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The reaction pathway of high-pressure CO, hydrogenation over a
Cu/ZnO/Al,05 catalyst is investigated through the gradients of re-
actants/products concentration and catalyst temperature within
the catalytic reactor. This study reveals that methanol is formed
through direct CO, hydrogenation at low temperature, while
above 260 °C methanol formation is mediated via CO which is
formed by reverse water-gas shift reaction.

The increasing atmospheric CO, concentration demands
urgent actions to reduce CO, emission by converting CO, into
useful chemicals and fuels. Among various chemicals derived
from CO,, methanol has considerable potential as a liquid
fuel, hydrogen carrier, and C, feedstock."” Methanol can now
be synthesized on commercially relevant scales via CO,
hydrogenation over Cu/ZnO/Al,Oz-based catalysts at 200-300
°C and 10-100 bar,>* which is by far the most mature
technology for efficient CO, conversion." From a mechanistic
point of view, methanol synthesis from CO, over Cu/ZnO/
Al,O; catalysts may occur through direct CO, hydrogenation
(eqn (1)) or through reverse water-gas shift (RWGS) (eqn (2))
followed by CO hydrogenation (eqn (3)).>

CO, + 3H, = CH;0H + H,0 AHj0gx smpa = —40.9 kJ mol ™ (1)
CO, + Hy = CO + HyO  AHpogk smpa = +49.8 K] mol™  (2)

CO +2H, = CH3;0H AHogx smpa = —90.7 Ky mol ™" (3)
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Since methanol synthesis from CO, accompanies CO for-
mation, the early studies concluded that CO hydrogenation is
the main reaction pathway over Cu/ZnO catalysts.”” How-
ever, the C'®0, isotopic labeling indicated that methanol can
be produced from both CO and CO,, by which CO, hydroge-
nation is the primary pathway at 220 °C.* The '*CO and
C0, isotopic labeling also supported that CO, is the pri-
mary source of methanol instead of CO at 250 °C.° The in-
trinsic CO, hydrogenation rate is ~20 times faster than CO
hydrogenation, especially at low conversion,' although the
CO, hydrogenation is suppressed at high conversion due to
water formation.'* In contrast, DFT calculations showed the
rate of the RWGS to form CO becomes ~100 times higher
than CO, hydrogenation to methanol at a higher temperature
(300 °C), in agreement with experiment.'> However, such CO
rather accumulates as a product since CO hydrogenation is
slower than CO, hydrogenation. Another set of DFT calcula-
tions fitted to published experimental rate data under realis-
tic conditions suggested that CO, hydrogenation is responsi-
ble for ~2/3 of methanol production.'® It was later confirmed
by isotope tracing experiments in *CO/**CO,/H, that CO, is
the dominant carbon source in methanol product at 240 °C.
However, the source of carbon gradually shifts from CO, to
CO as the temperature is lowered (toward 160 °C)."* It was
proposed that CO hydrogenation could also be inhibited by
the formation of formate intermediates at higher CO, con-
centrations (230 °C).">'® The isotopic labeling using H/D sub-
stitution suggested that methanol formation from CO, does
not occur via consecutive RWGS and CO hydrogenation (at
250 °C),"” and rather RWGS and CO, hydrogenation occur in-
dependently (220-260 °C)."”'® Although some debates exist,
methanol formation from CO, as the carbon source is cur-
rently the most widely accepted mechanism for Cu/ZnO-
based catalysts, supported by both experimental findings and
theoretical calculations mentioned above.

Thermodynamically, both CO and CO, hydrogenation re-
actions produce methanol, but the predominant reactions de-
pend on the operating conditions.'® The favorable conditions
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for CO, hydrogenation to methanol are high pressure and
low temperature according to Le Chatelier's principle, as ob-
vious from eqn (1), and the advantages of high-pressure re-
action conditions above 200 bar in terms of CO, conversion
(>90%), methanol selectivity (>95%) and methanol yield
have been recently demonstrated.>**' In practice, however,
there is an optimum reaction temperature where reaction ki-
netics are favorable, and simultaneously, endothermic RWGS
does not rule the product selectivity. For example, in the pre-
vious studies (200 and 360 bar), the CO selectivity is surpris-
ingly high at 170-200 °C, while it starts to decrease to the
minimum as the temperature increases to 260 °C, indicating
the CO hydrogenation towards the formation of methanol.”'
Similarly, CO selectivity increases at high space velocities, im-
plying that CO-mediated path may be active under high-
pressure conditions, which is indeed in accordance with early
study at high pressure (415 bar).”> Most mechanistic studies
aiming at elucidation of the reaction pathway are performed
at low to moderate pressure (<30 bar) and there are no con-
vincing mechanistic clues reported to date for high-pressure
methanol synthesis above such pressure.

This study aims at clarifying dominating reaction path-
ways and the source of carbon, CO or CO,, resulting in meth-
anol from the concentration profiles of the reactants/prod-
ucts as well as that of the catalyst temperature along the axial
direction of the reactor packed with a commercial Cu/ZnO/
AlL,O; catalyst at 200 and 360 bar (reactant pressure of 184
and 331 bar).>>*' Changing space velocity by varying the reac-
tant flow rate and/or catalyst amount is one way to gain the
information;>*> however, this approach may influence mass
transfer characteristics and also temperature gradient (higher
mass flow rate can results in more prominent temperature
gradient due to endo-/exo-thermicity of the reactions). In this
study, we developed a method to study quantitatively the con-
centration of reactant/product fluids based on gas chroma-
tography (GC) and Raman spectroscopy looking at different
locations of the catalyst bed. Furthermore, infrared (IR) ther-
mography was used to monitor the catalyst temperature un-
der operando high-pressure reaction conditions to gain sup-
port on the reaction mechanisms through exo- and endo-
thermicity.

The high-pressure reactor setup and used materials are
explained in detail in ESL} Briefly, the commercial Cu/ZnO/
AlLO; catalyst®® was packed in a stainless steel (SS) or sap-
phire capillary reactor where three split catalyst beds were
separated by empty spaces (P1-P4) for gas sampling and
quantification. In the case of the SS reactor (Fig. 1A), the gas
sampling for GC analysis was performed by needle valves
connected to the void sections. The amount of the sampled
gas was sufficiently small (confirmed by GC) so that it did
not affect the overall catalytic activity. For Raman spectro-
scopic determination of fluid concentration, a Raman laser
(532 nm) was focused onto the void sections filled with
quartz wool in the sapphire reactor (Fig. 1B, S1 and S2,f hold-
ing reactant pressure up to 200 bar, 350 °C). The major ad-
vantage of the GC analysis is the accuracy in the quantifica-
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Fig. 1 Schematic of catalyst beds configuration for (A) a stainless-
steel reactor with gas sampling valves at P1-P4, and (B) a sapphire re-
actor with Raman spectroscopic gas analysis at P1-P4 and gas chro-
matographic analysis at the outlet.

tion and that of the Raman analysis is the non-perturbing
nature of the sampling on the flow behavior.

First, concentration profiling at P1-P4 was performed dur-
ing CO, hydrogenation at the stoichiometric ratio (H,/CO, =
3) in the SS reactor at three temperatures (180, 260 and 340
°C) and two pressure conditions (184 and 331 bar). CO, con-
version and carbon-based mole fractions F (both in %), which
are defined as CO, conversion scaled by respective product
selectivity (that is in 0-1 scale, leading to Fcyon + Fco =
Xco,)- These quantities were used to understand in a facile
fashion how much CO, is converted and into which product.
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Fig. 2 CO; conversion (Xco,), the mole fraction of methanol (Fcu,on)
and CO (Fco) at different axial positions (P1-P4) during CO,
hydrogenation to methanol over the commercial Cu/ZnO/Al,Oz
catalyst. H,/CO, = 3, T = 180, 260, and 340 °C, P = 184 and 331 bar,
and GHSV = 10000 h™.
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Fig. 2A and B show the catalytic performance in terms of
Xco,, Fen,on and Fgo at 180 °C at 184 bar and 331 bar, re-
spectively. At this low reaction temperature, we observe low
CO, conversion but high methanol selectivity, thus a high
fraction of methanol. What is prominent are the X and F pro-
files and their differences. At this low conversion, virtually
the partial pressure of the reactants (CO, and H,) is
unaltered throughout the catalyst bed and generally one ex-
pects little change in the reaction rate and product selectivity
due to full kinetic control at different positions of the catalyst
bed. However, this is not the case and lower CO, conversion
is more prominent at the lower investigated pressure (184
bar, Fig. 2A) where CO, conversion does not linearly increase
between P2-P3, and even drops between P3-P4. When the
rate of CO, conversion is decreased, the fraction of methanol
also decreases. Assuming that the intrinsic reaction selectiv-
ity at this temperature is almost 100% towards methanol
(judging from the values at P2), the only explanation for the
CO, conversion drop is methanol decomposition (CH;OH —
CO + 2H,),>® especially between P2-P3. However, since the
water partial pressure is expected to rise along with along the
catalyst bed and the CO, conversion between P3-P4, steam
reforming (CH;0H + H,0 — CO, + 3H,) is supposed to take
place. Although the reports on gas-phase methanol decompo-
sition and steam reforming at such high pressure are expect-
edly limited, there is evidence suggesting that such reactions
occur even at 250-450 bar under supercritical water,”* and its
kinetics can be enhanced as the number of collisions in-
creases with pressure. Moreover, the slight decrease in CO
fraction also indicates the forward water gas shift reaction.
This explanation is also in accordance with high CO selectiv-
ity at low temperatures, as found in the previous work.*!
Based on the profiles of CO, conversion and product frac-
tions, at 331 bar (Fig. 2B) this methanol decomposition and
steam reforming to CO and CO, (generalized as “methanol
decompositions™) also takes place but to a significantly lesser
extent. This is likely due to the pressure effects affecting to
shift the equilibrium towards the product (methanol) side,
showing one of the unique advantages of high-pressure reac-
tion conditions.>**

The same experiment was performed at two higher tem-
peratures (260 and 340 °C) and the results obtained at 260 °C
are summarized in Fig. 2C and D. First, the CO, conversion
values are about one order of magnitude higher than those at
180 °C. Also, at both examined pressures, relatively high CO
selectivity was observed. At 184 bar (Fig. 2C), CO was the ma-
jor product, but then the fraction of CO decreased towards
the outlet position. This is indicative of CO conversion to
methanol, although there is a possibility of water-gas shift
reaction forming CO, and H, from CO and H,O (reverse reac-
tion of eqn (2)). However, the methanol fraction drastically
increases as CO fraction dropped towards the outlet direc-
tion. This indicates the former reaction (i.e. CO hydrogena-
tion to methanol, eqn (3)) is likely the major active path un-
der the studied reaction condition. At 331 bar (Fig. 2D) CO
fraction remained relatively constant, whereas the methanol
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fraction increased drastically along with CO, conversion be-
tween P2 and P3. At 184 bar (Fig. 2C) CO, conversion linearly
increased and did not drop as observed at 180 °C. These re-
sults indicate three important insights into high-pressure
CO, hydrogenation at 260 °C: (i) methanol formation is faster
than its decompositions, (ii) CO, is constantly converted to
methanol or CO as the intermediate at 184 bar and (iii) there
is another factor promoting/enhancing CO, conversion at 331
bar. Regarding the point (ii), at 184 bar at P2, very high CO
selectivity was observed and its continuous decrease and
drastic increase in methanol production towards the reactor
outlet implies that CO, is converted to CO at an almost con-
stant rate and then CO is further converted to methanol. In
this case, the latter reaction rate would mainly determine the
final fraction of methanol and CO in the reactor. The point
(iii) indicates the important effects of reaction pressure.
According to Fig. S4 (ESI}), at 260 °C, we expect phase con-
densation at 331 bar but not at 184 bar. This may explain the
sudden surge in CO, conversion between P2-P3; the CO, con-
version was sufficiently high to reach the dew point of the
condensable products (methanol and water) at this position
in the reactor, positively impacting on the reaction rate or
shifting the equilibrium towards methanol.

The presence of water in the fluid phase can promote Cu
crystallite growth®® and induce transformation of ZnO into
ZnCOj, as shown in the XRD patterns of spent catalysts (Fig.
S3 and Table S1, ESIt). However, it is still difficult to estab-
lish the relationship between mechanism and catalyst struc-
ture from the existing results, especially using the bulk sensi-
tive techniques.

Furthermore, the results obtained at the highest examined
temperature (340 °C) are presented in Fig. 2E and F. Similar
to the case of 260 °C, a large amount of CO was observed
with a decrease in its fraction with respect to methanol to-
wards the reactor outlet. On the other hand, CO, conversion
increased almost linearly. These two observations indicate
that RWGS is the first main step of CO, hydrogenation and
produced CO reacts further with H, to produce methanol. It
is also interesting to note the boosted methanol formation
between P3-P4. A similar observation at 260 °C was inter-
preted to be caused by phase condensation. At this tempera-
ture, however, we do not expect such phase condensation to
occur (Fig. S4, ESIT). One possibility may be a dense phase
formation, like surface wetting, in the pore of the catalyst
which is virtually identical to phase condensation. Besides, it
is worth highlighting the maximum CO fraction observed in
the reactor at 260 and 340 °C. According to the thermody-
namic calculation (Fig. S5, ESIT), the equilibrium CO, conver-
sions for RWGS at H,/CO, = 3 are ca. 14% and 21% at 260
and 340 °C, respectively. A careful look in Fig. 2E and F
shows that the CO fraction is close to the equilibrium CO,
conversion in the middle of the reactor (since the fraction is
the percentage of CO, converted to methanol; therefore,
these numbers can be directly compared). Still, the CO frac-
tion decreases accompanying the increase in methanol frac-
tion close to the outlet of the reactor, implying that the
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methanol synthesis rate is accelerated at the position. It is
speculated that the dense phase formation over the catalyst
accelerates CO hydrogenation to methanol. In addition,
methanol decompositions may take place, but it is not possi-
ble to gain information about this point from the data
obtained. Nevertheless, it is certain that the consumption
rate of CO and CO, to form methanol is much greater than
the methanol decompositions rate under these high-pressure
conditions.

Based on the above studies, we conclude that the pressure
effects on the reaction paths are relatively minor compared
to the temperature effects, although increasing pressure is in-
deed advantageous for methanol synthesis because of favor-
able kinetics (more collisions), phase separation, and chemi-
cal equilibrium.”® Interestingly, at 260 °C where we find
optimum catalytic performance and liquid-phase condensa-
tion seems indeed to boost the reactivity of CO, to methanol
by a concerted kinetic and thermodynamic interplay.

Furthermore, similar concentration profiling experiments
were performed using Raman spectroscopy instead of GC.
The major advantage of this spectroscopic approach is that
the reaction and flow-patterns are not disturbed in contrast
to the case of GC analyses. Fig. S6 (ESIt) shows a typical Ra-
man spectrum of the reaction stream obtained at 260 °C at
the outlet (P4). The rotational transitions of H, (355, 587,
812, 1033, 1246, 1447 cm’i), as well as the Fermi dyad of CO,
and satellite bands (1265, 1286, 1387, 1408 cm '), were
clearly identified. Because of the small Raman scattering
cross-section of CO, its characteristic feature at 2140 cm *
was not sufficiently strong for quantitative analysis and only
its formation could be confirmed at high CO concentration.
The features at 2840 and 2945 cm™ " are attributed to metha-
nol, showing a too weak signal for quantitative analysis. For
these reasons, the intense bands of H, and CO, at 587 and
1387 cm™*, respectively, were considered here to gain mecha-
nistic insights.

Fig. 3 shows the evolution of the H,/CO, ratio determined
from the band areas at different void positions (Fig. 1) at 180
°C and 260 °C at 184 bar. The initial area ratio at P1 was
scaled to 2.5 to represent the molar ratio of unreacted feed
confirmed by GC measurements. The reaction at 180 °C

275 T

5 .\% 260 °C
&) / 1 \
. 250 "
T .
2.25
2.75
™ 180 °C
g ——
=, 250 -\_/
I
2.25
P1 P2 P3 P4

Positions

Fig. 3 H,/CO; ratio at different positions during CO, hydrogenation
to methanol over the commercial Cu/ZnO/Al,O5 catalyst. H,/CO, =
2.5, T =180 and 260 °C, P = 184 bar, and GHSV = 80000 h™.
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showed a slight decrease in the ratio moving from P1 to P2,
before increasing towards P3, and no major change was ob-
served moving from P3 to P4.

In the case of direct methanol synthesis from CO, (eqn
(1)), 3 moles of H, would be consumed per mole of CO, for
the production of methanol, rendering H, the limiting reac-
tant in our experimental condition (feed H,/CO, = 2.5). On
the other hand, if CO, is consumed to form CO via RWGS
(eqn (2)), CO, would become a limiting reactant. Therefore, a
decrease in the H,/CO, ratio would signify an excessive H,
consumption as in the former case of direct methanol syn-
thesis, whereas an increase in the ratio would be a sign of a
gradual CO, shortage by RWGS. In case methanol is a sec-
ondary product obtained from the subsequent hydrogenation
of CO, as a net, the ratio is expected to decrease as an equiva-
lent amount of H, is required whichever the CO, (x = 1 or 2)
is the carbon source in the methanol. The initial slight de-
crease in the ratio at P1-P2 at 180 °C implies direct methanol
synthesis reaction. Then at P2-P3, the ratio increases, which
is indicative of RWGS. However, as discussed above, this is
most likely due to the decompositions of methanol since
such drastic selectivity change is unlikely at the low CO, con-
version level. The increase in the ratio is therefore attributed
to methanol decompositions, which is fully consistent with
the observation and the previous results at 180 °C (Fig. 2). In
this Raman study, however, the ratio did not increase further
as expected from the results in Fig. 2. This may be due to the
higher space velocity of this Raman study compared to the
study by GC and consequent less pronounced change in the
ratio from less prominent methanol decompositions.

At 260 °C there was a clear initial increase of the ratio and
then decrease towards the outlet (Fig. 3). The increasing ratio
indicates the increase in the amount of CO by RWGS in the
reactor and then subsequent decrease indicates the increase
in the amount of methanol, no matter which reaction paths
(eqn (1) vs. eqn (3)) are active. This profile is in full accor-
dance with the results presented in Fig. 2 obtained in a com-
parable reaction condition where initially CO was produced
and then CO was hydrogenated to methanol.

The sharp drop in the ratio at 260 °C coincided with the
observation of condensation as liquid droplets at the rear
end of the packed bed at P4 (Fig. S8, ESIt). As discussed
above, the condensation is attributed to enhanced methanol
synthesis via CO or CO,, by in situ separation of the less vola-
tile components, namely water and methanol. Indeed, upon
focusing the Raman laser spot on the condensed phase, more
intense methanol peak was observed, and the H,/CO, ratio
dropped to further lower values, suggesting the higher misci-
bility of CO, than H, in the condensed phase. According to
the thermodynamic expectations at CO,:H, = 1:3 (Fig. S4,
ESIY), liquid phase condensation is not expected at 184 bar,
260 °C.

Lastly, IR thermography was used to measure the tempera-
ture of the catalyst bed under the reaction in order to validate
the sequential nature of the methanol formation (RWGS and
CO hydrogenation to methanol) from the endo-/exo-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) IR thermogram of catalyst bed at room temperature, (B)
subtracted IR thermogram at reaction temperature, and (C)
temperature deviation (AT) profile along the catalyst bed during CO,
hydrogenation to methanol over the commercial Cu/ZnO/Al,O3
catalyst. Ho/CO, = 3, T = 340 °C, P = 184 bar, and GHSV = 80000 h*.

thermicity of the reactions (eqn (1)-(3)). The reaction was
performed at the stoichiometric ratio at 184 bar in a sapphire
reactor similar to the Raman study without separating the
catalyst bed, as shown in Fig. 4A. At 180 °C, the IR signal, as
well as CO, conversion, were too low to detect changes in the
temperature of the catalyst bed. Thus, the experiments were
performed at 260 and 340 °C. To detect subtle differences in
the temperature of the catalyst bed, the thermogram showing
a temperature distribution is obtained by the subtraction of
thermograms during reaction and calibration, as shown in
Fig. S9 (ESI¥).

The differential IR thermogram (Fig. 4B) displays an exo-
thermic region of the catalyst bed during the reaction. The
differential temperature profiles (Fig. 4C) are calculated from
the radial temperature average along the catalyst bed. Evi-
dently, the temperature profile at 340 °C is spatially varying. A
relatively colder region located close to the front of the cata-
lyst bed at 340 °C and subsequent temperature increase (then
decrease) along the flow direction indicate endothermicity of
RWGS near the fluid inlet and then methanol is formed. Such
a temperature variation along the catalyst bed is barely ob-
servable at 260 °C (Fig. S107), indicating that RWGS and CO
hydrogenation likely occur in close proximity and cause
overlapping of the two regions. The results at two different
temperatures are in line with the methanol and CO selectivity
profiles and the reaction mechanisms suggested above.

180°C 260°C 340°C
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n Y

CO; - CH;OH CH,0H | CO;
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CH,OH
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co co co

AR VANYAN

CO, = CH;OH | CO, CH;OH | CO, CH,0H
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Fig. 5 Major reaction pathways in high-pressure CO, hydrogenation
over Cu/ZnO/Al,O3 catalyst at 180 °C, 260 °C and 340 °C at 184 and
331 bar. The width of the arrow shows the amount of one species
transformation to others.
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In conclusion, the effects of temperature and pressure on re-
action pathways were clarified by the space-resolved methodol-
ogies under operando conditions. Temperature has a significant
influence on the dominant reaction pathways of methanol syn-
thesis, as summarized in Fig. 5. It is confirmed that methanol
is produced via direct CO, hydrogenation at 180 °C, and via
RWGS and CO hydrogenation at 260-340 °C. This could be
explained by the limited RWGS activity at 180 °C, and more
dominant RWGS activity as temperature increases. Moreover,
there is a sign that methanol could possibly decompose or be
steam reformed after formation, which is effectively suppressed
by increasing pressure. Although pressure seems to have no in-
fluence on the reaction pathways, it greatly enhances methanol
selectivity by inducing in situ condensation. This work demon-
strates how spatially resolved operando study can be performed
at high-pressure conditions to gain insights into the reaction
mechanisms that have practical implications of potential ad-
vantages of multicomponent catalysts (i.e. selective in CO or
CO, to methanol) in a reactor.
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