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A B S T R A C T   

Model bio-methanol was prepared by adding a trace quantity of lower alcohols (ethanol, 1-propanol, and 1- 
butanol) as model impurities to methanol. The catalytic performance of the Cu/ZnO/Al2O3 catalyst for steam 
reforming (SR) and autothermal reforming (ATR) of model bio-methanol was investigated to evaluate the 
inhibitory effect of lower alcohols. In SR, the activity (methanol conversion and H2 production rate) markedly 
decreased from the initial stage of the reaction. In ATR, the initial activity decreased slightly, and the activity 
decreased gradually with reaction time. In SR, the lower alcohol adsorbed strongly on the catalyst, resulting in 
the inhibition of methanol adsorption on Cu. In ATR, although the conversion of lower alcohol was promoted, the 
quantity of carbonaceous species derived from the lower alcohols increased with the reaction time. These 
inhibitory effects of lower alcohols were due to the inability of the Cu-based catalyst to cleave C-C bonds in lower 
alcohols.   

1. Introduction 

Methanol is an important chemical used industrially as a raw ma-
terial for various chemical products and fuel. Methanol is also a useful 
hydrogen carrier that can supply hydrogen to fuel cells on-site because 
of its several advantages as a hydrogen carrier, including its lower 
reforming temperature than that of hydrocarbons such as methane and 
propane, high hydrogen/carbon (H/C) ratio, low soot formation, rela-
tively low boiling point, and easy and safe storage as an aqueous solution 
at room temperature and atmospheric pressure [1–4]. Therefore, the 
demand for methanol has continually increased [5,6]. 

Currently, methanol is mainly produced from fossil fuels such as 
natural gas and coal. The development of alternative production 
methods is strongly desired to reduce CO2 emissions [7]．The alterna-
tive methanol production methods include CO2 hydrogenation [8,9] and 
converting biomass resources [10–12]. Unlike the biomass-derived 

ethanol (bio-ethanol) produced by fermentation, biomass-derived 
methanol (bio-methanol) can be produced from various biomass feed-
stocks, including inedible lignocellulosic biomass[6,12,13]. In general, 
bio-methanol contains a trace of impurities including lower alcohols, 
aromatics, and hydrocarbons[5,6,10–12]. In particular, separating 
lower alcohols (0–2%) from methanol is challenging and requires 
energy-intensive purification processes. Establishing the direct utiliza-
tion of impurity-containing bio-methanol significantly contributes to 
expanding the use of various biomass resources, reducing costs, and 
saving energy. 

Methanol is used to supply hydrogen to fuel cells on site and the two 
main reactions are steam reforming (SR, Eq. (1)) [1–3,14–19] and 
autothermal reforming (oxidative reforming) (ATR, Eq. (2)) [20–22]. 
Cu-based catalysts are known to exhibit high activity and selectivity for 
SR and ATR [1–3,15–22].  

CH3OH + H2O → 3H2 + CO2 ΔH0
298 = + 49⋅4 kJ mol− 1                      (1) 

Abbreviations: ATR, Autothermal reforming; ESICB, Element Strategy Initiative for Catalysts & Batteries; FID, Flame ionization detector; GC, Gas chromatographs; 
SR, Steam reforming; TCD, Thermal conductivity detector; TPO, Temperature-programmed oxidation; XRD, X-ray diffraction. 
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CH3OH + (1 – n) H2O + 0⋅5 n O2 = (3 – n) H2 + CO2 ΔH0
298 = + 49⋅4－ 

241⋅6 n kJ mol− 1                                                                             (2) 

SR has the advantages of high hydrogen production per CO2 pro-
duction and low carbon monoxide (CO) formation; CO poisons the Pt- 
based electrode catalyst in the fuel cell [1–3]． Although the majority 
of fuel processing technologies are based on SR, the endothermicity of 
SR requires continuous external heating of the SR reactor. Indeed, a 
reaction temperature of 200–300 ◦C is required to produce hydrogen at a 
sufficient rate, and SR (Eq. (1)) and partial oxidation (Eq. (3)) can be 
combined through the simultaneous co-feeding of oxygen, steam, and 
methanol via autothermal reforming (ATR) [19,23–26].  

CH3OH + 0⋅5 O2 → 2 H2 + CO2 ΔH0
298 =－192⋅2 kJ mol− 1                 (3) 

In ATR, SR is promoted by the heat generated during the partial 
oxidation stage. Consequently, the energy input from external sources 
can be reduced. Moreover, the ATR reactor does not require external 
heating once it reaches the reaction temperature, because controlling 
the composition of all three reactants (methanol, water, and oxygen) 
lowers the overall enthalpy changes of the two reactions to zero. 

To date, the effect of impurities on catalyst activity in the SR of 
ethanol [27] and glycerol [28] has been investigated. The presence of 
impurities has a negative impact on the catalyst used in SR and ATR. 
Sulfur compounds and chlorides have been reported to inhibit steam 
reforming for methanol [29–31]. However, there have been few reports 
on the effects of lower alcohols which are difficult to separate from 
methanol on catalytic activity, and the inhibitory effects of lower alco-
hols on reforming reactions, including the mechanism of inhibition, 
remain unknown. Ethanol SR proceeds above 300 ◦C [32–40] because of 
the necessity for the cleavage of the C-C bonds in the ethanol molecule. 
Cu-based catalysts are less active in ethanol SR than Ni- and Rh-based 
catalysts because of their lower C-C bond cleavage ability [41,42]. Cu 
is also thermally unstable and aggregates at temperatures above 300 ◦C. 
Therefore, under the conventional reaction conditions for methanol 
reforming using a Cu-based catalyst (<300 ◦C), impurities with C-C 
bonds are expected to have an inhibitory effect on methanol reforming. 

In this study, lower alcohols (ethanol, 1-propanol, and 1-butanol) 
were added to methanol as model impurities to investigate in detail 
the effects of impurities on the activity and stability of Cu/ZnO/Al2O3 
(CZA) catalyst for SR and ATR. The mechanism of the inhibitory effect of 
impurities on the Cu-based catalysts was clarified based on the analysis 
of impurity-derived byproducts and carbonaceous species deposited 
during the reaction. This work provides a fundamental understanding of 
the inhibitory effect of bio-methanol impurities on the catalytic per-
formance in reforming reactions; it provides a strategy for the design of 
an effective reforming catalyst, which is essential for the direct utiliza-
tion of bio-methanol. 

2. Experimental 

2.1. Materials 

Copper(II) nitrate trihydrate, zinc(II) nitrate hexahydrate, aluminum 
(III) nitrate nonahydrate, methanol, 1-propanol, 1-butanol, sodium hy-
droxide, and sodium carbonate were purchased from FUJIFILM Wako 
Pure Chemical Corporation (Tokyo, Japan). 

2.2. Preparation of catalyst 

The CZA catalyst was prepared via a co-precipitation method, i.e., an 
aqueous solution of the metal nitrates (0.3 M) was added dropwise to an 
aqueous solution of Na2CO3 (0.3 M) with vigorous stirring for 0.5 h, then 
aged at 50 ◦C for 20 h [43]. The resulting precipitate was dried at 80 ◦C 
for 20 h in an oven and calcined at 300 ◦C for 3 h. The Cu/Zn/Al molar 
ratio in the CZA catalyst was 45/45/10. 

2.3. Characterization 

X-ray diffraction (XRD) patterns of the catalysts were recorded using 
a Rigaku SmartLab diffractometer with Cu Kα radiation. The samples 
were scanned in the 2θ range of 25− 50◦ at a rate of 3◦ min− 1 and a 
resolution of 0.002◦. 

The temperature-programmed oxidation (TPO) profiles were recor-
ded using a BELCAT II (MicrotracBEL, Osaka, Japan) to determine the 
quantity of carbonaceous materials deposited during the reaction. Prior 
to performing the TPO measurements, the spent catalysts were purged at 
25 ◦C for 1 h under He flow (50 mL min− 1). Subsequently, the catalysts 
were heated in 20 vol% O2 diluted with He at a heating rate of 10 ◦C 
min− 1. The formation rate of CO2 (m/z = 44) was monitored using a Q- 
mass (BELMass, MicrotracBEL, Osaka, Japan). The amount of formed 
CO2 was quantified using a calibration curve method. The TPO profiles 
of the catalysts treated with methanol and ethanol were measured. The 
fresh catalysts were reduced with 16.7 vol% H2 diluted with He (5/25 
mL min− 1) at 300 ◦C for 1 h, and cooled to 40 ◦C under He flow (30 mL 
min− 1). The pretreated catalyst was thereafter treated with 12 vol% 
methanol diluted with He or 8 vol% ethanol diluted with He (30 mL 
min− 1) for 1 h, and then flushed with He (30 mL min− 1) for 1 h. Sub-
sequently, the catalysts were heated in 20 vol% O2 diluted with He at a 
heating rate of 10 ◦C min− 1. 

The copper metal surface area was determined according to the N2O 
decomposition method using a BELCAT II (MicrotracBEL, Osaka, Japan). 
Prior to performing this measurement, the sample was reduced at 300 ◦C 
for 1 h in a mixed gas flow of H2 and N2 (5/25 mL min− 1) and cooled to 
90 ◦C under He flow (30 mL min− 1). A pulse (1 mL) of 5 vol% N2O/He 
was repeatedly introduced into the sample, and the consumption of N2O 
was detected by thermal conductivity detector (TCD) and a packed 
SHINCARBON ST column with He as the carrier gas. As previously re-
ported, a reaction stoichiometry consisting of two Cu atoms per O atom 
and a Cu surface density of 1.68 × 1019 Cu atoms m− 2 was assumed [44]. 

Raman spectra of the catalysts were recorded using a NRS-4100R 
(JASCO, Japan) with a green laser (532.12 nm). 

2.4. Catalytic test 

SR and ATR of methanol were performed using a fixed-bed flow 
reactor at atmospheric pressure (Fig. S1). A thermocouple was intro-
duced at the top of the reactor and placed at the top of the catalyst bed to 
monitor its temperature (TR). The furnace temperature (TF) was also 
measured (Fig. 1), and ΔT was defined as the difference between TR and 
TF. The catalysts were reduced at 300 ◦C for 1 h under a 14.3 vol% flow 
of H2/N2 (total flow rate: 35 mL min− 1). The feed gas compositions were 
CH3OH/H2O/N2 = 1.23/1.48/1.23 mmol min− 1 (30/36/30 mL min− 1) 
for SR, and CH3OH/H2O/O2/N2 = 1.23/1.48/0.41/1.23 mmol min− 1 

(30/36/10/30 mL min− 1) for ATR. The products were analyzed using 

Fig. 1. Furnace Temperature (TF), Catalysts Bed Temperature (TR).  
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two online gas chromatographs (GC). A GC (GC-8A, SHIMADZU, Japan) 
equipped with a packed Molecular Sieve 5 A column and a TCD was used 
to analyze H2 with Ar as the carrier gas. An additional GC (GC-8A, 
SHIMADZU, Japan) equipped with a Porapak-Q column, a flame ioni-
zation detector (FID) and a methanizer (MTN-1, SHIMADZU, Japan) was 
used to analyze CH3OH, CH4, C2H4, C2H6, CO, and CO2, with N2 as the 
carrier gas. Moreover, the liquid products collected in a cold trap (0 ◦C) 
were analyzed by off-line GC (GC-2014, SHIMADZU, Japan) equipped 
with a DB-FFAP column and a FID. 

The conversion of methanol, selectivity to CO, and conversion of 
ethanol were determined using the following equations: 

(Methanol conversion)(%) =
Nin

MeOH − Nout
MeOH

Nin
MeOH

× 100 (4)  

(CO selectivity)(%) =
Nout

CO

Nout
CO2 + Nout

CO + Nout
CH4

× 100 (5)  

(Ethanol conversion)(%) =
Nin

EtOH − Nout
EtOH

Nin
EtOH

× 100 (6) 

In these equations, Nin
MeOH and Nin

EtOH are the initial numbers of moles 
of methanol and ethanol, Nout

MeOH and Nout
EtOH are in the outlet gas of 

methanol and ethanol, Nout
P is the number of moles of the product, 

respectively. 
Reusability test was conducted (Scheme 1). After ATR (1st ATR) as 

described above, the sample was cooled with N2 (30 mL min− 1). Spent 
catalyst was oxidized at 300 ◦C under a 25 vol% flow of O2/N2 (total 
flow rate: 40 mL min− 1). The sample was cooled to 100 ◦C flowing N2 

Scheme 1. Procedure of reusability test.  

Fig. 2. Time course of methanol conversion in (A) SR and (B) ATR of methanol over CZA catalyst. Reaction conditions: Catalyst 100 mg. SR: TF (•) 200 ◦C, (▴) 
250 ◦C, (■) 300 ◦C; CH3OH/H2O/N2 = 1.23/1.48/1.23 mmol min− 1. ATR: TF (◯) 140 ◦C, (△) 200 ◦C, (✕) 250 ◦C; CH3OH/H2O/O2/N2 = 1.23/1.48/0.41/ 
1.23 mmol min− 1. 

Table 1 
Catalytic performance in SR and ATR of methanol over CZA catalyst.  

Reforming TF /◦C 140 200 250 300 

Time on stream / min 60 300 60 300 60 300 60 300 

SR Methanol conversion (%) – –  9.2  10.2  28.3  27.1 61.7 64.1 
Hydrogen production rate / mmol min− 1 – –  0.42  0.41  1.21  1.19 2.37 2.33 
CO concentration (%) – –  0.00  0.00  0.01  0.01 0.07 0.07 
ΔT /◦C – –  -11  -11  -18  -18 -23 -23 

ATR Methanol conversion (%) 96.5 95.7  99.4  99.1  99.5  99.0 – – 
Hydrogen production rate / mmol min− 1 3.02 2.70  3.08  2.89  2.98  2.83 – – 
CO concentration (%) 0.78 0.72  1.16  1.15  1.45  1.43 – – 
ΔT /◦C 58 62  58  59  44  46 – – 

Reaction conditions: Catalyst 100 mg. SR: CH3OH/H2O/N2 = 1.23/1.48/1.23 mmol min− 1. ATR: CH3OH/H2O/O2/N2 = 1.23/1.48/0.41/1.23 mmol min− 1. 
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(30 mL min− 1) and then reduced at 300 ◦C for 1 h under a 14.3 vol% 
flow of H2/N2 (total flow rate: 35 mL min− 1). After N2 treatment, ATR 
was performed again (2nd ATR). 

3. Result and discussion 

3.1. Steam reforming and autothermal reforming of methanol 

Fig. 2 shows the time course of the conversion of methanol in the SR 
and ATR of methanol using the CZA catalyst. The CZA catalyst exhibits 
stable methanol conversion for both SR and ATR reactions, regardless of 
the reaction temperature. In the SR, the methanol conversion increases 
with furnace temperature (TF). In ATR, the methanol conversion is more 
than 95% at 140 ◦C (TF), and the hydrogen production rate reaches 
3.0 mmol min− 1 at the initial stage of the reaction (Table 1.). ΔT is 
negative for SR, whereas it is positive and large for ATR (Table 1), 
indicating the progression of the endothermic (SR (Eq. (1))) and 
exothermic reaction (partial oxidation: PO (Eq. (3))). CO production in 
the ATR is larger than that in the SR. The large CO production may be 
due to the contribution of the reverse water gas shift reaction (Eq. (7)) 
[2,3].  

CO2 + H2 → CO + H2O ΔH0
298 = + 41⋅0 kJ mol− 1                             (7)  

3.2. Steam reforming and autothermal reforming of model bio-methanol 

3.2.1. Catalytic performance 
Fig. 3 shows the methanol conversion in SR and ATR of methanol and 

model bio-methanol (methanol with 1 mol% ethanol) using the CZA 
catalyst. The furnace temperatures (TF) were 250 and 200 ◦C for the SR 
and ATR, respectively. 

In the SR of the model bio-methanol, the methanol conversion is 
8.3% after 60 min of reaction, which is much lower than that (28.3%) in 
the SR of methanol (without ethanol). Methanol conversion is main-
tained for up to 5 h. In the ATR of the model bio-methanol, the initial 
methanol conversion is 88.9%, which is slightly lower than that (99.4%) 
in the ATR of methanol (without ethanol). The methanol conversion 
gradually decreases with the reaction time and drops to 82.4% after 5 h 
of the reaction. 

The effect of temperature on the inhibitory effect of ethanol was 
investigated, and methanol conversion after 60 and 300 min at each TF 
were compared (Fig. 4). The time course of the methanol conversion is 
shown in Fig. S2. In the SR, the methanol conversion decreases markedly 
from the beginning of the reaction at all temperatures tested, upon the 

Fig. 3. Time course of methanol conversion in (A) SR and (B) ATR over CZA catalyst. Reaction conditions: Catalyst 100 mg, (○) methanol, (•) model bio-methanol 
(methanol with 1 mol% ethanol). SR: TF 250 ◦C; CH3OH/C2H5OH/H2O/N2 = 1.23/0.01/1.48/1.23 mmol min− 1. ATR: TF 200 ◦C; CH3OH/C2H5OH/H2O/O2/N2 
= 1.23/0.01/1.48/0.41/1.23 mmol min− 1. 

Fig. 4. Effect of temperature (TF) on catalytic activity in (A) SR and (B) ATR over CZA catalyst. Reaction conditions: Catalyst 100 mg. SR: CH3OH/C2H5OH/H2O/N2 
= 1.23/0.01/1.48/1.23 mmol min− 1. ATR: CH3OH/C2H5OH/H2O/O2/N2 = 1.23/0.01/1.48/0.41/1.23 mmol min− 1. 

K. Nomoto et al.                                                                                                                                                                                                                                



Applied Catalysis B: Environmental 325 (2023) 122374

5

addition of ethanol. However, the methanol conversion remains stable 
regardless of the temperature. Furthermore, methanol conversion in-
creases with increasing TF. In the SR, the ratio of conversion of methanol 
in bio-methanol reforming (Cbio-MeOH) to that in methanol reforming 
(CMeOH) increases with increasing reaction temperature to 0.05, 0.29, 
and 0.45 at TF 200, 250, and 300 ◦C, respectively. Similar to SR, the Cbio- 

MeOH/CMeOH ratio increases with increasing TF in ATR. These results 
indicate that increasing TF reduces the inhibitory effect of ethanol. 

The yields of the byproducts produced in the SR and ATR of the 
model bio-methanol (methanol with 1 mol% ethanol) and ethanol 
conversion are shown in Fig. 5. In both SR and ATR, the ethanol con-
version increases with increasing TF. In SR, C2 compounds (acetalde-
hyde, acetic acid, and methyl formate) and C3 compounds (methyl 
acetate and propionaldehyde) are formed. The quantity of C3 com-
pounds is greater than that of C2 compounds. Acetaldehyde and acetic 
acid are formed via ethanol dehydrogenation and oxidation, respec-
tively. Methyl formate is an intermediate in methanol SR that forms CO, 
CO2, and H2. 

The production rate of acetaldehyde decreases, and that of propio-
naldehyde increases with increasing contact time (Fig. S3). These results 
suggest that acetaldehyde is the primary product and propionaldehyde 

is formed sequentially. In ethanol dehydrogenation, acetone and C4 
compounds (butyraldehyde, ethyl acetate, etc.) have been reported as 
byproducts of the condensation reaction of acetaldehyde [45]. In the SR 
of the model bio-methanol, it was assumed that C3 compounds were 
generated by condensation of acetaldehyde and methanol-derived C1 
compounds. 

In ATR, methane, ethylene, ethane, propionic acid, and acetone are 
generated in addition to the byproducts produced in the SR. As a result, 
ATR produces fewer C3 compounds and more C2 compounds than did 
SR. The methane yield in methanol reforming is notably lower than that 
in bio-methanol reforming (Fig. S4), indicating that the hydrogenation 
of CO and CO2 to methane is slow. Therefore, methane is thought to be 
produced by ethanol decomposition (C2H5OH → CH4 + CO + H2) 
[46–48] and acetaldehyde decomposition (CH3CHO → CH4 + CO). 
Ethylene and carboxylic acids are thought to be formed by ethanol 
dehydration (C2H5OH → C2H4 + H2O) [37–40,49] and the oxidation of 
aldehydes, respectively. 

3.2.2. Characterization of spent catalyst 
In methanol and ethanol reforming, the oxidation and aggregation of 

copper, and carbon deposition have been proposed as significant reasons 

Fig. 5. Yields of byproducts and ethanol conversion in SR and ATR of model bio-methanol over CZA catalyst. Reaction conditions: Catalyst 100 mg, 300 min; the 
number in parentheses indicate temperature (TR) of catalyst bed. SR: CH3OH/C2H5OH/H2O/N2 = 1.23/0.01/1.48/1.23 mmol min− 1. ATR: CH3OH/C2H5OH/H2O/ 
O2/N2 = 1.23/0.01/1.48/0.41/1.23 mmol min− 1. 

Fig. 6. XRD patterns of spent CZA after 
(A) SR and (B) ATR of methanol and 
model bio-methanol (methanol with 
1 mol% ethanol), (a, a′) H2 reduction, 
(b) methanol at 250 ◦C, (c) model bio- 
methanol at 200 ◦C, (d) model bio- 
methanol at 250 ◦C, (e) model bio- 
methanol at 300 ◦C, (f) methanol at 
200 ◦C, (g) model bio-methanol at 
140 ◦C, (h) model bio-methanol at 
200 ◦C, and (i) model bio-methanol at 
250 ◦C. Number in parentheses is Cu 
(111) crystallite diameter (nm), calcu-
lated using Scherrer’s equation. Reac-
tion conditions: Catalyst 100 mg, 
300 min. SR: CH3OH/C2H5OH/H2O/N2 
= 1.23/0.01/1.48/1.23 mmol min− 1. 
ATR: CH3OH/C2H5OH/H2O/O2/N2 
= 1.23/0.01/1.48/0.41/ 
1.23 mmol min− 1.   
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for catalyst deactivation [2,37,40]. In ethanol reforming, the formation 
of carbonaceous species derived from ethylene and acetone reduces the 
catalytic activity [39,40]. Therefore, we investigated the structural 
changes and carbon deposition on spent CZA catalysts. 

3.2.2.1. XRD. Fig. 6 shows the XRD patterns of the CZA catalyst after 
the SR and ATR of methanol at various reaction temperatures. In the SR, 
the Cu crystallite size estimated from the FWHM of the Cu(111) 
diffraction line does not change. In the ATR, the diffraction peaks due to 
Cu and ZnO become sharper, suggesting that the aggregation of Cu and 
ZnO causes catalyst deactivation. Aggregation of Cu and ZnO was also 
observed after ATR of methanol. The XRD pattern of the CZA catalysts 
after ATR of the model bio-methanol for 1 h is similar to those for 3 and 
5 h (Fig. S5). This result indicates that the aggregation of Cu and ZnO 
occurred during the initial stage of the reaction. The gradual decrease in 
methanol conversion with reaction time suggests that Cu and ZnO ag-
gregation is not the primary reason for deactivation. 

3.2.2.2. TPO. Fig. 7 shows the TPO profiles of the CZA catalysts after 
SR and ATR for 5 h. Peak (i) at approximately 220 ◦C was detected for 
the spent catalyst after the reforming of model bio-methanol. However, 

this peak was not observed for the catalyst after the methanol reforming 
(without ethanol). This temperature (220 ◦C) is close to the peak 
observed in the TPO profile of the catalyst treated with ethanol at 40 ◦C, 
suggesting that ethanol-derived carbonaceous species are formed on the 
catalyst surface. Furthermore, the height of peak (i) is maintained even 
after hydrogen reduction at 300 ◦C, suggesting that the ethanol-derived 
carbon species are not removed by treatment with hydrogen (reductive 
atmosphere) at 300 ◦C (Fig. S6). Therefore, these carbon species are not 
removed from the catalyst surface during the SR reaction. Based on these 
results, we proposed that the decrease in methanol conversion in the SR 
of bio-methanol is due to poisoning of a part of the metal Cu surface by 
carbon species derived from lower alcohols. 

After ATR, a new peak (ii) was detected at approximately 280 ◦C. In 
the case of ATR using methanol or ethanol, peak (ii) was not detected 
(Fig. S7). In contrast, peak (ii) increases with the reaction time of the 
ATR of bio-methanol (Fig. S8). This result suggests that carbon deposi-
tion is the cause of deactivation. The amount of carbonaceous material 
formed on the catalyst surface was estimated from the amount of CO2 
produced (Fig. 8). The total amount of carbon (peak (i)+peak (ii)) 
deposited on the catalyst after 5 h of ATR was higher than that deposited 
on the catalyst after 5 h of SR. Considering the byproducts formed 

Fig. 7. TPO profiles of spent CZA after 
(A) SR and (B) ATR of model bio- 
methanol (methanol with 1 mol% 
ethanol), (a, a′) after H2 reduction, (b, b′) 
methanol adsorption at 40 ◦C, (c, c′) 
ethanol adsorption at 40 ◦C, (d) methanol 
at 250 ◦C, (e) model bio-methanol at 
200 ◦C, (f) model bio-methanol at 
250 ◦C, (g) model bio-methanol at 
300 ◦C, (h) methanol at 200 ◦C, (i) model 
bio-methanol at 140 ◦C, (j) model bio- 
methanol at 200 ◦C, and (k) model bio- 
methanol at 250 ◦C., Reaction condi-
tions: Catalyst 100 mg, 300 min. SR: 
CH3OH(/C2H5OH)/H2O/N2 = 1.23 
(/0.01)/1.48/1.23 mmol min− 1. ATR: 
CH3OH(/C2H5OH)/H2O/O2/N2 = 1.23 
(/0.01)/1.48/0.41/1.23 mmol min− 1.   

Fig. 8. Amount of carbon formed on spent CZA catalyst after (A) SR and (B) ATR of model bio-methanol (methanol with 1 mol% ethanol), The values ((i) and (ii)) 
were estimated form the areas of peak (i) and (ii) shown in Fig. 7, Reaction conditions: Catalyst 100 mg, 300 min. SR: CH3OH/C2H5OH/H2O/N2 = 1.23/0.01/1.48/ 
1.23 mmol min− 1. ATR: CH3OH/C2H5OH/H2O/O2/N2 = 1.23/0.01/1.48/0.41/1.23 mmol min− 1. 
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during ATR, peak (ii) is attributed to the carbonaceous species formed 
mainly from the byproducts (C3 compounds). Amount of N2O adsorption 
to spent CZA after ATR of the model bio-methanol (methanol with 1 mol 
% ethanol) (0.095 mmol gcat

− 1) was remarkably smaller than that after 
ATR of methanol (0.192 mmol gcat

− 1) (Table S1). The Cu crystallite size of 
the spent CZA after ATR of the model bio-methanol (methanol with 
1 mol% ethanol) was slightly larger than that after ATR of methanol. 
This result suggests that carbonaceous species were deposited on spent 
CZA after ATR of the model bio-methanol. Peaks at approximately 1590 
(G Band) and 1350 cm− 1 (D Band) [40] were not detected in the Raman 
spectra of the spent catalyst (Fig. S9), indicating that the crystallinity of 
the carbonaceous species was low. 

3.3. Reusability test 

Fig. 9 shows the time course of methanol conversion and H2 pro-
duction rate for the ATR reusability test (Scheme 1) of the model bio- 
methanol at 200 ◦C (TF). In the 2nd ATR, the initial methanol conver-
sion and H2 production rate was equal to that of the 1st ATR (fresh 
catalyst). This result suggests that treatment with oxygen removed the 
carbon species. The methanol conversion gradually decreased with re-
action time in both the 1st and 2nd ATRs. The decrease in activity was 
attributed to the poisoning of the active site by carbonaceous species. 
The decrease in methanol conversion in the 2nd ATR was more pro-
nounced than the decrease in methanol conversion in the 1st ATR. 

Fig. 10 shows the XRD patterns of the CZA catalysts before and after 
ATR. The Cu(111) crystallite sizes of the catalysts before the 1st and 2nd 
ATR were 3.0 and 8.3 nm, respectively. This result suggests that the 
aggregation of Cu species occurred during ATR and treatment with ox-
ygen to remove the carbon species. Furthermore, the decrease in 
methanol conversion in the 2nd ATR was more significant than the 
decrease in methanol conversion in the 1st ATR, suggesting that the 
decrease in the specific surface area of Cu due to the aggregation of Cu 
led to more rapidly poisoning by the carbon species. 

3.4. Effect of concentration and carbon number of lower alcohols 

3.4.1. Effect of carbon number of lower alcohols 
The methanol conversions in SR and ATR of model bio-methanols 

containing ethanol, 1-propanol, and 1-butanol with different carbon 
numbers as model impurities were compared (Fig. 11). The methanol 
conversion decreases as the carbon number of the lower alcohols in-
creases for both SR and ATR. In ATR, methanol conversion decreases 
gradually with reaction time with increasing the chain length of the 
lower alcohols (Fig. S10). XRD patterns obtained after the reaction 
(Fig. S11) display no significant structural change regardless of the chain 
length of the lower alcohols. The size of the Cu crystallites are almost the 
same for both the lower alcohols added. The TPO profiles of the catalysts 
after SR and ATR indicate that the peaks at approximately 220 ◦C and 
280 ◦C become larger as the chain length of the lower alcohols increases, 
indicating that the amount of carbon increases with increasing chain 
length of the lower alcohols (Fig. S12). 

3.4.2. Effect of concentration of ethanol 
Fig. 12 shows the change in the methanol conversion with the 

ethanol concentration in the SR and ATR of the model bio-methanol. In 
the SR with 0.1 mol% ethanol, the methanol conversion was about 50% 
of that without ethanol. However, when 0.1 mol% ethanol was added, 
the methanol conversion in the initial stage of the reaction was the same 

Fig. 9. Time course of (A) methanol conversion and (B) hydrogen production in the reusability test over CZA catalyst. Reaction conditions: Catalyst 100 mg, TF: 
200 ◦C; CH3OH/C2H5OH/H2O/O2/N2 = 1.23/0.01/1.48/0.41/1.23 mmol min− 1. The procedure used for the reusability test is shown in Scheme 1. 

Fig. 10. XRD patterns of CZA before and after the reusability test. (a) after H2 
reduction, (b) after 1st ATR, (c) after O2 treatment, H2 reduction, (d) after 2nd 
ATR, The number in parentheses is the Cu(111) crystallite diameter (nm) 
calculated using Scherrer’s equation. Reaction conditions: Catalyst 100 mg, 
300 min, TF= 200 ◦C; CH3OH/C2H5OH/H2O/O2/N2 = 1.23/0.01/1.48/0.41/ 
1.23 mmol min− 1. H2 reduction: 300 ◦C, 1 h, H2/N2 = 5/30 mL min− 1，O2 
treatment: 300 ◦C, 1 h, O2/N2 = 10/30 mL min− 1. The procedure used for the 
reusability test is shown in Scheme 1. 

K. Nomoto et al.                                                                                                                                                                                                                                



Applied Catalysis B: Environmental 325 (2023) 122374

8

as that without ethanol. In other words, ATR is relatively insensitive to 
the inhibitory effect of impurities, and is considered an effective way to 
reduce the inhibitory effect of impurities in the reforming of bio- 
methanol. 

4. Conclusions 

In this study, to achieve higher utilization of biomass-derived 
methanol (bio-methanol), the effect of methanol impurities on the cat-
alytic performance of SR and ATR was investigated. Model bio-methanol 

was prepared by adding a trace quantity of lower alcohols (ethanol, 1- 
propanol, and 1-butanol) as model impurities to methanol. The cata-
lytic performance of the Cu/ZnO/Al2O3 catalyst for SR and ATR of 
model bio-methanol was investigated to evaluate the inhibitory effect of 
lower alcohols. For SR, the activity markedly decreased from the initial 
stage of the reaction because of the strongly adsorbed lower alcohols on 
the Cu/ZnO/Al2O3 catalyst, which inhibited the adsorption of methanol 
on Cu. For ATR, the initial activity decreased slightly, and the activity 
decreased gradually with time on stream due to carbon deposition 
derived from lower alcohols. These inhibitory effect of lower alcohols on 

Fig. 11. Time course of methanol conversion in (A) SR and (B) ATR of model bio-methanol (methanol with 1 mol% lower alcohol) over CZA catalyst, Reaction 
conditions: Catalyst 100 mg. SR: TF 250 ◦C; CH3OH(/Alcohol)/H2O/N2 = 1.23(/0.01)/1.48/1.23 mmol min− 1, ATR: TF 200 ◦C; CH3OH(/Alcohol)/H2O/O2/N2 
= 1.23(/0.01)/1.48/0.41/1.23 mmol min− 1. 

Fig. 12. Effect of ethanol concentration on methanol conversion in (A) SR and (B) ATR over CZA catalyst, Reaction conditions: Catalyst 100 mg. SR: TF 250 ◦C; 
CH3OH(/C2H5OH)/H2O/N2 = 1.23(/x)/1.48/1.23 mmol min− 1. ATR: TF 200 ◦C; CH3OH(/C2H5OH)/H2O/O2/N2 = 1.23(/x)/1.48/0.41/1.23 mmol min− 1. 
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the SR and ATR of the model bio-methanol over Cu/ZnO/Al2O3 catalyst 
was caused by the inability of Cu to cleave C-C bonds in lower alcohols. 
This work provides a fundamental understanding of the inhibitory effect 
of bio-methanol impurities on the catalytic performance of reforming 
reactions and provides a strategy for the design of an effective reforming 
catalyst, which is essential for the direct utilization of bio-methanol. 
Currently, the preparation of a CZA catalyst with C-C bond cleavage 
ability and its application to reforming reactions of the model bio- 
methanol are under investigation in our laboratory. 
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