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Fig. 1 Catalytic performance for methane oxidation using
1.7 wt% Cu/6-Al203, 5 wt% Ir/6-Al203, 5 wt%
Ir-M/6-Al203, and physical mixture of 1r/6-Al.03 (10 mg)
and Cu/6-Al203 (10 mg).
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Fig. 2 Catalytic performance for methane oxidation using
5 wt% Ir/6-Al203, 5 wit% Ir-Cu/0-Al20s, 1.7 wt%
Cu/6-Al20s.

1) Z. Liang, T. Li, M. Kim, A. Asthagiri, J. F. Weaver,
Science, 356, 299 (2017)

2) L. Yang, J. Huang, R. Ma, R. You, H. Zeng, Z. Rui,
ACS Energy Lett., 4, 2945 (2019)
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alkaline treatment at 50 °C.
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1) Catizzone, E., Aloise, A., Migliori, M., Giordano, G.,
Appl. Catal. A:Gen., 502,215 (2015).
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Urea-derived

Cu/ZnO

Kumamoto Conv. of JPI (50th Petroleum-Petrochemical Sympo...

catalyst being dried by

supercritical CO, for low-temperature methanol synthesis

(University of Toyama) OPeipei Zhang, Yoshiharu Yoneyama, Guohui Yang, Noritatsu Tsubaki

1. Introduction

Methanol is a key commaodity for chemical industries.
In last century, the ICI Co. Ltd. developed a widespread
method that employed Cu/ZnO/Al,O3 catalysts to produce
methanol from syngas (CO/H.).%® However, high
temperature (250 to 300 °C) and high pressure (5.0 to 10.0
MPa) are utilized in this synthesis method. The high
temperatures result in thermodynamic limitation for the
CO conversion, because methanol synthesis is a strongly
exothermic reaction (CO + 2H; = CH3OH, AH2g8x = -90.8
KJ mol?). The equilibrium conversion of CO is only
around 25 % at 300 °C and 50 atm. It is highly desirable to
develop low-temperature methanol synthesis (LT-MS).
Although several research groups have focused on the LT-
MS process (100 to 180 °C), harsh operating conditions
prevented them from large-scale industrial applications.

Herein, the CZzZhp-S catalyst was synthesized by
homogenous precipitation method wusing urea as
precipitator, followed by scCO; drying treatment. To
comparison, CZhp-H catalyst was also fabricated by the
homogenous precipitation method with heating treatment
instead of scCO; drying treatment, while CZcp-H catalyst
was prepared by conventional co-precipitation method
with heating treatment. All catalysts were evaluated for
low-temperature methanol synthesis from CO-added
syngas (CO/CO4/Hy) at 170 °C and 5.0 MPa in a flow-type
semi-batch reactor using 2-butanol as solvent. The relevant
characterization methods, including STEM, TEM, SEM,
XRD, XPS, N adsorption-desorption, TG, and Hx-TPR
were carried out to determine the relationship between
catalytic activity and structure of CZhp-S catalyst.

2. Experimental

The CZhp-S catalyst with Cu/Zn molar ratio of 1:1 was
prepared by a homogeneous precipitation method using
urea as precipitator, followed by supercritical CO; drying
treatment. An aqueous solution containing 0.025 mol/L
Cu(NOgz)2-3H20, 0.025 mol/L Zn(NO3),-6H,0, and urea
of 0.5 mol/L were added simultaneously into 1480 ml
deionized water under constant stirring at 95 °C for 2h.
The obtained precipitate was aged for 24 h, filtrated,
washed with deionized water. The precipitate was then
sealed into an autoclave, and the supercritical CO, was
flowed by a high-pressure pump into the autoclave for 3-
12 h at a temperature of 35-80 °C with 7.5-9.0 MPa to dry
the precursor. Finally the dried precipitate was calcined in
airat 350 °C for 1 h.

3. Results and discussion

e

Fig. 1 (a) SEM image, (b) TEM image (the inset shows particle
distribution of CZhp-S catalyst), (c) HR-TEM image and (d)
STEM-EDS mapping of CZhp-S catalyst.

The CZhp-S catalyst demonstrates excellent catalytic
performance with CO conversion of 52.7% and methanol yield
of 51.6% for low temperature methanol synthesis, which is
rather higher than CZcp-H catalyst (CO conversion of 35.6%,
methanol yield of 36.1%). The high activities of the catalysts
may be ascribed to the low reduction temperature, highly
dispersed Cu metal particles and the high accessibility of Cu
metal particles to methanol synthesis, while the homogeneous
precipitation method by urea hydrolysis with scCO. drying
progress guarantees these to form uniform size of CzZhp-S
catalyst with superior catalytic performance in low-temperature
methanol synthesis. Our work offers a promising approach to
developing effective Cu/ZnO catalyst and extends the
application of scCO, drying process.
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Fig. 2 The catalytic performance of CZcp-H, CzZhp-H and
CZhp-S catalyst.
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Vapor-phase low-temperature methanol synthesis from CO,-containing
syngas Vvia self-catalysis of methanol and Cu/ZnO catalysts prepared by

solid-state method

1. Introduction

Methanol is a kind of clean liquid fuel which
can be applied for vehicles or fuel cells. Y Methanol
is also an important feedstock for the production of
multiple chemicals such as formic acid, acetic acid,
dimethyl ether (DME), dimethoxymethane (DMM),
methyl methacrylate, methyl formate (MF),
formaldehyde (FA), methyl tert-butyl ether (MTBE)
and so on.? Methanol can also be converted to
aromatics, olefins and gasoline.®) Owing to its wide
application and demand, it is necessary to develop
highly efficient methanol synthesis process and
catalyst.

The present work was conducted in two
aspects. One was the effect of oxalic acid (H2C20.)
amount on the physicochemical properties and the
corresponding catalytic activity of Cu/ZnO catalysts.
The other was the influence of various parameters
on low-temperature methanol synthesis reaction.
The  structure-performance  relationship  was
evaluated via detailed characterizations. We found
that the oxalic acid amount affected not only
specific surface area and Cu® surface area, but also
acidic and basic properties, Cu-ZnO interaction,
chemical adsorption capability, and amount of CO
and H,. Based on these findings, the correlation
among the physicochemical properties, particularly
the Cu® surface area, the number of strongly acidic
sites and moderately basic sites of Cu/ZnO catalysts,
and the catalytic performance was clarified. The
present low-temperature methanol synthesis route
with methanol as promoter altered the traditional
methanol synthesis while the oxalic acid-assisted
solid-state method provided a hopeful strategy for
producing highly efficient Cu/ZnO catalysts.

2. Experimental

Cu/ZnO catalysts were prepared by a facile
solid-state method. 0.01 mol Cu(NOs3)2¢3H,0, 0.01
mol Zn(NOz)2+6H>0 and 0.00-0.12 mol oxalic acid
(H2C204) were physically mixed in a mortar and
ground for 30 min in air. The H,C,04/(Cu+2Zn)
molar ratios were 0/1, 1/1, 2/1, 3/1, 4/1, 5/1 and 6/1.
The acquired homogeneous metal-oxalic acid
complexes were dried at 393 K for 12 h, followed
by calcination at 673 K in air for 3 h. Finally, the
calcined samples were reduced by Ho/He (5/95, v/v)
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at 513 K for 4 h to obtain Cu/ZnO catalysts.
3. Results and Discussion

The performances of various Cu/ZnO catalysts
were studied for vapor-phase low-temperature methanol
synthesis from syngas, without or with methanol as
promoter in a continuous fixed bed reactor. The results
are exhibited in Fig. 1. Without the addition of methanol
promoter, the total carbon conversion of Cored Catalyst
was as low as 3.8%. By improving H.C,0./(Cu+Zn)
molar ratio from 0/1 to 4/1, the total carbon conversion
had an obvious increase from 3.8% to 45.2%. Further
increasing H2C204/(Cu+Zn) molar ratio led to decline of
total carbon conversion. If 0.003 mL/min methanol was
introduced, the total carbon conversion of various
Cu/ZnO catalysts clearly increased to 3.9%, 17.7%,
26.2%, 32.0%, 50.7%, 38.4% and 7.5%. This finding
clearly implied that methanol synthesis reaction was
accelerated by introducing methanol promoter into
reaction system even at low temperatures. Among all
the catalysts, the Csred prepared with H2C204/(Cu+Zn)
molar ratio of 4/1 exhibited the best catalytic activity.
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Fig. 1 The fixed-bed reaction results of various Cu/ZnO catalysts.
Reaction conditions: temperature = 473 K, total pressure = 7.0 MPa,
catalyst weight = 0.5 g, HJ/CO,/CO/Ar = 59.86/4.90/30.10/5.14
(volume ratio), W/F = 12.4 g » h/mol, GHSV = 1800 ml gesc* h™.
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Fig. 1 CO evoleved in the reverse water gas shift
reaction under dark condition over (A) Pt/Support(200)
and (B) Pt/HiMo0Osz.(T) (T = 100~300 C) and
stoichiometry of doped-H (x) and oxygen vacancy (y).
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Fig. 2 Time course of CO evoleved in the reverse water
gas shift reaction over Pt/HxM00s.,(200) under visible
light irradiation (1 > 450 nm) and under dark condition.
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