002)-2.69 Å
(110)-2.15 Å
(112)-1.70 Å
(103)-1.55 Å
(004)-1.35 Å

2%, 38 nm
Fm-3 m

a = 3.886 Å

(200)-1.98 Å
(220)-1.40 Å
(311)-1.20 Å

Traces

2.4. Transmission Electron Microscopy

TEM images at different magnifications, high-resolution TEM (HRTEM) images, and
selected area electron diffraction (SAED) patterns for Pd/RGO–Al and ES-Pd/RGO/Al/c
catalysts (fresh and after the catalytic tests) are arranged in Figure 4. The obtained HRTEM
and SAED values for the inter-planar distances of identified phases are presented in Table 2.
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Figure 3. XRD patterns of: (a) RGO; (b) Pd/RGO–Al fresh; (c) Pd/RGO–Al used; (d) ES-Pd/RGO/Al/c
fresh; (e) ES-Pd/RGO/Al/c used.
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The images shown in Figure 4 (a1,2,b1,2) confirm the SEM observation that alumina
wraps the RGO sheets. Palladium-containing particles (PdO and Pd) that were not seen
in the XRD patterns appear to have a size of about 3–4 nm (Figure 4(a3)), while larger
particles appeared in the HRTEM images of the used Pd/RGO–Al catalyst (Figure 4(b3)).
Very homogeneously spread Pd-containing particles on the RGO sheets can be seen on
the TEM image of the fresh ES-Pd/RGO/Al/c (Figure 4(c1,2)). Figure 4(d1,2) shows that
after the catalytic tests, part of the Pd-containing particles became larger in size, while
some particles remained at the initial sizes. Such an increase in particle size is related to
the partial reduction of PdO and the formation of metallic Pd. This observation is in good
agreement with XRD results (See Table 2). No substantial change in the morphology of
RGO could be seen after catalysis.

2.5. X-ray Photoelectron Spectroscopy

XPS was applied for the analysis of the surface state of the deposited palladium for
both types (Pd/RGO-Al and ES-Pd/RGO/Al/c) of fresh and used catalysts. For the es-
timation of the oxidation, state, peak deconvolution was made. The Pd 3d region of the
spectra is presented in Figure 5. For all samples, Pd 3d5/2 peak is situated at 337.4 eV,
which corresponds to Pd2+ [39]. A peak with binding energy 335.4 eV is attributed to Pd0

(metallic Pd) [40]. In all cases, the Pd 3d3/2 peaks are also presented (with a separation of
~5.3 eV) due to the spin-orbital splitting [41]. Despite the fact that Pd-containing phases
were not seen in the XRD patterns, the XPS spectra of Pd 3d of Pd/RGO–Al (fresh and
used, see Figure 5a,b) indicate the presence of palladium on the catalyst’s surface. In both
cases, the two oxidation states of palladium are observed with 2:1 predomination of Pd0

over Pd2+ content (Pd0—69.2%, Pd2+—30.8%). A slight change in palladium oxidation
state (reduction) is registered after the catalytic tests (Pd0—72.0%, Pd2+—28.0%). In con-
trast, the XPS spectrum of the fresh ES-Pd/RGO/Al/c (Figure 5c) consists mainly of Pd2+

(Pd0—14.3%, Pd2+—85.7%). After the catalytic test, a significant change in the oxidation
state of palladium can be observed. A reduction of PdO to metallic Pd resulted in almost
equal quantities of the two kinds of surface palladium species (Pd0—51.8%, Pd2+—48.2%)
(Figure 5d). These results completely coincide with those, which are found in XRD and
TEM analyses.

2.6. Catalytic Tests of Pd/RGO–Al

For the needs of the catalytic tests, the material obtained from the hydrothermal
synthesis Pd/RGO-Al was crashed and sieved to obtain a 0.3–0.6 mm fraction. The GHSV
maintained for this catalyst was 100,000 h−1. The steady-state conversion of CO and several
VOCs as a function of a temperature was measured for the catalyst Pd/RGO–Al in air, and
the results are shown in Figure 6.

As can be seen, the oxidation of CO proceeds at the lowest temperatures where the
complete oxidation was achieved at 140 ◦C. The data from the tests of the VOCs (except
propane) show that they are oxidized completely at relatively low temperatures 150–350 ◦C,
with the lowest values for T50 being observed for propylene. It is worth mentioning that for
all VOCs, a complete oxidation to CO2 and H2O was detected. The complete oxidation of
tested n-alkanes proceeds at slightly higher temperatures than the oxidation of other VOCs
tested due to the peculiarities of physicochemical characteristics of molecules of VOCs,
such as structure type, the strength of adsorption, ionization potential, etc. [42]. As can
be expected, the most difficult to oxidize among the tested compounds is propane, and
the increase in the reaction temperature of hexane through butane to propane oxidation
correlates well with the C-H bond strength of the n-alkanes studied [43,44].
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Figure 6. Temperature dependencies of the VOCs and CO conversion on Pd/RGO–Al catalyst.

2.7. Catalytic Tests of ES-Pd/RGO/Al/c

The practical application of any catalyst for VOCs oxidation rises specific requirements
for the catalyst design: granulometric distribution, thermal and mechanical sustainability,
long-term activity, and stability. For this purpose, the second type of catalyst (ES) was
tested for the same VOCs oxidation and the results are presented in Figure 7.
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The comparison of the T50 for the different VOCs on the two catalyst designs
(Figures 6 and 7) shows that temperatures are in similar ranges for CO, propylene, and
toluene; however, within the case of dimethyl ether, hexane, butane, and propane, tempera-
tures are 30–40 ◦C higher for the ES-Pd/RGO/Al/c catalyst. It should be pointed out that
the ES-Pd/RGO/Al/c catalyst maintained its initial activity during 200 h with no signs of
probable decrease in activity both in the presence or absence of additional water vapour in
the gas feed. The catalysts practically do not show a deactivation during all the stability
and activity tests.

2.8. CO Chemisorption on ES-Pd/RGO/Al/c

In order to quantify the exposed Pd sites on the surface of the catalyst ES-Pd/RGO/Al/c,
CO chemisorption experiments were carried out. The obtained data (Figure S1) show an
active metal surface of 1.10 m2/g on the active phase, or 0.06 m2/g of the total catalyst
sample (the active phase supported in the form of a thin layer on the catalytic carrier with
a thickness of 50 µm). For comparison, the experiment at 0 ◦C showed an active metal
surface of 0.053 m2/g per total catalyst amount. The amount of the surface Pd atoms is 3.5%
of the total amount of Pd supported on the catalytic surface. A blind test at −75 ◦C (same
amount of sample without Pd) showed an amount of adsorption CO—which is 4.3% of the
sample—containing Pd, and this amount was subtracted from the total chemisorbed CO.

2.9. Kinetic Studies on ES-Pd/RGO/Al/c

Taking into account the environmental problems due to the widespread toluene
emissions, within the present study, the case of toluene is selected for obtaining the reaction
kinetics equations for further application in the design of catalytic reactors for abatement
of VOCs in waste gases.

A reliable reactor design requires obtaining data on the behaviour of the catalyst
at different reaction conditions. Therefore, as a further extension of the catalytic stud-
ies, the kinetics and the mechanism of the reaction of complete oxidation of toluene on
ES-Pd/RGO/Al/c catalyst were carried out. In order to obtain data suitable for the kinetics
calculations, the reaction temperature was kept almost constant (maximum deviation:
±1 ◦C). The isothermal operation of the reactor was approved by tests with reactions pro-
ducing up to 45 ◦C adiabatic rise; the gradient of 2 ◦C was measured at conversion above
98% by thermocouples before and inside the catalytic bed (the possible “channeling” effect
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was avoided by the mobile installation of the thermocouple in the catalytic bed). Therefore,
for the present study, conversions below 40–45% were used. The reactor isothermal zone
was measured to be 6.5 cm, which can be considered sufficient for the present catalyst
volume. The pressure drop within the system was neglected (measured to be below 2 kPa).
Preliminary measurements at GHSV above 40,000 h−1 showed no significant differences in
the values for the integrated reaction rate (first-order kinetics). The radial concentration
profile and the axial dispersion effect were neglected because the catalyst bed represents
a chain of more than 10 ideal-mixing cells; therefore, the geometrical characteristics and
the flow conditions of the catalytic bed allow the consideration of the reactor to be close to
the case of the isothermal plug flow reactor. On this basis, for the kinetics experiments, the
gaseous hourly space velocity (GHSVSTP) was fixed at 100,000 h−1. In order to minimize
the internal diffusion effects, the experiments were performed at a supported catalyst
particle size below 0.05 mm; thus, the calculated effectiveness factor (assuming first-order
kinetics) showed values above 0.95 (conversions below 40–45%), and the limit was applied
for calculation the kinetics parameters.

The kinetics parameters calculations were performed by varying the inlet concentra-
tions of the reagents. The approach, described by Duprat [45], was applied for the kinetic
parameters’ estimation. The calculation procedure was previously described in detail [46].
For these calculations, data from the light-off curves were used and the kinetics param-
eters were derived using direct integration of the reaction rate. To fit the experimentally
measured rates with kinetics parameters, a computation program for the material balance
in an isothermal plug flow reactor and a numerical nonlinear optimization procedure
were applied. The minimization of the residual sum of squares between the measured
experimental points and the predictions of the model (RSS) and the square of the correlation
coefficient (R2) were used as optimization quality criteria and model consistency.

A power-law kinetic model (PWL) was used as a first approximation for further
selection among the applied mechanistic models. The obtained results are presented
in Table 3.

Table 3. Kinetics parameters based on the power-law model.

PWL
r=kCm

vocCn
oxCp

water

Ea ko m (C7H8) n (O2) p (H2O) RSS R2

ES-Pd/RGO/Al/c 114.9 ± 1.7 (1.69 ± 0.03)1012 0.220 ± 0.003 0.490 ± 0.007 −0.03 ± −0.05 × 10−2 2.3 0.99

Eai, kJ/mol; koi, mol·s−1·m−3; koi,pwl, mol·s−1-[1 − (m + n + p)]; Eai, kJ/mol. (R2)—squared correlation coefficient.

The values for the observed reaction order towards the oxygen and toluene (0.2 and
0.5, respectively) lead to the suggestion of a significant role for chemisorption. The reaction
order towards the water vapor shows a very weak inhibition effect (−0.03). The impact
of the water vapor formed during the reaction and the oxygen consumption is taken into
account during the integration of the reaction rate alongside the catalytic bed.

Direct and quantitative kinetic analysis of the reactivity of the tested compounds
is limited due to the significant differences in the reaction temperatures. An alternative
possibility is to apply the first–order kinetics calculations (Eapp, ko) and after averaging the
Eapp, to compare the pre-exponential factors. Subtracting the CO case (where the activa-
tion energy is 371 kJ/mol), for the rest VOCs, the values of Eapp are within the limits of
113 kJ/mol (propylene) to 156 kJ/mol (butane), averaged Eapp being 136 kJ/mol. Still, the
described approach is not applicable due to the same reason: large temperature differences
in S-curves from propylene to butane. An additional possibility is to compare the first-order
rate constants at a fixed temperature, where it is possible for a group of S-curves. In this
case, we have the following order of reactivity: propane: 1.0 (lowest, assumed as basis
line); butane: 3.0; n-hexane: 11.4; dimethyl ether: 26.6. Further, analysing the reactivity
of the part of the studied hydrocarbons (in the reaction of complete oxidation), one can
see that it increases from propane to n-hexane, which shows some correlation with the
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lowering of the dissociation energies of the weakest C-H bond within the correspond-
ing hydrocarbon [43,44]. The proper values reported in [43] are: methane—439 kJ/mol,
ethane—421 kJ/mol, propane—411 kJ/mol, n-butane—411 kJ/mol).

Based on the analysis of the PWL, several models were proposed for the description
of the kinetics of the catalytic oxidation of toluene on the ES-Pd/RGO/Al/c catalyst: Mars–
van Krevelen (MVK), Langmuir–Hinshelwood (LH), and Eley–Rideal (ER). The chosen
models represent a general selection of as many as possible complex forms of the three main
reaction mechanisms: (i) the oxidation proceeds by oxygen from the catalyst; (ii) reagents
are reacting in their adsorbed forms without oxygen supply from the catalyst; and (iii) one
of the reagents is reacting from the gas phase. It is worth mentioning that despite the fact
that the values for the reaction orders towards toluene and oxygen are not close to unity,
the Eley–Rideal mechanism (the direct reaction of toluene or oxygen from the gas phase,
according to Equation (1)) cannot be entirely rejected.

r =
kCvocKvocCox

1 + KvocCvoc + KwaterCwater
(1)

The inclusion of the adsorption effects is performed by the calculation of the ex-
pected heats of adsorption (∆Hi) and the corresponding adsorption equilibrium con-
stants (Ki(voc,ox)) within the applied mechanistic models (ER, LH, MVK). The calculation
of the kinetics parameters is based on the following formulas’ reaction rate constants:
ki = ko,ie−Ea,i/RT ; k, kred, kox (for power-law, Langmuir−Hinshelwood, and Eley–Rideal
models and the reduction and oxidation steps of the reaction for the Mars–Van Krevelen
mechanism, respectively); the adsorption equilibrium constants Ki (i = O2, VOC, H2O)
are calculated from the ratio between the rates of adsorption and desorption, both of
them being exponentially dependent on the temperature, which is depicted as follows:
kads = ko,adse−Eads/RT ; kdes = ko,dese−Edes/RT ; thus, Ki = kads

kdes
. The difference (Eads – Edes)

is the heat of adsorption ∆H. The specific dimensions of the kinetics parameters and the
obtained results are presented in Table 4.

Table 4. Reaction rate expressions and kinetics parameters for applied ER, MVK, and LH models.

Parameters

Models

ER:
Water Competes

with Toluene

MVK:
Water Adsorbs on Oxidized

and Reduced Sites, Slow
Desorption of Products

LH:
Adsorption on Different

Sites, Water Competes with
Oxygen and Toluene

Ea 98.6 ± 1.5 n/a 122.2 ± 1.8
ko (5.37 ± 0.08) × 1011 n/a (1.01 ± 0.02) × 1013

−∆Hvoc 68.0 ± 1.0 n/a 61.5 ± 0.9
ko.voc (1.56 ± 0.02) × 10−6 n/a (2.14 ± 0.03) × 10−4

−∆Hwat 51.2 ± 0.8 n/a n/a
ko.wat (2.30 ± 0.03) × 10−6 n/a n/a
Ea.ox n/a 132.4 ± 2.0 n/a
ko.ox n/a (3.73 ± 0.06) × 1014 (7.76 ± 0.12) × 10−6

Ea.red n/a 41.6 ± 0.62 n/a
ko.red. n/a (8.42 ± 0.13) × 106 n/a

−∆Hwat.ox n/a 1.13 ± 0.02 51.0 ± 0.8
ko.wat. ox n/a 3.76 ± 0.06 (1.10 ± 0.02) × 10−8

−∆Hwat.red n/a 14.7 ± 0.2 43.2 ± 0.6
ko.wat. red n/a (1.93 ± 0.03) × 10−3 (7.24 ± 0.11) × 10−5

Ea.des n/a 46.0 ± 0.7 n/a
−∆Hox n/a n/a 44.2 ± 0.7

RSS 6.4 10.7 2
R2 0.98 0.99 0.99
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Eai, kJ/mol; ∆Hi. kJ/mol; koi, atm−1; k = ko. exp(−Ea/RT); Ki(voc,ox) = ko(voc,ox).
exp(−∆Hi,voc,ox/RT); −∆Hi = Edes – Eads, (R2), squared correlation coefficient; n/a, not
applicable. The Mars–Van Krevelen mechanism considers that the gaseous toluene is
oxidized by the oxygen species originating from the lattice of the solid active phase [47].
The inhibiting effect of the water vapour (both produced by the reaction or additionally
added to the gas feed) was accounted for by adding terms in the denominator connected
to the water adsorption; thus, the original Mars–Van Krevelen model was modified [48].
In this study, the kinetic parameters obtained by the Mars–Van Krevelen model show that
there is a competition between water molecules and toluene molecules for the oxidized and
reduced catalytic sites, which also accounts for the effect of slow product desorption. Based
on the analysis of the MVK model, one may conclude that there is a very fast reduction
rate and slow re-oxidation stage (rred >> rox). The model calculations show that the water
preferentially affects the oxidized sites (ko,wat,red << ko,wat,ox). An interesting idea for a
variety of different MVK mechanisms, including accounting for two types of active sites,
was presented in a state-of-the-art study, published earlier by Heynderickx et al. [49]. One
may suggest that within the present MVK model, this interesting idea for two types of sites
could be considered to be partly included in an implicit way. The simplified consideration
assumes that the two types of active sites should be Pd and PdO, respectively. However,
the complex character of the catalytic system required to be included also the influences
the RGO: its role during the catalytic process’ contact with the palladium particles, most
likely played at the boundary regions, is still not clarified sufficiently in the literature. Thus,
further extending the applied general mechanistic models, including by comparative data
for TOF, will be of significant interest. The kinetic data, according to Equation (2), are
presented in Table 4.

r =
kredkoxCvocCox

γkredCvoc(1 + Kwater−vocCwater−voc) + koxCox(1 + Kwater−oxCwater−ox) + (kredkox/kdes)CvocCox
, γ = 9 (2)

Furthermore, the mechanistic model of Langmuir–Hinshelwood was applied, where
the reaction proceeds between the reagents adsorbed on different types of active sites
(Table 4). In this case, the oxygen from the active phase does not take part in the oxidation
process. The water molecules formed as reaction products may compete with the molecules
of toluene and oxygen for their preferential sites of adsorption. The reaction rate follows
Equation (3).

r =
kKvocCvocKoxCox

(1 + KvocCvoc + Kwater−vocCwater)(1 + KoxCox + Kwater−oxCwater)
(3)

The relevance of the mechanistic models used for the kinetic calculations towards
the experimental data set is presented in Figure 8, where the correlation between the
measured and the predicted conversions by the power-law kinetics equation (PWL) and the
applied mechanistic models (ER, MVK, and LH) is plotted. One can see from Figure 8 and
Tables 3 and 4 that the lowest values for RSS criteria and the highest correlation between
the model and experiment are obtained for the Langmuir–Hinshelwood model, which
suggests that this mechanism is more consistent with the experimental results than the
other mechanisms applied within the present study. In this case, the complete oxidation
of toluene occurs on the solid surface of the catalyst from adsorbed toluene and oxygen
that these species react to form the reaction products: carbon dioxide and water. It is
worth mentioning that other authors have found that Langmuir–Hinshelwood is more
appropriate for the catalytic oxidation of VOCs over the catalysts supported on carbon
materials [35,50].

A two-dimensional model of a catalytic reactor was used for the simulation of the
toluene combustion ((Figure 9). The calculated conversion and temperature profiles using
the obtained data for the kinetics of the toluene combustion were used to evaluate the
possibilities for abatement of toluene emissions at conditions close to the real practice (a
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heat loss is predicted; therefore, it is more precise to define the reactor as semi-adiabatic).
The results show that for treatment of 53,900 Nm3 h−1 toluene containing waste gas (C7H8:
0.03 vol.%, H2O: 2.2 vol.%, O2: 16 vol.%), the needed catalyst amount for achieving 99.0%
is 1.766 m3 (D = 3.0 m, L = 0.25 m) (Figure 9). Figure 9 demonstrates the possibilities for
high efficiency of the catalyst in cleaning model waste gases containing toluene at an inlet
temperature below 190 ◦C.
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Figure 8. Correlation between the measured and the predicted conversions by the power-law kinetics
equation (PWL) and the applied mechanistic models (ER, MVK and LH).
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Figure 9. Reactor model for predicting the conditions for 99.0 % conversion of 300 ppm toluene in
waste gases at semi-adiabatic conditions.

There is no consensus in the literature on which form of palladium plays the main role
in the oxidation reaction. Some papers argued that Pd2+ is more active than Pd0 [51,52];
other authors claim the opposite [53]. Serious arguments that both forms participate in
the oxidation of VOCs are also published [54]. The influence of palladium particle size
is also discussed as an important factor for catalytic activity [35]. The long-term activity
and stability of the conversion degree for this catalyst need some additional considerations
concerning the transformation of the active phase during the catalytic reaction. According
to the results from XRD, TEM, and XPS, the fresh ES-Pd/RGO/Al/c catalyst PdO is the
predominant phase. In the course of the reaction, some PdO is reduced; thus, the quantity of
Pd on the surface increases. However, it is believed that on the catalyst’s surface, additional
processes that may lead to re-oxidation of the palladium particles occur. It is well known
that water and CO2 molecules that evolved as products of VOCs oxidation reaction can
dissociate on the surface to highly oxidative O− species, which may react with Pd0 to
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form Pd2+ [55,56]. Due to the hydrophobic character of the RGO support, water molecules
quickly detach from the surface, liberating active centres for the reagents’ adsorption.
Thus, the reaction rate remains high. Meanwhile, the re-oxidation process leads to the
production of new small-size PdO particles, which retain the balance of the oxidation state
of palladium.

3. Materials and Methods
3.1. Materials

The reduced graphene oxide (RGO) was obtained by the following procedure: 1 g
powdered synthetic graphite (99% carbon, 50 mesh Sigma-Aldrich, Saint Louis, MO, USA)
was poured in a mixture of 36 mL of H2SO4 and 4 mL of H3PO4 and stirred for 30 min in
an ice bath. The following step was the drop-wise addition of 6 g of KMnO4 and 100 mL
of distilled water. Sonication for 15 min using a Sonix ultrasonic processor (20 KHz, 750
W) was applied in order to exfoliate the graphite sheets [57]. The final step was thorough
washing of the obtained GO with deionized water. Part of the material was left as a
suspension and for the rest, the reducer L-ascorbic acid was added to obtain RGO. The
as-prepared RGO was dried at 90 ◦C for 12 h and thermally treated for 3 h at 600 ◦C in
Ar flow.

The alumina gel was prepared using the sol–gel method from aluminium isopropoxide
(99.9%, Sigma-Aldrich) hydrolysed by the procedure described in [58]. After dissolution,
an appropriate amount of 1 M nitric acid was added. The slurry was kept under vigorous
stirring at 100 ◦C and refluxed for 72 h. The Al content in the final product was 8–10 wt. %.
The composite RGO-alumina (RGO–Al) was obtained hydrothermally from a mixture of
15 g of GO suspension (0.01395 g/mL) and 15 g of AlOOH gel at 160 ◦C for 15 h. After
the synthesis, the composite was thermally treated at 475 ◦C for 3 h in air. Pd was loaded
on it through the incipient wetness method using palladium acetate dissolved in acetone
followed by heating at 420 ◦C for 40 min in air. The content of the loaded Pd was estimated
to be 0.5 wt. %. This catalyst, designed for laboratory studies, is denoted further as
Pd/RGO–Al.

The second type of catalyst (egg-shell-like (ES), designed for practical application) was
prepared by loading Pd on the RGO using palladium acetate dissolved in acetone followed
by heating at 420 ◦C for 40 min in air. This fine-powdered material was deposited on the
surface of the ceramic carrier (c) using the aforementioned alumina gel as a binder (Al).
The content of the loaded Pd was also estimated to be 0.5 wt. %. This catalyst is denoted
further as ES-Pd/RGO/Al/c.

3.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded within the 5–90 2θ region
on a Bruker D8-Advance Diffractometer (Karlsruhe, Germany) with CuKα radiation and
LynxEye detector. The phase identification was performed by the EVA software package
using the ICDD-PDF-2(2021) database. Topas-4.2 program (Karlsruhe, Germany) [59] was
used for Rietveld quantification and the mean coherent domain sizes’ determination.

The morphology and elemental composition of the fresh catalysts were studied on
a scanning electron microscope JEOL JSM-6390 (Tokyo, Japan) equipped with an energy
dispersive spectroscope (EDS) (Oxford Instruments, Oxford, UK).

The texture characteristics of the prepared materials were derived from the adsorption–
desorption isotherms obtained by low-temperature N2 adsorption at 77 K on the Quan-
tachrome Nova 1200e instrument (Boynton Beach, FL, USA). The specific surface area was
determined by the BET equation, the total pore volume was calculated at the end of the
isotherm close p/p0 ≈ 0.99, and the mean pore diameter was determined by NLDFT (slit
pores, equilibrium model). The pore size distributions were made by NLDFT (slit pores,
equilibrium model).

The XPS measurements were carried out on an AXIS Supra electron spectrometer
(Kratos Analytical Ltd., Manchester, UK) using Al Kα radiation with a photon energy of
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1486.6 eV. Prior to measurements, the catalysts were held in the ultra-high vacuum chamber
for 16 h. The peak deconvolution was carried out using the commercial data-processing
software (ESCApe™ Kratos Analytical Ltd., Manchester, UK) considering a Shirley-type
background and Gaussian–Lorentzian curve fitting.

Transmission electron microscopy (TEM) analyses were performed to reveal the mor-
phology of the catalysts before and after the catalytic test. The instrument used was a JEOL
JEM 2100 microscope (JEOL Ltd., Tokyo, Japan) at an accelerated voltage of 200 kV. Sample
preparation included the dispersion of a small amount of powdered samples in ethanol
followed by 3 min of sonication. A standard TEM copper grid covered with amorphous
carbon was used as a sample carrier. The phase composition was evaluated by electron
diffraction. High-resolution (HRTEM) images were also used for the determination of the
phases in the samples.

The CO chemisorption tests were performed by pulse technique under the following
conditions: carrier gas: 400 mL/min argon 5.0 with oxygen concentration below 1 ppm
(measured by SGM7 gas analyser, Zirox, Greifswald, Germany); the volume of CO impulses:
1.50 cm3, injected by a four-port valve; a gas mixture containing 5 vol. CO in Ar (5.0);
preliminary reduction of the samples at 340 ◦C for 3 h in 5 vol.% H2/Ar (5.0); a temperature
of CO chemisorption: −75 ◦C (maintained by dry ice) and 0 ◦C; mass–flow controllers
Bronkhorst mod. El-flow; gas analysis by NDIR gas analyser Horiba VA3000 (Kyoto, Japan).
The assumed stoichiometry is 1, i.e., one CO molecule adsorbs on one Pd—atom, the
cross-sectional area of the active metal atom of Pd being 0.0787.10−18 m2.

3.3. Catalytic Tests

The tests on complete catalytic oxidation of different VOC (propane, butane, hexane,
dimethyl ether, toluene, propylene) and CO on Pd/RGO-Al catalyst were carried out in
a fixed bed reactor with a gaseous hourly space velocity (GHSVSTP) of 100,000 h−1 and
30,000 h−1 for ES-Pd/RGO/Al/c catalyst, respectively. The catalyst amounts are the
following: a catalyst in the form of the fraction: 0.30 cm3 (0.34 g); supported catalysts:
1.0 cm3 (1.83 g) for comparative activity tests: 0.5 cm3; (0.93 g catalyst and 0.91 g “blind”
sample) for kinetics study and for CO chemisorption measurements.

The catalytic activity measurements were performed at the following inlet concen-
trations of the reagents: 170 ppm for propane, 100 ppm for butane, 170 ppm for hexane,
250 ppm for dimethyl ether, 150 ppm for toluene, 300 ppm for propylene, and 550 ppm
for CO, and 9.5 vol.% O2. All gaseous mixtures were balanced to 100% with nitrogen (4.6).
The total catalyst bed volume was 1.0 cm3 and the reactor diameter was 6 mm. On-line gas
analysers (CO, CO2/O2, Teledyne) and THC-FID (Thermo FID-TG, SK Elektronik GmbH)
for analysis of total hydrocarbon content, equipped with a flame ionization detector, were
applied for the converted gas mixture analysis. The long-term stability experiments were
carried out at varied test conditions: first 100 h the samples were treated in the absence of
water vapor where the activity was increasing gradually. After reaching stabilization, the
stability test continued in the presence of 1% water vapor and the stabilization plateau was
maintained for at least 200 h.

For obtaining data for reaction kinetics calculations, the inlet concentrations of re-
actants were varied as follows: toluene feed concentrations: 60, 142, and 225 ppm; feed
oxygen on levels of 1.2, 5.1, 9.9, and 20.5 vol.%; additional water vapor on levels of 0,
0.55, 1.10, and 2.20 vol.%. All feed gas mixtures were balanced with nitrogen (4.0). The
kinetics tests were carried out at GHSVSTP of 62,000 h−1. The reproducibility and the
confidence intervals for the measured conversion degrees were the subjects of preliminary
tests, which consist of repeating the tests under similar but not identical conditions in
separate experimental runs, presented in the study. The calculated value for the standard
deviation (±1.5%) was based on the average of six measurements at each experimental
point. The reported results are based on the average values for the conversion degree
within two parallel measurements. The approach applied within the present study is
based on the experimental establishment of the conditions when the effect of the external
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mass transfer limitations is minimized. It consists of the calculation of the reaction rate
(integrated alongside the reactor in an axial direction) up to reaching a constant value,
while gradually increasing the GHSV. In parallel, comparative calculations are performed
regarding the changes in the mass transfer coefficient (ranging from 0.06 to 0.11 m/s),with
the gas flow being varied.

3.4. Reactor Model for Simulation of the Process of Toluene Abatement in Waste Gases

A two-dimensional model of a catalytic reactor was used for simulation of the toluene
combustion at conditions close to the practice. Detailed descriptions on the principles and
the applied calculation procedures are given in the literature [60,61]. The heat transfer
within the catalyst bed in the radial and axial direction is based on the relation between the
effective radial dispersion coefficient Er and the thermal conductivity λr, given as follows:

Er =
λr

ρCp
(4)

The wall boundary condition has the following expression:
r = R (wall):

−λr
∂T
∂r

= hr(TR − Twall) (5)

where hr is the heat transfer coefficient, whose value can be found in an empirical way.
The temperature and concentration profiles are calculated by the following set

of equations:

ur
∂T
∂z

= Er

(
∂2T
∂r2 +

1
r

∂T
∂r

)
−

∆HRR(C,T)

ρCp
(6)

ur
∂Cg

∂z
= Dr

(
∂2Cg

∂r2 +
1
r

∂Cg

∂r

)
+ R(C,T) (7)

A second-order approximation is applied for the numerical solution of the equations.
The conversion at the outlet of the reactor was calculated using the method of mixing-cup
average concentration.

4. Conclusions

A highly active, novel, complex catalyst with an innovative design for complete
oxidation of VOCs has been successfully prepared using a composite active phase of
Pd-nanoparticles with RGO loaded as an “egg-shell” on ceramic support via an alumina
hydrogel binder. Due to the specific interaction between the catalyst’s constituents, the new
formulation of the active phase is able to completely oxidize VOCs (toluene, propylene,
propane, butane, hexane, dimethyl ether) and CO at low temperatures (100–350 ◦C). The
very significant advantage of the catalyst is the weak effect of water vapor on the catalytic
activity (reaction order towards the water vapor during toluene combustion is −0.03).
Using a variety of instrumental methods (XRD, TEM, and XPS), it was established that for
high activity (efficiency) and long-term stability, the optimal ratio Pd/PdO is close to 1:1. It
was established that the reaction of complete toluene oxidation most likely proceeds via the
mechanism of Langmuir–Hinshelwood. The results obtained lead to further perspectives
for the application of the currently developed approach for the preparation of large-scale
monolithic catalytic systems for air pollution control.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13081224/s1, Figure S1: CO chemisorption on ES-Pd/RGO/Al/c [47].
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Nomenclature

Cg concentration of toluene at working conditions, mol/m3;
Dr radial diffusion coefficient, m2/s;
Er effective radial dispersion coefficient for heat, m2/s;
∆Hr heat of reaction, J/mol;
Cp specific heat capacity, J/K.kg;
ur gas velocity at radial coordinate r, m/s;
R(C,T) reaction rate, mol/m3.s;
r radial coordinate, m;
z axial coordinate, m;
λr effective radial thermal conductivity, W/m.K;
ρ gas density, kg/m3.
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