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Abstract: This study reports on the activity and stability of PdO/γ-AlOOH/γ-Al2O3 monolith catalysts,
promoted with varying amounts of CeO2, for CH4 oxidation. Although the beneficial effects of
CeO2 have been reported for powdered catalysts, this study used a cordierite (2MgO.2Al2O3.5SiO2)
mini-monolith (400 cells per square inch, 1 cm diameter × 2.5 cm length; ~52 cells), washcoated with
a suspension of γ-Al2O3 combined with boehmite (γ-AlOOH), followed by sequential deposition
of Ce and Pd (0.5 wt.%) by wetness impregnation. The monolith catalysts’ CH4 oxidation activity
and stability were assessed in the presence of CO, CO2, H2O and SO2 at low temperature (≤550 ◦C),
relevant to emission control from lean-burn natural gas vehicles (NGVs). The CeO2 loading (0
to 4 wt.%) did not significantly impact the adhesion and thermal stability of the washcoat, but
CeO2 reduced the inhibition of CH4 oxidation by H2O and SO2. The catalyst activity, measured by
temperature-programmed methane oxidation (TPO) in a dry feed gas with 0.07 vol.% CH4, showed
that adding CeO2 to the γ-AlOOH/γ-Al2O3 washcoat suppressed the activity of the catalysts; whereas,
CeO2 improved the catalyst activity when H2O (2 and 5 vol.%) was present in the feed gas. Moreover,
adding CeO2 decreased catalyst deactivation that occurred in the presence of 10 vol.% H2O and 5
ppmv SO2 at 500 ◦C, measured over a 25 h time-on-stream (TOS) period. The highest catalyst activity
and stability for CH4 oxidation in the presence of H2O was obtained by adding 2 wt.% CeO2 to
the washcoat.
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1. Introduction

Natural gas is considered to be a suitable alternative fuel because combustion of natural gas
produces less greenhouse gas (GHG) emissions per unit of energy than gasoline or diesel. The lower
emissions are due to the high hydrogen-to-carbon ratio of the main component of natural gas, CH4 [1].
Use of natural gas as a vehicle fuel is growing at about 21% per year worldwide. However, unburned
CH4 emitted in the exhaust gas of natural gas vehicles (NGVs), limit their growth [2,3] and several
studies have focused on improving the efficiency of the NGV catalytic convertor so as to reduce CH4

emissions to an acceptable level [1,4–11]. Oxidation of CH4 from NGV emissions is difficult because
of the low concentrations of CH4 (400–1500 ppm), the low exhaust gas temperatures (150–550 ◦C)
from lean-burn NGVs [2,10] and the presence of high concentrations of H2O (5–15 vol.%) and CO2

(10 vol.%) [3].
Although Pd is known to be the most active metal catalyst for CH4 oxidation at low

temperature [12–14], the support (Al2O3, CeO2, ZrO3, TiO2, TaO3) also has an impact on the catalyst
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activity [15]. Haneda et al. [16] investigated two catalysts: (i) a Pd/CeO2-Al2O3 that had been reduced
in flowing H2 at 900 ◦C prior to impregnation with Pd nitrate and (ii) a Pd/Al2O3 catalyst. They
reported that the Pd/CeO2-Al2O3 was more active than the Pd/Al2O3 at 350◦C. Park et al. [17] have
also stated that Pd/ZrO2 is more active and stable than the Pd/γ-Al2O3 when hydrothermally aged
at 600 ◦C for 100 h. One of the more active CH4 oxidation catalysts reported recently encapsulated
PdO in porous CeO2 [6], ensuring a strong interaction between the CeO2 and the PdO, combined
with a high O exchange capacity of CeO2. The effect of CeO2 and the optimum loading varies in
different studies, depending on the catalyst preparation method and the contact between the CeO2

and PdO, [18,19], although high loadings of Ce (50 wt.%) are known to suppress catalytic activity [19].
Ramírez et al. [19] reported that increasing the amount of Ce (2 to 50 wt.%) added to Pd/Al2O3 catalysts,
decreased the CH4 oxidation activity, measured in a dry feed gas with 0.5 vol.% CH4 and 1 vol.% O2.
Stasinska et al. [20] reported enhanced activity of a sol-gel prepared PdO/Ce-Al2O3 catalyst, compared
to PdO/Al2O3, when operated at low temperature (<427 ◦C). In contrast, Groppi et al. [21] reported
that the activity of a Pd/Al2O3 catalyst for CH4 combustion was not affected by the CeO2 except at high
temperature. Fan et al. [22] studied the effect of adding Ce to Pt-Pd/Al2O3 catalysts for CH4 oxidation
and reported that adding 0.6 wt.% Ce improved the activity and the stability of the Pt-Pd/Al2O3

catalyst [22] by preventing the growth of PdO particles [22]. Persson et al. [23] studied the effect of
Al2O3, ZrO2, LaMnAl11O19, and Ce-ZrO2 washcoats applied to cordierite monoliths, on the activity of
Pd-Pt catalysts for CH4 oxidation. The initial CH4 oxidation activity was measured at atmospheric
pressure in 1.5 vol.% CH4 in dry air and a space velocity of 250,000 h−1. They reported that at low
temperature (470 ◦C), Pd-Pt/Al2O3 was the most active catalyst while the Pd-Pt/Ce-ZrO2 catalyst
was the most active at high temperatures (620–800◦C). The high surface area of the Al2O3 (90 m2/g)
compared to the Ce-ZrO2 (10 m2/g) accounted for the higher activity at low temperature [23,24]. Also,
the authors stated that Ce-ZrO2 improved the stability of the PdO because Ce-ZrO2 re-oxidized Pd0 to
PdO faster than Al2O3 [23]. Recent studies of CH4 oxidation at low temperature have also shown that
PdO sites on Pd-O-Ce surfaces have high activity [6,25].

Although Pd catalysts have high initial activity, they deactivate upon exposure to the exhaust gas
(CH4, CO, CO2, SOx, NOx and H2O) for long periods [5,26], Pd being very sensitive to sulfur and H2O
which play a major role in inhibiting catalyst activity [27,28]. Alyani and Smith [29] studied the effect
of adding CeO2 to Pd/γ-Al2O3 for CH4 oxidation on powder catalysts and reported that Pd/γ-Al2O3

was more active than Pd/Ce/γ-Al2O3 in a dry CH4/O2 gas environment. However, Pd/Ce/γ-Al2O3

was more stable in the presence of H2O because adding Ce reduced the inhibition effect of H2O on
CH4 oxidation [29]. Moreover, Gomathi et al. [30] prepared Pd/CeO2 nanostructured catalysts using
a new technique of surface-assisted reduction. These catalysts were shown to be very active for
CH4 oxidation with T50, the temperature at which 50% conversion occurs, of <300 ◦C. The catalysts
had higher stability than Pd/γ-Al2O3 in the presence of H2O [30]. Toso et al. [31] reported the effect
of H2O on CH4 oxidation over a series of Pd/CeO2-SiO2 powdered catalysts. The stability of the
catalysts, measured in the presence of 5 vol.% H2O, 0.5 vol.% CH4 and 2 vol.% O2 at 450 ◦C, increased
with increased Ce content because accumulation of hydroxyl groups decreased, which improved O2

exchange and hence improved the stability of the catalysts [31].
Conventional catalytic converters are prepared by applying a high surface area washcoat layer to

a cordierite ceramic monolith, [32–34] with the active metal subsequently dispersed on the washcoat
support. Current commercial catalysts for CH4 oxidation show a high activity at low temperature,
however, they are less active and unstable in the presence of H2O [35–38] and SO2 [39]. The inhibition
of CH4 oxidation by water on Pd catalysts has been extensively investigated [2,10,11,24,26,28,35,40–43].
Pd(OH)2 formation and accumulation on the surface of the catalyst are proposed reasons for the
inhibition of the catalyst activity [24,28]. Water adsorption on the active site also plays a major role in
inhibiting the catalyst activity [33,44–46].

γ-Al2O3 is commonly used as the washcoat of ceramic monoliths [47], providing a high surface
area support on which to disperse the active phase [48,49]. One of the drawbacks of γ-Al2O3 is
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a low thermal stability at high temperature in the presence of water [50]. CeO2 has been used in
TWCs because of its ability to store O2 under lean operating conditions and release O2 under fuel rich
operating conditions [51–53]. Ozawa and Kimura [54] reported that the thermal stability ofγ-Al2O3 was
enhanced by the addition of CeO2. Piras et al. [55] proposed that CeAlO3 formation improved thermal
stability of γ-Al2O3 because CeAlO3 impedes the growth of α-Al2O3 crystals. Pingping et al. [56]
reported an improved thermal stability of a γ-Al2O3 washcoat mixed with CeO2–ZrO2–La2O3 [56].

The above literature provides significant evidence from studies of powdered catalysts that Ce
improves the activity and the stability of Pd catalysts for CH4 oxidation in the presence of H2O. For
monolith catalysts, the effect of Ce has been reported mostly at high temperatures in dry feed gas,
conditions that are relevant to emissions from gasoline engines. The present study is focused on the
impact of Ce addition to Pd catalysts supported on γ-Al2O3/AlOOH washcoated cordierite monoliths
(400 cells per square inch (CPI); 1 cm diameter × 2.54 cm length). The monolith catalysts have been
assessed at high space velocity and at temperatures ≤550 ◦C in the presence of CO, CO2, H2O and SO2

to closely mimic the exhaust gas from lean-burn NGVs. The objective of the study was to determine
the impact of Ce on the adhesion and stability of the washcoat, and to determine the CH4 oxidation
activity and stability of the Pd/CeO2/γ-AlOOH/γ-Al2O3 catalysts operated in the presence of H2O, CO,
CO2 and SO2. The Ce loading that provided the highest activity and stability of the monolith catalyst
was also determined.

2. Results

2.1. Monolith Characterization

Figure 1 shows the effect of the Ce loading on the adhesion properties and thermal stability of
the applied washcoat. The catalysts have very similar adhesion as reflected in the total weight loss
of 1–2 wt.% following the vibration test, even though the samples with CeO2 were calcined twice at
450 ◦C for 15 h. The thermal stability of the washcoat was not significantly influenced by adding CeO2

either, as indicated by the similar weight loss among all samples recorded after the second vibration
test that followed the high temperature treatment (1000 ◦C for 7 h). Hence, we conclude that the
addition of the CeO2 does not have a significant impact on the adhesion and thermal stability of the
washcoat when applied to the cordierite monolith.
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Table 1 reports the textural properties of the monolith catalysts prepared in this study with varying
amounts of CeO2. For the Pd0Ce catalyst without CeO2 in the washcoat, the surface area was 55 m2/g.
As the CeO2 content of the catalyst increased, the surface area decreased to 46 m2/g for the catalyst
with 4 wt.% Ce (Pd4Ce). Moreover, the pore volume decreased with increased CeO2 loading. For the
Pd0Ce-used catalyst analyzed after both the TPO and TOS tests, the surface area decreased marginally
to 45 m2/g, while it decreased to 42 m2/g for the Pd2Ce-used catalyst.

Table 1. Textural properties and CO uptake of PdO/CeO2/γ-AlOOH/γ-Al2O3 monolith catalysts with
varying Ce content.

Sample Ce Content BET Area Pore Volume Average Pore Diameter CO Uptake

wt.% m2/g cm3/g nm µmol/gcat

Pd0Ce 0 55 0.24 9 19.4
Pd1Ce 1 51 0.17 13 13.5
Pd2Ce 2 49 0.14 11 11.5
Pd4Ce 4 46 0.12 10 8.5

Pd0Ce—used 0 45 0.12 10 10
Pd2Ce—used 2 42 0.11 10 8.8

CO chemisorption analysis was done after reduction of both the fresh and used Pd0Ce and
Pd2Ce catalysts (Table 1). The fresh Pd0Ce (no CeO2 in the catalyst) had a higher CO uptake than
Pd2Ce (2 wt.% CeO2 in the catalyst) and generally the CO uptake decreased as the CeO2 loading
increased. However, the CO uptake for the used Pd0Ce decreased significantly (from 19.4 µmol/gcat to
10 µmol/gcat); whereas, for Pd2Ce the loss in CO uptake was much less significant (from 11.5 µmol/gcat
to 8.8 µmol/gcat).

SEM images of monolith sections of the Pd0Ce (no CeO2) and Pd2Ce (2 wt.% CeO2) catalysts are
compared in Figure 2A–D. Differences in thermal expansion between cordierite and alumina creates
minor cracks on the washcoat surface of both catalysts [4]. Figure 3 shows the SEM-EDX analysis
of the monolith x-section, indicating a uniform dispersion of the Al, Ce and Pd in the channels of
the Pd1Ce catalyst. The EDX analysis was done at different locations of each catalyst and Table 2
reports the average and standard deviation of the analyses. Note that the EDX analysis results do not
include the cordierite because of the sampling depth (a few microns) of the method. Accounting for
the mass of cordierite (73 wt.%), the Pd data of Table 2 are in very good agreement with the Pd nominal
composition (1.8 wt %). However, the Ce content is lower than the nominal composition (Table 1 data
divided by 0.27), suggesting a greater penetration depth of Ce within the washcoat, in part because Ce
was added in the first impregnation.
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Table 2. EDX elemental analysis of the monolith catalysts.

O, wt.% Al, wt.% Ce, wt.% Pd, wt.%

Pd0Ce 53.2 ± 1 45.1 ± 2.1 0 1.7 ± 0.2
Pd1Ce 50.1 ± 1.9 45.2 ± 2.4 3.2 ± 0.8 1.5 ± 0.4
Pd2Ce 48.2 ± 1.6 44.3 ± 2.1 5.9 ± 0.7 1.6 ± 0.3
Pd4Ce 45.9 ± 1.9 41.1 ± 1.5 11.3 ± 0.5 1.7 ± 0.2

Table 3 presents the Pd 3d5/2 and 3d3/2 binding energies (B.E.s), the Pd, Al and O surface
compositions and the Pd/Al ratio for all the catalysts, as measured by XPS. The data show that as the
loading of Ce increased, the concentration of Pd on the surface increased, as did the Pd/Al ratio. Figure
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S1 shows the XPS Pd 3d spectral analysis for all the samples. For Pd2Ce the Pd 3d5/2 B.E was 337.1 eV,
higher than for Pd0Ce (336.6 eV). Figure S2 shows the Pd 3d XPS data for the fresh and used Pd0Ce
catalyst and the fresh and used Pd2Ce catalyst. The Pd 3d5/2 B.E increased by 0.3 eV for Pd0Ce and by
0.6 eV for Pd2Ce after use. Furthermore, the surface Pd/Al ratio decreased after use for both catalysts.
From the fresh and used B.E. data, it can be concluded that the Pd surface was in an oxidized state [57]
and the decrease in the Pd/Al ratio after use is due to catalyst aging, as has been reported previously
for powdered catalysts that operated under similar conditions [29,58].

Table 3. XPS analysis of PdO/CeO2/γ-AlOOH/γ-Al2O3 monolith catalysts with varying Ce content.

Monolith Catalyst Pd B.E. Surface Composition

3d5/2 3d3/2 Pd Ce Al O Pd/Al

eV eV atom % %

Pd0Ce 336.6 342.1 0.2 0 39.1 60.7 0.51
Pd1Ce 337.1 342.3 0.28 0.29 35.13 64.3 0.80
Pd2Ce 337.1 342.3 0.30 0.45 31.25 68 0.96
Pd4Ce 336.9 342.1 0.69 0.51 35.4 63.4 1.95

Pd0Ce-Used 336.9 342.2 0.17 0 37.5 62.3 0.45
Pd2Ce-Used 337.7 342.9 0.26 0.64 35.7 63.4 0.73

2.2. Catalysts Activity and Stability

The activities of the monolith catalysts, measured by TPO, are reported in Figure 4 and the T50

temperatures (the temperature required for 50% CH4 conversion) are summarized in Table 4. In dry
feed gas (i.e., no H2O in the feed gas), all the catalysts reached approximately 100% CH4 conversion
at 450 ◦C. TPO analysis of the catalysts without water in the feed gas yield T50 of ≤362 ◦C for all the
catalysts, as shown in Table 4. With H2O added to the feed gas, the light-off curves shifted to higher
temperatures for all catalysts, reflecting the loss in catalyst activity in the presence of H2O. Addition of
CeO2 to the washcoat decreased the catalyst activity when measured in the dry feed gas; whereas,
when H2O (2 and 5 vol.%) was present in the feed, the CeO2 improved the catalyst activity relative to
the catalyst without CeO2 (Pd0Ce), as shown in Figure 4B,C. From the results in Table 4 and Figure 4 it
can be concluded that the Pd2Ce (2 wt.% Ce) catalyst had the highest catalytic activity in the presence
of H2O in the feed gas.

Table 4. Temperature-programmed oxidation T50 conversion for the catalysts in dry and wet feed gas.
[Reaction conditions: GHSV = 36,000 h−1, Feed composition: 0.07 vol.% CH4, 8.5 vol.% O2, 0.06 vol.%
CO, 8 vol.% CO2 and 0, 2 or 5 vol.% H2O in N2 and He.].

Monolith T50 Dry Gas T50 Wet Gas
2 vol.% H2O

T50 Wet Gas
5 vol.% H2O

Pd0Ce 317 379 401
Pd1Ce 322 370 385
Pd2Ce 333 352 370
Pd4Ce 362 377 390
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as a function of temperature. Reaction conditions: GHSV of 36,000 h−1, Feed gas composition: 0.07
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Pd2Ce catalyst.

The results of the time-on-stream (TOS) experiments with 10 vol.% H2O in the feed at 425 ◦C
and 550 ◦C are shown in Figure 5A and Figure S3, respectively. For all the catalysts, Figure 5A shows
that at the lower reaction temperature, the CH4 conversion decreased with the addition of H2O to
the reactor feed gas. The Pd0Ce (no CeO2) catalyst deactivated very rapidly with the conversion of
CH4 decreasing to 60% within 2 h and after 7 h the conversion decreased to 50%. After the H2O was
removed from the feed gas, the conversion recovered to 58%. The Pd2Ce was the most stable catalyst in
the presence of 10 vol.% H2O at 425 ◦C. The conversion decreased to 70% in 7 h and recovered to 80%
after the H2O was removed. At 550 ◦C all the catalysts showed good stability in the presence of 10%
H2O (Figure S3). Figure 5B shows, however, that in the presence of both 10% H2O and 5 ppmv SO2,
the catalyst deactivation was severe, although the catalyst with the CeO2 (Pd2Ce) deactivated more
slowly and reached a slightly higher conversion after 20 h than the catalyst without CeO2 (Pd0Ce).
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After the TOS experiments in H2O the catalysts were purged using N2 at 120 ◦C for 12 h and
then re-assessed by TPO in dry feed gas. The results illustrate that the Pd2Ce catalyst had the highest
activity among all the used catalysts, as shown in Figure 6. The T50 for the Pd2Ce catalyst increased
from 333 ◦C for the fresh catalyst to 350 ◦C for the used sample, an increase of 17 ◦C. In contrast, for
the Pd0Ce catalyst T50 increased by 45 ◦C. Hence, we conclude from both the TPO and TOS results that
the addition of 2 wt.% CeO2 to the catalyst/washcoat improved the stability and the activity of the
monolith catalyst for CH4 oxidation in the presence of H2O in the feed gas. In the presence of H2O and
SO2 the benefit of CeO2 remains, but is less pronounced.
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Figure 6. Temperature-programmed CH4 oxidation profile: the initial activity of the catalysts as a
function of temperature after the catalysts were regenerated. Reaction conditions: GHSV = 36,000 h−1,
Feed gas composition: 0.07 vol.% CH4, 8.5 vol.% O2, 0.06 vol.% CO and 8 vol.% CO2 in N2 and He.

The CO oxidation was measured to quantify the activity of the catalyst for CO oxidation with
and without CeO2 in the washcoat. The results show that adding CeO2 did not have a significant
impact on the activity of the catalysts for CO oxidation and all catalysts reached 100% CO conversion
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at temperature <220 ◦C, as reported in Figure S4. Also, CO conversion, measured during the TOS test
reached 100% for all the catalysts at 425 ◦C and 550 ◦C.

3. Discussion

The BET surface area and the pore volume of the catalysts decreased with increased CeO2 loading,
in agreement with results in the literature [19,29,59]. With increased CeO2 loading, the Al2O3 pores
were filled by CeO2, leading to a decrease in the surface area and the pore volume [18,60,61]. For
both Pd0Ce and Pd2Ce, the BET surface area and the pore volume decreased after the TPO and TOS
experiments, which likely resulted from some sintering of the washcoat [4].

The CO chemisorption results showed that CeO2 loading had an impact on the CO uptake. The
CO uptake for Pd0Ce (0 wt.% Ce) and Pd4Ce (4 wt.% Ce) was 19.4 µmol/gcat and 8.5 µmol/gcat,
respectively, although they had the same Pd loading. A similar loss in CO uptake in the presence of
CeO2 has been noted previously [29,59]. The catalysts were reduced in H2 for 1 h at 100 ◦C before
measuring the CO uptake. The decrease in the CO uptake with increased CeO2 loading is a consequence
of a decrease in the reduction of PdO to Pd in H2 prior to the CO uptake measurement, caused by
the presence of CeO2 [19,62]. Yao et al. [63] and Oh et al. [64] reported that adding CeO2 to Pd/Al2O3

stabilized the PdO, making it difficult to reduce. Xiao et al. [65] reported the absence of Pd0 in the XPS
spectra of a 2 wt.%Pd/CeO2 catalyst after reduction in H2 for 1 h at 300 ◦C and concluded that Pd was
present only as PdO because of a strong interaction between Pd and Ce that suppressed the reduction
of the PdO. The decrease in CO uptake for Pd0Ce and Pd2Ce following their use, results from a loss in
active surface sites after exposure to high amounts of H2O at 425 ◦C and 550 ◦C for 14 h [66].

After the catalysts were calcined at 450 ◦C for 15 h in air flow, the Pd was present as PdO [10,41,67],
confirmed by the Pd5/2 B.E. of 336.6 ± 0.3 eV (Table 3). The Pd5/2 B.E. increased by 0.5 eV and the
surface Pd/Al ratio increased with 1 and 2 wt.% CeO2. Adding CeO2 leads to a marginal increase in
the binding energy of Pd 3d5/2 due to charge transfer from CeO2 to PdO [29,68]. The binding energy of
the Pd 3d5/2 for catalysts Pd0Ce and Pd2Ce also increased after exposure to 10 vol.% H2O at 425 ◦C
for 7 h and 550 ◦C for 7 h, ascribed to the reconstruction of Pd species [65]. In the study by Shyu et
al. [68] Pd 3d spectra of 0.6%Pd/CeO2 and 6.8%Pd/Al2O3 catalysts were compared. After the catalysts
were calcined at 800 ◦C a peak at 337 eV, corresponding to PdO was observed for both catalysts. The
catalysts were subsequently reduced at 920 ◦C and exposed to ambient air, whereupon a peak at
337.0 eV was observed for the 0.6%Pd/CeO2 catalyst but not the 6.8%Pd/Al2O3, confirming that CeO2

increased the oxidation state of Pd.
Even though adding 1–4 wt.% CeO2 to Pd/Al2O3 increased the surface Pd/Al ratio (i.e., Pd

dispersion), the TPO data using a dry feed gas showed that adding CeO2 decreased the activity of the
catalyst, consistent with several previous studies [63,64,68]. Oh et al. [64] reported that the activity of
Pd/Al2O3 and Pt/Al2O3 catalysts decreased with the addition of CeO2 and suggested this was due
to a strong interaction between the CeO2 and the Pd that led to highly oxidized but less active PdO
catalysts [64,68]. In this study, the results of CO uptake and TPO in dry feed gas suggest a decrease in
the activity of the catalyst resulting from a strong interaction between CeO2 and Pd that retains PdO
species on the catalyst surface.

Ciuparu et al. [24] reported that the oxygen exchange between the support of the catalyst and
Pd-vacancies is interrupted by H2O adsorption on the support. Colussi et al. [69] showed that adding
CeO2 to Pd/Al2O3 improved oxygen exchange capacity of the catalyst, which enhanced Pd re-oxidation.
Thus, the deactivation of Pd/Al2O3 by H2O could be minimized by adding CeO2 to Al2O3 since CeO2

has a high oxygen exchange capacity. Yao et al. [51] also reported that the thermal stability of Al2O3

is improved by adding CeO2 to Al2O3. The TPO data from the present study using a wet feed gas
(2 vol.% H2O) shows that the Pd2Ce catalyst had the highest activity with T50 of 372 ◦C. The activity in
the presence of 2 vol.% H2O decreased in order: Pd2Ce (2 wt.% Ce) > Pd1Ce (1 wt.% Ce) > Pd4Ce
(4 wt.% Ce) > Pd0Ce (0 wt.% Ce). The same trend was obtained in the presence of 5 vol.% H2O. For the
Pd0Ce catalyst, T50 increased from 317 ◦C (dry feed gas) to 401 ◦C in a wet feed gas with 5 vol.% H2O,
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an increase of 84 ◦C. Although the Pd4Ce catalyst was the least active among the catalysts tested in
dry or wet feed gas, adding CeO2 reduced the T50 increase to 28 ◦C in the presence of 5 vol.% H2O
in the feed. A similar reduction in activity loss in the presence of water was observed for the Pd1Ce
and Pd2Ce catalysts. Hence, we conclude that adding CeO2 improved the activity of the catalysts in
the presence of H2O in the feed gas. In agreement with literature results, we assume that the higher
oxygen exchange capacity of CeO2 (compared to the γ-AlOOH/γ-Al2O3 washcoat) enhances oxygen
exchange between the support and Pd vacancies, thereby enhancing re-oxidation of the Pd which in
turn enhances the CH4 oxidation rate observed in the presence of a wet feed gas.

Some studies report that Pd catalysts used for CH4 oxidation deactivate in the presence of H2O at
low temperature (<500 ◦C) as a result of Pd(OH)2 formation, [44,45,70] even though Pd(OH)2 is formed
at low temperatures <250 ◦C in the presence of H2O and decomposes above 250◦C [45]. Moreover,
PdO is favored thermodynamically over Pd(OH)2 and Pd0 at the chosen operating conditions. In the
present study, there was no evidence of Pd0 (335.6 eV) nor Pd(OH)2 (338.5 eV) from the XPS analysis.
Pd was present as PdO in both the fresh and used catalysts, in agreement with the literature [29,43,58].

The adsorption of H2O on the active sites of PdO also leads to an inhibition of the Pd catalysts for
CH4 oxidation [3,62]. Moreover, the nature of support for the catalyst has an impact on the activity
and stability of CH4 oxidation catalysts in the presence of H2O [2,3,71–73]. A support with high
hydrophobicity plays a role in reducing the adsorption of H2O on the surface of the catalysts [71–73].
Carchini et al. [74] investigated H2O adsorption and hydrophilicity of CeO2 and Al2O3, and reported
that Al2O3 had a higher affinity for H2O than CeO2, the latter being more hydrophobic. Thus, adding
CeO2 to the γ-AlOOH/γ-Al2O3 washcoat likely also increased the hydrophobicity of the washcoat
and thereby reduced the adsorption of H2O [31]. The TOS results of the present study at 550 ◦C in the
presence of 10 vol.% H2O in the feed (Figure S3), showed that the temperature plays a major role in the
deactivation of the catalysts since all the catalysts showed high stability at 550 ◦C. The inhibition effect
of H2O decreased with increased temperature [2,40,45], consistent with the competitive adsorption
kinetic model reported previously [29]. The TOS results from the present study show that at low
temperature (425 ◦C), the deactivation in the presence of 10 vol.% H2O is very significant. For the Pd0Ce
catalyst the conversion of CH4 decreased to 50% and recovered to 60% after the H2O was removed
from the feed gas. For the Pd2Ce catalyst with 2 wt.% Ce the conversion at 425 ◦C dropped to 70% and
recovered to 80% after the H2O was removed from the feed. The TOS results are in agreement with the
TPO results for the wet feed. From the TOS and TPO results it can be concluded that adding 2 wt.%
CeO2 to the washcoat enhanced the activity and the stability of the Pd/γ-AlOOH/γ-Al2O3 catalyst in
the presence of H2O, suggesting that adding CeO2 accelerates the Pd re-oxidation, which enhances
the catalyst’s activity when using a wet feed gas. Furthermore, an increase in the hydrophobicity of
the washcoat leads to a decrease in H2O adsorption on the surface of the washcoat, and hence higher
activity. The results on the monolith catalysts reported herein are in good agreement with results using
powdered catalysts [29–31].

Finally, the data of Figure 5B show that in the presence of H2O and SO2, severe deactivation
occurs, but the presence of CeO2 mitigates this behavior, albeit to a small degree. Ordonez et al. [39]
reported similar effects on a powdered Pd/Al2O3 catalyst that was shown to be due to the formation of
PdSO4. The formation of Al2(SO4)3 can also occur [9,75], resulting in changed textural properties that
contribute to the loss in catalyst activity. In the presence of CeO2, we expect that the more hydrophobic
surface reduces the adsorption of sulphate species.

4. Materials and Methods

4.1. Materials

A cordierite (2MgO.2Al2O3.5SiO2) monolith from Corning with 400 CPI was cut to obtain a
mini-monolith (400 CPI, 1 cm diameter × 2.54 cm length; ~52 cells) with a mass of ~0.75 g. A
colloidal suspension of γ-Al2O3 (25 wt.% Al2O3; average particle size 50 nm) provided by ULTRA
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TEC Manufacturing, Inc. (Santa Ana, CA, USA) was used to prepare the washcoat. Pseudo
boehmite, (γ-AlOOH, Sasol North America, Houston, TX, USA), product number is 23N4-80) with an
average particle size of 90 nm was used as binding agent. Ce(NO3)3.6H2O (Aldrich 99% purity) and
Pd(NO3)2.xH2O (Aldrich ≥ 99% purity, Oakville, Ontario, Canada) were used to prepare the aqueous
solutions of Ce (2.5 wt.%) and Pd (0.42 wt.%) for sequential impregnation of the washcoated monolith.

4.2. Preparation of the Monolith Catalyst

Prior to use the γ-AlOOH was dried for 2 h at 120 ◦C and calcined in stagnant air, heating from
room temperature to 350 ◦C at 10 ◦C/min and then holding the final temperature (350 ◦C) for 7 h. The
γ-AlOOH (5 g) and 15 mL of H2O were then added to the γ-Al2O3 colloidal solution (80 g) and stirred
for an additional 1 h to obtain a suspension with 5 wt.% γ-AlOOH and 20 wt.% γ-Al2O3. As reported
previously, γ-AlOOH improved the stability and uniformity of the washcoat [76]. The monolith was
dried for 2 h at 120 ◦C prior to dip coating in the prepared suspension for 5 min. After removal
from the suspension, pressurized air was used to remove any excess fluid trapped in the channels
of the monolith. The washcoated monolith was subsequently dried for 2 h at 120 ◦C and calcined
in stagnant air by heating from room temperature to 450 ◦C at 10 ◦C/min and then holding the final
temperature for 7 h before cooling to room temperature. The dip coating was repeated to obtain the
desired washcoat loading of ~27 wt.% on the monolith. The calcined and washcoated monolith was
then wet impregnated with the Ce solution for 1 min, dried for 2 h at 120 ◦C and calcined in air flow of
100 cm3(STP)·min−1 while heating from 25 to 450 ◦C at 10 ◦C/min and holding the final temperature
for 15 h. The monolith was subsequently cooled to room temperature. Then, the washcoated monolith
with CeO2 was wet impregnated with the Pd solution for 1 min, dried for 2 h at 120 ◦C and calcined in
air flow of 100 cm3(STP) min−1 while heating from 25 to 450 ◦C at 10 ◦C/min and holding the final
temperature for 15 h. The monolith was subsequently cooled to room temperature. For all monolith
catalysts of this study, the nominal Pd loading was held constant at 0.5 wt.%. The final catalyst nominal
compositions are reported in Table 5. For the Pd0Ce catalyst, after the washcoat was deposited on
the monolith, the Pd was added according to the method already described, but without first adding
the CeO2.

Table 5. Nominal composition of monolith catalysts.

Sample Catalyst Composition, wt.%

Pd Ce γ-AlOOH γ-Al2O3 Cordierite

Pd0Ce 0.5 0 5.3 21.2 73.0
Pd1Ce 0.5 1.0 5.1 20.4 73.0
Pd2Ce 0.5 2.0 4.9 19.6 73.0
Pd4Ce 0.5 4.0 4.5 18.0 73.0

4.3. Monolith Characterization

The monolith catalyst BET (Brunauer-Emmett-Teller) surface area, pore volume and average
pore size were determined from the N2 adsorption-desorption isotherms measured at 77 K using a
Micromeritics ASAP 2020 analyzer, (Micromeritics, Norcross, GA, USA). The monolith catalysts were
crushed to a powder, dried at 110 ◦C under vacuum for 3 h to remove moisture prior to the analysis.

The monoliths were also analyzed using scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX). A JEOL JSM-5510 LV SEM (Jeol, St-Hubert, QC, Canada)
was used to assess the surface morphology of the washcoated monolith. In the latter case, the monolith
was sectioned to yield an internal channel for analysis. The presence of Ce and Pd in the analyzed
zone was verified by EDX.

The sectioned monolith was also analyzed by X-ray photoelectron spectroscopy (XPS) to determine
the properties of the surface of the washcoat. A Leybold MAX200 X-ray photoelectron spectrometer
(XPS, Leybold, Export, PA, USA with Al Kα X-ray source was used for the analysis. A pass energy
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of 192 eV was used for the survey scan and a pass energy of 48 eV was used for the narrow scan
to determine the Pd oxidation state. XPSPEAK41 was used to analyze the spectra after background
subtraction by the nonlinear Shirley method.

CO pulse chemisorption measurements were done using a Micromeritics AutoChemII 2920
analyzer (Micromeritics, Norcross, GA, USA). The powdered monolith catalyst was dried in an Ar flow
at 200 ◦C for 2 h prior to being reduced in a 50 cm3(STP) min−1 flow of 9.5 vol.% H2/Ar (Praxair) at 100
◦C for 1 h. After cooling to 50 ◦C in He the CO uptake was measured by passing pulses of 9.93 vol.%
CO/He (Praxair) at 50 ◦C over the sample and measuring the CO adsorbed using a thermal conductivity
detector (TCD). The catalyst reduction transformed the PdO to Pd0, suitable for CO adsorption.

Ultrasonic vibration was used to evaluate the mechanical strength of the bond between the
washcoat and the cordierite monolith [4]. A washcoated monolith was placed in an ultrasonic water
bath (frequency 40 kHz) for 1 h. The sample was subsequently dried at 120 ◦C for 2 h and weighed.
The weight loss of the washcoat following this treatment gave a relative measure of the adhesion of the
washcoat to the cordierite monolith.

To assess the thermal stability of the washcoat, the same monolith was placed in an oven in air
while heating to 1000 ◦C at 10 ◦C/min and holding the final temperature for 7 h. Subsequently, the
monolith was subjected to the same ultrasonic vibration test as before, dried at 120 ◦C for 2 h and
weighed to determine the mass loss.

4.4. Reaction System and Activity Measurements

The initial activity of the mini-monolith catalyst was measured by temperature-programmed
reaction tests, herein referred to as temperature-programmed CH4 oxidation tests (TPO), in a total feed
gas flow of 1025 cm3(STP)·min−1, corresponding to a GHSV of 36,000 h−1. The feed gas composition
was 0.07 vol.% CH4, 8.5 vol.% O2, 0.06 vol.% CO, 8 vol.% CO2 and 0, 2 or 5 vol.% H2O in N2 and He.
Time-on-stream (TOS) tests were used to quantify the stability of the catalysts at 425 and 550 ◦C. For
the TOS test the GHSV and feed gas composition was the same as the TPO, except the H2O content
was set at 10 vol.%. The chosen reaction conditions ensured the obtained CH4 conversion data were
not impacted by heat and mass transfer effects (see Suppementary Materials). Further details of the
experimental set up have been reported previously [76].

5. Conclusions

A series of catalysts prepared on a ceramic cordierite monolith (400 CPI, 1 cm diameter × 2.54 cm
length; ~52 cells), washcoated with different supports that contained CeO2 and loaded with PdO, were
evaluated for CH4 oxidation. Adding CeO2 did not have a significant impact on the adhesion and
thermal stability of the washcoat. Adding CeO2 to a PdO/γ-AlOOH/γ-Al2O3 washcoated monolith
catalyst reduced the inhibition of CH4 oxidation by H2O at low temperature (<550 ◦C). The highest
catalyst activity and stability for CH4 oxidation in the presence of H2O was obtained by adding 2 wt.%
CeO2 to the washcoat. Adding CeO2 enhanced oxygen exchange with the active phase and reduced
water adsorption on the catalyst, which led to improved activity and stability of the catalysts in the
presence of H2O. The results of this study confirmed the role of adding Ce to Pd based monolith
catalyst to suppress the inhibition of the catalyst of CH4 oxidation by H2O and SO2, as has been
reported for powdered catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/557/s1.
XPS Pd 3d spectra measured for fresh and used catalysts. Time-on-stream data in 10 vol.% H2O at 550 ◦C.
Temperature-programmed oxidation profile for CO conversion as function of temperature for the catalysts. Mass
and heat transfer calculations.
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