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New low-temperature methanol synthesis from syngas containing CO;
via self-catalysis of methanol and Cu/ZnO catalysts

(University of Toyama") oFei Chen”, Guohui Yang", Noritatsu Tsubaki”

1. Introduction

Methanol is a kind of clean liquid fuel which
can be applied for vehicles or fuel cells.) 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
catalysts.

The present work was conducted in two
aspects. One was the effect of oxalic acid (H2C204)
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(NO3)+3H0, 0.01
mol Zn(NOz)2+6H20 and 0.00-0.12 mol oxalic acid
(H2C204) were physically mixed in a mortar and
ground for 30 min in air. The H2Cy04/(Cu+Zn)
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, viv)

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 this new low-temperature methanol
synthesis from syngas containing CO,, without or with
methanol as promoter in a continuous fixed bed reactor.
The results are exhibited in Fig. 1. Without methanol
promoter, the total carbon conversion of Cored Catalyst
was as low as 3.8%. By improving H2C,04/(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 = 05 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 ge,c* ht.

1) Tsubaki, N., Zeng, J.Q., Yoneyama, Y., Fujimoto, K.,
Catal. Commun., 2, 213 (2001).

2) Ali, K.A., Abdullah, A.Z., Mohamed, A.R., Renew.
Sust. Energ. Rev., 44, 508 (2015).

3) Chang, K., Wang, T.F., Chen, J.G., Appl. Catal. B-
Environ., 206, 704 (2017).
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Directly conversion of syngas to aromatics
over Fe-based ZSM-5 catalysts

1. Introduction

Synthesis gas (CO/H>) derived from coal, natural gas
and biomass can be selectively converted into various
fuels and chemicals via the Fischer—Tropsch synthesis
(FTS) reaction in which iron- and cobalt-based
catalysts are most widely used.

Recently direct conversion of syngas to aromatics
draws researcher’s attention because of its short
reaction process, low cost as well as convenience to
separation and recycling. With the tandem catalysts for
the production of aromatics from syngas, the Fischer-
Tropsch synthesis (FTS) route over a composite FTS
catalyst and HZSM-5 zeolite system where
hydrocarbons, especially light olefins, are generally
considered to be the intermediates formed on the FTS
catalyst and then move to the zeolite for further
reactions.

In this work, the iron-based FTS catalysts prepared
by co-precipitation was combined with ZSM-5 zeolite
to reach high selectivity to target product. The effect of
the Si/Al ratio and post-treatment on the ZSM-5
zeolites was investigated. Specific morphologic ZSM-5
zeolites synthesized by hydrothermal reaction were
also examined.
2.Experimental

Iron-based FTS catalyst was prepared be co-
precipitation method. An equimolecular amount of
ferric nitrate and manganese nitrate were dissolved in
deionized water together to form a missed salt solution.
An aqueous solution of ammonia carbonate and the
mixed salt solution were added to a flask dropwise
under stirring at 80 °C in oil bath and PH was
controlled by 7 to 8. After aging for 3 h, the precipitate
was filtered and washed with deionized water for three
times. Then the product was dried at 60 °C overnight
and calcined. Finally, the FeMn product was
impregnated by potassium (K2COs), the FeMnK FTS
catalyst was obtained after dried overnight
consequentially.

Commercial ZSM-5 with diverse Si/Al ratio were
examined the effect of Si/Al ratio. The post-treatments
of ZSM-5 zeolites were prepared by sodium hydroxide
solution.

Table 1. Catalytic activity of hybrid catalyst.

CO Aromatics
Catalysts Conv. Selectivity
(%) (%)
FeMnK/ZSM-
5-12 97.6 37.3
FeMnK/ZSM-
5.20 93.9 31.0
FeMnK/ZSM-
5.525 92.7 25.1

(University of Toyama)
OBaizhang Zhang, Guohui Yang, Noritatsu Tsubaki

The desilication treatment of the zeolites was performed in
aqueous NaOH solution according to a procedure below.
To this end, ZSM-5 sample was vigorously stirred in NaOH
solution in a flask for 1 h at 80 °C, followed by filtration
and thorough washing with deionized water. The solid
product was dried overnight and converted into the H-form
ZSM-5 by three consecutive ion-exchange in NH4NO;
solution and subsequent calcination in static air. Different
concentration of NaOH solution was used to treat with
ZSM-5 zeolite. The different morphologic ZSM-5 zeolites
were synthesized by hydrothermal reaction. The details are
noted in main text part.

3.Results and discussion

Aromatics formation through syngas accomplished a
high level of syngas conversion by employing FeMnK
catalyst and ZSM-5 zeolite hybrid catalyst. With the
decrease of Si/Al ratio, the target products selectivity
showed a growing trend due to the enhanced acidity of
zeolite, which played an important role in aromatization
process, known as a kind of acid-catalyzed reaction.

Catalytic performance of aromatics selectivity got
increased by utilizing NaOH to treat with ZSM-5 zeolite.
Enlarged meso pore where aromatics was generated and
zeolite outside surface was also facilitated, resulting in FTS
process products reacting with zeolite more effective. The
selectivity of aromatics was improved from around 37% to
45%.

Several morphologic ZSM-5 zeolites were prepared
through hydrothermal synthesis method. They showed
different traits in many aspects. Proper acidity and pore size
which specific zeolites own both determine the effect of
aromatics formation. The hybrid FeMnK/aggregated ZSM-
5 catalyst reaches as high as around 42% selectivity of
aromatics.

1) Gorimbo, J. Catalysis Science & Technology, 2018, 8(8),
2022.

2) Yang, J., Pan, X., Jiao, F., et al. Chemical
communications, 2017, 53(81), 11146.

Table 2. Catalytic activity of hybrid catalyst.

cO Aromatics
Catalysts Conv. Selectivity
(%) (%)
FeMnK/ZSM-
5.12 97.6 37.3
FeMnK/0.2B-
ZSM-5-12 96.7 43.0
FeMnK/0.4B-
ZSM-5-12 96.8 45.3
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Fig. 1 Catalytic and structural properties of Pd- and
Ce-containing catalysts: (A) ethane yield in oxidative
conversion of methane and (B) Fourier-transformed
k3-weighted Ce Ls-edge EXAFS spectra.

1) Yamamoto, K., Garcia, S.E.B., Saito, F., Muramatsu,
A., Chem. Lett., 35, 570 (2006).

2) Yabushita, M., Yoshida, M., Muto, F., Horie, M.,
Kunitake, Y., Nishitoba, T., Maki, S., Kanie, K., Yokoi,
T., Muramatsu, A., Mol. Catal., 478, 110579 (2019).

3) Yabushita, M., Kobayashi, H., Osuga, R., Nakaya, M.,
Matsubara, M., Maki, S., Kanie, K., Muramatsu, A., Ind.
Eng. Chem. Res., 60,2079 (2021).

4) Yabushita, M., Yoshida, M., Osuga, R., Muto, F.,
Iguchi, S., Yasuda, S., Neya, A., Horie, M., Maki, S.,
Kanie, K., Yamanaka, I., Yokoi, T., Muramatsu, A., Ind.
Eng. Chem. Res., 60, 10101 (2021).
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Fig. 1 Catalytic performance of 1 wt% metal-supported
Ce-MFImc in OCM reaction. (A) Methane conversion and
(B) Ethane yield.

1) Lunsford, J. H., Catal. Today, 63, 165 (2000).

2) Yamamoto, K., Garcia, S.E.B., Saito, F., Muramatsu,
A., Chem. Lett., 35, 570 (20006).

3) Yabushita, M., Yoshida, M., Osuga, R., Muto, F.,
Iguchi, S., Yasuda, S., Neya, A., Horie, M., Maki, S.,
Kanie, K., Yamanaka, I., Yokoi, T., Muramatsu, A., Ind.
Eng. Chem. Res., 60, 10101 (2021).
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Fig. 1. Effect of oxidant/methane ratio on CH4 conversion
and C, selectivity over Lag7Cao3sAlOs s catalyst at 423 K
in the electric field (3 mA) with various oxidants (Pcra =
0.25): (a) CHa4 conversion vs. [O]/CH4 ratio, (b) Cs
selectivity vs. CH4 conversion.

BEE . RBFSCIE IST S & 23T (IPMIPR1654) D S 4%

T T Thhuiz,

1) K. Sugiura, S. Ogo, K. Iwasaki, T. Yabe, Y. Sekine,
Sci. Rep., 6, 25154 (2016).

2) S. Ogo, K. Iwasaki, K. Sugiura, A. Sato, T. Yabe, Y.
Sekine, Catal. Today, 299, 80 (2018).

3) S. Ogo, H. Nakatsubo, K. Iwasaki, A. Sato, K.
Murakami, T. Yabe, A. Ishikawa, H. Nakai, Y. Sekine,
J. Phys. Chem. C, 122, 2089 (2018)

4) A. Sato, S. Ogo, Y. Takeno, K. Takise, J. G. Seo, Y.
Sekine, ACS Omega, 4, 10438 (2019).
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1) Z. Guo, Y. Li, L. Wang, J. Yan, K. Guo, ACS Catal.,
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Fig.1 CH4 conversion and products yields a) effect of
support, b) effect of Al,Os. Pt particle size (nm) (CO-
pulse) is shown in parentheses. Catalyst: 100 mg, Pt
loading: 5wt%, CH4/NO=13.4/1.8(%), Total flow rate:
100 ml min™', Reaction temperature: 400 °C.

1) A. S. Bodke, D. A. Olschki, L. D. Schmidt, Appl.
Caml A 201, 13-22 (2000).

2) BH, Vi, ¥ Lk, ITGhampson EE, AR,
Wﬁ,gﬁ,AF 55128 [AlfiEsTame 1117
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Fig. 1  Catalytic performance in CHas-O2H20-flow

reaction using 5wt% Ir-M/6-Al20s (M = Co, Ni, Cu, Zn,
Ga, Ag, Au (mol ratio Ir:M = 1:1)), 5wt% Ir-Cu/6-Al20s
(mol ratio Ir:Cu = 3:1, 1:3), 5wt% Ir/0-Al20s.
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Fig. 2  Catalytic performance in CH4-O2.H2O-flow

reaction using x wt% Ir/6-Al20s, Ir-Cu/6-Al20s (mol ratio
Ir:Cu = 1:1), Cu/lr (x =5, 0.1, 0.01).

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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Fig. 1 Results of the CH4 oxidation reaction using
Cu3.4-CHA10, Cu4.1-CHA10, Cu2.5-CHA20, and
Cu2.8-CHA20.
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Fig. 2 In situ UV-vis diffuse reflectance spectra of
Cu2.5-CHA20, Cu2.8-CHA20, Cu3.4-CHA10, and
Cu4.1-CHAI10 after exposure to N»-H,O. Each
spectrum is normalized at its most intense
absorption in the LMCT band.

1) J. Ohyama, et al. Catal. Sci. Technol., 11, 3437-3446
(2021).
2) H.Li, et al. Chem. Sci., 10,2373-2384 (2019).
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Fig. 1. Formation of C;H3CO, M’* from CO» and C,Hs.
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Fig. 2 TPR results using Ni/MFI catalyst under C,H4 and
CO; (1:1) flow (color code: blue (m/e = 28), red (m/e = 44),
and purple dots (m/e = 72), respectively).

MS peak intensity

1) X. Jin, R. V. Chaudhari, et al., J. CO; Util. 2019, 34, 115.
2) W. Wang, et al., J. Am. Chem. Soc. 2013, 135, 13567. 3) P.
P. Pescarmona, et al., Green Chem. 2019, 21, 406. 4). Y. Sun,
etal., Chem 2017, 3, 211.
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Fig. 1 TPR profiles of Ni/MOR samples under CO2 and
C2H4 (1:1) flow (blue: Ni/MOR-120; red: Ni/MOR-8).

1) Q. Zhang, J. Yu, A. Corma, Adv. Mater. 32, 2002927 (2020).
2) S. Yasuda, R. Osuga, Y. Kunitake, K. Kato, A. Fukuoka, Hi.
Kobayashi, M. Gao, J. Hasegawa, R. Manabe, H. Shima, S.
Tsutsuminai, T. Yokoi, Commun. Chem. 3, 129 (2020).

3) R. Osuga, S. Bayarasaikhan, S. Yasuda, R. Manabe, H.
Shima, S. Tsutsuminai, A. Fukuoka, H. Kobayashi, T. Yokoi,
Chem. Commun. 56, 5913 (2020).
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A newfound zeolite catalyst for highly efficient carbonylation

(B RIL-#H") Olie YAO", Guohui Yang", Noritatsu Tsubaki”

1. Introduction

Up to now, the member of zeolite family has
expanded to more than 230. However, only little
part of them have been reported as catalysts used
in reactions. Discovering potential zeolites for
reactions is significantly important, especially in
industrial applications. We find a carbonylation
zeolite catalyst AI-RUB-41 with special
morphology and channel orientation. This
zeolite behaves a much better catalytic stability
than H-MOR and a greatly enhanced catalytic
activity than H-ZSM-35.

2. Experimental

The catalyst was prepared through a two-step
synthesis of Al-RUB-39 and its conversion to
Al-RUB-41, which is similar as that described
in elsewhere.” The main steps include (1)
preparation of the seed crystals of Si-RUB-39;
(2) synthesis of the seed-derived Si-RUB-39; (3)
preparation of Al-RUB-39; (4) conversion of
AI-RUB-39 to AI-RUB-41. The prepared
samples are labeled as AI-RUB-41 (X), X refers
to the Si/Al ratio measured by XRF analysis.

A chemical liquid deposition (CLD) method
as described elsewhere ? was used to modify the
surface acid sites on AI-RUB-41 (54), and the
catalyst treated by tetraethyl orthosilicate
(TEOS) twice as described in literature is
labeled as AI-RUB-41 (54)@SiOx.

3. Results and Discussion

Al-RUB-41 behaves efficient catalytic ability
to dimethyl ether carbonylation reaction with
beyond 95% methyl acetate selectivity. A space-
confined deactivation mechanism over Al-
RUB-41 is proposed. By erasing the acid sites
on outer surface, AI-RUB-41@SiO; catalyst
achieves a long-time and high-efficiency
activity without any deactivation trend (see
Fig.1 and Table 1).

oME
—e ¥ v
P —

Al-RUB-41 AI-RUB-41@Si0,

§su —
§s0- - AlLRUB41(54)@8i0,
s = AILRUB41(5.
B | ey e
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| *%se. <o
L

«® . u
] MA >95%
o L~

5§ 10 15 20 25 30 35 40 45 S50
Reaction Time (h)

Fig. 1. The conversion of DME on H-type Al-RUB-41 (54) and
Al-RUB-41 (54)@SiO2 for 50 h.

1) Yilmaz, B., et al. Chem. Commun. 2011, 47
(6), 1812-1814.

2) Wang, Y., et al. Chemistry—A European
Journal 2019, 25 (20), 5149-5153.

Table 1. The cumulative products selectivities of DME carbonylation over AI-RUB-41(54)@SiO and Al-RUB-

41(54) in 50 h reaction.

Carbon molar selectivity (%)

Catalysts
CH4 CO, MeOH MA
AI-RUB-41(54) 0.08 0.30 4.80 94.82
AI-RUB-41(54)@Si0» 0.10 0.27 2.87 96.76

Reaction conditions: 0.5 g catalyst, T=200 °C, P=1.5 MPa, reaction gas DME/CO/Ar/N,=1.94/45.55/2.51/50.00 (vol %),
flow rate = 20 mL/min, GHSV (Gas Hour Space Velocity) = 2400 mL (g h)~".
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Selective Conversion of CO, into para-Xylene over a
ZnCr,04-ZSM-5 Catalyst

(University of Toyama) oWeizhe Gao, Guohui Yang, Noritatsu Tsubaki

1. Introduction

Direct conversion of CO- to high value-added chemicals,
particularly aromatics, has attracted wide attention in the
field of CO, chemistry.? It not only relieves, at least partially,
the emission of CO; by the combustion of fossil fuels but
also offers a chemical route to utilize carbon resources.
Among all kinds of aromatic hydrocarbons, para-xylene
(PX) is a significant value-added chemical, since it has an
important use in producing terephthalic acid (TPA) and
other chemicals.? Generally, PX is produced by the catalytic
reforming of petroleum naphtha. However, the production
of PX from the decreasing petroleum resources cannot meet
the growing demand annually in the world. Direct and
oriented catalytic conversion of CO, to PX, as a non-
petroleum route, is still a challenge.

In this work, we presented an Oxide-Zeolite catalyst for
CO; hydrogenation to PX, which composed of ZnCr,04 and
tailor-made ZSM-5 zeolite. It showed significantly high PX
selectivity in total hydrocarbons to 28.6%, which is higher
than those over reported Oxide-Zeolite catalysts under the
same reaction conditions.

2. Experimental

ZnCr,04 with a spinel structure was prepared by a
precipitation method. 8.92 g Zn(NOs),-6H,0 and 24.0 g
Cr(NO3)3-9H,0 were dissolved in 90 mL deionized water,
19.2 g (NH4)2COs3 was dissolved in 200 mL deionized water.
These aqueous solutions were dropwise added into one
beaker simultaneously, precipitated at 70 °C and pH was
controlled at 7.0-8.0 under stirring. After 3 h static aging at
the same temperature, the precipitate was washed by
distilled water for three times and collected by filtration. The
product was dried overnight at 120 °C and calcined at
500 °C for 3 h.

HZSM-5 zeolite sample was prepared by a hydrothermal
method. In brief, Tetraethoxysilane (TEOS), NaAlO,,
Tetrapropylammonium Bromide (TPABTr) and Butylamine
were dissolved in distilled water with a molar ratio of 300
SiO2: 1 AlOs: 1 NayO: 135 TPABr: 106 Butylamine:
10160 H,0. After magnetic stirring for 4 h, the clear solution
was transferred into a Teflon-sealed autoclave and
maintained at 180 °C for 48 h. After cooling down to room
temperature, the resultant solid product was washed with
distilled water, dried at 100 °C overnight, and calcined at

550 °C in air for 5 h to remove the organic template stored in the
zeolite pores.
3. Results and discussion
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Fig. 1 (a) Catalytic performance for CO; to methanol,
methanol to aromatics, and CO; to aromatics. (b) PX
selectivity, CO, and methanol conversion. ZSM-52
sample (SiO2/Al; O3 = 300) was commercial zeolite.

As shown in Figure 1a and 1b, the ZnCr.O, presented high
methanol/DME selectivity of 98.6% with only 1.4% CH,
selectivity by 21.8% CO; conversion at 350 °C and 4.0 MPa. No
PX and other aromatics were formed over the single ZnCr,Ox
(Figure 1b). In comparison, the tailor-made ZSM-5 zeolite was
investigated in MTA under the same reaction conditions with
44.9% aromatics selectivity, including 15.8% PX in all
hydrocarbons (Figure 1a and 1b). Accordingly, the ZnCr,04-
ZSM-5 catalyst (physical mixing, ZnCr,04/ZSM-5 mass ratio as
2:1) exhibited high PX selectivity of 24.2%, with CO,
conversion and aromatics C-mol selectivity as 23.1% and 85.3%,
respectively, and the undesirable CH, selectivity was controlled
within 1% (Figure 1a and 1b). PX selectivity is significantly
higher than that of one containing commercial ZSM-5 zeolite,
where PX selectivity was only 5.4%, as shown in Figure 1b.
Furthermore, to the best of our knowledge, the PX selectivity
was higher than those of other reported Oxide-Zeolite catalysts.

1) Wang, Y., Tan, L., Tan, M., Zhang, P., Fang, Y.,
Yoneyama, Y., Yang, G., Tsubaki, N., ACS Catal., 9, 805-

901 (2019).
2) Zhang, P., Tan, L., Yang, G., Tsubaki. N., Chem. Sci., 8,
7941-7946 (2017).
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Fig. 1 CO evolved in the reverse water gas shift reaction
under dark condition over (A) supported Pt catalysts and
(B) Pt/HxM0O3.4(T) (T = 100~300 °C) and stoichiometry
of doped-H (x) and oxygen vacancy (y).
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Fig. 2 CO evolved in the reverse water gas shift reaction
over Pt/HyM00s.,(200) with and without visible light
irradiation (4 > 450 nm).
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