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Abstract: The hydrogenation of CO, to methanol has been investigated over CuO/ZnO/Al,O3 (CZA)
catalysts, where a part of the Al,O3 (0, 25, 50, 75, or 100%) was substituted by La;Os. Results of
catalytic performance tests obtained at atmospheric pressure showed that the addition of La,O3
generally resulted in a decrease of CO, conversion and in an increase of methanol selectivity. Optimal
results were obtained for the CZA-La50 catalyst, which exhibited a 30% higher yield of methanol,
compared to the un-promoted sample. This was attributed to the relatively high specific surface
area and porosity of this material, the creation of basic sites of moderate strength, which enhance
adsorption of CO, and intermediates that favor hydrogenation steps, and the ability of the catalyst
to maintain a large part of the copper in its metallic form under reaction conditions. The reaction
mechanism was studied with the use of in situ infrared spectroscopy (DRIFTS). It was found that
the reaction proceeded with the intermediate formation of surface formate and methoxy species
and that both methanol and CO were mainly produced via a common formate intermediate species.
The kinetic behavior of the best performing CZA-La50 catalyst was investigated in the temperature
range 190-230 °C as a function of the partial pressures of H; (0.3-0.9 atm) and CO, (0.05-0.20 atm),
and a kinetic model was developed, which described the measured reaction rates satisfactorily.

Keywords: CO, hydrogenation; CuO/ZnO/Al;O3 catalyst; LayO3; promoter; DRIFTS; reaction
mechanism; kinetic model

1. Introduction

Carbon dioxide, which is one of the main greenhouse gases and a major contributor to global
warming, has been identified as a promising feedstock for producing valuable chemicals [1], and its
efficient utilization is expected to contribute toward the development of a carbon-neutral energy
cycle [2]. One of the most investigated processes aiming at this direction is hydrogenation of CO; to
methanol (Equation (1)) using H, coming from renewable energy sources.

CO; +3H, 2 CH30H + H,O  AH; o = —49.5 k] mol ™ (1)

Methanol is one of the most important chemicals as it can be used directly as a fuel, as an energy
carrier in fuel cells, or as a raw material for the synthesis of products such as formaldehyde, acetic acid,
and olefins [3]. Methanol is traditionally produced from syngas. However, for obvious economic and
environmental reasons, there is great interest in developing a process where methanol is produced from
abundant and inexpensive CO,. The main problem that is currently hindering the wider application
of the latter process is the low methanol selectivity due to the occurrence of the competitive reverse
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water-gas shift (RWGS) reaction (Equation (2)) [4]. Thus, it is important to develop catalytic materials
characterized by high activity and selectivity toward methanol.

CO, +Hy 2 CO+HyO  AHY o = 41 kJ mol ™ @)

The state-of-the-art catalyst for the title reaction is CuO/ZnO/Al,O3 (CZA), where CuO and ZnO
catalyze both the methanol synthesis and the WGS reaction [5]. A plethora of studies have been
reported dealing with the reaction kinetics and mechanism over CZA-based materials, and several
models have been proposed to explain the experimental results [6-9]. However, there is still debate
regarding the reaction mechanism and catalyst requirements [4,10,11]. As far as catalysts are concerned,
efforts have been made to improve the performance of CZA by either replacing/doping Cu with noble
metals (e.g., Pt, Pd) [12-15] or by adding oxides in order to enhance the adsorption properties of the
support and to increase the dispersion of the Cu phases [16-21]. This is the reason why the majority of
studies pinpoint some sort of coupling in the mechanism between the copper phase and the support
oxide, with the latter being the anchor point for one of the oxygen atoms of CO, [22,23]. In this respect,
several promoters have been studied, mainly oxides of metals such as Mn, La, Zr, Cr, and B [21,24-28].
In several cases, the catalytic performance of CZA catalysts was enhanced following substitution of
part or all of Al,O3 by oxides, such as ZrO,, CryO3, GayOs, or SiO, [29-31]. Results were explained
considering that, for example, ZrO, improves the dispersion of copper particles, SiO, enhances the
long-term stability of the catalyst, whereas dopants such as Cr,O3; or Ga,Oj3 increase the specific
activity per unit Cu surface area [29-31].

In the present work, a series of La-promoted CZA catalysts (CZA-Lax) of variable LayO3-to-Al,O3
ratios was synthesized, characterized, and tested for the title reaction. Results showed that the addition
of LayO3 increased the selectivity toward methanol and that the yield of methanol was maximized for
the CZA-La50 catalyst, for which 50% of Al,O3; was replaced by La,O3. This was explained considering
that the addition of La,;O3 affected the distribution and strength of basic sites on the catalyst surface
and promoted the formation of metallic copper under the reaction conditions. Results of in situ DRIFTS
experiments indicated that the reaction proceeds via the intermediate formation of surface formate and
methoxy species. The kinetic behavior of the best performing catalyst was investigated as a function or
the reaction temperature and partial pressures of H, and CO;, and a kinetic model was developed,
which described the measured reaction rates satisfactorily.

2. Results

2.1. Characteristics of the Synthesized Catalysts

CuO/ZnO/Al,O3 and La-promoted CZA catalysts were synthesized by a co-precipitation method,
as described in Section 4.1. The molar composition of the unpromoted CZA catalyst was 61.7% CuO,
30.1% ZnO, and 8.2% Al;O3. The La-promoted samples were prepared by substituting different
portions of Al,O3 by LayOs. The catalysts thus prepared are denoted in the following as CZA-Lax,
where x (0, 25, 50, 75, or 100) indicates the molar fraction (%) of Al,O3 replaced by La,O3 (Table 1).

Table 1. Textural properties of the synthesized CuO/ZnO/Al,O5 (CZA)-Lax catalysts.

Catalyst Specific Surface Area Pore Volume Pore Size
(m? g1) (em® g 1) (nm)
CZA-La0 111 0.70 20
CZA-La25 88 0.78 30
CZA-La50 96 0.79 30
CZA-La75 61 0.45 27

CZA-Lal00 47 0.32 25
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The textural properties of the as-synthesized CZA-Lax catalysts are summarized in Table 1. It was
observed that, as a general trend, the increase of the La;O3 content resulted in a decrease of the specific
surface area (SSA), which dropped from 111 m? g=! for the un-promoted sample to 47 m? g~! for the
CZA-Lal00 catalyst, for which Al,O3 was fully substituted by La;O3. This confirmed the higher ability
of Al,Oj3 to act as a structural stabilizing agent of the CuO/ZnO catalyst, compared to La;O3. It is of
interest to note, however, that the CZA-La50 sample retained a relatively large SSA and exhibited the
highest pore volume and pore size among the catalysts investigated (Table 1).

In Figure 1A are shown the X-ray diffraction (XRD) patterns of the freshly prepared catalysts.
It was observed that all materials were characterized by peaks attributable to CuO and ZnO phases,
with the most intense ones located at 20 = 35.5°, 38.6°, 31.8°, and 34.3°, respectively. The absence of
clearly resolved peaks corresponding to Al,O3 and Lay O3 phases may be explained considering the
low content of these oxides and indicated that they exist in an amorphous or microcrystalline state [32].
Qualitatively similar results have been reported for La-modified CuO-ZnO-Al,O3/HZSM-5 catalysts
synthesized by the co-precipitation method [21].
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Figure 1. XRD patterns obtained for (A) the freshly prepared and (B) the spent CZA-Lax catalysts: (a) x
=0; (b) x = 25; (c) x = 50; (d) x = 75; (e) x = 100.

The XRD patterns obtained following the exposure of the catalyst samples to the reaction conditions
are shown in Figure 1B. It was observed that, in all cases, the diffractograms were characterized by
the presence of additional peaks located at 20 = 43.5° and 50.5°, attributable to metallic copper (Cu’),
which is known to be an active component for methanol synthesis [33,34]. It is of interest to note
that the relative intensity of the Cu® peaks, compared to those of CuO, was generally higher for the
La-promoted catalysts and was maximized for the CZA-La50 sample (c), which, as discussed below,
exhibited the highest yield toward methanol.

The surface basicity of the pre-reduced catalysts was studied by temperature-programmed
desorption of CO, (CO,-TPD), and the results obtained are shown in Figure 2. It was observed
that the desorption profile of the unpromoted CZA-La0 catalyst (a) was characterized by an intense
low-temperature (LT) peak centered at ca. 85 °C and a broad high-temperature (HT) shoulder extending
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up to 300 °C. The LT peak could be assigned to weak basic sites related to surface hydroxyl groups,
whereas the HT shoulder could be attributed to basic sites of moderate strength corresponding to
metal-oxygen pairs (Al-O, Zn-O, and/or Cu-O) [35,36].

— 500

=

S La content (x)

& 4001 0

c 4 4 === 50

o

S 300- T 100

©

=

o 2001

- '_/" ‘_4

3 1001
N /.. b = ~ ' \

O . T — - g \‘\ '\_'

O 0+ ‘ >

50 100 150 200 250 300 350
Temperature (°C)

Figure 2. CO;-temperature-programmed desorption (TPD) profiles obtained for the pre-reduced
CZA-Lax catalysts: (a) x = 0; (b) x = 50; (c) x = 100.

Substitution of 50% or 100% of Al,Os by Lay;O3 (b and ¢, respectively) resulted in a substantial
decrease of the intensity of the LT peak, indicating that weak basic sites were mainly related to the
OH groups of alumina. This was accompanied by a progressive growth and shift of the HT shoulder
toward higher temperatures. The total amount of desorbed CO;, calculated by integration of the
corresponding TPD curves, decreased from 25.9 umol/g for CZA-La0 to 23.1 umol/g for CZA-La50 and
to 18.1 umol/g for the CZA-Lal00 catalyst. This indicated that the total number of basic sites decreased
following the addition of La;O3. On the other hand, it is evident from Figure 2 that both the relative
concentration and strength of the HT basic sites increased with increasing La content. This showed that
the La-promoted catalysts were characterized by a higher amount of basic sites of moderate strength,
the number and strength of which increased with increasing La,O3 content. Qualitatively similar
results have been reported for Cu/ZnO catalysts promoted with Fe or Ga [36].

2.2. Catalytic Performance Tests

The catalytic performance of the CZA-Lax samples was investigated at atmospheric pressure in the
temperature range of 160-260 °C. Under these reaction conditions, the only carbon-containing products
detected were methanol and CO, and no catalyst deactivation was observed with time-on-stream.
The yield of methanol was typically lower than 1% because, according to the Le Chatelier principle,
Reaction (1) is favored at high pressures. Typical results obtained over the best performing CZA-La50
catalyst are shown in Figure 3 and are compared with those of the CZA-La0 and CZA-La100 samples.
It was observed that, in all cases, conversion of CO, (Xcop) increased with the increase of the reaction
temperature (Figure 3A). Substitution of Al;O3 by La; O3 resulted in a decrease of Xcop, which took
its lowest values for the CZA-Lal00 catalyst. Selectivity toward methanol (Scpyson) followed the
opposite trend, i.e., it was higher than 90% at 160 °C for all samples and decreased with the increase of
temperature, dropping close to zero at ca. 260 °C (Figure 3B) where CO, was selectively converted
to CO. Interestingly, Scrson was found to be higher for all La-containing catalysts, compared to
un-promoted CZA, and was maximized for the CZA-La100 sample, where Al,O3 was fully substituted
by LayOs. The beneficial effect of La;O3 on methanol selectivity could be attributed to the increase
of the concentration of surface basic sites of moderate strength (Figure 2), which are believed to be
responsible for catalyzing the C-O bond activation of adsorbed CO, species [26-28]. LayOj3 also
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stabilized copper in its metallic form under reaction conditions (Figure 1), which is known to promote
the title reaction. A similar beneficial effect on methanol selectivity was reported for La-promoted
Cu/ZnO/ZrO, catalysts [37], as well as for Cu/ZnO catalysts promoted with other basic oxides, such as
C802 [38]
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Figure 3. (A) Conversion of CO,, (B) selectivity to methanol, and (C) yield of methanol as functions
of the reaction temperature obtained over CZA-Lax catalysts with x = 0, 50, or 100. Experimental
conditions: mass of catalyst: 200 mg; total flow rate: 50 cm3 min~!; feed composition: 10% CO, and
90% H,.

As a result of the counteracting effects of temperature on CO, conversion and methanol selectivity,
the yield of methanol went through a maximum at temperatures around 210 °C (Figure 3C).
As mentioned above, optimal results were obtained for the CZA-La50 catalyst, which combined
high activity and selectivity, leading to a yield of methanol of 0.9% at 210 °C, which was ca. 30% higher
than that of the un-promoted CZA-La0 sample (0.7%).

2.3. In Situ DRIFTS Studies

The in situ diffuse reflectance infrared Fourier-transform (DRIFT) spectra obtained following
the interaction of carbon monoxide with CZA-La0 and CZA-La50 catalysts are presented in Figure 4.
Adsorption and desorption of CO was investigated not only because CO is a reaction product, but also
because it is a suitable probe molecule to study the nature and strength of active sites. As shown in
Figure 4A, exposure of the pre-reduced CZA-La0 catalyst to CO at 25 °C for 30 min (a) resulted in the
appearance of bands located at ca. 2170 and 2108 cm~!, which were attributed to gas-phase CO [39,40].
The latter peak also contained a contribution from carbonyl species linearly adsorbed on metallic Cu,
which are known to vibrate in this region [41]. Switching the feed to He resulted in the removal of the
bands due to gas-phase CO and in the appearance of the Cu-CO peak at 2105 cm™~!, which slightly
decreased in intensity with time-on-stream (b-d). The increase of temperature under He flow at 100 °C
resulted in a substantial decrease of the peak intensity (e). A further increase of temperature resulted
in the disappearance of the peak (f,g), indicating that carbonyl species were weakly adsorbed on the
catalyst surface.

Similar DRIFT spectra obtained over the CZA-La50 catalyst are presented in Figure 4B. It was
observed that the carbonyl peak (b) appeared at a higher wavenumber (2110 cm™~!) and was of lower
intensity, compared to CZA-La0 (Figure 4A), indicating that it was less strongly adsorbed on Cu.
This was verified by the disappearance of the peak upon increasing the temperature to 100 °C (e).
Comparison of the spectra obtained over the un-promoted (Figure 4A) and the La-containing sample
(Figure 4B) indicated that the presence of La,O3 resulted in a decrease of the adsorption strength of Cu
toward CO.
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Figure 4. DRIFT spectra obtained over (A) the CZA-La0 and (B) the CZA-La50 catalyst following
interaction with 1% CO (in He) at room temperature (a), purging with He for 30 min (b-d),
and subsequent stepwise heating under He flow at temperatures up to 200 °C (e-g).

The formation and fate of surface species formed under reaction conditions was investigated over
the CZA-La0 and the CZA-La50 catalysts by in situ DRIFT spectroscopy in the temperature range
25-400 °C, and the results obtained are presented in Figure 5A,B. In the same figure is also shown
the evolution of products in the gas-phase, which was monitored in separate experiments performed
under the same reaction conditions with the use of the transient-MS technique (Figure 5C,D).

Regarding the CZA-La0 catalyst (Figure 5A), it was observed that exposure of the pre-reduced
sample to the CO,/H, mixture at 25 °C (a) resulted in the appearance of a peak located at 2108
cm™!, attributed to CO adsorbed on metallic Cu (see above), a band centered at ca. 1640 cm™!
attributed to adsorbed water [39,42], and a broad feature centered at ca. 3450 cm™!, which was due to
adsorbed OH species [41]. The appearance of these bands indicated that the gas-phase CO, adsorbed
dissociatively on the catalyst surface at room temperature to yield adsorbed CO and adsorbed oxygen
species. The latter combined with dissociatively adsorbed hydrogen to form hydroxyl species and
then H,O [39]. Two additional bands located at 1588 and 1390 cm™! could be assigned to adsorbed
formate (HCOO) species [42].

The stepwise increase of temperature at 200 °C (b—d) resulted in the disappearance of all spectral
features mentioned above. The fact that gas-phase products started evolving at this temperature
(Figure 5C) indicated that these surface species were active intermediates for the title reaction. It should
be noted that, in addition to CO, small amounts of methanol were also produced in the gas-phase at
temperatures around 200 °C, but due to the low concentration of reactants and the transient nature of
the experiments presented in Figure 5C, the methanol concentration was close to the detection limit of
the apparatus and could not be quantified. A further increase of temperature at 400 °C (e-h) resulted
in the development of two bands at 2125 and 2175 cm™~! due to the gas-phase CO, the production of
which was favored at high temperatures because of the endothermic nature of the RWGS reaction.
At temperatures higher than ca. 450 °C, measurable amounts of CH, also appeared in the gas-phase
(Figure 5C). It should be noted that the DRIFT spectra obtained at temperatures higher than 200 °C
(Figure 5A,d-h) were characterized by a change of the background signal in the range 1250-1600 cm~!,
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which resulted in the appearance of a “negative” curve in this region. This was most possibly due
to the (partial) oxidation of Cu by product H,O, which is a strong oxidant at elevated temperatures.
A qualitatively similar behavior was observed for the CZA-La50 sample (Figure 5B).
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Figure 5. In situ DRIFT spectra obtained over (A) the CZA-La0 and (B) the CZA-La50 catalyst following
interaction with a reaction mixture consisting of 1% CO, and 9% H, (in He) at (a) 25 °C and stepwise
heating at: (b) 100 °C; (c) 150 °C; (d) 200 °C; (e) 250 °C; (f) 300 °C; (g) 350 °C; (h) 400 °C. The transient-MS
spectra obtained over the CZA-La0 and CZA-La50 catalyst under the same conditions are shown in
(C) and (D), respectively.

The in situ DRIFT spectra obtained over the CZA-La50 catalyst under reaction conditions are
shown in Figure 5B. Similar to the un-promoted sample, exposure to the CO,/H; mixture at 25 °C
(a) resulted in the development of bands attributed to adsorbed water (1640 cm~') and OH species
(broad band at 3450 cm™!). However, the carbonyl band at ca. 2110 cm™~! did not appear over this
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catalyst, probably because of the weak adsorption of this species on the CZA-L50 catalyst, compared to
CZA-La0 (see Figure 4). The increase of the reaction temperature to 100 °C (b) and 150 °C (c) resulted
in the development of bands at 1592, 1390, and 1370 cm ™! due to adsorbed formate (HCOO) species,
as well as in the appearance of bands at ca. 1025 and 1080 cm™!, attributable to surface methoxy
(CH30) species [41,42]. The intensity of these bands decreased upon further increasing temperature to
200 °C (d), i.e., in the temperature range where methanol was produced (Figure 3) and diminished
at higher temperatures (e-h). This indicated that CO, hydrogenation to methanol occurred with the
intermediate formation of formate and methoxy species, in agreement with the results of previous
studies [42]. For the reasons mentioned above, the amount of methanol produced in the gas-phase at
temperatures around 200 °C was very low and, therefore, w not shown in the transient-MS results
presented in Figure 5D. On the other hand, CO evolved in the gas-phase at temperatures higher than
200 °C and was accompanied by the formation of relatively small amounts of CHy at temperatures
above ca. 350 °C (Figure 5D).

2.4. Reaction Kinetics

The initial rates of methanol and CO evolution were measured at atmospheric pressure over the
best performing CZA-La50 catalyst in the temperature range of 190-230 °C. The results obtained with
the use of different feed compositions are summarized in Figure 6, where symbols correspond to the
measured values and solid curves represent their fitting according to the kinetic model discussed
below (see Section 3.2). It was observed that the increase of the partial pressure of H, (Pyyp) in the
range 0.3-0.9 atm at a constant partial pressure of CO, (Pcop = 0.1 atm) did not affect appreciably the
rate of CO evolution at a given temperature (Figure 6A), but resulted in an almost linear increase of the
methanol formation rate (Figure 6B). On the other hand, the increase of Pco; in the range 0.05-0.20 atm
at constant Pry = 0.8 atm resulted in a progressive increase of both the rate of CO (Figure 6C) and
methanol (Figure 6D) production.
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Figure 6. Cont.
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Figure 6. Effects of the partial pressure of H; in the feed at the constant partial pressure of CO,
(A,B) and of the partial pressure of CO; at constant partial pressure of H, (C,D) on the rates of CO
(A,C) and methanol (B,D) evolution at temperatures of 190, 210, and 230 °C. Solid lines correspond to
fitting of experimental results (symbols) with the use of the kinetic model described in Section 3.2.

3. Discussion

3.1. Effects of La,O3 Addition on the Characteristics and Performance of Catalysts

The results of the catalyst characterization experiments listed in Table 1 showed that, although
replacement of Al,O3 by La;O3 generally resulted in a decrease of the specific surface area, the CZA-La50
sample was characterized by a relatively large SSA and exhibited comparatively high pore volume and
pore size. These parameters are known to affect positively the catalytic activity because the increase
of SSA results in higher dispersion of the active copper phase, whereas enhanced porosity improves
the diffusion of reactants/products to/from the active sites. As a result, conversion of CO, over the
CZA-La50 catalyst was comparable to that of the un-promoted CZA-La0 sample (Figure 3A).

Regarding selectivity toward methanol, it was substantially improved over the La;Oz-promoted
catalysts in the whole temperature range investigated (Figure 3B). This could be related to the ability
of LayOs3 to enhance the surface basicity of the catalyst [26] and was in agreement with previous
results obtained with the use of other basic oxides as dopants [43,44], which showed that basic sites
enhanced the adsorption of CO; and intermediates and favored hydrogenation of surface formate to
methoxy species [26]. As a general trend, a linear relationship was found to exist between the yield of
methanol and the CO, adsorption capacity of the catalyst [45]. The results of the present CO,-TPD
experiments (Figure 2) and catalytic performance tests (Figure 3B) indicated that selectivity to methanol
increased monotonically with increasing the surface concentration of basic sites of moderate strength.
Overall, although Al,O; elevated CO, conversion, it did not benefit the methanol selectivity, probably
because it interacted strongly with H,O molecules produced during the methanol synthesis reaction,
thereby promoting the RWGS reaction to produce CO [38]. On the other hand, the addition of LayO3
improved the selectivity toward methanol, and as a result, the yield of methanol was enhanced over
the LCZA-La50 catalyst (Figure 3C).

It is of interest to note that exposure of the CZA-La50 sample to the reaction conditions resulted in
the transformation of a larger part of CuO to metallic Cu, compared to the un-promoted CZA-La0
sample (Figure 1B). A similar promotion of the in situ reduction of oxidized copper species (CuOy) to
Cu was reported for Zr-doped CZA catalysts [46]. This could be explained considering that under
reaction conditions, Cu' is oxidized to CuOy by water, and Cu sites are regenerated by CO and Hj; [47].
When the regeneration rate of Cu' sites is not high enough, most of the surface copper sites will be
oxidized, thereby resulting in decreased activity [46]. The relatively high content of Cu® observed
over the “spent” La-promoted samples (Figure 1B) indicated that La,Os3 favored the latter reactions
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and maintained a larger portion of copper in its metallic form. It may then be suggested that the
improved methanol selectivities obtained over the La-promoted catalysts could be related, at least in
part, to their ability to keep the content of Cu’ at high levels under reaction conditions. In this respect,
it was proposed that both Cu™ and Cu® were involved in the methanol formation reaction and that
catalytic activity depended on the Cu*/Cu ratio [8,47-50]. The results of the theoretical calculations
indicated that CO, hydrogenation to methanol was favored over metallic Cu’ sites, whereas Cu™ sites
were mainly responsible for the hydrogenation of CO [49]. Further investigation of this issue is beyond
the scope of the present work and may be the subject of our future investigation.

3.2. Mechanistic Implications and Development of the Kinetic Model

The results presented in Figure 5 showed that exposure of the CZA-La50 catalyst to the CO,/H,
reaction mixture resulted in the formation of surface oxygenated species, in particular formate and
methoxy species. Methoxy species, which can be formed by stepwise hydrogenation of formates,
are considered as intermediates for the formation of methanol [39,42]. On the other hand, carbon
monoxide can be also produced from formate species [39] through decomposition or via the reverse
water-gas shift reaction [41]. In the present work, it was suggested that both methanol and CO were
produced predominantly via a common formate intermediate, in agreement with the results of previous
experimental [51] and theoretical [52] studies.

The results of kinetic measurements obtained over the best performing CZA-La50 catalyst (Figure 6)
were modeled using a dual-site Langmuir-Hinshelwood mechanism similar to that proposed by Graaf
et al. [53,54], taking into account two reactions representing the CO, hydrogenation to methanol
(Equation (1)) and the water-gas shift reaction (Equation (2)). According to this mechanistic model,
CO and CO, adsorb competitively on one site (s1), whereas H, and H,O adsorb competitively on
another site (s2). The participation of two different active sites in the CO, hydrogenation reaction
over Cu/ZnO-based catalysts has been well demonstrated in the literature. It is generally believed
that the role of copper is to adsorb hydrogen and deliver atomic hydrogen by spillover, whereas the
“support” serves not only as an agent that controls the catalyst texture, but also to adsorb and activate
CO; [21,26,38,48,50,55,56]. The latter assumption was supported by the present experimental results,
which indicated that the addition of La,O3 improved methanol selectivity by increasing the fraction of
basic sites of moderate strength on the catalyst surface. This was in agreement with literature results
showing that methanol yield was closely related to the number and strength of moderate/strong basic
sites, which could be tuned by modification of the support with suitable metal oxides [26,36,57].

According to the above model [53,54], hydrogen adsorbs dissociatively, whereas adsorption of
methanol is considered to be negligible. The elementary reaction steps corresponding to this model are
described below.

(i) Equilibrium adsorption of reactants and products:

K

CO, +s1 & COy—sl ®)
Kz

H, +2s2 2 2H-s2 )
K3

H,O +s2 2 H,O—s2 %)
Ky

CO+sl 2 CO-sl 6)

(if) Water-gas shift reaction (Equation (2)):

K
CO,-s1 + H - s2 & HCOy—s1 + 52 @)

K,
HCO,—s1 + H—52 & CO —s1 + HyO — s2 ®)
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(iii) CO, hydrogenation to methanol (Equation (1)):

COy—sl +H -s2 g HCO,-s1 +s2 9)

Ks
HCOy—s1 + H-5s2 2 HyCOy—sl + 52 (10)
HyCOy—s1+H-5s2 g H3CO;—s1 +s2 (11)
H3CO;—s1 +H-5s2 If—’j) H,CO -sl1 + H,O —5s2 (12)
H,CO-s1+H-5s2 If—i’l H3CO —s1 +s2 (13)
H3CO-sl1+H-s2 I<<—i>2 CH30H + 51 +s2 (14)

Assuming that the total number of sites s1 and s2 was constant, kinetic expressions were derived
by choosing different combinations of surface reactions as rate-determining steps (RDS). The best
results were obtained assuming that the RDS were Reaction (7) for the WGS and Reaction (11) for the
CO, conversion to methanol and that all other reactions were at equilibrium. Accordingly, the reaction
rate of the WGS reaction is given by the following expression:

PcoP,
ksKyq \/Kz(Pco2 Py, — %)
2
rs = (15)
(1 + K1PC02 + K4PCO)(1 + VKZPHZ + K3PH20)

where ks is the kinetic constant of the WGS reaction, P; is the partial pressure of compound I (CO,, Hy,
CO,, H;0), and K, is the equilibrium constant of the WGS reaction. Regarding the reaction rate of
CO; conversion to methanol, it is given by:

3 P, P,
koK (K2)3K7Kg Pco, (PHz) _%ﬂz(;
Ks (P Hz)

rg = (16)
(1 +KiPco, + K4Pco)(1 + VK2Ph, + K3PH20)

where kg is the kinetic constant of the reaction, P; is the partial pressure of compound i (CO,, H,,
CO,, H>O, CH30H), and K3 is the equilibrium constant of the CO, conversion to methanol reaction.
Equilibrium constants Ko and K can be determined from data available in the literature (e.g., [58]).

Since kinetic measurements were obtained in the absence of products in the feed, the initial partial
pressures of CH3OH, CO, and H,O were zero, and, assuming that the terms in the denominator of
Equations (15) and (16) were much higher than unity, the above two equations can be simplified as
follows to give the initial reaction rates of CO and methanol production:

ksK1 VK2 Pco, y/Ph,

rco =15 = (17)
K1PC02 + \/K2PH2 + K1PC02 \/K2PH2
3
koKyq (K2)3K7K8Pco2 (PHZ) a8)

YCH;OH = 9 =
’ KiPco, + KaPr, + KiPco, VKoPr,

The kinetic constants, k;, and the equilibrium constants, K;, depend on temperature as follows:

ki=A; exp(—lf—;,) (19)
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AHi) 20)

K; =B; exp(—ﬁ

where A; and E; correspond to the pre-exponential factor and the activation energy, respectively, of
reaction step i and B; and AH; are the pre-exponential factor and the adsorption enthalpy, respectively,
of the adsorption of species i.

The introduction of Equations (19) and (20) to the rate Equations (17) and (18) allows the expression
of the reaction rates of CO and methanol production as functions of temperature. The activation
energies, pre-exponential factors, and adsorption enthalpies of the reactants were estimated by fitting
the experimentally measured reaction rates (Figure 6) using MATLAB, and the values obtained are
presented in Table 2. The values of the model parameters satisfied the thermodynamic constraints [59]
and were in good agreement with the literature results. For example, the activation energies calculated
for CO formation (126.6 kJ/mol) and methanol formation (66.3 k]J/mol) were close to those reported for
Cu/ZnO-based catalysts [60].

Table 2. Values of the parameters estimated by fitting the reaction rates with Equations (17) and (18).

k5 k9 Kl KZ K= K7'K3
1010 exp(—%) 6300 exp(—%) 1077 exp(—%) 1074 exp(—%) exp(—%)

The fitting of the experimental results made according to the rate equations developed for CO
and methanol production (Equations (17) and (18)) is shown in Figure 6 (solid lines). It was observed
that the proposed kinetic model described the measured reaction rates well. It is the intention of the
authors to further test the catalytic performance of the CZA-La50 catalyst at high pressures, relevant to
practical applications, and to test the model under these conditions. This will be the subject of our
future investigation.

4. Materials and Methods

4.1. Catalyst Preparation

The CZA-Lax catalysts were synthesized by the co-precipitation method, using Cu(NOj3),'3H,0,
Zn(NO3),6H,O, AI(NO3)59H,0, and La(NO3)36H,O (Alfa Aesar, Thermo Fisher (Kandel) GmbH,
Kandel, Germany) as metal precursor salts. Weighed amounts of the precursors, calculated to yield the
desired metal oxide composition, were dissolved in distilled water, and the solution was heated at
65 °C. This was followed by dropwise addition of the precipitating agent (Na,CO3 1M) at pH 6.2 + 0.1
under continuous stirring. After aging for 1 h, the precipitate was filtered, washed with distilled water,
dried overnight at 80 °C, and finally calcined in air at 300 °C for 3 h.

4.2. Catalyst Characterization

The textural properties of the catalysts (specific surface area and porosity) were studied employing
nitrogen adsorption at the temperature of liquid Nj using a Micromeritics TriStar 3000 instrument.
Specific surface areas were calculated using the BET equation for nitrogen relative pressures in the
range 0.06 < P/P, < 0.20. The pore size distribution was estimated with the Barret-Joyner-Halenda
(BJH) method.

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Advance diffractometer (Billerica,
MA, USA) equipped with a Ni-filtered Cu radiation and a LynxEye detector. The diffractograms were
recorded in the range 20° < 260 < 80° with a scan speed of 0.3 s/step.

4.3. In Situ DRIFTS Experiments

The in situ diffuse reflectance infrared Fourier-transform (DRIFT) experiments were performed
on a Nicolet 6700 FTIR spectrometer (Waltham, MA, USA) equipped with a DRIFT cell (Spectra Tech),
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an MCT detector, and a KBr beam splitter. Typically, the catalyst sample was heated under He flow
(30 cm® min™') at 450 °C for 10 min and then reduced with 20% H, in He (30 cm3 min~') at 300 °C for
1 h. The adsorbed species were desorbed by heating at 450 °C for 10 min, and the sample was cooled to
room temperature. During the cooling stage, background spectra were recorded under He flow at the
desired temperatures. The flow was finally switched to the reaction mixture (1% CO; + 9% Hj in He,
30 cm® min~1), and the first spectrum was recorded at 25 °C after 15 min on-stream. The temperature
was then step-wise increased up to 400 °C, and spectra were obtained at the desired temperatures after
equilibration for 15 min on-stream.

4.4. Transient-MS and CO,-TPD Experiments

Temperature-programmed surface reaction experiments coupled with mass spectrometry
(transient-MS) were carried out employing the equipment and following the procedures described
elsewhere [40]. Briefly, 100 mg of the catalyst sample were placed in a quartz reactor, heated under He
flow at 450 °C for 15 min, and then reduced with H; at 300 °C for 1 h. The sample was purged with He
at the same temperature for 15 min and finally cooled to room temperature under He flow. Transient
experiments were then carried out by switching the flow to the feed composition (1% CO; + 9% H, in
He). In all experiments, the total flow rate through the reactor was 30 cm® min~!. The effluent gas
composition was monitored on-line with an Omnistar/Pfeiffer Vacuum mass spectrometer (Asslar,
Germany).

The temperature-programmed desorption of CO, (CO,-TPD) was studied over catalyst samples
previously reduced with hydrogen at 300 °C following the procedure described above. Adsorption of
CO, was carried out at room temperature following exposure of the sample to a 1% CO,/He mixture
for 1 h. The gas stream was then switched to He (30 cm? min1), and the temperature was increased to
400 °C with a heating rate of 10 °C/min.

4.5. Catalytic Performance Tests and Kinetic Measurements

The catalytic performance of the synthesized catalysts for the title reaction was evaluated at
atmospheric pressure. The fixed-bed reactor employed consisted of a quartz tube (6 mm O.D.) with an
expanded 1 cm long section in the middle (8 mm L.D.), containing the catalyst sample. The reaction
temperature was measured in the middle of the catalyst bed by means of a K-type thermocouple
running through the reactor. The feed composition was controlled with the use of mass-flow controllers.
A gas chromatograph (Shimadzu, Kyoto, Japan) equipped with two packed columns (Carboxen,
Carbovax) and two detectors (TCD, FID), operating with He as the carrier gas, was used for the analysis
of the reactor effluent.

In a typical experiment, 200 mg of a fresh catalyst sample (0.18 mm < d < 0.25 mm) were
placed in the reactor and reduced in situ at 300 °C for 1 h under a hydrogen flow of 50 cm® min~?.
The temperature was then lowered at 260 °C, and the flow was switched to the reaction mixture (10%
CO; + 90% Hy, total flow rate: 50 cm® min™!). The catalyst was conditioned at 260 °C for 30 min,
and then, the concentrations of reactants and products were determined by gas chromatography.
Similar measurements were carried out following a step-wise lowering of temperature down to 160 °C.
Carbon dioxide conversion (Xcpp) and selectivities (S;) toward product i (CHy, CO, CH;0H) were
calculated using the following expressions:

in _ ~out
Xco, (%) = —2—22 x 100 1)
CO,
out
Si(o/o) = m x 100 (22)
co, ~ “co,

where CiC“O2 and C‘(’:‘SZ are the concentrations of COj; at the inlet and the outlet of the reactor, respectively.
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Intrinsic reaction rates were measured in separate experiments where the conversion of carbon
dioxide was kept below 15% so that differential reaction conditions could be assumed, with negligible
heat and mass transfer effects. Kinetic experiments were conducted by varying the partial pressure of
one reactant, while keeping the partial pressure of the other reactant constant using He as the balance
gas. The procedure followed prior to kinetic measurements was similar to that described above for
catalytic performance test.

5. Conclusions

A set of five La-doped CuO/ZnO/Al,Oj3 catalysts with variable La,O3 content was synthesized by
the co-precipitation method and evaluated for CO, hydrogenation toward methanol under atmospheric
pressure. The results of catalyst characterization showed that substitution of Al,O3 by LayOj resulted
in a decrease of the specific surface area, which was more evident for samples with high La,O3 content,
and in changes of the pore volume and pore size, which were maximized for the CZA-La50 sample
where 50% of Al,O3; was replaced by La,Os. Furthermore, La-promotion resulted in an increase of the
relative population and strength of basic sites of moderate strength.

The addition of LayO3; generally resulted in a decrease of CO, conversion, which was less
pronounced for the CZA-La50 sample, and in an increase of selectivity to methanol. The CZA-La50
catalyst exhibited the highest yields of methanol, which was 30% higher than that of the un-promoted
catalyst at 210 °C. This could be attributed to the La-induced modification of the distribution of
basic sites on the catalyst surface and the concomitant enhancement of the adsorption of CO; and
intermediate species that were involved in the methanol formation reaction. In addition, the CZA-La50
catalyst was found to maintain a relatively large part of copper in its metallic form under reaction
conditions, indicating that the presence of this phase in high relative concentrations may be related to
the enhanced methanol selectivities of the La-promoted catalysts.

The results of in situ DRIFTS experiments performed in the temperature range of 25-400 °C
showed that the reaction proceeded with the intermediate formation of surface formate and methoxy
species. These species, which were more clearly resolved over the CZA-La50 catalyst compared to the
un-promoted sample, existed on the catalyst surface at temperatures up to 200 °C, where methanol
and CO formation started taking place. Based on these observations and literature results, it was
proposed that the adsorbed formate was the common surface intermediate species for both methanol
and CO production.

The kinetics of the reaction were studied over the best performing CZA-La50 catalyst in the
temperature range of 190-230 °C under different partial pressures of CO; and Hj. It was found that the
increase of the partial pressure of H, at a constant partial pressure of CO, did not affect the rate of CO
evolution appreciably, but resulted in an almost linear increase of the methanol formation rate. On the
other hand, the increase of Pco; at constant Py resulted in a progressive increase of the formation rates
of both products. The kinetic measurements were modeled using a dual-site Langmuir-Hinshelwood
mechanism according to which CO and CO, adsorbed competitively on one site (s1), whereas Hy and
H,O adsorbed competitively on a different site (s2). Based on the results of DRIFTS experiments, it was
suggested that both methanol and CO were produced with the intermediate formation of formate
species, which may either hydrogenate to yield methoxy species and, eventually, methanol, or convert
to CO via the RWGS reaction. The rate expressions developed assuming that the rate-determining step
(RDS) for CO production was the formation of the formate species and the RDS for methanol production
was the formation of methoxy species provided the best fitting to the experimental kinetic results.
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