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Abstract—Catalytic conversion of CO, to methanol is gaining attention as a promising route to using carbon dioxide
as a new carbon feedstock. AIOOH supported copper-based methanol synthesis catalyst was investigated for direct
hydrogenation of CO, to methanol. The bare AIOOH catalyst support was found to have increased adsorption capac-
ity of CO, compared to conventional ALO; support by CO, temperature-programmed desorption (TPD) and FT-IR
analysis. The catalytic activity measurement was carried out in a fixed bed reactor at 523 K, 30 atm and GHSV
6,000 hr ' with the feed gas of CO,/H, ratio of 1/3. The surface basicity of the AIOOH supported Cu-based catalysts
increased linearly according to the amount of AIOOH. The optimum catalyst composition was found to be
Cu:Zn:Al=40:30:30at%. A decrease of methanol productivity was observed by further increasing the amount of
AlOOH due to the limitation of hydrogenation rate on Cu sites. The AIOOH supported catalyst with optimum cata-
lyst compositions was slightly more active than the conventional Al,O; supported Cu-based catalyst.

Keywords: Methanol Synthesis, CO, Hydrogenation, FT-IR, Copper-based Methanol Synthesis Catalyst, Catalyst Sup-
port, CO, Adsorption, Temperature-programmed Desorption (TPD)

INTRODUCTION

Human activity since the Industrial Revolution has produced
greenhouse gases (GHGs) such as carbon dioxide, methane and
nitrous oxides, increasing the atmospheric carbon dioxide concen-
tration from 280 ppm in 1,750 to 400 ppm in 2016 responsible for
global warming and climate change [1,2]. Approximately 26 Gt of
carbon dioxide is emitted to the atmosphere worldwide every year,
which is 76% of the total emission of GHGs. To mitigate the emis-
sion of carbon dioxide from industrial plants, carbon dioxide cap-
ture & storage (CCS) technology is under operation and develop-
ment. The captured carbon dioxide is injected in subsurface saline
aquifers, reservoirs and aging oil fields for enhanced oil recovery
(EOR) as means of permanent storage [3]. Nevertheless, there are
still debates on the stability and environmental impacts of the seques-
trated carbon dioxide as well as the financial costs for injection
maintenance. In the 1990s, Olah proposed the utilization and con-
version of the captured carbon dioxide to valuable fuels and chemi-
cals using renewable energy source [4]. The captured carbon dioxide
is used as a carbon source to convert it back to useful chemical
products, especially methanol. He advocated the methanol econ-
omy in which methanol and dimethyl ether would replace fossil
fuels as means of energy storage, ground transportation fuel and
raw material for synthetic hydrocarbons and their products.

Methanol can be produced from a wide variety of sources, in-
cluding still-abundant fossil fuels (natural gas, coal, oil shale, tar sands,
etc.) as well as agricultural products and municipal waste, wood
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and varied biomass. It can also be made from chemical recycling
of carbon dioxide.

The current world production of methanol is over 100 million
tons per year. Although the activity of copper-containing catalysts
in methanol synthesis has been known since the 1920s [5-8], Zn-
Cr catalysts were used for a long time, while Cu-containing cata-
lysts only remained an object of laboratory research. In the 1960s,
a technological breakthrough was made by ICI, which patented
the process over a Cu-Zn-Cr catalyst [9] and later a Cu-Zn-Al cat-
alyst and revealed co-precipitation as its production method [10].
This invention allowed one to reduce the synthesis temperature
from 673 to 503 K and the synthesis pressure from 200 to 50-100
atm. Due to the lower temperature, the selectivity of the process
was dramatically improved. Starting from this point, the Cu-Zn-
containing methanol synthesis catalysts have been studied inten-
sively. The catalysts that are exemplified in the patent [10] by ICI
had the cationic composition Cu:Zn: Al=60:30:10 and 75:19:6.
But the technological application of methanol synthesis has pre-
ceded the full understanding of the underlying chemistry. The
exact reaction mechanisms and the interplay of the surface prop-
erties of the catalyst with the feed gases are debated to this day.
Among the most important open questions are the nature of the
preferred carbon source for methanol - CO [11] or CO, [12] - and
the effect of the Cu-Zn synergy, considered as having either no
unique role [13], that is, mere structural promotion, or being essen-
tial for the active site [14,15]. Part of these discussions arise because
of the difficulty of obtaining data for the industrial Cu/ZnO/ALO;
catalysts under realistic working conditions [15]. Recent progress
has shown that stepped and ZnOx-decorated Cu surfaces are cru-
cial for the performance of industrial catalysts [16]. Furthermore,
industrial catalysts contain low amounts of a refractory oxide as
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structural promoter, in most cases up to 10% »ALO;. Omitting
any of the constituting elements drastically reduces the performance
of the system.

Various efforts were also made to improve the activity and selec-
tivity of the Cu-based catalysts for the direct hydrogenation of CO,
to methanol. Since CO, is known as a weak acid gas, basic sup-
ports such as MgO, ZrO,, TiO, were introduced instead of neutral
or weak acidic ALO; support [17]. Alkali metal promoters were
added in the same manner [18]. Addition of small amount of transi-
tion metal proved to increase the selectivity of C,-C; higher alco-
hols [19].

In this work, we tried to develop a novel Cu-based catalyst for
the direct hydrogenation of CO, to methanol. The surface and cat-
alytic properties of the developed catalyst were fundamentally
investigated considering the enhancement of its catalytic activity
aroused from the basic AIOOH matrix. The bare AIOOH catalyst
support was found to have increased adsorption capacity of CO,
compared to the conventional AL O; support by CO, temperature-
programmed desorption (TPD) and FT-IR analysis. The catalytic
activity measurement was carried out in a fixed bed reactor at
523K, 30 atm and GHSV 6,000 hr ' with the feed gas of CO,/H,
ratio of 1/3. The surface basicity of the AIOOH supported Cu-based
catalysts increased linearly according to the amount of AIOOH.
The basicity of the AIOOH supported catalysts was generated
solely from the basicity of the support AIOOH itself. Coordina-
tively unsaturated O”~ sites were generated at the edge of the crys-
tal AIOOH structure. The optimum catalyst composition was
found to be Cu:Zn: Al=40:30: 30 at%. The adsorbed CO, at the
edge of the crystal AIOOH was further hydrogenated by the spill-
over of the dissociatively adsorbed hydrogen on the neighbored
active Cu sites. The decrease of methanol productivity was ob-
served by further increasing the amount of AIOOH due to the
limitation of hydrogenation rate on the relatively diminished Cu
sites. The AIOOH supported catalyst with optimum catalyst com-
positions was slightly more active than the conventional ALO;
supported Cu-based catalyst.

EXPERIMENTAL

The catalysts were prepared by the conventional co-precipita-
tion method. 100 ml of deionized water was poured into a five-
neck 500 ml flask and the temperature was adjusted to 353 K. The
Cu/Zn/ALO; (Cu:Zn:Al=60:30: 10 atomic%) catalyst was pre-
pared similar to commercial catalysts. Cu, Zn, Al nitrates (Sigma
Aldrich) were dissolved in deionized water so that the total con-
centration of the metal precursors was 1 M. The precursor solu-
tion was added in to the five-neck flask dropwise at a rate of 5 ml/
min under stirring. The pH of the water was adjusted to 7-7.5 using
a 1 M solution of sodium carbonate (Sigma Aldrich). The precipi-
tates were aged at 353 K for 2 hr and were washed sufficiently with
hot deionized water. The washed precipitates were dried at 383 K
overnight, and subsequently calcined at 623K for 2 hr under ambi-
ent atmosphere. Thus, prepared catalyst was denoted as [CZ-ALO;
(6/3/1)]. [CZ-AIOOH (6/3/1)] catalyst was prepared under the
same procedure, except that »~AIOOH powder (Wenzhou Jingc-
heng Chemical) was suspended in the deionized water prior to the
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precipitation. Catalysts with different amount of AIOOH were
prepared by proportionally varying the amount of Cu while the
content of Zn was fixed at 30 atomic%. The catalysts were denoted
as [CZ-AIOOH (5/3/2)], [CZ-AIOOH (4/3/3)] and [CZ-AIOOH
(3/3/4)] indicating its cationic compositions in parenthesis. The
preformed »ALO; was obtained by calcining -AIOOH powder
at 623K for 4 hr under ambient atmosphere. The pre-formed -
AlLO; supported catalyst was prepared under the same procedure
except that »-Al,0; powder was used instead. The preformed -
AlL,O; supported catalyst was denoted as [CZ-~ALO; (6/3/1)].
The reaction was carried in a fixed bed reactor with % inch of
diameter. Precise flow control of reactants, carbon dioxide and
hydrogen was attained with the aid of mass flow controller (5850E,
Brooks) under pressurized reaction condition controlled by a back
pressure regulator (26 Series, Tescom). Prior to reaction, the catalyst
(1.2 g) was reduced in pure H, at a flow rate of 120 ml/min under
atmospheric pressure. The reduction temperature was programmed
to be increased from room temperature to 523 K and maintained
for 1 hr. Then, the reactor was cooled to room temperature. The
feed flow rate was adjusted to 160 ml/min with CO,/H, ratio of 1/
3 at a gas hourly space velocity of 6,000 hr". The activities of the
catalysts for CO, hydrogenation were measured at 523 K and 30
atm. At the exit of the reactor, liquid products were collected from
the liquid collector prior equipped with a heat exchanger working
with a cold fluid circulating system. The volumetric flow rate of
gas phase product and unreacted feed gas was measured by the
wet gas meter (Model W-NK, Shinagawa). The gas was sampled
and injected to a gas chromatograph (7890B GC, Agilent) equipped
with TCD and FID. The products were separated with the Car-
boxen 1000 column (% inchx15 feet). Collected liquid products were
analyzed with the aid of another GC (6890A GC, Agilent) equipped
with the Carbowax 20 M column (30 mx0.32 mmx0.25 pm). Con-
version of carbon dioxide and selectivity toward methanol and
carbon balance were calculated using the following equations:

CO, conversion (%)

CO, molar flow rate in the product stream
:( B CO, molar flow rate in the feed stream >X 100%
CH,OH selectivity (%)
CH;OH molar flow rate in the product strea
- ( reacted CO, molar flow rate
Carbon balance (%)

[CO,+CO+CH,0H]

m
)x 100%

molar flow rate in the product stream
CO, molar flow rate in the feed stream

x100%

Carbon balance was maintained within (100+1) % during each
reaction experiment.

The BET surface area, pore volume and pore diameter of the
prepared catalysts were measured by the nitrogen adsorption iso-
thermals at 77 K (ASAP 2020, Micromeritics Instrument). The sam-
ples were thermally pre-treated at 473 K under vacuum for 2 hr.

The metal content of the prepared catalysts was determined by
wavelength dispersive X-ray fluorescence (XRF) spectrometry (Pri-
mus II, Rigaku).
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The basicity of the prepared catalysts was measured from the
CO, temperature programmed desorption (CO,-TPD) method
(BEL-CAT, BEL Japan). The fresh catalyst (100 mg) was reduced
with pure H, from room temperature to 573 K at a heating rate of
5K/min and further kept at 573K for 1hr. The samples were
cooled to 323 K under H, flow; then the gas flow was switched to
CO, for an additional hour. The desorption was carried out by
heating the samples at a rate of 10 K/min from 323 K to 873 K.

The copper surface area of the prepared catalysts was measured
by H, pulse chemisorption (ASAP 2020 Chemisorption, Micromer-
itics Instrument). Samples were pre-treated under vacuum at 473 K
for 2 hr. 14 points measurements with H, pulse injection from 10
to 500 mmHg were made giving 20 sec as equilibrium interval.

FT-IR spectra were recorded in transmission mode on a FT-IR
spectrometer (Thermo Nicolet iS50, ThermoFisher Scientific) sup-
plied with a DTGS detector. The powder samples diluted with KBr
powder (1/100 w/w) were pressed into thin pellets using a pres-
sure of 200 bar (sample mass about 150 mg). The transmittance
spectra were obtained by collecting 32 scans at 4 cm™" resolution.

RESULTS AND DISCUSSION

We examined the feasibility of boehmite AIOOH as a novel
catalyst support for the Cu-based methanol synthesis from CO,
direct hydrogenation. Boehmite 3AIOOH exhibits a lamellar struc-
ture within an orthorhombic symmetry [20]. Each layer consti-
tutes the (OAIOH-HOAIO) stacking sequence in the x- and z-
direction. The octahedral aluminums are surrounded by four tet-
rahedral oxygens and two hydroxyl groups as shown in Fig. 1 [21].
The cohesion of the stacked layers in the y-direction is ensured by
hydrogen bonds between hydroxyl groups belonging to two con-
secutive layers and forming a zig-zag chain along the z-direction.
Upon controlled calcination under air flow up to 623 K, boehmite
7~AIOOH undergoes a topotactic transformation into ALO;. In
aluminum oxides, aluminum can have different types of coordina-

OH

S e i i i i i e i i i i

T
1
1
1
Ll
1
[}
1
1
1
1
1
1
1
I
1

(o]
Fig. 1. The octahedral aluminums (AlO).

tions with oxygen [22]. In transition aluminas, y-ALO;, the AP
ions occupy both octahedral and tetrahedral holes in the close-
packed O; array, and thus also possess tetrahedral coordination
(AlO,) [23].

Euzen et al. investigated the localization of basic and acid Bren-
sted sites on the boehmite nanosized particles using IR spectros-
copy and density functional theory (DFT) calculations [20]. They
reported that the strongest Bronsted acid sites were located on the
basal surface of the boehmite nanosized particles, while the basic
centers were on the edge plane.

Those crystal structures of the prepared supports were con-
firmed by the XRD as shown in Fig. 2. The diffractograms were in
good agreement with the »~AIOOH phase (JCPDS no. 21-1307).
The ~AIOOH phase with the orthorhombic crystal system had
lattice parameters of a=3.7 nm, b=12.227 nm and ¢=2.868 nm. The
7-ALO; sample was obtained by calcinating -AIOOH at 673 K for
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Fig. 2. XRD patterns of the prepared supports (a) »AIOOH, (b) »
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Fig. 3. XRD patterns of the prepared catalysts.

Korean J. Chem. Eng.(Vol. 35, No. 1)



76 E. Choi et al.

4 hr. The 3ALO; phase had a cubic crystal system with cell param-
eters of a=7.924 nm, b=7.924 nm and ¢=7.924 nm (JCPDS no. 29-
0063). Below the 623 K, »~AIOOH tended to hold its structure,
being able to be used as a catalyst support. The XRD patterns of
prepared catalysts are shown in Fig. 3. By calcining at 623K for
2 hr, metal carbonate precursors were clearly decomposed to their
corresponding metal oxides. Diffraction patterns belonging to the
CuO and ZnO phases were detected in all catalysts. The main
peak of - AIOOH was clearly identified in the CZ-AIOOH cata-
lysts with the increasing intensity proportionally to its content.

For the analysis of surface functional groups and the chemical
bonding with CO,, 7~AIOOH and Al O, were characterized by
FT-IR spectroscopy, as illustrated in Fig. 4. The observed vibra-
tional transitions and assignments of the supports are summarized
in Table 1 [22,24,25]. For ~AIOOH, as the OH directions form
zig-zag chains between the planes of oxygen ions, two distinct OH

(a) y-AIOOH

1384

3281 3101 1073 769637 495

(b) 1-AL Oy

Transmittance (a.u.)

800 603
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Wavenumbers (cm!)

Fig. 4. FT-IR spectra of »»AIOOH and »#ALO; supports.

stretching modes were observed at 3,101 cm™' and 3,281 cm™' [22,
24,25]. These bands can be assigned as 1,(Al)O-H and 1,(Al)O-H
stretching vibrations. An intense band at 1,073 cm™" and a shoul-
der at 1,150 cm™" were observed, which were assigned to the sym-
metric and asymmetric bending modes of the (A)O-H groups
respectively [22,24,25]. Very broad bands at 765, 637 and 568 cm ™'

1384
CZ-y-AlOOH (6/3/1)

1386
CZ-y-AIOOH (5/3/2)

1384 CZ-y-AIOOH (4/3/3)

1380 CZ-4-AIOOH (3/3/4)

Transmittance (a.u.)

hy

CZ-4-ALO, (6/3/1)

CZ-ALO, (6/3/1)

4000 3600 3200 2500 2400 2000 1600 1200 800 400

Wavenumbers (cm™)

Fig. 5. FT-IR spectra of the prepared catalysts.

Table 1. Observed vibrational transitions (cm ') and assignments of the supports

7~AlIOOH 7~ALO;, Assignment
~3450 3458 Stretching of adsorbed water
3281 v, (ADO-H
3101 v, (ADO-H
2426 v, end on Al-CO, complexs
2094
1933 Vibrational overtones of AIOOH surface -OH groups
1632 1633 Bending of absorbed water
1464 Bicarbonate
1384 Unidentate (Monodentate) carbonate
1150 5, Al-O-H
1073 5 ALO-H
765
637 800 v AlO,
568
495 S AlO,
603 vAlO,

V¢ asymmetric stretching, v symmetric stretching, J,: asymmetric bending, J;: symmetric bending
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were assigned to the stretching modes of octahedral coordination of
(AlOy), while the band at 495 cm™ to the bending mode of (AlO)
[22,26,27]. For AL O;, very broad bands were observed for stretch-
ing vibration of Al-O in the tetrahedral (AlO,) and octahedral
(AlO4) coordination at 800 cm™" and in the region of 500-750 cm™,
respectively [22]. Wide bands at 3450 and 1,640 cm™ were assigned
to the stretching band of water molecules from moisture con-
tained in air atmosphere [22]. Since »~AIOOH and y-ALO; were
exposed in air atmosphere during KBr pellet sample preparation,
CO, present in air was adsorbed on the basic sites of both catalyst
supports. For -AIOOH, CO, was adsorbed as unidentate carbon-
ate at 1,384 cm™', while for »ALO; as bicarbonate at 1464 cm™.
The adsorbed phases of CO, on the prepared Cu based catalysts
were also confirmed by FT-IR spectra as shown in Fig. 5. The
adsorbed band of the unidentate carbonate was intensified pro-
portionally according to the content of ~AIOOH. In the CZ-y
ALO; catalyst, the content of »Al,O; was too small to confirm
bicarbonate adsorption band.

Apesteguia et al. reported that CO, was adsorbed on high, me-
dium and low strength basic sites as unidentate carbonate, biden-
tate carbonate and bicarbonate species respectively as illustrated in
Scheme 1 based on precedent work of Morterra et al. and Fujimoto
et al. [28-30]. So, »~AIOOH was found to strongly adsorb CO, on
the high strength basic site and can be used as a chemical promot-
ing support for development of catalysts using CO, as reactant.

For quantitative and qualitative analysis of basic sites present on
7#AlIOOH and AL O;, CO,-TPD analysis was performed and the
results presented in Fig. 6. Fig. 7 Shows the CO, desorption pro-
files obtained for the prepared catalysts. All profiles can be decon-

v-AIOOH

Intensity (a.u.)

x 7

300 350 400 450 500 550 600 650 700 750 800 850 900
Temperature (K)

Fig. 6. CO,-TPD profiles of }AIOOH and 7<Al,O; supports.

voluted into three Gaussian peaks. The number of basic sites was
calculated and summarized in Table 2 from the deconvolution of
the CO,-TPD profiles by assuming three basic sites of different
strength. Site a was assigned to the low strength basic site, while
sites b and g as medium and high strength basic site, respectively
as mentioned above. For »AlIOOH support, strong basic sites
were noticeably produced with considerable number of moderate
basic sites. However, for -Al,O; support, the number of total basic
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Scheme 1. IR bands of adsorbed CO, surface species.
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Fig. 7. CO,-TPD profiles of the prepared catalysts.

sites was remarkably reduced. The role of ALO, support in the con-
ventional Cu/ZnO/ALO, methanol synthesis catalyst was reported
in the literature and generally believed to be the physical promoter
providing high specific surface area for the bulk catalyst, and pre-
venting the sintering of active species copper for enhancing its cat-
alytic stability. From the high CO, adsorptivity, 7-AIOOH can be

Table 2. Number of basic sites present in the prepared catalysts

Al3+ @ on (  saturated O
. surface -OH" groups . unsaturated O

Site a
Site y

Site B

Hydrogen
bonding
(Dimer)

Fig. 8. Basic sites (¢, £ ) in the AIOOH structure.

considered as a novel support for Cu-based methanol synthesis
catalyst from direct CO, hydrogenation. From the results of CO,-
TPD analysis of the prepared catalysts as presented in Fig. 7 and
Table 2, number of total basic sites as well as that of the strong
basic site y increased with the content of y~AIOOH. This phenom-
enon can be explained by the fact that the majority of the basic
sites present on the prepared catalyst stemmed from the added
AIOOH itself.

In »~AlOOH structure (Fig. 8) [31], the weakly basic sites were
ascribed to surface hydroxyl groups, the moderately basic sites
were related to saturated metal-oxygen pairs, and the strongly
basic sites were associated with coordinatively unsaturated O’
ions present at the edge of the crystal structure. Three species of
adsorbed CO,, bicarbonate species, bidentate carbonates, and
unidentate carbonates, were formed on these three types of sur-
face basic sites, respectively. The adsorption and dissociation of
hydrogen occur over the Cu site, and three species of adsorbed
CO, are formed on the surface weakly, moderately and strongly
basic sites (basic sites ¢, £ and ), respectively. The adsorption of
bicarbonate species on the basic sites a is weak and easy to desorb
to form CO, again.

According to the literature, the optimum cationic composition

Catalyst N'um.ber of total Number of basic sites with different strength (jumol/g)
basic sites (mol/g) Site c Site 3 Site ¥
7AlIOOH 41.7 2 194 20.3
»ALO, 6.5 22 1.3 3.1
CZ-»AlOOH (6/3/1) 338 0.1 3 08
CZ-»AlOOH (5/3/2) 6.6 0.6 43 1.8
CZ-»AlOOH (4/3/3) 10.4 28 3 46
CZ-AlOOH (3/3/4) 14.8 23 44 8.1
CZ-7-ALO; (6/3/1) 13 04 0.3 0.6
CZ-ALO, (6/3/1) 8.8 1.1 52 25
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Table 3. Physicochemical properties of the prepared catalysts and supports

Catalyst Chemical composition (atomic%)” SAZBET Pore V(;lume Poreo size Cu surface
Cu Zn Al (m/g) (em’/g) (A) area (m’/g)

7-AlIOOH - - - 120.5 0.6 202.6 -
»ALO, - - - 147.4 0.7 199.8 -
CZ-y~AlIOOH (6/3/1) 63.3 28.8 7.9 88.2 0.4 188.9 10.8
CZ-y-AlOOH (5/3/2) 52.9 28.5 18.7 92.2 0.5 216.7 10.9
CZ-y-AlOOH (4/3/3) 42.6 29.4 27.9 96.9 0.6 2294 105
CZ-y-AlOOH (3/3/4) 34.1 30.9 35.0 104.3 0.6 248.9 7.2
CZ-y-Al 0O, (6/3/1) 66.4 30.6 3.0 97.5 0.5 186.2 6.1
CZ-ALO; (6/3/1) 61.7 28.3 10.1 99.9 0.4 177.0 15.9

“XRF data

of the conventional Cu/ZnO/AlL,O; methanol synthesis catalyst 300

was Cu:Zn:Al=60:30:10 (atomic%) based on the registered

patent of ICI [10]. For proper comparison, CZ-AIOOH catalyst

having the same cationic composition was prepared and investi- E; 250 2 AIOOH

gated. To enlarge the effect of »~AIOOH addition, catalysts with ézf C2aL0, @) Cz-{?g-_::_!?}UH

different amount of Al were prepared by proportionally varying z S CEDIEN o

the amount of Cu while the content of Zn was fixed at 30 atomic%. i: 200 czynoon O3

The metal compositions of the prepared catalysts measured by = CED) 4

XRF spectrometer are presented in Table 3. The compositions of S .

the prepared catalysts were in close agreement with the nominal £ 150} 1A,

compositions. N

The specific surface areas of the prepared supports and cata-
lysts measured by BET instrument are summarized in Table 3. RS 5 p p " PP T

The -AIOOH had a moderate specific surface area of 120.5 m’/g
but lower than that of y~ALO;. In the CZ-~AIOOH catalyst, BET
surface area tended to increase proportionally to the content of
AIOCH.

The catalyst activity measurement results at 523 K, 30 atm are
given in Table 4. There was a linear relationship between the
amount of total basic sites and the selectivity toward methanol as
shown in Fig. 9. Fujitani et al. reported that CO, was mainly
adsorbed on ZnO and further hydrogenated to methanol with the
spillover of hydrogen adsorbed on Cu for the synthesis of metha-
nol from carbon dioxide [14,32]. Considering that reaction mech-
anism introduction of basic sites enhancing the adsorption of the
reactant CO, could increase the catalytic activity as well as the
selectivity toward methanol. Recently, Sun et al. [30,33-35] sug-
gested that the unidentate carbonate (site ) was active to react

Table 4. Catalytic activity of the prepared catalysts

MNumber of total basic sites (pmol/g)

Fig. 9. Relationship between the amount of total basic sites and the
selectivity toward methanol (Reaction conditions: T=523 K,
P=30 atm, GHSV=6,000 hr ).

with the surface atomic hydrogen from the spillover of the dissoci-
atively adsorbed hydrogen molecule on the metallic Cu, stepwise
forming HCOO, H,COO, H,COOH, H;COOH, and finally
CH;OH and H,O. While the bidentate carbonate (site /) reacted
with the hydrogen atom to produce CO and H,O by reverse water-
gas shift reaction (RWGSR). The proposed direct hydrogenation
of CO, to methanol by the formate pathway requires strong basic
y site generated from the coordinatively unsaturated oxygen atoms
present on the Zn-Al matrix. Le Valant et al. built a mathematical

Selectivity (C-mol%) CH,OH Productivity
Catalyst .
CO CH;OH yield (%) (gcmson/kgearh)

CZ-7-AlIOOH (6/3/1) 68.2 31.8 6.8 168.5
CZ-y-AlIOOH (5/3/2) 65.3 34.7 7.0 183.2
CZ-y-AlIOOH (4/3/3) 62.0 38.0 8.0 214.7
CZ-AlOOH (3/3/4) 62.5 37.5 7.8 208.9
CZ- AL, 05 (6/3/1) 71.6 28.4 4.7 125.0
CZ-Al,0, (6/3/1) 62.5 375 7.7 202.5

Reaction conditions: T=523 K, P=30 atm, GHSV=6,000 hr"'
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Table 5. Catalytic activity at 50 atm of the prepared catalysts

Selectivity (C-mol%) CH;OH Productivity
Catalyst .
CO CH;OH yield (%) (8cmson/kgearh)
CZ-7AlOOH (4/3/3) 44.1 14.1 348.7
CZ-ALO; (6/3/1) 456 135 3256

Reaction conditions: T=523 K, P=50 atm, GHSV=6,000 hr "

model based on the assumption that the creation of active sites,
and therefore the synergy, was directly linked to the contacts be-
tween Cu and ZnO during the reduction of the catalyst [36,37].
The quantitative information generated by the model was the con-
centration of contacts, which described the ability of metal ions to
migrate according to the Kirkendall effect. The evolution of con-
centration of contacts versus Zn content matched the catalyst
activity evolution, which shows that the migration could be con-
trolled and improved by favoring contacts between the two met-
als during the synthesis. For the CZ-)-ALO; catalyst prepared by
ICTs recipe, 2.5 umol/g of strong basic site y was generated even
though bare »ALO; had poor basicity. Considering the work of
Sun et al. and Le Valant et al,, this fact can be explained by the
surface reconstruction of Zn-Al matrix generating defect sites with
coordinatively unsaturated oxygen atoms during the catalyst prepa-
ration and activation process. This phenomenon can be clarified by
the fact that the preformed y-ALO; supported catalyst CZ-ALO;
(6/3/1) had only 0.6 pmol/g of strong basic site y Since Al was
introduced as »~ALO; powder with fully developed crystal struc-
ture, surface reconstruction of Zn-Al matrix seems difficult to
occur during the catalyst preparation process. The same explana-
tion seems to be available for the CZ-AIOOH catalyst, where Al
was introduced as -AIOOH powder. On the other hand, since »
AIOOH had 20.3 pmol/g of strong basic site  the strong basic site
of the CZ-»AlOOH catalyst was thought to be generated from
the property of the bare ~AIOOH support. To the best of our
knowledge, the optimum cationic composition of the CZ-»AIOOH
catalyst is Cu:Zn: Al=40:30:30 (atomic%). When the Al con-
tent was further increased up to 30 atomic%, the amount of strong
basic site  was enlarged proportionally to the introduced amount
of »AlOOH. But methanol selectivity started to decrease. As
mentioned, formate intermediate reaction mechanism favors the
reaction of adsorbed CO, with atomic hydrogen from the spill-
over of the dissociatively adsorbed hydrogen molecule on the
metallic Cu. From Table 3, Cu surface area of CZ-~AIOOH (3/3/
4) started to decrease to 7.2 m’/g, more than 34% loss compared
with those of CZ-+AIOOH (6/3/1), (5/3/2), (4/3/3) catalysts. Since
the amount of metallic Cu was reduced with increased Al load-
ing, hydrogenation of the adsorbed CO, species seemed to be lim-
ited by the diminution of the hydrogen spillover on the metallic
Cu.

The hydrogenation reaction seemed difficult to proceed on this
weak basic site o The adsorbed CO, on both the £ and y basic sites
underwent stepwise hydrogenation to HCOO, H,COO, H,COOH
and H,CO with atomic hydrogen (H) being supplied by means of
H spillover from Cu. In addition, the C=O bond of H,CO absorbed
on strongly basic sites may be activated to react with surface atomic

January, 2018

hydrogen to form methanol attributed to the strong C-y bond
(Fig. 8). However, the C=0 bond of H,CO adsorbed on moder-
ately basic sites are relatively stable due to the weaker C-/ interac-
tion, which results in the H,CO species preferring to dehydrogenate
to form CO rather than be hydrogenated into methanol [35].

To confirm the pronounced AIOOH effect, an additional activ-
ity test was performed at the reaction pressure of 50 atm. The cata-
lysts were compared with the CZ-ALO; catalyst as reference catalyst
and the CZ-~AIOOH (4/3/3) catalyst, had the highest selectivity
and yield at the reaction pressure of 30 atm. The catalytic activity
measurement results at 523 K, 50 atm are summarized in Table 5.
The conversion as well as the selectivity to methanol tended to
increase with the reaction pressure among the tested catalysts. In
particular, the activity of the CZ-~AIOOH (4/3/3) catalyst was
excellent even at 50 atm.

CONCLUSIONS

The introduction of 7~AIOOH as Al precursor was found to be
effective in the preparation of Cu based catalysts with strong basic
sites available for stepwise hydrogenation of CO, to methanol via
formate pathway. The bare AIOOH catalyst support had increased
adsorption capacity of CO, compared to the conventional ALO;
support by CO, temperature-programmed desorption (TPD) and
FT-IR analysis. The basicity of the AIOOH supported catalysts
was generated solely from the basicity of the support AIOOH
itself, increasing with the amount of loaded AIOOH. Coordina-
tively unsaturated O” sites generated at the edge of the crystal
AIOOH structure were assigned as the origin of the surface basic-
ity. The optimum cationic composition of CZ-y-AIOOH catalyst
was found to be Cu:Zn: Al=40:30:30 (atomic%). The decrease
of methanol productivity was observed by further increasing the
amount of AIOOH due to the limitation of hydrogenation rate on
the relatively diminished Cu sites. The AIOOH supported catalyst
with optimum catalyst compositions was slightly more active than
the conventional Al,O; supported Cu-based catalyst.
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