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Abstract

Cu-based catalysts were created using a two-step co-precipitation method, which can produce methanol from synthesis gases
(H, and CO) that also contain CO,. The catalysts were manufactured by a two-step co-precipitation method and compared
with catalysts manufactured by a one-step co-precipitation method. The supports with Zn/Al=1 (10ZA) and Zn/Al=2
(20ZA) showed higher ZnAl,O, ratios than the other catalysts, and the catalysts using these supports showed a similar trend
to the ZnAl,O, ratio. Cu—ZnO/mixture ZnO and ZnAl,O, catalysts with more ZnAl,0, (C10Z/20ZA and C20Z/10ZA)
showed lower carbon and CO conversion losses and lower sintering of Cu (200) particles at the reaction temperatures (250,
300, and 350 °C) than the Cu—ZnO-ZnAl,O, (C30ZA) catalyst. Cu—ZnO/mixture ZnO and ZnAl,O, using support with Zn/
Al=2 (C10Z/20ZA) achieved dispersion of Cu (44.2%) and a methanol yield (409.0 gy.on/kg., /h) at a reaction temperature
of 250 °C, GHSV of 4,444 h~', and 40 bar.

Keywords Methanol synthesis - Copper catalyst - Zinc-alumina oxide spinel - CO/CO, gas mixture - Thermal stability of
catalyst

List of Symbols Ney Number of surface copper atoms in the unit sur-
Av Avogadro’s number face area
D Dispersion Scu Copper metal surface area per unit weight of the
D* True dispersion catalyst
DI Deionized water S, Carbon selectivity
FID Flame ionization detector TCD  Thermal conductivity detector
MW, Atomic weight of copper wte,%  Copper content of the catalyst
X Carbon conversion
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Introduction

Methanol is an important chemical that is used to produce
formaldehyde, dimethyl ether (DME), and acetic acid. It is
derived from crude oil and used for various daily purposes or
as a major industrial material. Moreover, most hydrocarbons
can be produced from methanol, making it a promising raw
material for producing hydrocarbons that can replace crude
oil [1]. Therefore, the development of catalysts and pro-
cesses for methanol synthesis is crucial in the petrochemical
industry. To address this growing demand, methanol produc-
tion has been increased. Syngas used in methanol production
is derived from natural gas through a catalytic reforming
reaction, which is a widely used industrial process. The main
reaction in methanol synthesis, which includes the hydro-
genation of CO and CO,, is outlined by Eqgs. 1 and 3 [2].

Hydrogenation of CO,:CO, + 3H, — CH;0H + H,0 (AH,ggx = —49.5 kJ /mol)
6]

Reverse Water Gas Shift:CO, + H, < CO + H,0 (AH g = 41.2 kJ/mol) (2)

Hydrogenation of CO:(3) = (1) — (2):CO + 2H, — CH;0H (AH,gg

3

=-90.7 kJ /mol)

The performance of the catalysts can be influenced by
various metals and preparation methods. Consequently,
research efforts have focused on creating efficient and inno-
vative commercial catalysts for methanol synthesis [3]. The
use of Cu-based catalysts is most prevalent for industrial
methanol synthesis processes that involve hydrogenation of
CO and CO, [4, 5]. In 1920, ASF developed a Cr,0,/ZnO
catalyst for methanol synthesis using CO and H,. Subse-
quently, the ICI Company (Johnson Matty) invented a com-
mercial Cu/ZnO/Al,O; catalyst for methanol synthesis [6].
As the Cu specific surface area increases on Cu-based cata-
lysts, the CO and CO, conversions and MeOH productivity
of the catalysts increase in the MeOH synthesis reaction [7,
8]. Although methanol synthesis has been studied in many
instances, there are thermodynamic limitations to this pro-
cess [9]. The purpose of the ZnO support is to enhance cop-
per dispersion and stabilize the active sites by preventing
copper particle aggregation [10, 11]. To develop an effective
Cu—Zn-based catalyst, it is important to ensure long-term
stability by reducing deactivation factors such as sintering
[8]. Although there has been limited research on the use of
aluminum as a promoter, it is widely recognized that alu-
minum is an effective promoter for copper-based catalysts.
It can stabilize the dispersed Cu/ZnO structure and slow the
sintering of copper particles [12]. To develop Cu—Zn based
catalysts for methanol synthesis, it is important to under-
stand the effects of various metals and their preparation
methods [3, 13]. Ren et al. prepared CuO/ZnO/Al,O; using

@ Springer

a co-precipitation method, and the precursor concentration
was found to affect the structural characteristics of the cata-
lyst. The dispersion of the precipitate increased as the pre-
cursor concentration decreased because of an improvement
in the porosity of the catalyst [14]. Nilsson et al. used CO
and CO, hydrogenation conditions to study the activation
and surface reactions of CO and H, in a spinel ZnAl,O, cata-
lyst. It was confirmed that CO and H, activation occurred
at the aluminum and zinc sites of the ZnAl,O, catalyst to
produce methanol and DME, with reversible adsorption
of hydrogen species [15]. Jiang et al. manufactured Zn—Al
oxides with various Zn/Al ratios to study the direct metha-
nol synthesis from CO, and confirmed that the formation of
amorphous ZnO around the shell of the ZnAl,O, spinel pro-
moted the formation of H, toward faster methanol formation.
As described above, there have been studies on methanol
synthesis using a ZnAl,O, catalyst composed of zinc and
aluminum, but research on the effect of the ZnAl,O, spinel
structure on methanol synthesis using a Cu/Zn/Al catalyst
is insufficient [16]. In our previous research, we analyzed
a Cu—ZnO/Mixture of ZnO and Zn-Al oxide catalyst using
a two-step co-precipitation method. During the methanol
synthesis reaction, it was found that the presence of Zn-Al
oxide spinel in the catalyst decreased Cu sintering at high
temperatures (over 300 °C). These results suggest a direction
for improving the durability and productivity of Cu-/ZnO-
ZnAl,O, catalysts by enhancing the thermal durability of the
Cu particles and reducing the sintering properties [17]. Few
studies have been conducted on the effect of ZnAl,O, in Cu-
based catalysts for methanol synthesis reactions. However,
most of the studies experimented with a mixture of ZnO and
ZnAl,O, or impregnation with a small amount of Cu (under
20 wt%) on a commercial support containing ZnAl,O,
[17-21]. Therefore, it is difficult to compare the research
results of Cu/ZnO and Zn-Al oxide catalysts with compo-
sitions similar to those of commercial Cu-based catalysts
[18-20, 22]. Because the co-precipitation method has vari-
ous variables depending on the manufacturing results, the
Zn/Al ratio was used as the variable in this experiment. The
existing catalyst manufacturing method for ZnAl,O,-based
Cu-based catalysts is similar to the manufacturing method of
Cu/mixture of ZnO and ZnAl,O, (C/30ZA when manufac-
tured by a two-step co-precipitation method) [17-21]. This
technology can be applied to the manufacture of catalysts
for MeOH synthesis reactions for methanol floating produc-
tion, storage, and off-loading (MeOH-FPSO) systems that
produce methanol in offshore gas fields, including CO, [23].
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Table 1 Preparation (?f Mixture Catalyst code Total molar 1st Step co-precipitation 2nd Co-precipitation

of ZnO and Zn-Al oxide . Ratio of reagent (Molar ratio) (Molar ratio)

supports and Cu—ZnO/mixture [Cu: Zn: AL

of ZnO and Zn-Al oxide T Cu Zn Al Calcination Cu Zn Support Calcination

catalysts using support with Temp. [C] Temp. [C]

different the Zn/Al composition Zn Al

of supports C20Z/10ZA  55:30: 10 ~ 10 10 500 55 20 10 10 280
C10z/20zA  [57.9:31.6:10.5] - 20 10 500 55 10 10 10 280
C/30ZA - 30 10 500 55 - 30 10 280
C30ZA 55 30 10 280 - - - -

*Molar ratio of metal calculated using the reagent used for preparing the catalysts. Calcined on the air con-

dition

Table 2 Metal molar ratios of the catalysts in different catalysts were determined by XRF and XPS analysis, and the crystallite size (Scherrer
Eq.) for the reduced catalysts based on the XRD results

Sample name  Metal molar ratio (used reagents)*  Bulk component molar ratio (except C, O) Surface molar ratio Copper weight frac-
XREF analysis result (mol %)° (mol %)¢ tion (%)% (gcu/8ca)
Cu: Zn: Al Cu Zn Al Cu/Zn Zn/Al  Cu/Zn
Calcined  Reduced
10ZA 0: 10: 10 [0: 50: 50] - 49.1 509 - 1.0 - -
20ZA 0:20: 10 [0: 66.7: 33.3] - 68.1 319 - 2.1 - -
30ZA 0: 30: 10 [0: 75: 25] - 689 3l.1 - 22 - -
C20Z/10ZA 55:30: 10 [57.9: 31.6: 10.5] 587 275 138 2.1 2.0 1.9 1.0 62.7
C10Z/20ZA 663 29.5 42 22 6.9 2.7 1.3 65.6
C/30ZA 56.1 270 169 2.1 1.6 2.3 0.7 61.6
C30ZA 57.8 303 119 19 2.5 1.5 1.0 61.4

*Molar ratio of metal calculated using the reagent used for preparing the catalysts

"Molar ratio (except C, O) of the bulk component was measured using XRF(F2) ZSX Primus II, KIST
“The surface of the calcined catalysts was measured using Nexsa XPS system (Thermo Scientific), KIST
dWeight fraction (%) of copper except C, O measured by XRF(F2) ZSX Primus II, KIST

Experimental
Preparation of Supports and Catalysts

Cu(NO3),-3H,0 and Zn(NO3),-6H,0 were supplied by JUN-
SEI Chemical (Tokyo, Japan), whereas AI(NO;);-9H,0,
NaHCO;, and Na,(CO;), were purchased from SAMCHUN
Chemical (Seoul, Korea). The metal-based molar ratios of
the reagents used in the support and catalyst manufacturing
processes are summarized in Tables 1 and 2. The catalyst
manufacturing method used in this study was the same as
that reported previously [8, 17, 24].

The methods used to manufacture the supports and
catalysts are summarized in Fig. 1 and Table 2. Mixture
of ZnO and Zn-Al oxides supports was prepared using a
co-precipitation method. Mixture of ZnO and Zn—Al oxide
supports was manufactured using Zn(NO;),-6H,O and
AI(NO3);-9H,0. Three Zn/Al molar ratios (1, 2, and 3) were
dissolved in deionized (DI) water to obtain 1 M aqueous

solutions. 1 M buffer solution was prepared by mixing
NaHCO;, Na,COj;, and DI water. Metal and base buffer solu-
tions were added dropwise to DI water under intense stirring
at 65 °C, and the pH was maintained at 6.5 +0.3. After the
co-precipitation, the mixture was aged for 5 h with vigorous
stirring at 65 °C. The mixture was then filtered and dried at
110 °C for 12 h. The dried precipitate was then calcined at
500 °C for 5 h in air. The three calcined supports at 500 °C
were named 10ZA (Zn/Al=1), 20ZA (Zn/Al=2), and 30ZA
(Zn/Al=3), respectively.

Cu—Zn/Mixture of ZnO and Zn—Al oxide catalysts were
prepared by secondary co-precipitation with mixture of ZnO
and ZnAl,O, supports (Fig. 1, Table 1). Before starting the
catalyst manufacturing process, mixture of ZnO and Zn—Al
oxide supports (10ZA, 20ZA, and 30ZA) was prepared
and mixed with deionized (DI) water. Cu(NO3),-3H,0O and
Zn(NO;);-6H,0 were mixed at a molar ratio of 55:X (X=20,
10, 0). The mixture was dissolved in deionized (DI) water to
obtain a 1 M aqueous solution. The amount of reagent was
calculated, and a manufacturing experiment was performed

@ Springer
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[10ZA, 20ZA, and 30ZA]
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.

Cu-ZnO/Mixture of ZnO and ZnAlL,O,
[C20Z/10ZA, C10Z/20ZA, and C/30ZA]
Cu:Zn:Al=55:30:10[57.9:31.6:10.5]

-

Cu:Zn:Al =55:30:10

Cu-ZnO-ZnAl, 0, (C30ZA) ‘
[57.9:31.6:10.5]

&

Fig. 1 Preparation of Cu—ZnO/mixture of ZnO and Zn-Al oxide catalyst which is manufactured using the Zn-Al oxide support that was produced

by adjusting the Zn/Al composition of supports

such that the expected molar ratio of the elements in the
Cu—Zn/mixture of ZnO and Zn-Al oxide prepared by the
two-step co-precipitation method was Cu:Zn:Al=55:30:10
[57.9:31.6:10.5 (mol%)]. 1 M base solution was composed
of DI water mixed with NaHCOj; and Na,COj;. The metal
and base buffer solutions were then added dropwise to DI
water under intense stirring at 65 °C, and the pH was main-
tained at 6.5 +0.3. After the co-precipitation, the mixture
was aged for 5 h under vigorous stirring at 65 °C, filtered,
and dried at 110 °C for 12 h. The dried precipitate was then
calcined at 280 °C for 5 h in air. Prepared Cu—Zn/mix-
ture of ZnO and Zn-Al oxide is denoted as C20Z/10ZA,
C10Z/20ZA, and C/30ZA.

For comparison with Cu—Zn/Mixture of ZnO and Zn—Al
oxide catalysts, a Cu—ZnO-ZnAl,O, catalyst was prepared
using a one-step co-precipitation method [8, 17, 24].
Cu(NO;),-3H,0, Zn(NO,);-6H,0, and Al(NO;);-9H,0 were
mixed at a molar ratio of 55:30:10 [57.9:31.6:10.5 (mol %)]
and dissolved in DI water to form a 1 M solution. A 1 M
buffer solution was prepared from DI water with NaHCO,
and Na,COj;. The metal and buffer solutions were added
dropwise to DI water under intense stirring at 65 °C, where
the pH was maintained at 6.5 +£0.3. After the co-precipita-
tion, the solution was aged for 5 h with vigorous stirring
at 65 °C, filtered, and dried at 110 °C for 12 h. The dried
precipitate was calcined at 280 °C for 5 h under airflow. The
calcined catalyst is denoted as C30ZA.
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Sample Characterization

X-ray fluorescence (XRF) analysis was performed using the
F2 ZSX Primus II at KIST. Component (Copper, Zinc, and
Aluminum) molar and weight ratios were derived from the
XRF analysis.

X-ray diffraction (XRD) analysis was performed using a
D8 ADVANCE (LynxEye) XRD instrument (Netherlands)
at KIST. It was operated at 40 kV and 40 mA using graphite-
filtered Cu Ko radiation at a wavelength of 1.5406 nm with
steps of 0.04° in the 20 range of 10-90°. JADE software
was used for XRD peak analysis. The Debye—Scherrer equa-
tion was used to calculate the size of the Cu particles. The
reduced catalysts were prepared using a reactor system for
N, physisorption and XRD analysis; they were produced in
a 10% H,/N, atmosphere at 270 °C (5 °C/min) for 2 h.

Brunauer—Emmett-Teller (BET) analysis was performed
by N, physical adsorption and desorption analyses with
Moonsorp-I (KIST, Korea) at the temperature of liquid
N,. The prepared supports, calcined catalysts, and reduced
catalysts (0.1 g) were inserted into the instrument. Before
the analysis, degassing was performed at 120 °C for 2 h to
remove moisture. The surface areas of the samples were
calculated using the BET analysis method. The total pore
volume was calculated using the N, sorption and desorption
capacities at 0.01 <P/P,<0.99. The average pore diameter
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was calculated using the Brunauer—-Emmett—Teller (BJH)
method.

Temperature-Programmed Reduction (TPR) and N,O
titration were used to measure the H, reducibility of the
calcined catalysts and N,O oxidation of the reduced cata-
lysts, and the surface areas of the Cu and Cu dispersions on
the catalysts were calculated using two-step H,-TPR results
[25]. AutoChem II (Micromatics Inc., USA) was used for
analysis. The catalyst samples (50 mg) were charged into
the instrument using a U-type cell. In the pretreatment step,
helium gas was passed through the samples at 120 °C for
2 h. The samples were cooled to 50 °C and maintained at
that temperature for 1 h under 5% H, (Ar balance). In the
first H,-TPR, the sample was heated from 50 to 300 °C at
a rate of 10 °C/min and 5% H, (Ar balance) at a flow rate
of 50 ml/min. The outlet gas was passed through a TCD
to obtain the TPR data. In the first H,-TPR step, the CuO
particles in the sample are converted to the Cu phase after
H,/Ar gas reduction. After the first H,-TPR, the sample was
cooled to 60 °C, while maintaining a He gas flow of 50 ml/
min for 1 h. After cleaning, N,O (50 ml/min) was flowed for
N,O chemisorption at 65 °C for 1 h. It is assumed that Cu
on the surface reacts with N,O by the reaction in Eq. 4 and
is converted into Cu,0.

N,O + 2Cu < N, + Cu,O 4)

After N,O chemisorption, the sample was cooled to
60 °C, while maintaining a helium balance of 50 ml/min
for 1 h. In the 2nd H,-TPR step, the sample was heated from
60 °C to 300 °C at a rate of 10 °C/min and a flow rate of
50 ml/min of 5% H,/Ar. Cu,O (Cu of the surface of sample
was converted to Cu (Cu®) during the 2nd H,-TPR step. The
peak area of the first TPR profile (A,) corresponds to the
amount of CuO in the sample, and that of the second TPR
profile (A,) is the amount of Cu,O produced by N,O oxida-
tion. Dispersion of Cu (D*) was calculated as D* =2A,/
A, which is defined as the Cu dispersion [25-28]. Assum-
ing that only the surface of Cu is oxidized by N,0, D* is
considered to be a dispersion of Cu (D*), which is defined
as the ratio of exposed surface Cu to total Cu. S, is the Cu
metal surface area per unit weight of the catalyst and was
calculated using Egq. 5 [25-27].:

Sca(my/8ea) = DX AV X Wi, %/ (100 X MW, X N, )
®
where Av is Avogadro’s number (6.02 x 10%), wt, %
Cu is the copper content (wt %) of the catalyst, MW, is
the atomic weight of copper (63.5 g/mol), and N, is the
number of surface copper atoms in the unit surface area.
A reported N, value of 1.7 x 10! m~2 [29] was used for
the calculation of the S, while N, values in the range of

1.35x 10"-1.68 x 10" m~2 are available for different copper
crystal planes [30].

CO, Temperature-Programmed Desorption (CO,-TPD)
was performed using AutoChem II (Micromatics Inc., USA).
First, the samples (50 mg) were loaded onto the instrument
using a U-type cell, and the catalyst samples were reduced
using 10% H, (N, balance) at 50 ml/min and 270 °C for 2 h.
After reduction, the sample was cooled to 120 °C, and He
was passed through the samples for 1 h for pretreatment.
The samples were cooled to 60 °C and maintained at this
temperature for 1 h under a 10% CO, atmosphere (He bal-
ance) at a flow rate of 50 ml/min for CO, adsorption. He
was passed through the samples at 60 °C for 1 h for purging.
Finally, the sample was heated at a rate of 10 °C/min from
60 °C to 900 °C for CO,-TPD while He was flowed at 50 ml/
min. The outlet gas was then passed through a TCD to detect
the desorbed CO.,.

X-ray photoelectron spectroscopy (XPS) analysis was
performed) with a microfocus monochromatic X-ray source
Al-Ka (1486.6 eV) using a Nexsa XPS system (Thermo Sci-
entific) to investigate surface chemical states and elemental
compositions of Cu, and CuO in the calcined and reduced
catalysts.

Catalytic Performance Test

Methanol synthesis was performed in a fixed-bed reactor
(Inconel, 10 mm inner diameter), and the temperature was con-
trolled using an electrical furnace. The catalyst samples (0.5 g)
were crushed and sieved to 425-710 um and loaded into the
reactor tube at a feed gas hourly space velocity (GHSV) of
4,444 h~"'. Then, the catalysts were reduced using 10 mol %
H, (N, balance) at 1 bar under 270 °C for 2 h. The tempera-
ture was increased to 270 °C at a rate of 5 °C/min and was
maintained for 2 h. The catalyst samples were then cooled to
170 °C and flushed with N, gas for 1 h. The system was com-
pressed and maintained at a pressure of 40 bar. In the general
test for CO, feeding in the feed gas, the gas mole ratio for
methanol synthesis was H,: CO: CO,: N,=61.67:23.33:5:10.
After passing through the reactor and back pressure regulator
to reduce the pressure, the gas product was analyzed using an
online gas chromatography (GC) (Agilent 6890N) equipped
with a TCD and FID.

The collected liquid samples, including methanol and other
by-products, were analyzed for product distribution using an
offline GC. The liquid product in the methanol reaction sys-
tem was collected using a cold trap maintained at —22 °C and
analyzed using an offline GC with an FID. The online GC had
two parallel paths: a Porapak-Q (Mesh 80/100, 1/8 inch, 2 m)
column connected to the TCD detector and an HP-Innowax
(30 mx0.250 mm x0.25 pm) column connected to the FID
detector (split ratio=200).

@ Springer
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The liquid product was collected using a cold trap at
—22 °C and analyzed using offline GC after the reac-
tion. GC (Agilent 7890 A) with an HP-PONA column
(50 mx0.20 mm X 0.5 pm) and FID detector was used for
offline analysis of the liquid products. The split ratio of offline
GC was fixed at 350. Helium was used as the GC carrier gas.
Equations 6-9 summarize the transformation and selectivity
calculation formulae, respectively. X; is calculated by carbon
conversion and carbon selectivity is indicated by S,. Calcula-
tion formula for X; and S, is shown in and Egs. 10 and 11 each.

in __ out
X,(%) = ———— % 100;i = CO, CO,andcarbon = CO + CO,
Fin
(6)
Fout
P
Sp(%) = m X 100, C=CO+ C02 (7)
C C

X;(%) = Conversion of feed component/element of i (8)
Sp(%) = Selectivity of product component of p )
F ;‘." = Inlet molar flow rate of component/element i  (10)

F?* = Outlet molar flow rate of component/element i

1)

CH : Zinc Alumium Carbonate Hydroxide Hydrate [Hexagonal, Ref. Code : 00-048-1026]
® : ZnO (Zincite) [Hexagonal, Ref. Code : 98-000-0483]
© : ZnAl,O, (Gahnite) [Cubic(F), Ref. Code : 00-015-1012]

(104)

. A .

10ZA (900 °C)

Intensity (a.u.)

N —
10ZA (700 °C)

10ZA (500 °C)

10ZA (300 °C)

10ZA (110 °C)

10ZA
20ZA

30z

— T T~ T T T T T T T L L T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
2Theta (degree)

(a) Calcined supports with different calcination temperature (110, 300, 500, 700, and 900 °C and
used supports (10ZA, 20ZA, and 30ZA calcined at 500 °C).

Fig.2 XRD patterns of support and catalysts
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Results and Discussion

Table 2 presents the molar ratios of the bulk metal and sur-
face components obtained from XRF and XRS analyses. The
bulk component molar ratios of 10ZA and 20ZA support the
Zn/Al ratio of 1.0 and 2.1, respectively, which are similar to
the ratio of the reagent used. However, for 30ZA, the Zn/Al
ratio was 2.2. The molar ratios of Zn and Al for C20Z/10ZA,
C10Z/20ZA, and C/30ZA were smaller than those of the
reagents used. The metal basis molar ratio of the reagent
used and the XRF analysis results were different, which was
attributed to the loss resulting from the filtering process after
less precipitation during the manufacturing process of the
support and catalyst. This is thought to be due to losses from
a small filtration process after precipitation during manufac-
turing of the support and catalyst. The discrepancy between
the added Zn/Al and actual XRF measurements is presumed
to be due to the fact that the metal of all reagents did not
form a precipitate during the aging step (5 h) and was filtered
in the form of ions during the filtering procedure.

X-ray diffraction (XRD) diagrams for the catalyst sup-
port, calcined catalyst, and reduced catalyst are shown in
Fig. 2. The study examined different phases related to Cu,
Zn, Al, O, C, and H and found that the primary phases were
structured. Although numerous phases were observed in
the XRD analysis, ZnAl,O,, ZnO, CuO, Cu,0, Cu,0;, Cu,
and Cu were specifically recognized and assessed using the
JADE references. (1) ZnO (zincite, hexagonal; JADE Ref.
98-000-0483) of 31.916° (100), 34.568° (002), 36.401°
(101), 47.685° (102), etc. (2) ZnAl,0O, (gahnite, cubic (F);

4 : Cu,0; (Paramelaconite) [Tetragonal, Ref. : 98-000-0346] @ : ZnO (Zincite) [Hexagonal, Ref. Code : 98-000-0483]
® : Cu,0 (Cuprite) [Cubic(P), Ref. : 98-000-0186] o ZnAlL,0, (Gzhnite) [Cubic(F), Ref. Code : 00-001-1146]
O : CuO (Tenorite) [Monoclinic, Ref. : 98-000-0429]

© : Cu[Cubic, Ref. Code: 98-000-0172]

5 ©(200)
! -
L]

g Mo(220

TIPS PSR

C/30ZA_used 250 °C)

C30ZA_used (250 °C)

Intensity (a.u.)

s e SR W} o® S8 0% e - C2010ZA

- i e “c102024
e

M C30z4

=

C30Z4

T T T T

T T T T
40 45 50 55 60 65 70 75
2Theta (degree)

(b) Calcined, reduced catalysts and used catalysts (after reaction at 250 °C, 52 h).

T T
20 25 30 35 80 85
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JADE Ref. 00-001-1146) of 31.512° (220), 36.956° (311),
44.983° (400), 55.810° (422), etc. (3) Zinc aluminum car-
bonate hydroxide hydrate (hexagonal, JADE Ref. 00-048-
1026) of 11.838° (033), 23.660° (006), 34.158° (101),
34.871° (012), etc., (4) Cu,O; (tetragonal paramelaconite,
JADE Ref. 98-000-0346) of 28.089° (112), 31.030° (103),
35.654° (202), 36.146° (004), 43.834° (220), etc., (5) Cu,O
(cuprite, cubic(P), JADE Ref. 98-000-0186) of 29.392°
(110), 36.248° (111), 42.132° (200), 52.285° (211), etc.,
(6) CuO (tenorite, monoclinic, JADE Ref. 98-000-0429)
of 32.531° (110), 35.466° (002), 35.556° (-1,1,1), 38.750°
(111), 38.965° (200), etc. (6) Cu (copper, cubic(F), JADE
Ref. 98-000-0172) of 43.241° (111), 50.373° (200), and
74.05° (220).

The experiment involved confirming the support and
catalyst at each phase location using the JADE program and
then indicating the presence of various phases in a complex
manner. In Fig. 2, CuO, Cu,0;, Cu,0, ZnO, and ZnAl,O,
display a peak profile with a wide FWHM when the calcina-
tion temperature of the support is 500 °C. Therefore, even
when enlarged, they are difficult to visually distinguish. The
whole pattern fitting (WPF) method was used to overcome
this issue. The existence of these phases was repeatedly
assessed, and the results were quantified and presented. The
whole pattern fitting (WPF) results according to the Rietveld
refinement of the XRD analysis results are shown in Fig. 3.

To determine the presence of ZnO and ZnAl,O, phases
in the calcined samples, experiments were conducted at
various temperatures ranging from 110 °C to 900 °C under
air conditions. The samples were dried during calcination,
and their XRD analysis results were compared with those
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(a) Calcined supports with different calcination temperature and used supports (10ZA, 20ZA, and 30ZA).

of 10ZA, 20ZA, and 30ZA, which were dried during their
respective manufacturing processes (Figs. 2a and 3a. 10ZA
calcined at 500 °C was the same as the support (10ZA) used
in catalyst manufacturing. Some studies have shown that the
Zn,Al,O,4 phase appears calcined at 500 °C, but as a result
of the investigation, Zn,Al,O, was not reflected owing to a
lack of reference [31].

As shown in Figs. 2a and 3a, when 10ZA was calcined
at 110 °C, zinc aluminum carbonate hydroxide hydrate was
formed, and it decreased rapidly as the calcination tempera-
ture increased; thus, it was not observed at the calcination
temperature of 500 °C. ZnO was confirmed in all sections
of the calcination temperature in the range of 110-900 °C,
which increased rapidly as the calcination temperature
increased, and then reached a peak (41%) when the calcina-
tion temperature was 500 °C. The ratio of ZnAl,O, increased
as the calcination temperature increased, reaching 41%, and
then increased to 70% when calcined at 900 °C. Figure 2a
shows that as the calcination temperature increases by
500 °C or more, the FWHM decreases, and the crystallin-
ity of ZnO and ZnAl,O, becomes prominent. However, as
the calcination temperature increases, physical properties
such as the BET surface area of Support rapidly decrease, so
crystallinity itself cannot be linked to catalytic performance
[17]. In Figs. 2a and 3a, 10ZA, 20ZA, and 30ZA reveal the
absence of zinc aluminum carbonate hydroxide hydrate at
a calcination temperature of 500 °C. ZnO was found in all
the samples of 10ZA (41%), 20ZA (74%), and 30ZA (96%),
but the ratio of ZnAl,O,-related peaks was higher in 10ZA
than in the other catalysts. ZnAl,O, was present in 30ZA
(4%), but it was weak and ZnO (96%) was the main peak. In

100

Eicuc.r]
”% [ Jcwolc.p
] [ Jcuo;(1]
[Jcvo v
15% [—_lznaLo, [C.F]]
’\3 80 9 [ Jzeo[H
N — 46% 48%
—~ 53%
E
; 60 | 3%
=] 40%
=
= e ] e
g I 3%
L 404 % 9% o
5 | ]
=% 2% %0 [T
g 14%
=
§ 20 ~ -
3% || 31%
2% | | 21%
O T T T T T T T T T T T
> > >

T

> > > qr >

&V N W B R & v C\_@'
W< <& > S F <& SV ¢ c

o o ® [ &
Calcined catalysts

Reduced catalysts Used catalysts (250 °C)

(b) Calcined, reduced catalysts and used catalysts (after reaction at 250 °C, 52 h).

Fig. 3 Results of whole pattern fitting (WPF) from XRD patterns of support and catalysts
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Table 3 Catalytic characterization of catalysts and reduced catalysts
Sample code N, physi-sorption and desorption results (BET)* Dispersion  Specific sur-  Copper particle  Cu (111)
- - of copper face areaof  size (nm) (N,O  crystallite size
BET surface Monola.yer Total pore Medn pore (%)° copper (mzcu / chemisorption)!  of reduced
area (Sggr) adsorption volume diameter [nm] cd e
2/g]® 3 &car) catalyst (nm)
[m</g] amount (Vm) [cm’/g cat.]
[cm3/g cat.]
10ZA 118.3 27.17 0.293 9.90 - - - -
20ZA 94.93 21.81 0.323 13.63
30ZA 93.21 21.42 0.333 14.30
C20Z/10ZA  70.61 [56.00] 16.22[12.87] 0.208 [0.184] 11.77 [13.14] 39.4 137.8 3.0 9.7
[reduced]
C10Z/20ZA  76.84[61.24] 17.65[14.07] 0.347[0.272] 18.06[17.73] 44.2 161.7 2.7 9.6
[reduced]
C/30ZA 68.67 [47.69] 15.78 [10.96] 0.263 [0.195] 15.34[16.36] 36.2 124.2 33 12.3
[reduced]
C30ZA 82.83 [43.00] 5.71[9.88] 0.107 [0.196] 17.20[18.25] 47.3 157.5 2.5 9.2
[reduced]

*Measured by Moonsorp-I (KIST, Korea)

®D* was calculated as D* =2A,/A,, which is defined as the Cu dispersion. [A,: 1st H,-TPR area, A,: 2nd H,-TPR area]
‘N,O titration: 2-step H,-TPR and N,O-TPD was measured using AutoChem II, KIST. [Assumed for N,O titration: 1st TPR area:

CuO+H,— Cu+H,0; 2nd TPR area: Cu,0+H, —2Cu+H,0]

dCopper specific surface area, Scu (m%/g., )=D X AV X Wi, % X Mwg, X Ng,. Av: Avogadro’s number (6.02 X 10%), Wtc,% (2cy/Zer-): Cu con-
tent of the catalyst (MW_,) S, (m%/g..)=(D x Av x (Wtc,% /100))/(MW_, x Ng,) MW_,: The atomic weight of copper (63.5 g/mol) Ni,: The

number of surface copper atoms in the unit surface area.: 1.7 x 10! m=2

¢Calculated by Debye—Scherrer equation from XRD diffraction data

comparison, high proportions of ZnAl,O, were identified in
10ZA (59%) and 20ZA (26%) samples.

In Figs. 2b and 3b, ZnO and ZnAl,O, were identified
in all calcined catalysts except C/30ZA. In particular, high
ratios of ZnAl,0, were found in C20Z/10ZA (24%) and
C10Z/20ZA (14%), indicating the presence of a phase in
the support used was indicated. It was confirmed that Cu,O5;,
CuO, and Cu,0O were present in calcined C20Z/10ZA,
C10Z/20ZA, and C30ZA, respectively, but only CuO and
Cu,0 were observed in calcined C/30ZA, and Cu,O; was
hardly detected. Cu,O was not observed for the C30ZA
catalyst. Cu (cubic (F)) was confirmed from the reduction
catalysts shown in Figs. 2b and 3b, and it was confirmed that
Cu,0 coexisted. Cu,0, Cu,03, and CuO in the reduction
catalyst were formed by reaction with air when the catalyst
was removed from the reactor for analysis. In Fig. 2b, the
position of the Cu peak may be finely shifted to the left and
may not seem to fit, which is a symptom that occurs when
the Cu of the catalyst is oxidized after reduction to generate
a small amount of oxide such as Cu,0. As shown in Table 3,
the Cu (111) particle size of the reduction catalyst decreased
in the following order: C/30ZA (12.3 nm) > C20Z/10ZA
(9.7 nm) > C10Z/20ZA (9.6 nm) > C30ZA (9.2 nm). The
order of the Cu particle size estimated by the N,O concen-
tration analysis results was C/30ZA (3.3 nm) > C20Z/10ZA
(3.0 nm) > C10Z/20ZA (2.7 nm) > C30ZA (2.5 nm), which
is consistent with the XRD analysis results (Table 3). In the
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reduction catalyst, ZnAl,O, was found in C20Z/10ZA (7%)
and C10Z/20ZA (1%) and was rarely observed in C/30ZA
and C30ZA (2%). ZnAl,O, was identified in C20Z/10ZA
(9%), C10Z/20ZA (4%), and C/30ZA (4%) catalysts after
52 h of reaction at 250 °C. It can be estimated that there was
a change between ZnO and ZnAl,O, during the catalytic
reaction. No Zn phase was observed in the supports, calcina-
tion catalysts, reduction catalysts, or used catalysts.

Table 3 shows the BET (Brunauer—Emmett—Teller) sur-
face areas of the support, calcination catalyst, and reduc-
tion catalyst as well as their changes. While increasing the
calcination temperature of the Zn-Al support from 110 °C
to 500 °C, the Zn aluminum carbonate hydroxide in the
drying stage (110 °C) was converted into ZnO and Zn-Al
oxides, resulting in the conversion of intermediate pores
into mesopores and the formation of some macropores.
In the second coprecipitation step, the BET surface area
decreased as Cu and Zn were added to the support, because
the concentration of Cu in the catalyst was high, and new
pores were formed after Cu was added. 10ZA, which has
a relatively high ratio of aluminum, showed a higher BET
surface area than those of 20ZA and 30ZA. Among the
four calcined catalysts, the BET surface area of C30ZA
was the highest at 82.83 m*/g,,. C/30ZA exhibited the
lowest BET surface area of 68.67 m?%/g,,,. This is related
to C/30ZA, which has a higher CuO content than Cu,O;.
In the case of C30ZA, Vm and total pore volume after



Modified Cu-ZnO Catalysts Supported on the Mixture of ZnO and Zn-Al Oxide for Methanol Production...

1383

(1): 1"Hy-TPR area  (2): 2°¢ H,-TPR area

1941°C L0 0

143.6°C

- ()
3 (]
=~ 217.9°C C20Z/10ZA
g 147.6°C |
.o | ®
wn 2)
a 20,6°C C10Z/20ZA
=
1563°C 59 30¢ o
CR0ZA

196.8°C

C30Z10A

100 120 140 160 180 200 220 240 260 28

T T
60 80

Temperature (°C)

Fig.4 Two-step H,-TPR and N,O-titration profiles of the prepared
catalysts

calcination increased after reduction. After the reduction
step, the BET surface area of the four catalysts decreased
by 20.7-48.1%. C20Z/10ZA, C10Z/20ZA, and C/30ZA
manufactured by the two-step coprecipitation method
showed higher BET surface areas than C30ZA (43.0 m%/
8.q) after the reduction step, respectively. C30ZA showed
the highest BET surface area reduction rate (-48.1%).
C20Z/10ZA and C10Z/20ZA exhibited a higher BET sur-
face area than C/30ZA and C30ZA at the time of reduc-
tion and also exhibited lower BET surface area reduction
rates at the time of reduction. This is related to the higher
ZnAl,O, phase peaks compared to those of C/30ZA and
C30ZA, and it was determined that ZnAl,0, affects the
sintering and phase change of the catalyst under hydro-
gen reduction conditions at 270 °C. The melting point of
copper is approximately 1085 °C, which is much higher
than the reduction temperature (270 °C) of the catalyst;
however, sintering of copper nanoparticles may occur at
this temperature. ZnAl,O, in the catalyst seems to help
maintain the structure of the Cu particles, especially when
the copper catalyst is reduced by hydrogen, supporting the
reduction of copper nanoparticles, thereby maintaining a
more stable phase under the same reaction conditions.
The H,-TPR profiles of the calcined catalysts match the
results shown in Fig. 4, with the maximum temperature of
the H, reduction peak below 290 °C for each catalyst. The
Cu—ZnO/mixture of ZnO and Zn-Al Oxide catalyst displayed
a higher H,-TPR peak temperature than that of the C30ZA
catalyst. The highest point of decrease, occurring at a tem-
perature above 220 °C, can be attributed to the reduction of
the CuO phase and Cu,0;), while the shoulder peaks might
be due to the stepwise reduction of Cu™> — Cu™' — Cu’

[8, 32]. The interaction between copper oxide and the sup-
port was observed in the order of C20Z/10ZA (219.6 °C),
C10Z/20ZA (217.9 °C), C/30ZA (219.6 °C), and C30ZA
(220.6 °C) based on the position of the H,-TPR profile. In
the case of the Cu—ZnO/mixture of ZnO and Zn-Al oxide
catalyst, it may be seen that the H,-TPR area at 220 °C or
higher is relatively higher than that of C30ZA, and it may
be seen that more energy is required for reduction. This
seems to have affected the attraction between the support
and the copper particles composed of ZnO and ZnAl,O, in
the case of the Cu—ZnO/mixture of ZnO and Zn-Al oxide
catalysts, resulting in an increase in the temperature required
for the hydrogen reduction of Cu oxide. The first H,-TPR
area was in the following order: C/30ZA (5.612) > C20Z/10
(5.492) > C10Z/20ZA (5.110) > C30ZA (4.864). In Fig. 3b,
the calcined C/30ZA mainly had CuO more than Cu,O; as
an oxidation form of Cu. It was found that there was more H,
required for reduction and higher reduction areas at 220 °C
or higher than those of the other catalysts.

N, O titration analysis was carried out using a two-step
H,-TPR analysis to determine the surface area of the reduced
copper and predict the performance of the Cu-based metha-
nol synthesis catalysts, as shown in Table 3 and Fig. 4.

The dispersion of Cu on the reduced catalyst
was in the order of C30ZA (47.3%)> C10Z/20ZA
(44.2%) > C20Z/10ZA (39.4%) > C/30ZA (36.2%). The
C30ZA catalyst demonstrated the highest copper dispersion
of 47.3% at the time of reduction, which was higher than
that of the Cu—ZnO/mixture of ZnO and Zn-Al oxide cata-
lyst. Specific surface area of copper is C10Z/20ZA (161.7
m’e /2., ) > C30ZA (157.5 m’ /g, ) > C20Z/10ZA (137.8
m’c /g, ) > C/30ZA (124.2 m’./g.,.)- The copper parti-
cle size from N,O titration was in the order of C20Z/10ZA
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Fig.5 CO,-TPD profiles of the reduced catalysts
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Fig.6 XPS profiles of the calcined and reduced catalysts

(3.0 nm) > C/30ZA > C10Z/20ZA (2.7 nm) > C30ZA
(2.5 nm), which is similar to the trend observed for the Cu
(111) particle size from the XRD results. Dispersion of Cu
(%) is C30ZA (47.3%) > C10/20ZA (44.2%) > C20Z/10ZA
(39.4%) > C/30ZA (36.2%). Owing to the high dispersion
and specific surface area of Cu, it can be predicted that
C30ZA, C10Z/10ZA will be exhibit higher activity of
MeOH production (MeOH yield, gy.on/kgq,/h) in hydro-
genation of Co-feed gas than the other catalysts, owing to
the high dispersion of Cu (%) on the reduced catalyst. As
shown in Fig. 9, C30ZA afforded a highest MeOH yield (451
2vecon’kKgeq /M) at 250 °C.

The properties of the catalysts were analyzed using
the CO,-TPD and CO, desorption profiles, as shown in
Fig. 5. The maximum desorption peaks were observed at
300-400 °C for all the catalysts. The TPD profiles were
heavily skewed toward higher temperatures, indicating a
complex process with multiple CO, desorption sites occur-
ring at different underlying sites. The strength of the base
sites on the catalysts can be classified as weak, moderate, or
strong based on the strength of the base site [33, 34]. Weak
sites are associated with surface hydroxyl groups, interme-
diate base sites are due to metal-oxygen pairs such as Al-O
sites, and strong base sites are associated with low coordi-
nation oxygen anions [35, 36]. The CO,-TPD profile was

@ Springer

1028 1026 1024 1022 1020 1018 1016
Binding Energy (eV)
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distributed in three regions, corresponding to the desorption
of CO, in the weak, medium, and strong areas: 150-300 °C,
300-500 °C, and > 500 °C. The catalysts displayed excel-
lent CO, desorption properties at approximately 350 °C, and
C10Z/20ZA showed the best CO, desorption characteristics
under these conditions. As shown in Fig. 7, the CO, conver-
sion decreased rapidly when the temperature was increased
from 250 to 350 °C. C/30ZA had a lower CO, desorption
area than the other catalysts in the range of 300400 °C. The
C30ZA catalyst shows a remarkable CO, desorption peak
at 400-700 °C, which may suggest that it has strong base
sites and strong CO, desorption capacity at temperatures
of 400 °C or higher. However, considering that the calci-
nation temperature of C30ZA is 280 °C, this can be seen
as a phenomenon caused by gas due to the denaturation of
the oxide components for Zn and Al of the catalyst under
high-temperature conditions of 400 °C or higher. Further
observations are required for certainty.

The high-resolution XPS results for Cu2p in the calcined
and reduced catalysts are shown in Fig. 6a. For the calcined
catalysts, Cu2p showed wide peaks with a maximum bind-
ing energy of approximately 933.45-933.69 eV that could
be related to Cu*" in the CuO of the calcined catalysts, also
meaning the presence of Cu,O5 [37-40]. The peaks of cal-
cined C20Z/10ZA (933.45 eV), C10Z/20ZA (933.61 eV),
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Fig.7 Profiles of carbon (CO+CO,), CO, and CO, conversion in the hydrogenation of syngas [Reaction conditions: 0.5 g, 40 bar,
H,:C0:CO,:N,=61.7: 23.3:5:10, GHSV =4,444 h~!, 250-350 °C, and 52 h]

and C/30ZA (933.52 eV) were in a similar range to those
of calcined C30ZA (933.69 eV). Two shakeup satellites
near 941-944 eV are also fingerprints of Cu**. The XRD
results showed that calcined C/30ZA had more CuO than
Cu,O; (Fig. 1). Calcined C30ZA exhibited a broad and small
area under the peaks corresponding to Cu** compared to
the Cu—ZnO/mixture of ZnO and Zn-Al oxide catalysts.
For the reduced C30ZA, a peak at 932.5 eV was observed,
which can be assigned to Cu’. This peak has a shoulder at
a higher binding energy, which could be related to Cu®*,
and shows a small area around 940-944 eV (Fig. 4b). The
same trend was observed for the other reduced catalysts,
which was similar to that observed for C30ZA. When Cu?*
of calcined C30ZA catalysts reduced and Cu®* changed
to Cu’, the peak moved from 933.69 eV to 932.5 eV. Cu’
peaks of the reduced C20Z/10Z, C10Z/20ZA, and C/30ZA
also shifted slightly toward lower binding energies. The
Cu® peak areas of the reduced catalysts followed the order
C10Z/20ZA > C20Z/10ZA > C30ZA =~ C/30ZA. This shows
the trend of Cu® on the surface of the catalyst, which differs
from the bulk concentration of Cu’.

When comparing the Cu/Zn molar ratio of the calcined
catalyst surface based on the XPS results, it was confirmed
that the Cu/Zn ratio to the reduced catalyst was lowered
(Table 2). This means that ZnO and ZnAl,O, surrounded by
Cu oxide in the reduction process are exposed to the surface
in the process of reducing Cu oxide, and the Cu/Zn ratio on
the surface of the catalyst changes. The surface Cu/Zn molar
ratio from the XPS analysis of the calcined catalyst was in
the order of C10Z/20ZA (2.7)> C/30ZA (2.3)>C20Z/10ZA

(1.9)> C30ZA (1.5). This indicates that the catalyst prepared
by the two-step co-precipitation method showed a high Cu/
Zn ratio. Compared to the bulk Cu/Zn obtained through XRF
analysis, the Cu/Zn molar ratio of XPS before the reduc-
tion of C10Z/20ZA (2.2)> C/30ZA (2.1) ~ C20Z/10ZA
(2.1)> C30ZA (1.9) showed a similar tendency to that of the
surface Cu/Zn molar ratio of the calcined catalyst by XRF
(Table 1). However, the surface Cu/Zn ratio of the reduced
catalyst followed the order C10Z/20ZA (1.3)> C20Z/10ZA
(1.0) = C30ZA (1.0) > C/30ZA (0.7), which differed from
the bulk Cu/Zn ratio results.

In contrast with the Cu phase, the XRD pattern of the
reduced catalyst did not show a Zn phase (Fig. 2b). It was
confirmed that the binding energy of the Zn2p peak of each
catalyst after reduction increased by about 0.08-0.15 eV
or more compared to before reduction, and the area of
the peak increased (Fig. 6b). ZnO and ZnAl,O, all corre-
spond to Zn>* and Zn (Zn®) is not confirmed, so the change
in binding energy is not significant. However, it shows a
change in the peak, which is related to the generation of
the ZnAl,O, phase based on the XRD analysis results. In
the case of C/30ZA, ZnAl,O, was barely observed at 30ZA
before the second coprecipitation, but ZnAl,0, was con-
firmed at C/30ZA after calcination. In addition, ZnAl,O,
was observed in the catalyst after reduction (Figs. 2 and 3).
The presence of small amounts of zinc aluminum carbonate
hydroxide hydrate was confirmed in the calcined catalyst,
but it was not detected in the catalyst after the reduction and
reaction. This is because Zn aluminum carbonate hydroxide
undergoes changes in the ZnO or ZnAl,O, direction. The
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current XPS results alone make it difficult to distinguish
between ZnO and ZnAl,O,, but it can be inferred that the
ratio of the two phases increases during the catalyst reduc-
tion process.

Figure 7 graphically represents the specific trend of the
conversion rates of carbon, CO, and CO, during the meth-
anol synthesis reaction for 52 h at 250, 300, and 350 °C.
It also shows the average value of each conversion rate
for 24-48 h. The amount of catalyst, composition of the
raw material, reaction pressure, GHSV, and reaction time
were constant, while the reaction temperature was varied.
A decrease in the conversion rates of carbon and CO was
observed for all four catalysts as the reaction temperature
increased from 250 to 350 °C. The CO and CO, conversion
rates also decreased as the reaction temperature increased.
A negative CO, conversion rate indicates that the CO, in
the outlet is greater than the amount of CO, in the feed
added at 350 °C. The temperature and CO, desorption area
of CO,-TPD of each reduced catalyst were high at 350 °C,
which confirmed that the conversion rate of CO, was low
under these conditions (Fig. 5).

When the reaction temperature increases above 300 °C,
methanol synthesis and reverse water gas transfer (RWGS)
reactions occur simultaneously during the hydrogenation of
CO,. CO can be generated by the RWGS reaction, indicating
a decrease in the CO conversion rate. At this time, when the
temperature increased, methanol synthesis, an exothermic
reaction, was suppressed, but the reverse water gas transfer
(RWGS) reaction, which is an endothermic reaction, was
strengthened, resulting in a low methanol yield at tempera-
tures above 300 °C [41, 42]. Additionally, it was established
that as the reaction temperature increased from 250 °C to
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Fig.8 MeOH selectivity and yield over catalysts in the hydro-
genation of syngas [Reaction conditions: 0.5 g, 40 bar,
H,:C0:CO,:N,=61.7: 23.3:5:10, GHSV=4,444 h~!, 250-350 °C,
and 52 h]
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Fig.9 Relationship between dispersion of Cu (%) with MeOH yield
(gmeon’kgca /M) over catalysts in the hydrogenation of syngas [Reac-
tion conditions: 0.5 g, 40 bar, H,:CO:CO,:N,=61.7: 23.3:5:10,
GHSV =4,444 h~!, 250 °C, and 52 h]

300 °C and then to 350 °C, the methanol selectivity dimin-
ished, whereas the selectivity for CH, (methanation) and
other compounds (higher alcohol synthesis) increased. As
the reaction temperature increased, a side reaction of the
endothermic reaction occurred (more than 300 °C), and the
thermal balance was broken, resulting in the suppression
of the formation of reactants, decomposition of reactants,
and reverse generation of feed, resulting in a decrease in the
equilibrium conversion rate of CO, CO,, and H, (Figs. 7,
8,9).

350°C
[2 step]

250°C
[3rd step]

Carbon Conversion (%)

—=— C20Z/10ZA
10 B—C10Z20ZA
—4—C/30ZA
—v—C30ZA

T T T T T T T T
25 30 35 40 45 50 55 60 65 70

Reaction time (h)

Fig. 10 Profiles of carbon conversion in the order of 1st step (250 °C,
24 h), 2nd step (350 °C, 24 h), and 3rd step (250 °C, 24 h) in the
hydrogenation of syngas [Reaction condition: 0.5 g, 40 bar, Hy/
Carbon (CO+CO,)=2, and GHSV =4,444 h™!]



Modified Cu-ZnO Catalysts Supported on the Mixture of ZnO and Zn-Al Oxide for Methanol Production... 1387

80

I c202/10ZA
: [ c10z/20zA

70 4 : Il c/30zA

Carbon co

I C30zA
60

50

40 -

304

204

Conversion & Conversion Loss (%)

Fig. 11 Summary of carbon, CO, and H, conversion loss (%) com-
pared 12-24 h (Ist step) with 62-74 h (3rd step) over catalysts
in the hydrogenation of syngas after reaction at 250 °C (lst step,
24 h), 350 °C (2nd step, 24 h), and 250 °C (3rd step, 24 h). [Reac-
tion condition: 0.5 g, 40 bar, H,/Carbon (CO+CO,)=2, and
GHSV=4,444h71]
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Fig. 12 Increasing rate of Cu particle size at different reaction tem-
peratures with reduced catalyst fresh and sintered catalysts which
after the reaction

As shown in Figs. 11 and 12, as the reaction temperature
increased to 300 °C and 350 °C, there was a change in the
particle size of Cu, but the change in the conversion rate was
not significant. The temperature was initially set at 250 °C
for 24 h, followed by 24 h of reaction at 350 °C, and then
returned to 250 °C for another 24 h, resulting in reactivity
that allowed it to regain its initial conversion rate at 250 °C
(Fig. 10). Therefore, the reduction in the conversion rates
of carbon, CO, CO,, and H, could not be explained by the
sintering of Cu.

Figure 8 summarizes the results of the product obtained
after MeOH synthesis according to carbon selectivity. At
this time, the products were divided into gas and liquid
products, and the liquid products were based on products
collected in cold traps at —22 °C and 40 bar to obtain the
MeOH yield. The methanol selectivity of the catalysts was
higher than 70% at 250 °C and 40 bar for the feed using a
CO/CO,/H, mixture as the raw material. Under the reac-
tion conditions of 250 °C, a methanol selectivity of 74
C-mol% or more could be confirmed in all catalysts under
reaction conditions of 250 °C. C20Z/10ZA (74.2 C-mol
%), C10Z/20ZA (77.6 C-mol %), C/30ZA (77.2 C-mol %),
C30ZA (78.9 C-mol %). The dispersibility (%) of Cu in
each reduction catalyst was obtained through N,O titration
and is C30ZA (47.3%) > C10/20ZA (44.2%) > C20Z/10ZA
(39.4%) > C/30ZA (36.2%). Methanol yield at the reac-
tion conditions of 250 °C for 52 h is C30ZA (451.3 gyreon’/
kg ,./h) > C10Z/20ZA (409 g \eon/kgeq /D) > C/30ZA (351.3
guvcon’Kgea /h), followed by C20Z/10ZA (319.4 gyeon’
kg.,./h), which was similar to the dispersion of Cu (%) in the
reduced catalyst. This trend was established only at 250 °C,
where methanol production was the main reaction. When the
reaction temperature rises above 300 °C, CO, or methane is
generated by the Reverse water gas shift and methanation
reactions, and although not reflected in the results of this
experiment, side reactions such as dimethyl ether (DME)
could be generated [43].

CO, hydrogenation to methanol is equilibrium-limited by
high temperature. Generally, a catalyst efficiently operates
at high temperatures, which requires exceptional thermal
stability.

The conversion of carbon dioxide into methanol is hin-
dered by equilibrium at high temperatures.

The analysis revealed small amounts of Cg_5 olefins and
paraffin in the liquid products, which were considered as
part of other factors when calculating the selectivity. The
analysis confirmed the presence of gaseous products such
as methane, DME, C, , olefin, and paraffin, except for
MeOH, and the presence of liquid products such as Cs_4
paraffin, C,_;5 olefin, ethanol, propanol, and butanol were
confirmed. Higher alcohols were produced during the reac-
tion experiments, with methanol, ethanol, n-C; alcohol,
and n-C, alcohol being produced in the following amounts:
methanol > ethanol > n-C3 alcohol > n-C, alcohol. The car-
bon mol% of MeOH in the liquid methanol product recov-
ered from the cold trap after the reaction was 93% or more.
Therefore, when developing a methanol manufacturing
process using this catalyst, a distillation process must be
implemented to obtain high-purity methanol.

The Cu—ZnO/mixture of ZnO and Zn-Al oxide catalyst
was found to have a higher resistance to sintering in high-
temperature reactions than C30ZA, which exhibited good
thermal stability, as evidenced by the changes in carbon
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conversion (Figs. 10 and 11). The conversion losses of the
catalysts used for carbon and CO are shown in Fig. 11. For
reaction temperatures of 250, 300, and 350 °C for 52 h, they
were labeled 'Fresh.” The resulting measurement, labeled
"Sintered," was obtained by conducting a 24 h reaction at
250 °C (1st step), followed by a 24 h reaction at 350 °C (2nd
step) and another 24 h reaction at 250 °C (3rd step). The
conversion loss of 'Sintered' was calculated as the change
between the carbon and CO conversion rates in the 12-24 h
segment (1st step) at 250 °C and 62—74 h segment (3rd step)
at 250 °C. Figure 11 reveals that the C30ZA catalyst had
higher carbon (11.7%) and CO (13.3%) losses than those of
the C20Z/10ZA, C10Z/20ZA, and C30ZA catalysts. Among
these, the C20Z/10ZA catalyst showed the lowest carbon
conversion loss (2.8%), CO conversion loss (3.3%), and
highest thermal stability.

Figure 12 summarizes the particle size change rate for Cu
(111) and Cu (200) of the catalyst after the reaction, based
on the size of the Cu particles of the catalyst when reduced
at 250, 300, and 350 °C for 52 h each. In addition, the Cu
particle size of the reacted catalyst by changing the tem-
perature in the order of 250 °C (1st step, 24 h), 350 °C (2nd
step 24 h), and 250 °C (3rd step, 24 h) was also calculated
and expressed as 'Sintered.” At this time, the smaller the size
change of the reduced catalyst compared to the Cu particles,
the less sintering of Cu occurred. It can be observed that
the C10Z/20ZA, C20Z/10ZA, and C/30ZA catalysts, which
involve co-precipitation of Cu and Zn in a mixture of ZnO
and Zn-Al oxide, have higher thermal durability against Cu
sintering compared to C30ZA. Specifically, after reacting for
52 h at 250 °C, C30ZA exhibited the highest level of Cu sin-
tering (38.5%), followed by C20Z/10ZA (19.8%), C/30ZA
(7.2%), and C10Z/20ZA (1.9%). Similarly, after reacting
for 52 h at 350 °C, C30ZA exhibited the highest level of
Cu sintering (52.9%), followed by C20Z/10ZA (24.5%),
C10ZA (12.1%), and C/30ZA (2.1%). Moreover, the results
showed that C30ZA (29.8%), C20Z/10ZA (27.2%), C/30ZA
(17.7%), and C10Z/20ZA (5.3%) exhibited the highest level
of Cu sintering. Through the change in carbon conversion
rate, the size of the Cu (200) particles, and the XRD results,
it was confirmed that the Cu—-ZnO/(a mixture of ZnO and
Zn-Al oxide) catalyst suppressed the sintering of Cu by the
synergy of the mixture of ZnO and ZnAl,O, and reduced
Cu, and thus had better thermal stability than the C30ZA
catalyst. Therefore, in terms of the long-term stability of
the MeOH production reaction, Cu—ZnO/mixture of ZnO
and Zn-Al oxide catalyst is considered to be superior in
overall yield compared to the C30ZA catalyst, and more
optimized research is needed. Therefore, it was confirmed
that the two-step co-precipitation method for preparing a
Cu—ZnO/mixture of ZnO and ZnAl,O, was superior to the
catalyst prepared by the one-step co-precipitation method,
which can be assumed to be excellent for long-term reactions
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at 250 °C, which is the methanol manufacturing temperature.
As a follow-up study, we will conduct an optimization study
on the manufacturing method of the Cu-based catalyst using
the support and support of this catalyst, and if we find a
way to improve the Cu specific surface area of the reduced
catalyst, we will develop a catalyst with long-term stability
and high methanol yield.

Conclusions

A modified Cu—ZnO/mixture of ZnO and Zn-Al oxide cata-
lyst was prepared using a two-step co-precipitation method
(C30Z/10ZA, C10Z/20ZA, and C/30ZA) and compared
with a catalyst prepared using the one-step co-precipitation
method (C30ZA). XRD analysis with WPF confirmed that
all the catalysts (C20Z/10ZA, C10ZA, and C/30ZA) con-
tained ZnO and ZnAl,O,. In the case of C20Z/10ZA and
C20Z/10ZA, the ratio of ZnAl,0O, was higher than C/30ZA
and C30ZA. The specific surface area of Cu on the cata-
lysts obtained by N,O titration was in the order C10Z/20Z
A>C30ZA > C20Z/10ZA > C/30ZA, and it was confirmed
that the particle size of C30ZA with a lower dispersion of
copper was the smallest. The XRD results showed that the
Cu particle size of the reduced catalyst followed the same
trend as that of the N,O titration. As a result of hydrogena-
tion of a mixed gas of CO and CO, as raw materials, the
conversion rates of carbon, CO, and CO, decreased as the
reaction temperature increased. Methanol yield at the reac-
tion conditions of 250 °C for 52 h is C30ZA (451.3 gyeon!
kg ,./h) > C10Z/20ZA (409 g yeon'kgeq/h) > C/30ZA
(351.3 gyeon’kgeq /h), followed by C10Z/20ZA (319.4
Eveon’KEear /h), Which was similar to the dispersion of Cu
(%) in the reduced catalyst. In the methanol synthesis reac-
tion under fresh or sintered conditions, it was confirmed
that the C10Z/20ZA, C20Z/10ZA, and C/30ZA catalysts
showed lower loss of Carbon and CO conversion rates than
the C30ZA catalysts, and the rate of increase in the Cu parti-
cle size after the reaction was also low. Also, it can be found
that the C10Z/20ZA and C20Z/10ZA catalysts with higher
Zn-Al oxide ratios have higher thermal durability against Cu
sintering than C30ZA and C/30ZA.

In addition, compared to the C30ZA catalyst manu-
factured by the two-step co-precipitation method, the
C20Z/10ZA and C10Z/20ZA catalysts improved thermal
long-term stability by suppressing the sintering of reduced
Cu by attraction between Cu and the mixture of ZnO and
Zn-Al oxide manufactured in the first co-precipitation
method, which can suggest the development direction
of Cu-Zn-Al-based catalysts for MeOH synthesis with
increased yield due to improved long-term stability of the
catalyst.
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