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Abstract

Pd/CeO: as a catalyst for methanol synthesis has been studied in a microreactor consisting of 14
structured foils and in a fixed-bed laboratory reactor. Methanol synthesis was carried out at 80
bar and 300 °C with a syngas composition of H2/CO/CO2/N2 = 65/25/5/5. It was found that
Pd/CeO: as a foil coating was more active than the Pd/CeO, powder catalyst on a Pd/CeO, mass
basis, both initially and after stabilization. In order to understand the Pd/CeO: catalyst properties,
both as a coating on the structured foils and as nanoparticles techniques such as TEM, SEM,
XRD and chemisorption were employed to characterize the catalysts before and after reaction

experiments. The activity of the Pd/CeO, foil coating is substantially better than the Pd/CeO>



powder despite significantly higher Pd dispersion of the Pd/CeO. powder. This is ascribed to the
Pd nanoparticles of the powder catalyst being partly covered by the ceria upon preparation and
reduction. This prevents the accessibility of Pd to the gaseous reactants. A higher number of
active sites are present initially in both catalysts leading to high initial activity for methane as
well as methanol formation. This may be explained by good interfacial contact between Pd and
CeO> created during preparation and reduction to form sites that are gradually lost under reaction
conditions by a combination of sintering/agglomeration and enhanced coverage of the Pd by ceria

layers.
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1. Introduction

Natural gas represents a global energy resource similar in size to that of crude oil. Approximately
50% of the gas reserves could be considered as “stranded”, i.e. lacking pipelines or other
infrastructure for transport directly to the market [1]. 50% of the stranded gas is located off-shore.
Exploiting offshore gas presents challenges that possibly could be overcome by offshore
conversion to methanol, synthetic gasoline/diesel (Fischer-Tropsch technology) or dimethyl ether
(DME), processes that may be referred to as gas-to-liquids (GTL) technology. For offshore GTL,
a barge mountable production unit would require compact, efficient, robust, light weight, reliable
and safe technologies, whereas existing technology is favored by economy of scale and does not

meet the requirements for floating installations.



Microstructured reactors [2-4], in which the reaction occurs in parallel channels or structures of
critical dimensions ranging from a few um to a few mm, may represent an interesting potential
for offshore GTL technology. Compared to conventional reactors, the high surface-to-volume
ratios resulting from the narrow reaction volumes significantly enhance the heat and mass
transfer [5-8]. Highly exothermic reactions may be carried out at nearly isothermal conditions [9,
10] or even with controlled temperature gradients over the reactor [11]. The suppression of hot
spots not only results in safe operation, but helps prolonging the lifetime of the catalysts [12, 13].
It may also reduce the extent of undesirable side reactions, leading to higher selectivity [14, 15].
This may again allow for accommodation of catalysts with 1-2 orders of magnitude higher
activity than existing technology in certain cases. Eventually, this could lead to increased product

yields, improved energy efficiency, smaller process footprints and reduced capital costs [16].

Methanol is one of the basic intermediates in the chemical industry and is also being used as a
fuel additive and as a clean burning fuel. It is the starting point for formaldehyde, methyl tert-
butyl ether and several solvents [17, 18]. Methanol can also be converted to olefins (ethene,
propene, etc.) by recently developed processes [19]. Industrial production of methanol is carried
out directly from synthesis gas over a CuO/ZnO/Al.Oz catalyst. The main reactions for the
formation of methanol from syngas are:

Methanol synthesis from CO:

CO + 2Hz <> CHsOH AH S, = —90.8KJ / mol 1)
Methanol synthesis from CO.:

CO2 + 2H2 <> CH3OH + H20 AH 7o, = —49.4KJ / mol (2)

The two methanol forming reactions are coupled by the water gas shift reaction:



CO + H20 <> COz + Ha AH S, = —41.0KJ /mol (3)

The advantages of the CuO/ZnO/Al;Os catalyst are many, since it has relatively low cost and
high selectivity to methanol, and the system is mature and well-developed. Possible
disadvantages include the tendency to sintering at temperatures greater than 270-300 °C [20] and
a reaction mechanism that requires carbon dioxide to be present in the feed, resulting in water as
a by-product in the reaction. Supported palladium has been suggested as an alternative catalyst
because the reaction mechanism proceeds via carbon monoxide [21] and because it is possibly a
more active metal than copper. However, reports on the activity and selectivity of Pd catalysts
have not been too encouraging when compared to Cu-based catalysts [21-24]. Matsumura et al.
have reported that Pd in combination with ceria as support or promoter exhibited higher activity
for methanol synthesis from carbon monoxide and hydrogen than the conventional Cu-based
catalysts [25, 26]. The high catalytic activity was attributed to the presence of Pd species in the
cationic form (close to +1), due to strong interaction between Pd and ceria [27]. Moreover, Pd
based catalysts may be an alternative to Cu-based catalyst as they possess better tolerance
towards sulphur poisoning [28], which is becoming increasingly important for coal or biomass

derived synthesis gas feed.

Arising from the interest in developing offshore GTL technologies, the topic of methanol
synthesis in microstructured reactors became part of our research activities. We have previously
studied Pd/CeO: catalyst as a coating in a stacked foil microreactor for methanol synthesis [29].
The coating was then compared with a CuO/ZnO/Al>O3 coating as well as a Pd/CeO- catalyst
powder in a fixed-bed reactor. The Pd/CeO; coated foils showed higher methanol productivity

than that of Cu system on a mole of active metal basis (Pd/Cu), although at higher temperature



and with significantly higher methane by-product formation. In this study, we proceed to obtain
more detailed understanding of the Pd/CeO> catalysts, both as a coating on the structured foils
and as nanoparticles. TEM, SEM, XRD and chemisorption were therefore employed to

characterize the catalysts before and after reaction experiments

2. Experimental

The stacked foil microreactor (SFMR) consisting of fourteen structured foils (Figure 1) was made
by Karlsruhe Institute of Technology (KIT) and the details were given previously [29]. The
structured and coated foils were stacked inside a steel (Alloy 800) housing, using graphite seals
(Novaform SK, Frentzelit) to allow for high pressure. Two metal blocks, one below and one
above the stack, were used to adapt the height of the stack to the housing and thereby ensuring
leak tightness and minimal reactant bypass issues. The SFMR was electrically heated by 16
cartridges to maintain a uniform temperature profile, which was recorded by insertion of

thermocouples into holes in the SFMR outer shell.

The fixed-bed reactor (FBR) was made of a 1/2” 316 stainless steel tube with an internal diameter
of 10 mm. 1 g of catalyst particles (50-120um) were kept in place by a stainless steel cylinder
capped with a steel gauze inserted into the reactor bottom. The catalyst bed length was about 20
mm. The FBR was clamped inside an aluminum block and heated by a Kanthal furnace that was
regulated against a thermocouple placed between the reactor and the aluminum block. The
catalyst bed temperature was recorded by a movable thermocouple inside a thermowell centered
inside the reactor. For comparison between foil and FBR experiments, the furnace temperature
was adjusted so that the maximum bed temperature (Tpeax) along the FBR axis corresponded to

the practically isothermal mid-section SFMR temperature [29].



The Pd/CeO; foil coating was prepared by dripping a CeO2 sol-gel, synthesized according to
Ozer et al. [30] from cerium ammonium nitrate, uniformly over the microchannels. This was
followed by drying at 70 °C overnight and calcination at 500 °C for 5 h in air. The CeO: layer
was then dripped several times with a PdCl. solution (Sigma Aldrich, 5 wt% in 10 wt% HCI
solution) until 10 wt% Pd/CeO, was obtained, and then dried and calcined as before. The catalyst
mass obtained in SFMR is 181.3 mg. For fixed-bed experiments, 50-120 pum particles of a
10%Pd/CeO, powder was prepared by deposition — precipitation [25], using CeO2 nanopowder

(Sigma Aldrich, d < 25 nm) and the same PdClI; solution as precursors.

The specific surface area (Sget) of all the supports and catalysts was determined by N2 adsorption
at -196 °C using a Micromeretics Tristar 3000 instrument. The samples were filled into the
sample tube and outgassed overnight under vacuum at 200 °C before measurements. The specific
surface area was calculated by the BET (Brunauer-Emmet-Teller) equation. The total pore
volume and pore size distribution were found applying the Barrett-Joyner-Halenda (BJH) method

[31].

X-ray diffraction analysis of the CeO> support and the Pd/CeO, powders was performed on a
Bruker AXS D8 Focus with D8 Goniometer, CuKa radiation (A=1.54A) and a Lynxeye detector.
The XRD patterns were acquired in the 20-range of 20-90° with a step size of 0.03° and a step
time of 0.6s. The diffractograms were compared with standards in a database (EVA) for phase

identification [32].



Volumetric chemisorption of CO was performed at 313 K on a Micromeritics ASAP 2010C unit.
The catalyst was loaded into a U-shaped quartz reactor and placed inside an electric furnace. The
sample was initially evacuated at 313 K for one hour, and reduced in flowing hydrogen at 573 K
for 16 h. The temperature was increased slowly by 1 K/min. After reduction, the sample was
evacuated for 1 hour at 573 K, for 30 min at 373 K and subsequently cooled to 313 K for
adsorption measurement. The Pd dispersion (D, %) was calculated assuming that one Pd site was

covered by one CO molecule.

High resolution - Inductively coupled plasma — Mass Spectrometry (HR-ICP-MS) was used to
determine the actual catalyst composition of the Pd/CeO> powder. The analysis was performed by
Molab AS. The sample was completely dissolved in a solution of 0.1M HNO3 and 0.1 vol% HF

before analysis.

Scanning electron microscopy (SEM) was performed using a Zeiss Ultra instrument operated at
beam voltage of 20 kV. SEM energy-dispersive X-ray spectroscopy (EDS) analysis and mapping

was performed using a Bruker Quantex system.

Transmission electron microscopy (TEM) and TEM EDS analysis were performed using a JEOL
2010F instrument, operated at 200 kV, and an Oxford Instruments INCA system, respectively.
The TEM samples were prepared by dispersing a small amount of powder in ethanol and placing
a drop of the liquid on a carbon support film supported on a copper grid. The grid was dried

while resting on a filter paper before being transferred directly to the TEM.



Before reaction experiments, the Pd/CeO catalysts were reduced at atmospheric pressure under
10 vol.% hydrogen in nitrogen at 300 °C. After reduction, the reactors were pressurized up to 80
bar under premixed syngas (H2/CO/CO2/N2 = 65/25/5/5). The product gas was analyzed using an
Agilent 6890 N GC with TCD and FID detectors set-up for both online feed and product gas
analysis as well as offline liquid product analysis. The effluent gas composition was analyzed at
regular intervals over approximately 24 h to obtain stable values before the parameters were
changed. For comparison of the SFMR and FBR performance, the furnace temperature was
adjusted so that the maximum bed temperature (Tpeak) along the FBR axis corresponded to the

practically isothermal mid-section SFMR temperature.

The conversion, reaction rates and contact time were calculated based on the composition of feed

gas, composition of the effluent gas and the amount of liquid collected, as follows:

Neoin — N
CO conversion [%]: X =—200 €O 100 4)
r]CO,in

Rate of methanol formation: Neon = ml“”heo“ (5)
gcat'
. mmol,,

Rate of CH4 by-product formation few, =—————— (6)
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Contact time: W/F=— Ja (7

3
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The liquid product was assumed to consist of methanol and water only in the mass balance
calculations. The validity of this assumption has been checked in selected liquid products. Even if

it is evident that evaporation of some of the product takes place under liquid collection and



analysis, the carbon balance is closed within +5% using this method. The presence of minor

amounts of other oxygenates in the liquid product can not be excluded.

3. Results and discussion

3.1. Performance of the Pd/CeQO: catalysts

As mentioned, the performance of the Pd/CeO: catalysts as a powder in FBR and as a coating in
SFMR under methanol synthesis conditions has been previously reported in detail [29]. For
convenience, the most relevant and conclusive data in terms of activity have been included here.
Figure 2a shows conversion and reaction rates at 80 bar, 300 °C and a contact time of 110
ms.gea/cm?®. The Pd/CeO> foil coating and the Pd/CeO, powder catalyst show very similar trends
in performance, but at different activity levels. The initial activity is high but significant
deactivation occurs. The activity of the Pd/CeO: foil coating and the Pd/CeO, powder catalyst
reached a pseudo steady-state after about ~ 120 h and ~ 60h, resulting in a decrease in CO
conversion from 65% to 11% and from 32% to 4%, respectively. The deactivation was
accompanied with lower rates of methanol as well as methane formation, but was more
significant for the methane formation (Figure 2b). The catalysts therefore appear to have a high
initial number of sites active in both methanol and methane formation that are unstable and
gradually lost during reaction. Both catalysts seem to retain more of the sites that are selective to
methanol only. It could be that at least two types of sites exist, on which one is only leading to
methanol. The other type(s) could be active for methane formation only, or less selective but
prone to deactivation. We also prepared 5 wt% Pd particles supported on ZnO or SiO; (not
shown) by impregnation, for which the activity was low even during the initial period. Under

similar conditions and contact time on a Pd/support mass basis, the CO conversion was only 2-



4%. CeO> supported particles were therefore also subjected to the same methanol synthesis
reaction conditions, finding that CeO, by itself has negligible activity. This indicates that the Pd
particles alone do not contain the most active sites for methanol and methane formation. One may
infer that the Pd-ceria interface is essential to the product formation [33], possibly in combination

with spillover effects.

Pd/CeO; as a foil coating is more active than the Pd/CeO, powder catalyst on a Pd/CeO, mass
basis, both initially and after stabilization. Possible differences in performance exist between the
two reactor systems, SFMR vs. FBR, but these are found to be minor and related to somewhat
different temperature profiles [29]. The main difference must therefore lie in the Pd/CeO:

composition and structure, as will be discussed below.

3.2. Characterization of Pd/CeO:2 powder catalyst

The BET surface area, pore volume and average pore radius (dpore) Of the CeO> support and the
CeO after loading it with 10 wt% of Pd (fresh Pd/CeO2 powder) are summarized in Table 1.
After Pd deposition, the BET surface area is significantly increased, from 32 to 52 m?/g. The
average pore radius decreased from 21 to 14 nm, while the pore volume remained more or less
the same. The increase in surface area could partly be due to formation of small Pd particles. The
pore size distribution of the CeO2 support and the Pd/CeO; powder (Figure 3) shows, however,
that the increase in surface area could also be due to a change in the structure of the support,
since two new peaks in the pore size distribution appeared at 2.5 and 20 nm. The small peak at 5
nm of the CeO2 support seems to disappear or becomes hidden because of overlap with the strong
new peaks of the Pd/CeO.. It should be noted that since PdCI. can be dissolved in HCI solution

but not in water, 5 wt% PdCl; in 10 wt% HCI was used as a precursor. A considerable amount of
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HCI was therefore added to the CeO nanopowder solution to reach the loading of 10 wt% Pd.
This could possibly have partly dissolved or eroded the CeO- crystallites, leading to changes in
the structure of the support. However, as shown in Figure 4, the XRD spectra of the CeO2 support
and the fresh Pd/CeO2 powder look similar and indicate that the CeO> phases in both cases were

crystalline.

The Pd dispersion of the fresh Pd/CeO. catalyst as measured by CO chemisorption was quite
high, up to 32%, resulting in an estimated Pd particle size of 3.4 nm (Table 1). Previous studies
indicate that the determination of Pd dispersion by CO chemisorption is not straightforward since
ceria can chemisorb CO [34, 35] and that the CO adsorption may also be influenced by CeO:
structure [36]. Pd crystallites could not be detected in the fresh catalyst by XRD (Figure 4),
however, in spite of relatively high loading of Pd. This is indirect proof of Pd particles of a few

nanometers in size and in line with the chemisorption result.

The morphological properties of the freshly prepared Pd/CeO powder were also investigated by
TEM and the results are shown in Figure 5 and 6. From the bright-field TEM images (Figure 5),
it can be seen that the Pd/CeO: catalyst is composed of agglomerated particles of a few to tens of
nanometers in size. It is, however, difficult to identify Pd crystallites even at high resolution,
which is probably partly because of electron scattering by CeO3 [37]. It could also be that the Pd
particles are covered by CeO> during preparation in HCI and hence less visible in TEM. This
could explain the difference in activity between the foil coating and the powder catalyst by
significantly lower accessibility of the Pd in the powder by the reactants. Figure 6 shows dark-

field STEM micrographs and complementary EDS mapping of Ce, Pd and O in the fresh
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Pd/CeO, powder. The distribution of the elements (Figure 6b-d) indicates that Pd is well

dispersed in/on the CeOz support, again in agreement with the existence of Pd nanoparticles.

Figure 7 shows dark-field STEM micrographs and complementary EDS mapping of the Pd/CeO>
catalyst after about 200 h under methanol synthesis conditions. The Pd remains well dispersed
infon the CeO; support for the used Pd/CeO> powder, possibly with indications of agglomeration
or particle growth. The appearance of a small and broad Pd peak in the XRD spectrum of the
used catalyst (Figure 4) supports this, but also indicates that the Pd particles remain small in size.
Shen et al. reported strong sintering of Pd during methanol synthesis at 250 °C over 2.44 wt%
Pd/CeO> during ~30 h on stream, with Pd particles increasing in size from a few nanometers to
about hundred nanometers [38]. We have used the same catalyst preparation technique as Shen at
al., i.e. deposition-precipitation. The differences are the source of CeO; and the relatively higher
Pd loading. The application of CeO2 nanoparticles (< 25 nm) and considerable amounts of HCI as
explained above could have influenced the catalyst properties. Strong interaction between the
ceria and Pd nanoparticles, or even partly dissolved or eroded CeO, creating a layer to partly
cover the Pd nanoparticles, could possibly also have prevented agglomeration and sintering of Pd.
Then, migration of partly reduced ceria under reaction conditions could further reduce the

accessibility of Pd by the reactants [36].

The Pd loading obtained for the Pd/CeO, powder, as measured by HR-ICP-MS, is 8.25 wt%. This
is less than the nominal loading and possibly less than that of the coating catalyst (both 10 wt%
Pd nominally). The reduction in Pd loading was only ~18%, however, while the activity of the
powder is less than half compared to that of the coating. In combination with the fact that the

powder catalyst has smaller Pd particles than the coating (will be shown below), the lower
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relative activity of the powder further supports the existence of (partly reduced) ceria layers that
suppress the Pd or Pd-CeO: interfacial sites.

3.3. Characterization of Pd/CeO: as a foil coating

Figure 8 shows the surface of a microstructured foil coated with Pd/CeO, before being used in
methanol synthesis experiments as imaged in SEM. It can be seen that the coating layer of
Pd/CeO: is not completely homogeneous on the foil surface. The high magnification SEM image
of Figure 8b reveals that the coating in the middle of the microchannel bottom is relatively
homogeneous, but cracks can be found near the corners since a higher catalyst mass is usually
obtained in the corner. This is common when using a flow coating technique, since the adhesion
to the channel walls is stronger and less of the residual coating liquid will be removed by

pressurized air flow.

Figure 9 compares SEM images of the PdCeO. coating before and after about 400h under
methanol synthesis conditions. Pd particles (white) can be seen at both low and high
magnification. EDS proves that the Pd peak is not present in areas away from the white particles,
indicating that Pd is not there. For the fresh coated foil (Figure 9a-b), the Pd particles vary in size
from tens to about one hundred nanometers, and the Pd particles appear to be round and compact
sitting on top of the CeO> coating. This could imply that the higher activity of the foil coating
relative to that of the powder catalyst is explained by all Pd particles being accessible to the
reacting gases, despite being considerably larger in size. For the used coated foil, the Pd particles
appear larger in size, almost up to 1 pum (Figure 9c-d). But they also appear less compact and
more as agglomerated clusters spread out over the support surface. The interfacial contact
between Pd and support hence appears stronger in the used foil coating. As mentioned, ceria may

be reduced under reduction and methanol reaction conditions [36], with the possibility of
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partially reduced species migrating to/between the Pd crystallites. While this is probably
associated with the deactivation observed, it could also contribute to the formation of a strong
metal-support interaction and increasing interfacial contact that eventually stabilizes the larger Pd

particles of the foil coating.

4. Conclusion

A Pd/CeO; catalyst foil coating to produce methanol from synthesis gas was prepared for
application in a stacked foil microstructured reactor (SFMR), and comparison to Pd/CeQO, powder
catalyst fixed-bed experiments was made to better understand its properties. Both Pd/CeO:
catalysts show high initial activity in SFMR and FBR, respectively, but deactivate significantly to
reach steady state after 60-120 hours on the stream. The high initial activity could be due to that
active sites at the interfacial contact between Pd and CeO: during reduction are gradually lost.
Since the loss can not be fully explained by sintering/agglomeration, particularly for the powder
catalyst, it is ascribed to migration of partly reduced ceria under reaction condition. The activity
of the Pd/CeO. foil coating prepared via a sol-gel procedure is substantially better than the
Pd/CeO; particles prepared by deposition-precipitation onto CeO, nanoparticles, initially as well
as after stabilization, although the Pd/CeO powder has higher Pd dispersion. This is ascribed to
the Pd nanoparticles being covered by a ceria under the preparation and subsequent reduction.
This maintains most of the Pd sites covered and inactive in the methanol synthesis. Similar
phenomena seem to occur also in the foil coating, but because of the preparation results in larger
Pd particles residing on top of a ceria layer, the Pd or Pd-CeO interface remains more accessible

to the reactants.
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Figure Captions

Figure 1 Pictures of the stacked foil microreactor (SFMR) under operation (a), opened (b).

Figure 2 CO conversion and rate of methanol (a) and methane by-product (b) formation as a
function of time on stream (TOS) for Pd/CeQ> catalysts as a powder in FBR and as a foil coating
in SFMR. T = 300 °C, contact time W/F = 110 [ms-gca/cm®], pressure 80 bar and syngas

composition H2/CO/CO2/N2 = 65/25/5/5 [27]

Figure 3 Pore size distributions of the CeO, support and the fresh Pd/CeO, powder calculated

from N adsorption data using the Barrett-Joyner-Halenda method.

Figure 4 XRD diffractograms of the CeO. support and the Pd/CeO, powders before and after

testing in FBR.
Figure 5 Bright-field TEM micrographs of the fresh Pd/CeO. powder at different magnifications.

Figure 6 Dark-field STEM micrograph (a) and complementary EDS Ce (b), Pd (c), and O (d)

mapping of the fresh Pd/CeO. powder.
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Figure 7 Dark-field STEM micrograph and complementary EDS Ce (b), Pd (c), and O (d)

mapping of the used Pd/CeO, powder.
Figure 8 SEM pictures of the fresh Pd/CeO. coated foil at low (a) and high (b) magnification.

Figure 9 SEM pictures of the fresh (a-b) and the used (c-d) Pd/CeO: coated foil at 10*-10°

magnification.
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Figure 1
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Figure 2
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Figure 4
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Figure 6
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Figure 8
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Figure 9
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Table 1 Characterization of the CeO> nanoparticle support and the fresh Pd/CeO. powder catalyst

Seet [M?/g)? | dpore [nNM]® | Pore volume [cm®/g]® | D [%]¢ | dp [mn]¢

CeO2 32 21 0.178 - -

Pd/CeO: 52 14 0.183 32 3.4

4 BET surface area.
b Average pore size and pore volume calculated by using BJH method.
¢ Pd dispersion calculated from CO chemisorption at 313 K.

d Pd particle size based on CO chemisorption at 313 K.
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