W) Check for updates .
Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202500855

www.chemcatchem.org

Dry Reforming of Methane Over Ceria Supported Catalysts
Produced by Direct Impregnation with Leachate Solution from

Spent Diesel Auto-Catalysts
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Francesco Bozza,! Laura Silvestri,2! Anastasia Maria Moschovi,[! lakovos Yakoumis, €]
Zara Cherkezova-Zheleva,!9! Marta Feroci, P! and Maria Luisa Grilli*[!

Pt-based catalysts were fabricated by impregnating both com-
mercial and synthesized cerium oxide powders with platinum
precursors from a leachate solution coming from hydromet-
allurgical processing of spent diesel oxidation catalysts. Cat-
alysts were characterized by different techniques to evalu-
ate the amount of Pt and other impurities, the reducibil-
ity, and other physico-chemical characteristics. The effect of
platinum on the crystalline structure of catalysts was investi-
gated using Williamson-Hall and size-strain methods. H, tem-
perature programmed reduction revealed a synergistic effect
between platinum and CeO,. Dry reforming of methane tests
were carried out in a fixed bed reactor at gas feed ratio of

1. Introduction

Due to the increase of greenhouse gases (GHGs) in the atmo-
sphere, especially methane and carbon dioxide from anthro-
pogenic activities, climate change has become a serious concern
worldwide. Capture of CO, and sequestration (CCS), together
with its utilization (CCU), are considered among the effective
approaches for mitigating climate issues,!"™! contributing to the
reduction of GHG emissions, as requested by “Fit for 55" regu-
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CO,/CH4/N, = 40:40:120. The removal of residual NaCl from the
leachate solution led to improved catalytic performances: cata-
lysts prepared using commercial and synthesized CeO, supports
showed high conversions of CH, and CO,, reaching values of
~94% and ~96%, respectively, and a H,/CO ratio up to 0.9
at 850 °C. Catalysts were also tested toward the reverse water
gas shift reaction, reaching CO, conversion values of 60%-70%,
with nearly 100% selectivity to CO. The best-performing catalyst
was tested in a time-on-stream experiment designed to stress
the catalysts, and, as a result, negligible amount of carbon was
detected and stable conversions over time were achieved.

lations which aim at the reduction of GHGs by at least 55% by
2030.1%

Several reactions can convert greenhouse gases into valu-
able products, such as methane reforming reactions, i.e., three
reactions in which methane reacts with oxygen, water, or carbon
dioxide. The last, the dry reforming of methane (DRM) reaction,
is a valuable process able to convert at the same time the two
GHGs CO, and CH, to syngas, a mixture of H, and CO, which can
be used in the Fischer-Tropsch process to produce hydrocarbons
and oxygenated chemicals.”™ The DRM reaction is represented
in Equation (1):

kJ
CHy +CO; = 2H, +2CO0  AHYgg = +247— M

mol
This reaction is highly endothermic, and it requires high
temperatures, typically above 650 °C, to be promoted, due to
the energy required for the breakage of C—H bonds and (=0
bonds in methane (750 kJ/mol) and carbon dioxide (476 kJ/mol),
respectively, as evidenced by Gibbs’ equation (Equation 2):

AG] = (247 — 0,26 x T) kJ/mol @

Despite DRM reaction having a theoretical H,/CO ratio equal
to unity, this ratio is always lower due to the occurrence of the
reverse water gas shift (RWGS) reaction (Equation 3), a side reac-
tion that consumes part of H, and CO, to obtain CO and water:

kJ
AH)g = +41— €)

CO, +H, = CO+ H,0
mol
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This side reaction occurs at the same temperature as the
DRM reaction and in the presence of a catalyst. DRM reaction
is not yet scaled industrially due to several drawbacks, such
as catalyst metal sintering issues due to high reaction tem-
perature, carbon deposition due to methane decomposition,
and CO disproportion reactions.?®! To address some of these
issues, platinum is often utilized as an active catalyst, as it is
known that it exhibits high catalytic activity and stability. Pt
belongs to the Platinum Group Metals (PGM), which is a group
of transition metals of 4d and 5d shells in the periodic table of
elements, including also palladium, rhodium, ruthenium, iridium,
and osmium. Despite PGMs being listed as critical raw materials
(CRMs) for the EU, they are essential and almost irreplaceable in
many catalytic applications, such as the reverse water gas shift,
oxygen evolution reaction, oxygen reduction reaction, flue gas
abatement, etc.[”-3! Using PGMs from secondary sources, espe-
cially those obtained directly from the leachate solution of spent
auto-catalysts without further purification, is a valuable solution
to close the PGM loop and mitigate the environmental and eco-
nomic impacts of the mining and synthesis process of catalysts,
allowing to decrease not only the need of primary raw materials
but also the need for purification of the leachate solution.

This work demonstrates, for the first time, the successful use
of Pt precursors from an acidic leachate solution produced by
the hydrometallurgical recovery of spent diesel oxidation cat-
alysts (DOCs) to prepare catalysts for the DRM reaction. The
hydrometallurgical process used has been developed by Mono-
lithos Catalysts & Recycling Ltd., involving the treatment of the
spent DOCs in powder form using a solution of HCl-H,0,-
NaCl to recover platinum under mild conditions (70 °C for 2 h),
employing a high solid-to-liquid ratio of 70%. It should be noted
that only mechanical preprocessing is required, without any
additional pretreatment steps (thermal or chemical), thus further
minimizing energy demands, showing great potential for indus-
trial application.[”?#%! The leachate solution containing platinum
is obtained by the hydrometallurgical recovery protocol like that
reported in Ref. [17].

CeO, was used as catalyst support for the developed Pt
catalysts. The selection of CeO, was made because of its charac-
teristics: good mechanical properties, excellent thermal stability,
and sufficient oxygen storage capacity.’*?! In addition, CeO,
shows high chemical stability against the acidic leachate solu-
tion, while its basicity makes it an ideal support to promote the
activation of methane and carbon dioxide.*®! This concept is
very important since CeO, can promote the formation of oxy-
gen vacancies (Equation 4—written using Kroger-Vink notation),
which are Lewis bases, due to their capacity to donate lone pairs:

2Cef, + Of — Vi +2Cel, +0.50, (4)

2Cef, + 0% represents O* and Ce*" ions in their lattice sites,
V{ is a neutral oxygen vacancy and 2Ce/, is a Ce** at a Ce lattice
site with an effective charge of —1.13"

Finally, it is well known that Pt and CeO, interact with
each other even at high temperatures, and the bond
between Pt—O—Ce is essential for the metal dispersion on
the support.>32730] |n this work, the interaction between Pt and
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Ce was investigated with H,-TPR analysis, while the dispersion of
platinum on the catalyst was inferred by H,-TPD after reduction
of the catalysts at 850 °C.

2. Materials and Method

Cetyltrimethylammonium Bromide (CTAB, Alpha Aesar), ethanol
(J.T. Baker), cerium (lll) nitrate hexahydrate (ACROS organics), cit-
ric acid (VWR Chemicals), NaCl (Carlo Erba), HCI (Sigma-Aldrich),
H,0, (Merck), Pt black powder (Sigma-Aldrich) CeO, (Merck),
and SiC (200-450 mesh, Sigma-Aldrich) were used without fur-
ther purification. Moreover, CeO, was also synthesized in the
laboratory with the route described below.

A leachate solution obtained from the hydrometallurgical
recovery of spent DOCs according to the protocol reported in
Ref. [17] and a synthetic leachate solution made by dissolving
commercial Pt black powders (Merck) in HCl-H,O,-NaCl (HCI
(Sigma-Aldrich), H,O, (Merck), NaCl (Carlo Erba) were used as Pt
precursors.

2.1. Catalyst Synthesis

CeO, was synthesized using a modified sol-gel method.*”!
Figure S1 presents the steps followed to synthesize each cata-
lyst. CTAB (5 mmol) was poured into 15 mL ethanol and sonicated
at room temperature until complete dissolution. A solution con-
taining 5 mmol of Ce(NO3);¢6 H,O and 5 mmol of citric acid in
5 mL of ethanol was added dropwise to the CTAB solution.
After complete dissolution, heating at 60 °C to remove
ethanol, and drying, the solution was calcinated in air at 500 °C
for 5 h in a muffle, with a heating rate of 5 °C/min, to remove
organic precursors. The obtained powder was denominated CS,
while the commercial cerium oxide, used for comparison, was
named CC (Table S1). A wet impregnation method was used
to impregnate the CeO, support with platinum precursors con-
tained in the leachate solution of DOCs. The concentration of
Pt metal in the leachate solution was equal to 2064 mg Pt/L. It
should be noted that the leachate solution was used without any
further refinement steps. Thus, the leachate solution also con-
tained other impurities such as Al, Ca, Mg, Fe, S, Na, Cl, Ce, Zn,
Cr, Ni, P, and C. These impurities can originate either from the
structure of the cordierite, the reagents used for the hydromet-
allurgical process, or deposits of unburnt oil and carbon from
the operation of the catalytic converters on the vehicle.33-%1 The
required volume of platinum leachate solution was calculated
based on the desired Pt loading of the catalyst (1 wt%, as con-
firmed by ICP-OES in Table S2) and was added to the solution
containing CeO, in 5 mL of ethanol. The solution was dried at 60
°C until ethanol was evaporated, and then it was calcined at 500
°C for 2 h with a heating rate of 5 °C/min. The catalyst’s powder
after calcination was washed several times with deionized water
in a centrifuge to remove NaCl residues and then calcinated
again at 500 °C for 2 h at 5 °C/min. The catalyst powder obtained
was denominated as CCl if the commercial cerium oxide was
used and CSI if synthesized cerium oxide was used. The suffixes
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-w and -nw indicate whether the catalyst’s powder has been sub-
mitted to the washing procedure or not, respectively. Table S1
summarizes the nomenclature of the catalyst samples produced.
To study the effect of impurities of the leachate solution, a cata-
lyst was prepared for comparison using commercial Pt and CS
as a support. Platinum black powder was dissolved in a syn-
thetic leachate solution prepared following the same procedure
used for digesting the auto-catalysts. The solution was used to
impregnate the CS support, and the catalyst powder was sub-
mitted to the same calcination and washing procedure as the
other catalysts to remove NaCl residues. The prepared catalyst
was named CSS-w, where “CS” refers to the synthesized cerium
oxide and “S” stands for synthetic.

2.2. Catalysts’ Characterization
2.2.1. X-Ray Diffraction (XRD) Analysis

The structure of the supports and the catalysts has been char-
acterized by XRD (X-ray diffraction) with a RIGAKU Smartlab
X-Ray diffractometer equipped with a Cu Ka source (A =
15406 A) in the Bragg-Brentano configuration 6-6, with 20 =
10°-80° intervals, increments of 0.0120° and acquisition time of
0.4 s. Crystallite size was calculated using the Scherrer equation
(Equation 5):

0.9 A
B cos 6

d (nm) = (5)

where 0.9 is the dimensionless crystallite shape factor, A is the X-
ray wavelength, 8 is the full-width half maximum (FWHM), and
0 is the Bragg angle. The size and intrinsic strain of each pow-
der were calculated using the Williamson-Hall plot (W-H) and
Size-Strain plot (S-S) as reported in Refs. [41, 42]. The equations
used to calculate the geometrical parameters, Equation (S1) and
Equation (S2), listed in Table S3 are reported in the Supporting
Information. To calculate the lattice parameter a (A), Equation (6)
was used:

R rR AT (©)

a (A) - 2sinf

2.2.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to analyze
the surface composition of catalysts. XPS spectra were recorded
using an upgraded VG Scientific ESCALab Mk 2, equipped with
a dual anode X-ray source (Al Ko, Mg Ka) operating at 14 kV
and 20 mA under high vacuum (10~° mbar). Hard X-ray pho-
toelectron spectroscopy (HAXPES) spectra were acquired using
a Thermo Scientific ESCALAB QXi system, equipped with twin
anode monochromatic X-ray sources (Al Ko and Ag La). Samples
were measured by using Al Ka (1486.6 eV) and Ag La (2984.3 eV)
as the X-ray probing radiations. High-resolution core spectra
were fitted using synthetic Voigt function components, LF (a, b,
¢, d, e), with CasaXPS 2.3.35PR1.0 software. Peak identification was
performed by referencing the C 1s peak at 285 eV. To enhance
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the signal, samples were prepared by pelletizing the powder into
small discs using a die-cast and hydraulic press. The pellets were
mounted on a stainless-steel sample holder with conductive car-
bon tape. Before measurement, samples were kept overnight
under high vacuum (10~8 mbar) in the pre-chamber to allow
degassing.

2.2.3. Raman Analysis

Raman spectroscopy was used to identify eventual carbon
formed on the catalysts surface after the reaction. Micro-Raman
spectrum of the spent catalyst powder was acquired by a Ren-
ishaw InVia Qontor Raman spectrometer equipped with 532, 633,
and 785 nm lasers. To avoid CeO, photoluminescence, 785 nm
exciting laser was used to perform the Raman measurement on
the catalysts.

2.2.4. Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (SEM) images were acquired
on the catalyst powders using an HR FE-SEM Zeiss Auriga
Microscopy and an FE-SEM Zeiss 1530, both equipped with EDS
Microanalysis.

2.2.5. Hy-Temperature Programmed Reduction (TPR)

H,-TPR (temperature programmed reduction) was carried out
using a flow-through automatic instrument (AutoChem 2950 HP
Micromeritics), and to measure H, consumption, a TCD detector
was used. For TPR, 100 mg of catalyst powder was used. Catalyst
powder was pre-treated with a cleaning step in 5% O,/He mix-
ture at 500 °C to clean and prepare the surface for the reduction
step, then a 5% H,/Ar flow mixture (30 NmL/min) at 850 °C was
used for the determination of H, consumption. This step was fol-
lowed by a second reoxidation step in 5% O,/He mixture at 30
NmL/min, and then the powder was heated to 1000 °C (heating
rate of 10 °C/min) with a flow mixture of 5% H,/Ar (30 NmL/min)
to study the complete reduction of the ceria support at higher
reduction temperature.

2.2.6. Thermogravimetric Analysis (TGA)

TGA (thermogravimetric analysis) was performed using a Mettler
Toledo TG instrument. Samples were heated to 850 °C, starting
from 25 °C, with a temperature rate of 10 °C/min flowing air at
30 mL/min. The thermal stability study of the supports and the
catalysts was necessary due to the high temperatures used for
the DRM reaction.

2.2.7. H,-Temperature Programmed Desorption (TPD)

For TPD, 200 mg of catalyst powder was pretreated in a 5%
0O,/He flow mixture (30 NmL/min) at 500 °C for 30 min. After-
ward, the powder was reduced by flowing 5% H,/Ar mixture at
a 30 NmL/min flux and then heated to 850 °C (heating rate of 10
°C/min), maintaining the final temperature for 30 min. Then, the
powder was cooled down to 50 °C in a hydrogen flow to pro-
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mote the chemisorption of hydrogen and finally heated to 850
°C, obtaining the desorption of the hydrogen chemisorbed on
the surface.

The Pt particle size and the active platinum dispersion were
calculated using Equations (7) and (8):1*

f W,
difP (nm)= ———— x10° @
ope 1 Na S¢ Apr
S¢ M
Dy (%) = 12X 2P0 o 10t ®)
W

where f = 6 is the geometrical factor for a spherical particle; Wp,
the wt% of Pt; ppr = 21,5 g/cm? is the density of platinum; 7 is
the quantity of H, adsorbed on Pt (mol/g); N4 is the Avogadro’s
number; S;= 2 is the stoichiometric factor for the chemisorption
of H, (Pt mol/ H, mol); Ap; = 6,54 A is the surface area occupied
by a platinum atom, and Mp; = 195,1 g/mol is the atomic mass of
Pt.

2.2.8. Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

An Agilent 5800 RV Inductively Coupled Plasma Optical Emis-
sion Spectrometer (ICP-OES) was used to infer the amount of
platinum and impurities in the different powders. The system
features a vertically oriented torch with axial argon flow, and it is
equipped with a solid-state CCD detector having an operational
range of 170-750 nm. The optical system includes an Echelle
polychromator, providing a spectral resolution of <0.007 nm
at 200 nm. The polychromator was thermostated at 35 °C and
purged with argon. Due to the high stability of CeO,, a strong
acidic solution was necessary to digest the catalysts. A certain
amount of catalysts has been dissolved in a flask using a proto-
col that is based on the work of Poolwong et al.l*’! First, an aqua
regia solution was used to digest platinum in a glass vessel at
80 °C under stirring. Then, a solution containing HNO; and H,0,
was used to digest cerium oxide.

In the end, a clear solution was obtained. Due to the differ-
ent amounts of powder dissolved and different volumes of the
flask, the different concentrations of reactants used are reported
in Table S4.

2.2.9. Brunauer-Emmett-Teller (BET)

BET (Brunauer-Emmett-Teller) analysis was performed using a
Micromeritics instrument (ASAP 2020 V4.03) to evaluate the val-
ues of surface area and pore morphology of supports and
catalysts impregnated with platinum, in the equilibrium pres-
sure range of 0.05 < p/p® < 0.5. The pore size distribution (PSD)
was obtained from the desorption branch of the isotherm using
the BJH (Barrett-Joyner-Halenda) method, and the total pore
volume was calculated from the maximum adsorption point at
p/p°® = 0.99. Before N, adsorption, the sample (200 mg) was
degassed in He flow at 450 °C for 240 min.
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2.3. DRM and RWGS Catalytic and Time-on-Stream (ToS) Tests

DRM tests were conducted in a fixed-bed reactor: a quartz tube
(di = 9 mm) inserted in a tubular furnace connected to a flow
apparatus at atmospheric pressure with independent mass flow
regulators (Bronhorst EL-Prestige). The temperature was regis-
tered using a thermocouple in contact with the catalyst. To keep
the gas hourly space velocity (GHSV) constant, about 200 mg of
catalyst powder was positioned inside the reactor mixed with
12 g of SiC powder. The sample was pre-reduced in situ with
H,/N, flow 20 vol.% (200 mL/min), increasing the furnace temper-
ature from 100 to 850 °C, at a ramp of 10 °C/min and maintaining
it at 850 °C for 1 h. The reagent mixture CH,/CO,/N, = 40:40:120
(total flow rate of 200 mL/min) was introduced into the reactor
at 450 °C. The catalytic test was performed in the temperature
range of 450-850 °C.

The conversion of reactants (CH; and CO,) was calculated
using Equation (9) using N, as an internal standard:

Xeom, =100 (1 — GG, 9)
conv. CIO CNZ

C,‘\’,2 (%) and C°(%) are the inlet concentrations, and C;(%) and
Cy, (%) are the outlet concentrations of the reactants (i = CHy4 or
CO,) and of N,, respectively. H,/CO ratio was calculated dividing
the outlet concentration of H, by the outlet concentration of CO.

Equations (10) and (11) were used to calculate the selectivity
of CO and CH; in the RWGS reaction:

Yen, (%) = 100 (%) (10)
Yco (%) = 100 (ﬁ) (M
—r(molxg~'s") = Fm’:( (12)
In(r;) = —%—FC (13)

The reaction rate of reactants (i = CH, and CO,) was calcu-
lated with Equation (12), where F; is the inlet flow of reactants
and mc, is the catalyst mass.

E, is the apparent activation energy estimated by the Arrhe-
nius plot, based on Equation (13), where R is 8.31 JK/mol, T (K) is
the reaction temperature, and C is the natural logarithm of the
pre-exponential factor.

Spent catalysts after the DRM test were separated from SiC
by a 325-mesh sieve. Then, the spent catalyst powders were ana-
lyzed by SEM-EDS, XRD, and Raman to explore eventual changes
in the morphology, structure, or composition. Time-on-stream
(ToS) catalytic tests were conducted using the same reagent
mixture for DRM and RWGS reactions at 650, 750, and 850 °C,
with a temperature rate of 5 °C/min and each isothermal step
of 5 h.
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Figure 1. XRD patterns of CS support, CSI-nw and CSI-w catalysts, and CeO,
and NaCl reference cards.

3. Results and Discussion
3.1. X-Ray Diffraction Analysis

Figure 1 reports the XRD patterns of the commercial and syn-
thesized ceria powders and the Pt/CeO, catalysts. For CeO,
supports, the characteristic diffraction peaks at 26 = 28.8° (111),
33.3° (200), 47.6° (220), 56.5° (311), 59.3° (222), 69.7° (400), 76.8°
(331), 79.2° (420), and 88.5° (422) associated with the cubic face-
centered phase structure of CeO, fluorite (JCPDS 34-384) are
seen. In the case of the Pt/CeO, catalysts, the XRD patterns show
additional peaks due to the sodium chloride phase from the
leachate solution. The peaks associated with sodium chloride
residues disappear after the catalyst is submitted to the wash-
ing procedure. In all the XRD spectra there is no evidence of
the peak corresponding to platinum, typically at 40°, due to its
low content. Figure S2 shows the XRD pattern of the spent CSI-w
catalyst, from which no evident changes in the crystalline struc-
ture of CeO, are observed after the DRM test. However, XRD
of the spent catalysts revealed peaks related to the SiC bed
residues left after the sieving procedure. Figure 1 reports only
the XRD patterns of catalysts supported on CS because no sig-
nificant changes occur in the case of CC support (Figure S3). To
study the dimensions of crystallites and strain of catalysts, two
mathematical models have been used: the Williamson-Hall plot,
which considers peaks as a function of 20 and allows to infer
strain broadening and crystallite size, and the size-strain plot,

ChemCatChem 2025, 17, e00855 (5 of 13)

which has the advantage that less weight is given to data from
reflections at high angles, where the precision is usually lower.[*

The reticular parameter reported in Table 1, calculated with
Scherrer’s equation (Equation 5) is consistent with the expected
value (5.41 A), suggesting that the incorporation of platinum in
the cerium oxide lattice with the formation of a solid solution
is excluded.*! The size-strain plot was considered to infer the
average size of crystallites: the grain size of CC is about 31.5 nm,
and that of CS is 10.1 nm. A different behavior was observed
between catalysts prepared from commercial and synthesized
cerium oxide: a slight decrease in the crystallite size (d) from 14.6
to 1.2 nm was observed in CSI-nw and CSl-w, while an increase
from 43.3 to 60.3 nm was found from CCl-nw to CCl-w. The differ-
ence between the two trends can probably be attributed to the
different interaction between Pt and the metal impurities con-
tained in the leachate solution with the cerium oxide support,
due to the different surface areas of CC and Cl supports, which
influence sintering.

The Williamson-Hall analysis reveals that the strain is similar
for CC and CS supports, 0.003 and 0.0028, respectively, while it
decreases from 0.003 to 0.0019 and 0.0008 in CCl-w and CCl-nw,
respectively. The opposite behavior is observed in CSI catalysts:
strain increases to 0.0038 and 0.0032 for CSI-nw and CSl-w, and
the different behavior can be attributed to the difference in
sintering after calcination.

In the case of powders reduced under H, flow (labeled with
R), an increase in the strain was observed in CCl-w_R (0.0012)
and CCl-nw_R (0.0036) catalysts compared to CCl-nw (0.0019) and
CCl-w (0.0008). A decrease of crystallite sizes occurs, showing a
rearrangement of the lattice structure due to reduction of the Pt,
the ceria structure, and the other impurities (Table 1).

3.2. X-Ray Photoelectric Spectroscopy Analysis

XPS analysis was performed in the Ce 3d and Pt 4f spectral
regions. Figure 2 presents the spectrum of the CSI-w sample in
these regions, and in Figure S6A,B, the survey spectra of this
catalyst using the two different x-ray sources (Al Ko and Ag
La) have been reported, while XPS spectra of other samples
are shown in Figures S7 and S8. The Ce 3d spectrum is split
into multiple components due to the interplay of three factors:
spin-orbit interaction, hybridization of the f orbital with the d
orbital, and additional electronic effects.!*”! The Pt 4f spectrum
exhibits two symmetric components, Pt 4f;, and Pt 4fs,, sepa-
rated by 3.35 eV. These can be attributed to PtO and PtO,, as
indicated by the binding energy slightly above 74 eV (Pt 4f;5)
and the symmetry of the peaks. Notably, metallic Pt nanopar-
ticles would produce Doniach-Sunjic-type asymmetric peaks.!*¢!
In CSl-w and CCl-w samples, the Pt 4f signal partially over-
laps with the two Al 2p peaks originating from aluminum in
the dissolved cordierite, which serves as the Pt support in the
exhaust catalyst. Nevertheless, deconvolution effectively sepa-
rates these peaks. The binding energies of Ce 3d and Pt 4f
components are reported in Table S5, aligning with literature
values for CeO, and metallic Pt*”! To further confirm the pres-
ence of Pt and obtain a quantification, the Pt 3d peak!“®! was
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CPS x 10°

Table 1. Geometrical parameters and particle dimensions of CC and CS supports and calcinated and reduced Pt/CeO, catalysts at 850 °C, calculated from
X-ray diffraction peaks using two different models (plots of Williamson-Hall and size-strain are reported in Figures S4 and S5).

Sample Scherrer Equation Size-strain Plot Williamson-Hall Plot

a A dceo, (nm) 5= 5(1073) R? dceo, (nm) e = H(1073) R?
Ccc 5.40 315 8.90 0.998 36.5 3.0 0.951
(&) 5.40 10.1 20.0 0.991 123 2.8 0.845
CCl-nw 5.40 433 127 0.931 633 1.9 0.811
CSl-nw 542 14.6 283 0.903 17.6 3.8 0.817
CCl-w 542 60.3 5.70 0.971 81.6 0.8 0.819
CSl-w 542 1.2 283 0.991 13.5 32 0.930
CCl-nw_R 542 33.0 20.0 0.893 73.0 3.6 0.933
CSl-nw_R 542 40.8 14.1 0.898 447 1.6 0.803
CCl-w_R 541 514 6.3 0.879 77.0 12 0.830
CSl-w_R 5.42 257 20.0 0.977 42.0 3.8 0.963
Al 2p - Pt 4f B
0,7 ./"\'\

CPS x 10*

920 915 910 905 900 895 890 885 880 875

Binding Energy (eV)

79 78 1 16 75 14 13 712 71 10 69
Binding Energy (eV)

1,12

1,11

1,10

CPS x 10°
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Figure 2. High-resolution XPS spectra of CSI-w sample: A) Ce 3d and Pt 4f spectral region, B) Pt 4f overlapping with Al 2p spectral region, C) HAXPES

spectrum of Pt 3ds,, spectral region.

recorded using Ag Lo as exciting X-ray radiation (2984.3 eV).
The high-resolution spectrum is shown in Figure 2C. The peak
was fitted by two synthetic components that can be assigned to
different oxidation states of Pt!*! that we tentatively assigned
to PtO and PtO,. A comparison of the spectra across all sam-
ples shows that the Ce 3d spectra remain highly similar, with
consistent numbers of components and comparable peak area

ChemCatChem 2025, 17, e00855 (6 of 13)

intensity ratios. Following functionalization with Pt nanopar-
ticles, the signals for both synthesized and commercial ceria
remain unchanged from pristine CeO,, as seen in Figures S7 and
S8.

Quantification was performed based on the Ce 3d and Pt 4f
peak areas after applying a Shirley-type background subtraction.
The Ce** and Ce** content, expressed as Ce3*/(Ce3* 4 Ce**)
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and Ce**/(Ce’*t + Ce**), was determined using Equations (14)
and (15). In these calculations, vi and u' represent the areas of
the assigned synthetic components, where v°, v/, u°, and u’ cor-
respond to Ce3* final states, and v, u, v/, u”, v', u"; correspond
to Ce** final states.!*"]

Ug+vo+u +Vv
Xepp = ——2 "~ 77 (14)
Z,- ui+v;
u + V + u// + v// + u/// + v///
Xes = (15)
2 Uit

Using these equations, the Ce3* and Ce** atomic percent-
ages in the CeO, catalyst support were estimated, with the
results presented in Table S6. Both pristine commercial and syn-
thesized ceria exhibit similar Ce3*/Ce** ratios. However, after
impregnation with the leachate solution, a slight decrease in
Ce** concentration is observed, corresponding to a relative
increase in Ce3*.

As already mentioned, the Pt 4f doublet feature partially
overlaps with the two Al 2p peaks, making it difficult to deter-
mine with accuracy the chemical states and content of such a
small content of platinum.[“! However, by recording the Pt 3ds,
feature using HAXPES in the high-energy range, where there
is no overlap with more intense peaks from more abundant
elements, it was possible to achieve a more accurate quantifica-
tion of Pt. This analysis yielded a Pt/Ce atomic ratio of 3.9:96.1.
Although not shown in Figure 2C, the Pt 3ds,, feature was also
detected, supporting the assignment of the peak at 2205 eV to
the Pt 3ds,, core level.

3.3. Scanning Electron Microscopy Analysis

Figure 3 reports the FE-SEM micrographs of the synthesized CeO,
powder, from which we observed that CeO, powder is formed
by agglomerates of irregularly shaped particles of dimensions of
less than 100 nm. The SEM micrographs of CSI-w before (A) and
after (B) the DRM test is also presented. As evident from the SEM
images, after impregnation with the acidic leachate solution, the
catalysts’ morphology almost remains unchanged, and no signif-
icant differences can be observed between the as-prepared and
spent catalysts.

To study the composition of the samples, an EDS analysis was
also conducted on the CS support and the CSI-w catalysts before
and after the DRM test (Table S7). In Figure S9, the micrographs
of the analyzed area of the CSI-w before (A) and after (C) the
DRM test are presented, while the elemental maps are shown in
Figure S9B (before DRM test) and D (after DRM test) panels. The
corresponding EDS spectra are reported in Figures S10 and S11.

3.4. Material Reducibility
To evaluate the reducibility of the samples, H,-TPR analysis was

performed on both CC and CS. As expected, the resulting profiles
showed no significant differences between the two materials, as

ChemCatChem 2025, 17, e00855 (7 of 13)

illustrated in Figure S12A. Supports show peaks at 500 and 800
°C, corresponding to reduced bulk and surface oxygen species,
respectively. In the CSI-w catalyst, a new peak appears in the
250-300 °C range (Figure S12B), which can be attributed to the
Pt—0O—Ce bond. This bond inhibits the sintering of platinum par-
ticles because the energy bond between Pt—0O—Ce is higher
than the one between Pt—Pt, as evidenced by Nagai et al.l>"
Similar results are observed for the CCl-w catalyst. Moreover, TCD
peaks are shifted to lower temperatures due to both the weak-
ening of the Ce oxygen bond and H, gas adsorption, since the
spillover of platinum on CeO, facilitates the reduction of CeO,.l""
In addition, the peak at higher temperatures presents multiple
contributions from the several metals (Al, Mg, Fe, and Ca) present
in the leachate solution of DOCs. Based on the stoichiometry in
Equation (16), the total hydrogen consumption for ceria reduc-
tion at 850 °C corresponds to about 56% for CC and 52% for CS,
as presented in Table 2:

2Ce*t +H, — 2Ce*t 4+ 2HT (16)

CCl-w presents a peak at around 100 °C, probably due to the
formation of chlorine compounds, while CSI-w has a broader
peak at ~250 °C that encompasses the reduction of Pt and
chloride precursor decomposition.

3.5. Thermogravimetric Analysis

Thermogravimetric analysis was conducted on the CeO, sam-
ples, both bare and impregnated with Pt, and no significant
weight loss was detected in every case (Figure S13). Analysis was
conducted up to 850 °C, the maximum temperature of the DRM
reaction considered in our study.

From the TGA curves, high thermal stability of the samples
before and after the impregnation of platinum is found, with
the exceptions of a negligible loss at around 100 °C, due to the
evaporation of the water present, and a loss of around 6%-7% at
800-850 °C due to the decomposition of NaCl.l*?

3.6. Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

To quantify the amount of the different elements in the leachate
solution and in the catalyst’s powders, an ICP-OES analysis has
been carried out. The analysis confirmed the amount of 1 wt% of
platinum (the chosen Pt loading) after the washing of the cata-
lysts and 0.6 wt% of platinum when catalysts were not submitted
to the washing procedure (Table S2). The complete removal
of sodium chloride was confirmed by the fact that the weight
percentage of Na decreased notably almost to 0 wt% when pow-
ders were submitted to the washing procedure. The wt% of the
impurity elements increased after the washing step to values
comparable to those of Pt.
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Figure 3. SEM micrograph of CS support A), CSl-w before B), and after C) the DRM test.

Table 2. PtO, and CeO, reducibility up to 850 °C.

Sample  Ce (mmol/g) H, cons. H,/Pt H, cons. Ce*t (%)
(mmol/g) for Ce red.

CcC 5.81 1.62 - 1.62 55.78

cs 5.81 1.52 - 1.52 52.33

CCl-w 5.69 1.55 15.12 1.52 53.40

CSl-w 5.69 2.04 19.90 2.03 7132

3.7. Platinum Dispersion by H,-TPD

Using H,-TPD, analysis of platinum dispersion and particle size
was investigated due to their influence on catalytic activity. As
can be seen from Figure S14A, H, desorption in CC (black curve)
and CS (red curve) starts, respectively, at 150 and 200 °C. Figure
S14B reports the H,-TPD peaks for CCl-w and CSl-w. The peaks
in the range 150-200 °C show a shoulder in both cases related
to the different species of H, that can be considered in these
processes, such as spillover, adsorption of hydrogen molecules
on cerium oxide support, and adsorption on platinum sites at
different positions.”>*®1 Miller et al.®* studied a system with
platinum supported on zeolite and obtained different H,-TPD
spectra at different reaction temperatures. In their study, H,-TPD
spectra showed the presence of more than one peak in the
temperature range of 150-250 °C, in the spectra obtained with
cerium oxide used as support. A strong adsorption of H, on the
platinum surface is evident, and in both CCl-w and CSl-w the
dispersion of platinum onto the support is similar (16.70% and
16.31%, respectively), as reported in Table S8.

ChemCatChem 2025, 17, e00855 (8 of 13)

3.8. BET Analysis

As evident from Figure 4A,B, the CeO, supports show N,
adsorption-desorption isotherms classified as type II, with a type
H3 hysteresis loop with parallel branches, which is typical of
agglomerates.””! Indeed, the catalysts CCl-nw, CCl-w, CSl-nw, and
CSl-w show N, adsorption—desorption isotherms classified as
type lll, representing unrestricted monolayer-multilayer adsorp-
tion, which is typical for non-porous or microporous adsorbents.
The hysteresis of each sample presents close loops, related to
porous materials. The results of the BET analysis are reported
in Table S9. The surface area of the supports (CC and CS)
differs enormously due to the difference in the preparation
method, as well as the use of a surfactant to increase the sur-
face area of the synthesized powders. Surface area increases
noticeably in washed catalysts with respect to the supports:
from 3.4 (CC) to 83.4 (CCl-w) m?/g and from 103.1 (CS) to 152.0
(CSl-w) m?/g. As expected, the interaction of leachate solution
and support plays an important role. The anomalous behavior
observed in the case of the CSI-nw is still under investigation. In
Figure 4C,D, adsorption—-desorption isotherms and pore-size dis-
tribution (PSD) of CC, CCl-nw, CCl-w, CS, CSl-nw, and CSIl-w are
reported. The typical bell-shaped distribution is evident in the C
and D panels of Figure 4.

3.9. Dry Reforming of Methane and Reverse Water Gas Shift
Tests

The prepared Pt/CeO, catalysts were tested for DRM reaction,
with the results concerning CH; and CO, conversion as a func-
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Figure 4. Adsorption-desorption isotherms of CC support (black), CCl-nw (blue), and CCl-w (red) A); CS support (black), CSI-nw (blue), and CSI-w (red); B)
pore-size distribution (PSD) of CC support (black), CSI-nw (black), and CSI-w (red); and C) CS support (black), CSI-nw (black), and CSI-w (red) D).

tion of reaction temperature being reported in Figure 5A. As
expected, conversions of reactants increase with temperature,
since the DRM reaction is an endothermic reaction. In all cases,
the conversion of CO, is higher than conversion of CH,; due
to the side RWGS reaction, which reduces H,/CO ratio below
1 (Equation 3). As can be seen in Figure 5A,B, catalytic activity
is increased in the case the catalysts have been submitted to
the washing procedure. For the CSl-w catalysts obtained on
synthesized ceria support, CH, and CO, conversions are, respec-
tively, 94% and 96%, against the 40% and 60% of the unwashed
CSl-nw catalyst. For catalysts prepared using commercial ceria
as the support, much lower conversion values are obtained.
For the washed catalyst (CCl-w), conversions are, in fact, 57%
for CH,; and 69% for CO,, against the 30% and 40% for the
unwashed CCl-nw catalyst. The measured H,/CO ratios are in
the range of 0.4-0.9, being lower in the case of the unwashed
catalysts.

The different behavior between washed and unwashed cata-
lysts is due to the higher wt% of platinum exposed, as confirmed
by ICP-OES analysis (Table S2).

Among the catalysts synthesized using the leachate solution,
CSl-w showed the best performance due to the combination of
a higher percentage of Ce>* related to a higher amount of oxy-
gen vacancies (Table 2) and the higher surface area observed

ChemCatChem 2025, 17, e00855 (9 of 13)

(Table S9). These conversion efficiencies are optimal for DRM
reaction. 36589

It is worth noting that this is the first attempt to use the
acidic leachate solution of spent autocatalysts directly for the
preparation of catalysts for the DRM reaction, moreover, without
purification. Difficulties in such an approach lie in the fact that
the leachate solution not only presents a strong acidity (pH <
1) but also contains several metal impurities that may hinder the
dispersion of platinum onto the cerium oxide support. The effect
of such impurities has been studied by comparing the DRM
performance of the CSl-w catalysts with the one of CSS-w cata-
lyst, obtained on CS support by impregnation with the synthetic
leachate solution containing only Pt as active metal (Figure S15).
Both catalysts show a DRM sigmoidal curve, but the catalysts
prepared with the synthetic leachate solution start flattening at
about 200 °C lower temperature, reaching conversion values of
reactants close to 100% at the maximum investigated tempera-
ture of 850 °C. The main difference between these two catalysts
lies in the different conversion rates of methane and carbon
dioxide, which is related to the value of the energy of activation.
The activation energy calculated using Equations (12) and (13) for
CH, is 10.58 kJ/mol for the CSS-w catalyst against the 15.6 kJ/mol
for the CSI-w one, while for CO, the activation energy is 32.71 for
CSl-w catalyst against the 25.97 kJ/mol for CSS-w catalyst. The dif-
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Figure 5. CH, and CO, conversions of CSl-w, CSI-nw, CCl-w, and CCl-w A) and H,/CO ratio B) for the DRM reaction; CO, conversions C), CH, and CO

selectivities D) of CSl-w, CSI-nw, CCl-w, and CCl-nw for RWGS reaction.

ference can be attributed to the effect of impurities contained
in the real leachate solution, which inhibit catalyst sites on the
support, thus reducing the capacity to break the C—H and C=0
bonds of methane and carbon dioxide, respectively.

The catalysts’ behavior toward the main competitive reac-
tion to DRM, i.e, the RWGS reaction, was tested in a mixture
of H,/CO,/N,, using a volumetric ratio of 1:1:3 (total flux =
200 mL/min). Assessment of the catalyst’s behavior for the RWGS
reaction may be useful to evaluate its ability to widespread
utilization of CO, for conversion into valuable chemicals.[6%6"

Figure 5C reports the conversions of CO, in the RWGS reac-
tion. At 850 °C, conversion of carbon dioxide is in the range of
60%-70% for CCl-w, and CSI-nw catalysts. On the other hand,
CCl-nw and CSl-w catalysts showed a lower conversion value of
39% at the same temperature.

Selectivities of CH; and CO are reported in Figure 5D. CO
selectivity values close to 100% are obtained for CSI-nw, CSI-w
and CCl-w in the temperature range of 625-850 °C, while for CCl-
nw CO selectivity values greater than 90% are observed only at

ChemCatChem 2025, 17, e00855 (10 of 13)

T > 800 °C. In the case of catalysts produced using the commer-
cial Ce0,, part of carbon dioxide and hydrogen react to produce
methane through the methanation reaction, which is favored at
lower temperatures of 450-650 °C due to its exothermicity, but
it appears that these catalysts have a much higher selectivity for
carbon monoxide compared to the methane [62-64]

For almost all the catalysts, during the RWGS tests, small
amounts of methane were produced, highlighting a high selec-
tivity toward the RWGS reaction to produce CO. This is probably
due to the oxygen vacancies of cerium oxide that enhance the
adsorption of CO, molecules, which turn into CO through the
formation of intermediate carbonyl species, and the effect of
surface area related to an higher amount of active sites.”! In
particular, the CCl-w catalyst showed a better performance for
the RWGS reaction with a stable 60% conversion of CO, already
at 750 °C. Also, CSl-nw and CSl-w reached a CO, conversion value
of 60%, but at higher temperatures (> 800 °C). This temperature
is significantly lower than the temperature at which the RWGS
reaction is commonly carried out (900 °C to avoid the thermody-
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Figure 6. Time-on-stream (ToS) over CSI-w sample at 650, 750, and 850 °C, with temperature changes of 5 °C/min and each isothermal step of 5 h: CO, A),

CH,4 B), and H,/CO ratio C).

namic limitation of the reaction) with a conversion that is in line
with other RWGS catalysts reported in the literature.l®®? There-
fore, the activity and selectivity of these catalysts for the RWGS
opens up the possibility of employing these catalysts also for
syngas production reactions from CO, and H,, important for the
valorization of CO, coming from CCS processes.!

To further enhance the conversions of reactants for the
DRM reaction, bimetallic phase catalysts containing other PGMs
besides Pt, such as Ni or Co, could be used, both aiming at
decreasing the activation energies for methane and carbon
dioxide,*”! and at lowering the amount of noble metals. It is
worth noting, however, that the use of small amount of recycled
PGMs in such applications could lead to further enhancement of
the cost-effectiveness of such catalysts.

To investigate the catalysts’ durability, a time-on-stream (ToS)
stability test was carried out for 25 h at different temperatures
on the CSl-w catalyst, the catalyst showing the better catalytic
performances. The catalyst was firstly tested at 850 °C with the
reaction temperature being subsequently decreased to 750 and
650 °C, prior to being raised again to 750 and 850 °C. Figure 6A,B
shows the CH,; and CO, conversions and the H,/CO ratio for CSI-

ChemCatChem 2025, 17, e00855 (11 of 13)

w during the DRM test carried out at five isothermal steps: 850,
750, and 650 °C (5 °C/min), each one lasting 5 h. Catalyst showed
good stability in the first three isothermal steps, with a decrease
of H,/CO ratio to 0.8 after 9 h in the last step at 850 °C.

The stability during the test may be ascribed to the strong
interaction between platinum and the support, as highlighted
by H,-TPR analysis. Moreover, stability can be enhanced by
the removal of chlorine species, as already observed by Araiza
et al,>® who employed for their catalysts H,PtCls as Pt precur-
sors over CeO, support.

The durability of our catalyst confirms its high tolerance to
carbon deposition, due to the oxygen storage capacity (OSC) of
cerium oxide, which easily forms oxygen vacancies in a reduc-
ing environment. Raman analysis (Figure S16) also confirmed
the absence of significant amounts of carbon deposited on
the catalyst surface, demonstrating the ability of Pt to inhibit
carbon deposition and coke during the DRM reaction.[®®! The
micro-Raman analysis carried out with a 785 nm exciting laser
wavelength on the spent CSI-w catalyst revealed, on the sev-
eral crystallites analyzed, no typical G and D bands of graphitic
carbon, but only the intense F,q band of CeO,.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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A ToS stability test for RWGS reaction was also carried out
over the CSl-w catalyst, as shown in Figure S17. The highest value
of CO, conversion (42%) was observed in the first isothermal step
at 850 °C. A slight decrease in CO, conversion over time was
observed.

4. Conclusions

The acidic leachate solution containing Pt precursors obtained
through the hydrometallurgical recovery of diesel oxidation cat-
alysts was used for the first time to obtain Pt-based catalysts
for application in the DRM reaction. Catalysts were obtained by
impregnation of commercial and synthesized ceria supports with
a leachate solution containing 1 wt% Pt and other metal impu-
rities, as measured by ICP-OES. The synthesis of CeO,, carried
out using a sol-gel method, was aimed at improving the sur-
face area of the catalyst with the employment of CTAB surfactant
solution. Performances of four different catalysts have been com-
pared to investigate the differences due to the type of support
(commercial or synthesized) and the removal of NaCl residues
from the leachate solution. Results show that the washing proce-
dure in a centrifuge was necessary to improve the performance
of catalysts, resulting in a higher conversion of reactants and a
higher H,/CO ratio: the better DRM performances were obtained
from the two catalysts not containing contamination of NaCl salt.
The catalyst fabricated from commercial powders (CCl-w) had a
conversion of 57% and 69% for methane and carbon dioxide,
respectively, while the one obtained from CeO, synthesized in
the laboratory (CSI-w) had a conversion of 94% and 96% for CH,
and CO,, respectively. The H,/CO ratio at 850 °C was higher for
the CSl-w catalyst, with a value of 0.9, compared to 0.7 for CCl-
w catalyst. Time-on-stream analysis for DRM and RWGS reactions
was performed on CSl-w at different temperatures, 850, 750, and
650 °C for 25 h, and showed good stability over time. A greater
selectivity for the CO reaction was observed during the RWGS
test, nearly 100% in CCl-nw, CSI-nw, and CSl-w catalysts at all
the investigated temperatures. Raman analysis demonstrated the
almost absence of any carbon deposition on the spent catalyst,
which explains its stability over DRM and RWGS tests. The effect
of impurities contained in the leachate solution, inferred by com-
paring the DRM performances of CSl-w catalyst with the ones
of a similar catalysts containing only Pt precursors (CSS-w cat-
alyst), was to increase the activation energy for the DRM process
by probably inhibiting some Pt active sites.
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