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DRIFT study of the mechanism of methanol synthesis from CO, and H,
on CeO,-supported CaPdZn catalyst
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This article reports results of mechanistic DRIFTS study of methanol synthesis from CO, and H, on CaPdZn/CeO,
catalyst. The catalyst exhibited superior catalytic performance with ~100% selectivity to methanol and 7.7% conversion
of CO, at 30 bar and 220 °C. In situ DRIFTS measurements were carried out under experimental conditions and the
presence of various surface reaction intermediate species and their subsequent conversion to methanol were carefully
monitored. The catalyst was characterised by BET, CO chemisorption, CO,-TPD, and HRTEM to evaluate the
physiochemical properties and structure morphology of fresh and spent samples. DRIFTS investigation confirmed the
formation of mono- and bidentate formates, CH,O, and CH3O intermediate species suggesting that the reaction
mechanism follows formate pathway for the synthesis of methanol from CO, hydrogenation over CaPdZn/CeQ,.

Key words: CO, hydrogenation, methanol, CaPdZn/CeOQ, catalyst, DRIFTS, reaction mechanism.

INTRODUCTION

Carbon dioxide utilisation as a feedstock for
industrial production of valuable chemicals has
recently been involved as an active area of catalysis
research. The utilisation of CO, was addressing the
possible solution of critical issues like global warm-
ing, depleting of high quality fossil fuel sources, and
availability of a cheap and abundant CO, raw mate-
rial for the synthesis of different chemical products
[1,2]. Carbon dioxide hydrogenation to methanol is
the most viable route for application of the former.
Methanol serves as an excellent energy storage
material alternative to traditional fossil fuels as well
as a fuel for direct methanol fuel cell [3-5].

Palladium-based catalysts have exhibited supe-
rior catalytic performance in recent years, especially
in the reaction of methanol synthesis from CO, and
H, [6-9]. The properties of these catalysts are strongly
influenced by preparation method [10-12] and cata-
lyst reduction procedure [7,8,12,13] as well as by
type of support [14-17] and promoter [18,19]. Syn-
ergic effects and chemistry of the strong metal sup-
port and metal-metal interaction of Pd and ZnO
have also been widely studied. Pd/ZnO system ap-
peared to be highly active towards methanol forma-
tion from CO, [6-9,12,14,20]. The observed high
catalytic activity of this system is associated mainly
with the formation of PdZn bimetallic alloy, which
was formed due to electrons transfer from Pd to
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ZnO at elevated temperatures over 500 °C of cata-
lyst reduction [6-9,12].

In the present study, we report results of DRIFTS
study of methanol synthesis from CO, and H, on
CaPdzn/CeO, catalyst. A reaction mechanism was
proposed based on evidences obtained from spectro-
scopic registration of the formation of various
intermediate species over the catalyst surface during
the reaction of methanol synthesis from CO,and H,.

The catalyst was prepared by the chelating
method employing citric acid as a chelating agent.
This method was previously used for synthesising
nanosized high surface area CeO, particles. The
citric acid was used as a chelating agent for its well-
known positive contribution in controlling the
morphology of the metal particles size and useful
assistance to avoid sintering of synthesized nano-
materials [21-23].

EXPERIMENTAL
Catalyst preparation

A typical preparation procedure of 2.0 g of
CaPdzn/CeO, sample is presented in the following
lines.

Needed amounts of desired catalyst component
salts were dissolved in separate beakers containing
30 cm® deionised water, i.e. 0.2165 g of Pd (palla-
dium(Il) nitrate hydrate >99.9%-metal basis, Alfa
Aesar), 0.4549 g of Zn (zinc nitrate hexahydrate
>98%, Aldrich Chemical Company), 0.059 g of Ca
(calcium nitrate tetrahydrate, Techno Pharmchem
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>99.0%), and 4.516 g of Ce (cerium(lll) nitrate
hexahydrate >99.0%, Fluka Analytical).

An aqueous solution of 8.2702 g citric acid
(299%, Techno Pharmchem, India) at a 1:3 molar
ratio of metal ion (Pd, Zn, Ca and Ce) present in a
particular catalyst sample to citric acid, was added
dropwise into Ce salt solution and heated at 50 °C
for 15 min under continuous stirring. Later, Pd, Zn,
and Ca salt solutions were added dropwise into the
mixture of Ce salt and citric acid and heated at 90
°C for 6 h until a brownish yellow gel-like mixture
was formed. The resulting mixed gel was aged for
24 h at 90 °C in a water bath and later placed into an
oven for 18 h at 110 °C resulting in a completely
dried solid residue. Afterwards, it was crushed into
powder and calcined in dry air at 300 °C for 2 h and
then at 500 °C for 3 h.

Catalyst characterisation

BET surface area and pore size distribution were
analysed by N, adsorption-desorption method at
liquid nitrogen temperature with N, as adsorbate.
NOVA 2200e (Surface area & Pore size Analyzer,
Quantachrome Instruments) apparatus was used.
Before each analysis, samples were dried at 300 °C
for 2 h under vacuum.

X-ray diffraction patterns were collected in order
to identify the crystal phases contained in the cal-
cined, passivated, and spent samples. An Equinox
1000 (Inel, France) XRD equipment (Co Ko = 1.789
A X-ray source and generator settings: 30 kV, 30
mA) with the real-time acquisition in 26 range of 0—
110° for 7200 s were used for these measurements.

H,-TPR experiments were conducted to study the
reduction behaviour of the calcined catalysts using
Pulsar automated chemisorption analyser (Quanta-
chrome Instruments). In general, 0.1 g of sample
was loaded into U-type quartz reactor. Then the
temperature was raised and maintained at 120 °C
under helium flow for 1 h to remove any entrapped
moisture. After cooling the sample back to 40 °C, a
5% H, in N, mixture was introduced at 15 cm®min™
and the temperature was linearly raised to 800 °C at
a5 °Cmin ' ramping rate. A TCD detector was used
to analyse the effluent stream.

CO,-TPD measurements were employed to exa-
mine catalyst sample basicity using Pulsar auto-
mated chemisorption analyser (Quantachrome Instru-
ments). Prior to CO, adsorption, catalyst samples
(0.1 g each) were first reduced at 550 °C under H,
flow (20 cm®min™) for 1 h and then brought to room
temperature under He flushing (15 cm®min™) for 2
h. The reduced samples were then saturated with
15% CO,/N, mixture (20 cm®min™) for 1 h. After-
wards, TPD analysis was prompted at a heating rate
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of 10 °C/min under He flow (15 cm®minn) and de-
sorbed amount of CO, was detected by a mass spec-
trometer. The amount of desorbed CO, was calcul-
ated by comparing the integrated peak area of CO,-
TPD curve to the area of the CO, calibration pulse.

In order to understand and identify the inter-
mediate species and general reaction mechanism, in
situ IR spectra were recorded on a Tensor Il FTIR
spectrometer (Bruker) installed with DRIFT acces-
sories, Harrick praying mantis, and zinc selenide
window capable of achieving pressure up to 40 bar.
In general, 0.1 g of calcined sample was placed in
the IR cell and reduced at 550 °C under H, flow (20
cm®min’?) for 1 h. Subsequently, the temperature
was lowered back to 230 °C under Ar flow (15
mimin™) and a background IR spectrum was re-
corded after 3 h of Ar flushing of the reaction cham-
ber at reaction temperature. Then, CO, and H, mix-
ture flow (20 cm®min?) was introduced with an
applied pressure of 30 bar. Totally 91 DRIFT spec-
tra were collected for 3 h at 2 min time interval.
Each spectrum was an average of 100 scans at 4 cm*
resolution.

To investigate the catalyst structure and morpho-
logy at nanoscale, HRTEM and EDX analyses of
freshly reduced CaPdzn/CeO, catalyst were also
performed employing a 200 kV D1234 Super Twin
microscope (Technai, Netherlands).

Catalytic activity tests

Activity tests of CaPdZn/CeQO, catalysts were
carried out in a MA-Effi reactor (PID Eng & Tech,
Spain) equipped with Bronkhorst mass flow
controllers and temperature sensors and controllers.
A reaction mixture at a flow rate of 20 cm®min™* and
pressure of 30 bar and composition of CO,:H, = 1:3
was used. The reactor was charged with 0.5 g of
catalyst. Prior to each test, the sample was reduced
in situ at 550 °C with 20 cm®min™ H, gas flow for
one hour at atmospheric pressure.

The reaction products were analysed using an
Agilent 7890 A gas chromatograph equipped with a
TCD detector with HayeSep Q packed column for
CO,, CO, and CH,4 analysis and a FID detector with
HP-Pona capillary column (19091S-001E) for me-
thanol and higher hydrocarbons analysis. Reported
data on conversion and selectivity were obtained by
an average of three independent readings with an
error range of £3% taken after 3 h of reaction run.
CO, conversion and selectivity of products were
defined as follows:

__ (Moles CO; jp—Moles CO; oyt )X100
- Moles CO; gut

Moles CH30H x 100
Moles (CH30H+CO+CH,) in product stream

CO,conv % (1)

CH5OH sel =

% (2)



A. S. Malik et al.: DRIFTS study of the methanol synthesis from CO, and H, on CaPdZn/CeO,

RESULTS AND DISCUSSION
Structural properties and catalytic performance

Figure 1 shows XRD profiles of calcined and
reduced CaPdZn/CeO, samples. Diffraction peaks
for CeO, phase [PDF 00-034-0394] were observed
at 20= 33.28, 38.61, 55.74, 66.48, 69.86, 82.77,
92.19, 95.32, 108.13, 118.38, 138.48, 155.87, and
165.31° for calcined and reduced CaPdZn/CeO,
sample. For reduced CaPdzn/CeO, sample, intense
peaks at 20 = 48.19 and 51.74° were detected
reflecting the presence of PdZn alloy phase with
(111) and (200) crystal planes [PDF 03-065-9523].
This confirms the formation PdZn alloy phase as
shown in figure 1. At a higher reduction temperature
(>500 °C), metal-to-metal interaction causes the
transfer of electrons between metallic palladium and
ZnO, hence forming the PdZn-bimetallic alloy.
Several previous studies asserted that PdZn alloy
phase served as the catalytically active phase for
con-verting CO, to methanol [6-8, 20].

CaPzC PdZn Alloy
C902 .
I
|
(‘H‘ ,x (111‘)(200)/\\ \ Reduced
)
Calcined

20 30 40 50 60 70 80 90 100 110
20 (degree)

Fig. 1. XRD profile of calcined and reduced
CaPdZn/CeO, catalyst.

Table 1 lists the physiochemical data and cata-
Iytic performance of ceria carrier and CaPdZn/CeO,
catalyst. Catalyst surface area was 67 mg, being
much higher compared to the support CeO, which
had a surface area of 52 m’g .

Table 1. Textural and -catalytic properties of the
CaPdzn/CeO, and Ce0,

Surface Pd Desorbed CO, CH3;0H
Disper- CO, conver- Selecti-
Catalyst area Sger . . .
meg sion sion vity
% pmole/gea % %
CaPdzn/CeO, 67 7.6 88.0 7.7 100.0
CeO, 52 - 42.0 - -

The increase of surface area with the insertion of
various metals over CeO, support might be attri-
buted to the chelating preparation procedure. Basi-
city of the CaPdZn/CeQO, sample was also enhanced
as the desorbed amount of CO, from the catalyst (88
umolgcat’l) was much larger than the amount of CO,
desorbed from catalyst support, CeO, (42 pmolge ).

Figure 2 displays a HRTEM image of reduced
CaPdzn/CeO, sample. PdZn alloy particles, formed
at high temperature reduction, were well dispersed
and uniformly distributed over CeO, support which
was confirmed by HRTEM. Figure 3 illustrates the
EDS image of reduced CaPdzZn/CeO, -catalyst
enlisting elemental composition of Pd, Ce, Zn, and
Ca, which agrees with the amounts used for catalyst
synthesis.

Pdzn alloy

W Pdzn alloy

Pdzn alloy

Fig. 2. HRTEM image of reduced CaPdZn/CeO, catalyst.

cps/eV
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Fig. 3. EDS of reduced CaPdZn/CeO, catalyst. (Bruker
Quantax XFalsh 6 solid angle of a 30-mm? active area
chip energy resolution 123 eV at Mn Ka,
45eV at C).
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Catalytic activity testing

The catalytic activity of CaPdzZn/CeO, samples
was tested at different temperatures in the range of
220-270 °C and pressure of 30 bar. The conversion
of CO, was improved appreciably with the increase
of temperature but methanol selectivity was de-
creased as presented in Table 2. Methanol selec-
tivity decrease may have occurred mainly due to
reverse water-gas shift (RWGS) reaction, forming
CO as a by-product at elevated temperatures above
220 °C. Generally, at higher temperatures, RWGS
reaction (Egn. 3) dominates and hinders methanol
formation due to thermodynamic constrains [21].

COz(g) + Hz(g) > CO(g) + HzO(g); AHygs « = 41 kd/mol
(©)
Table 2. Catalytic activity of CaPdZn/CeO, catalyst

220°C 230°C 250°C 270°C

Conversion (%X) 1.7 8.3 10.8 11.25
Methanol selectivity (%S) ~100  97.4 90.0 78.0

(Reaction conditions: Catalyst weight = 0.5 g; Pressure = 30 bar,
reaction mixture composition Hx:CO, = 3:1, flow rate = 20 cm®min™.
Reduction temperature 550 °C)

In situ DRIFTS analysis

We have selected the temperature of 230 °C for
DRIFT mechanistic study as at this point, we have
observed moderate CO, conversion and high metha-
nol (>97%) selectivity. In situ DRIFTS analysis was
carried out to evaluate the emergence of various
intermediate species formed over the catalyst sur-
face with time at 230 °C and pressure of 30 bar for
CO, hydrogenation to methanol. DRIFTS results
assisted in developing a perception of the actual
reaction sequence occurred over the surface of the
tested catalyst and helped to distinguish the surface
species relevant to the mechanism of selective for-
mation of methanol.

DRIFT spectra, which were registered for reac-
tion time of 180 minutes at interval of 5 minutes,
exhibited unique characteristics of emerging inter-
mediate surface species as presented in figure 4.
Surface concentrations of the intermediate species
were gradually increased at the beginning of the
reaction and reached a maximum for 90 minutes
after introduction of the reaction mixture to the
DRIFT chamber. The DRIFT spectral range of ac-
quisition was divided into five regions (R1-R5 as
shown in figure 4) based on the unique band char-
acteristics of various detected surface species. Figure
5 shows an enlarged image of IR spectral acqui-
sition at different time intervals with the evolution
of different surface species. Carbonates (bridged,
monodentate and bidentate) and inorganic carboxy-
late species, which usually appear at low tempera-
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ture CO, adsorption on ceria [24], could not be
observed as they normally were converted to cor-
responding formate species at temperature above
200 °C in a very short time [25].

At the beginning of the registration of IR spectra,
no characteristic bands due to the presence of for-
mates were registered. After 5 min onward, IR bands
appeared at 1640, 1575, and 1340 cm* (Region R2)
indicating the emergence of monodentate (m-
HCOO) and bidentate (b-HCOOQO) formate species
[26-28] attributed to hydrogenation of carbonaceous
species at elevated temperature. IR bands at 1746
and 2843 cm™ corresponded CO-stretching vibra-
tions (Region R3) and CHy-stretching vibration
ascribed to gas phase CH,O species. IR bands at
2831, 2942, and 3077 cm™* (Region R5) may be as-
signed to methoxy (CH3O) species [26,29,30], which
was evolved by stepwise hydrogenation of formate
and CH,O species. A strong feature for CO, (gas
phase non-dissociative adsorption over CeO, sur-
face) can also be observed between 2250 and 2400
cm™ (Region R4). Band intensity in this region was
consistent throughout the reaction time showing a
strong interaction of CeO, with acidic CO,. IR bands
appearing at 2090 and 2177 cm™* (Region R3) may
be attributed to linearly adsorbed CO (CO,) on Ce™
[24] and gas phase CO, respectively, due to the
adsorption of CO, on oxygen vacancies over the
surface of ceria support. Formation of gaseous me-
thanol was also evident (almost after 5 min of intro-
ducing reaction mixture at reaction conditions) from
the bands arisen at 1005, 1031, and 1055 cm* (gase-
ous methanol) and 2844 cm™ (gas phase CHj s-
stretching), and 3000 cm™ (gas phase CH; d-stret-
ching) corresponding to methanol formation.

Transmittance (a.u.)

3000 2500 2000 1 1500 1000
(Wave Number (cm ™)

Fig. 4. DRIFT spectral acquisition at different time
intervals of reduced CaPdZn/CeO, catalysts at
230 °C and 30 bar.

Figure 5 presents the appearance of gaseous
CH3OH species with time during the CO, hydro-
genation reaction. The band at 1055 cm™ was used
to analyse the dynamics of CH3;OH rise with time
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(Fig. 6). It has been reported that PdZn alloy forma-
tion assists the selective formation of methanol
[7,8]. It is well known that the type of preparation
method, used support, and promoters may influence
strongly the catalytic performance of the catalyst.
Metal-support interaction also enhances the catalytic
performance in the case of supported Pd catalysts

and this phenomenon was also observed in our
CaPdzn/CeO, catalyst [6,9]. It may be assumed that
the adsorption ability of CO, and oxygen-containing
intermediate species (such as OH", HCO", H,CO,
H,COO, HCOO, and HsCO) is higher at

CaPdzn/CeO, interface. A density functional study
is required to prove this claim though.

5
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Fig. 5. Identification of various surface species for methanol synthesis from CO, using CaPdZn/CeO, catalysts
at 230 °C and 30 bar pressure.
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Fig. 6. Band intensity of gaseous methanol in the reaction

products as a function of reaction time over
CaPdZn/CeO; catalyst.

Reaction mechanism

In situ DRIFT study provided the necessary evi-
dence required to propose a general reaction mecha-
nism of CH;OH formation over CaPdZn/CeQO, cata-
lyst. Formation of m-HCOO, b-HCOO, CH,0, and
CH30O were kinetically favourable over the catalyst
surface. Furthermore, no clear evidence of COOH
species formation was observed indicating that the
CaPdzn/CeO, system inhibits the RWGS reaction

and leads the reaction sequence to follow the for-
mate pathway. Dissociative adsorption of hydrogen
on Pdzn alloy generated activated H adatoms,
which ultimately lowered the reaction energy barrier
for HCOO pathway. A strong metal support inter-
action (SMSI) between PdZn bimetallic alloy and
CeO, allowed activation of CO, over the catalyst
surface and facilitated spillover of H adatoms onto
the support thereby increasing the hydrogenation
rate of adsorbed carbonaceous species. These results
were in line with previous reports on Pd-based sys-
tems for CO, hydrogenation [25,31,32]. Based on
our findings, we may suggest a dual-site (bifunc-
tional) reaction mechanism for CO, hydrogenation
over CaPdZn/CeO, yielding CH;0OH and CO only as
also discussed elsewhere [25,31,33]. Adsorbed carbo-
naceous species (monodentate, bidentate, and poly-
dentate carbonate, etc.) over CeO, were stepwise
hydrogenated to formates (m-HCOO and b-HCOO)
with the supply of H adatoms from the dissociation
of H, on PdZn alloy. This formate species was
further hydrogenated to CH,0O, methoxy CH30 spe-
cies, and finally to methanol and CO. A general reac-
tion mechanism is illustrated in Scheme 1.
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H;

CH;OH

H,O

Scheme 1. Proposed reaction mechanism based on in situ DRIFTS data on methanol synthesis
from CO, and H, over CaPdZn/CeO, catalyst.

CONCLUSIONS

The CaPdzn/CeO, catalyst exhibits ~100%
selectivity to methanol and 7.7% of CO, conversion
at low temperature of 220 °C and pressure of 30 bar.
The reason for this excellent selectivity and activity
lies in the strong H, dissociation ability of Pdzn
alloy to actively hydrogenate the adsorbed carbon-
aceous species as well as the strong adsorption of
CO, over CeO, support as it provides a platform and
stability to carbonaceous species formed over the
catalysts surface. In situ DRIFT analysis confirmed
the formation of formate species and its subsequent
conversion to methoxy species, and then finally to
methanol, suggesting a formate pathway for metha-
nol synthesis from CO, hydrogenation using
CaPdZzn/CeO, under tested reaction conditions.
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N3CIHEABAHE C 1O0MYC HA MEXAHU3MA HA CMHTE3 HA METAHOJI OT CO, 1 BOJIOPOJ

C KATAJIM3ATOP CaPdZn/CeO,

A. C. Mamuk*, 1. @. 3aman’, A. A. An-3axpann, M. A. Jlayc, X. Unpuc, JI. A. Ilerpos

Jlenapmamenm no undicenepra xumust u mamepuanosnanue, Unoicenepen gpaxynmem,
Yuusepcumem ,, Kpan A60oynasuc*, n.x. 80204, 21589 [xceoa, Cayoumcka Apabus

Ioctenuna Ha 2 ¢pepyapu 2018 r.; Ilpepabotena Ha 23 mapt 2018 .

(Pesrome)

B Hactosmata pabora ca npencraBenu pesynrata oT DRIFTS m3cnensane Ha MexaHu3Ma Ha CHHTE3 Ha METaHOJ OT

CO; u H, Bbpxy karamusarop CaPdZn/CeO,. KaranuzaTopbT NpHTekaBa NPEBB3XOAHH KaTATUTHYHH CBOHCTBA.
CenexruHoctTa Ha npoueca npu 220 °C n nansrane 30 arm. e 100% npu 7.7% xousepcus Ha CO,. M3mepBanusra ¢
DRIFTS ca mposenenu in Situ mpu wamsrase 30 aT™. U ca IPOCIIECHH BbB BPEMETO MPOMEHHTE B KOHIICHTPAIIUHUTE Ha
MOBPXHOCTHUTE MEXKIUHHU CheluHeHus. KaTaau3aTopbT W M3IMOJI3BAHUAT HOCHTEN Ca OXapaKTepPH3MPaHU C METoJa
BET, xemocopo6iust Ha CO, TIIJ] Ha CO,, peHTreHOCTpYyKTYypeH aHann3 1 TEM ¢ BHCOKa pa3fenuTeTHa CIIOCOOHOCT.
YcranoBeHo e hopMHupaHeTo Ha MOHO- U OujeHTanTHH popmuat, CH,O 1 CH30, koero coun e cuHTE3a HA METaHOI
npotuya npe3 GopmupaneTo Ha Gopmuartu. [IpeasioxkeH e U BEpOsSTEH MEXaHU3bM Ha Mpolieca Ha CMHTE3 Ha METaHOII
ot CO, 1 BOIOpOA.
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