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1. Introduction
Worldwide, renewable energy sources alternative to fossil fuels are being investigated by the scientific communities due to 
the growing concerns about environmental problems [1,2]. One of the promising and environmentally friendly options is 
the widespread implementation of hydrogen production technologies [3]. Hydrogen as an energy carrier has the advantage 
of reduced emissions of greenhouse gases in fuel cell applications, e.g., high-temperature polymer electrolyte membrane 
fuel cells (HT-PEMFC) [4]. However, hydrogen storage difficulties remain to be solved to power small-scale applications 
[5]. Therefore, distributed hydrogen production via reformers of various fuels is an attractive option to supply hydrogen 
for fuel cell systems like HT-PEMFC [6]. When compared to low-temperature PEMFC, high-temperature PEMFC can 
tolerate more fuel impurities and the waste heat can be recovered in a reformer-fuel cell integrated system [7]. Although 
most hydrogen is manufactured by methane today, other renewable liquid H2 carriers such as methanol have received 
much attention [8,9]. Compared to other fuels, methanol has moderate reforming temperatures (200–300 ℃), high H/C 
ratio, and easy storage and transport advantages [10]. Furthermore, renewable methanol (biomethanol) can be produced 
from biomass resources through various processes [11]. Among other reforming techniques (partial oxidation and 
autothermal reforming of methanol), endothermic reaction of methanol steam reforming (MSR) gives the highest H2 yield 
(3 mol H2 per mol of CH3OH) as presented in Equation (1) [12]. In MSR process, some side reactions can also occur such 
as methanol decomposition (MD) in Equation (2), water-gas shift (WGS) reaction in Equation (3), and reverse water-gas 
shift (RWGS) reaction in Equation (4) [13].
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Abstract: Herein, a performance analysis of La-doped copper-based catalysts (CuO/ZrO2/La-Al2O3) in methanol steam reforming 
(MSR) was conducted and compared with a commercial low temperature water-gas shift catalyst (HiFUEL W220) to produce H2 with 
low CO selectivity. The physicochemical properties of as-obtained catalysts were characterized by N2 adsorption, XRD, and ICP-OES. 
Effect of calcination temperature (750 ℃ and 1000 ℃) on the properties of mixed oxide support (La-Al2O3) were discussed based on 
catalytic activity. The optimum conditions of H2O/CH3OH ratio (1.0–3.0), space-time ratio (WFA0) (40–120 kg s mol–1), and reaction 
temperature (180–310 ℃) were evaluated by a parametric study using the commercial catalyst (HF220). Additionally, thermodynamic 
equilibrium calculations of experimentally identified components by using Aspen HYSYS process simulation software were also 
performed to analyze MSR process. The results were indicated that the calcination temperature significantly affected the structural 
properties and the activity with respect to CO selectivity. An increasing trend in CO selectivity for catalysts with supports calcined at 
750 ℃ and a decreasing trend for catalysts with supports calcined at 1000 ℃ were observed. Hence, CZ30LA750 and CZ30LA1000 catalysts 
were selected to attain low CO selectivity and comparable activity when compared to other catalysts and the simulated thermodynamic 
calculation results.
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Choice of catalysts affects the activity and selectivity of MSR system [14]. Extensive use of inexpensive Cu-based 
catalysts in MSR was reported in the literature with high activity but low thermal and long-term stability [15]. To eliminate 
the drawback of copper-based catalysts, highly stable group 8–10 metals, mostly palladium, were also studied widely and 
reported to produce synthesis gas mostly composed of H2 and CO [16]. Moreover, effects of promoters in addition to 
different catalyst preparation techniques, mainly coprecipitation, were investigated to enhance the catalytic properties of 
copper-based catalysts [17]. In recent years, sonochemical coprecipitation has been adopted to enhance physicochemical 
properties of the final sample by a mechanical effect leading to better dispersion of species [18,19]. Generally, commercial 
Cu-based catalysts for MSR process consist of ZnO as a promoter [20]. However, effects of different promoters such as ZrO2, 
SiO2, Y2O3, CeO2, etc., were explored in MSR by several researchers to obtain more active catalysts [21–23]. It was reported 
that the addition of zirconia into the copper-based catalysts is beneficial by increasing the surface area and decreasing the 
possibility of Cu sintering [24]. Ternary Cu/ZnO/X models in comparison with binary Cu/ZnO systems were employed 
in the study of Alejo et al. by preparing a series of Cu40Zn60 and Cu40Zn55Al5 catalysts [25]. They concluded that the highly 
stable catalysts were evaluated in the presence of alumina even after 110 h operation time where Cu40Zn60 was deactivated 
after 20 h. Thus, modification of second oxide phase, X, could exhibit a potential to increase MSR activity [26]. Lanthanum 
is an attractive dopant to contribute more stabilized oxide lattice with its strong binding to oxygen [27,28]. In a reported 
work of Papavasiliou et al., various metal oxides of La, Zr, Mg, Gd, Y, and Ca were studied in a Cu/CeO2 system [29]. The 
results were indicated that CO selectivity was lowered for a part of promoters including lanthanum. Additionally, Lu et al. 
has studied the influences of La on a Ni-based catalyst. As far as CO selectivity was concerned, a decrease was reported 
with the incorporation of lanthanum by helping separate the NiO particles with high dispersion [30].

In the present study, a commercial Cu-based low temperature water-gas shift (WGS) catalyst (HiFUEL W220) was 
used to find optimum operational parameters of MSR system in the range of practical interest. The selection of the 
catalyst HiFUEL W220 (hereafter mentioned as HF220) was due to its composition, which also acts as a successful MSR 
catalyst. Preliminary performance tests of commercial catalyst were conducted by considering the effects of H2O/CH3OH 
ratio, W/FA0, and temperature on product composition. In addition, Cu-ZrO2/La-Al2O3 ternary catalysts with increasing 
lanthanum oxide weight percentages were prepared by ultrasound-assisted coprecipitation method. All the activity tests 
were performed at optimal conditions of MSR. Also, thermodynamic equilibria were calculated by using Aspen HYSYS 
software [31]. All the results were discussed based on equilibrium calculations with regard to CO formation to assess the 
activities of in-house catalysts. 

2. Materials and methods
2.1. Support and catalyst preparation
Preparation of support materials (La-Al2O3) with increasing La2O3 content (0/10/20/30/40/50 wt.%) was performed by 
an ultrasound-introduced coprecipitation method. Also, ultrasound-assisted deposition-precipitation of copper and 
zirconium onto the supports was done in one step. Furthermore, a commercial low temperature water-gas shift catalyst, 
CuO/ZnO/Al2O3 (HiFUEL W220), was purchased from Alfa Aesar to compare with lanthanum modified in-house catalysts. 
The catalyst precursors (La(NO3)3.6H2O (Sigma Aldrich), Al(NO3)3.9H2O (Merck), Cu (NO3)2.3H2O (Merck), ZrO(NO3)2.
xH2O (Sigma Aldrich)) were purchased and used as received. Briefly outlining, in the first step of support preparation, a 
200 mL aqueous solution of the precipitating agent Na2CO3 (Merck), was heated to 70 ℃ under continuous stirring on a 
temperature-controlled stir plate. Another mixture containing La(NO3)3 and Al(NO3)3 was stirred in 200 mL of deionized 
(DI) water and added dropwise into the previously prepared solution under ultrasound irradiation (90W) using Bandelin 
Sonopuls HD3200. The pH of the final mixture was set in the range of 8–9 at 70 ℃ with a 2M NaOH (Merck). After aging 
process at 70 ℃ for 20 h, filtering and washing with deionized water were done to obtain the precipitates. Following the 
drying at 110 ℃ for 18 h, calcination was performed to obtain the mixed oxide supports at two different temperatures of 
750 ℃ and 1000 ℃ for 4 h (heating rate 5 ℃/min). All the support materials prepared by sonochemical coprecipitation 
were presented in Table 1. 

Similarly, two different solutions were mixed separately to prepare the Cu-based MSR catalysts. Firstly, powders of 
desired amounts of La modified support were mixed with aqueous solutions of Cu (NO3)2 and ZrO(NO3)2 (solution 1) 
and heated to 70 ℃. Solution 2 was prepared by dissolving Na2CO3 in 200 mL of DI water and added into solution 1 drop 
by drop under ultrasound (90 W). Filtering, washing, and drying were accomplished under the same conditions of the 
support preparation process. Finally, calcination was conducted at 500 ℃ for 4 h with a ramp rate of 5 ℃/min in a muffle 
furnace. All the in-house catalysts prepared by sonochemical deposition-precipitation were listed in Table 2. Also, the 
aforementioned preparation procedures of the supports and catalysts were summarized in the panels a and b of Figure 1, 
respectively.
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2.2. Characterization
The characterization of the selected calcined catalysts was achieved by Brunauer-Emmet-Teller (BET), X-ray diffraction 
(XRD), and inductively coupled plasma optical emission spectrometry (ICP-OES). Measurements of BET surface area 
and adsorption-desorption isotherms at 77 K were performed on a Micromeritics ASAP 2020 instrument. The samples 
were out-gassed under vacuum at 473 K for 2 h before adsorption analysis. The XRD spectra were collected on a Rigaku 
MiniFlex II diffractometer operating at 30 kV and 15 mA with Cu Kα radiation source (λ = 0.154 nm). The XRD patterns 
were collected at 2θ angles (10–80°) with a scanning rate of 2°/min at ambient conditions. The diffraction patterns were 
analyzed using PDXL software (Rigaku Inc.) and the Crystallography Open Database [32]. The metal content of selected 
samples was determined by ICP-OES on a Perkin Elmer Optima 4300DV instrument.
2.3. Experimental set-up
The MSR catalytic performance tests of HF220 and all La-modified catalysts were carried out in a fixed bed tubular reactor 
(10 mm i.d., 50 cm length) in a built set-up as schematically given in Figure 2. Ideal plug-flow pattern was ensured with a 
reactor diameter to particle diameter ratio greater than 30 (dtube/dparticle ≥ 30) and reactor tube length to particle diameter 

Table 1. Lanthanum doped mixed-oxide supports.

Supports Name Calcination
temperature (°C)

Al2O3 A750 750
Al2O3 A1000 1000
10wt.% La2O3-Al2O3 10LA750 750
10wt.% La2O3-Al2O3 10LA1000 1000
20wt.% La2O3-Al2O3 20LA750 750
20wt.% La2O3-Al2O3 20LA1000 1000
30wt.% La2O3-Al2O3 30LA750 750
30wt.% La2O3-Al2O3 30LA1000 1000
40wt.% La2O3-Al2O3 40LA750 750
40wt.% La2O3-Al2O3 40LA1000 1000
50wt.% La2O3-Al2O3 50LA750 750
50wt.% La2O3-Al2O3 50LA1000 1000

Table 2. Cu-based catalysts prepared by sonochemical deposition-precipitation.

Catalysts Name Calcination
temperature (°C)

50wt.% CuO/30wt.% ZrO2/20wt.% (A750) CZA750

500

50wt.% CuO/30wt.% ZrO2/20wt.% (A1000) CZA1000

50wt.% CuO/30wt.% ZrO2/20wt.% (10LA750) CZ10LA750

50wt.% CuO/30wt.% ZrO2/20wt.% (10LA1000) CZ10LA1000

50wt.% CuO/30wt.% ZrO2/20wt.% (20LA750) CZ20LA750

50wt.% CuO/30wt.% ZrO2/20wt.% (20LA1000) CZ20LA1000

50wt.% CuO/30wt.% ZrO2/20wt.% (30LA750) CZ30LA750

50wt.% CuO/30wt.% ZrO2/20wt.% (30LA1000) CZ30LA1000

50wt.% CuO/30wt.% ZrO2/20wt.% (40LA750) CZ40LA750

50wt.% CuO/30wt.% ZrO2/20wt.% (40LA1000) CZ40LA1000

50wt.% CuO/30wt.% ZrO2/20wt.% (50LA750) CZ50LA750

50wt.% CuO/30wt.% ZrO2/20wt.% (50LA1000) CZ50LA1000
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Figure 1. Preparation procedures for a) support and b) catalyst.

Figure 2. Catalytic activity test system.
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ratio greater than 50 (Ltube/dparticle ≥ 50). In all runs, 450 mg of fresh catalyst particles (45–60 mesh) diluted with 900 mg of 
inert quartz powder (80–100 mesh) were loaded on quartz wool inside the reactor. A type K thermocouple was placed in 
the center of the bed to monitor the reaction temperature. To achieve metallic Cu particles, all catalysts were reduced in situ 
with 80 vol.% H2/N2 flow (50 mL/min) at 330 ℃ for 60 min and cooled to the reaction temperature of 246 ℃ under pure 
N2 flow (10 mL/min). In the feeding section, the reactant liquids (a mixture of H2O and CH3OH) and the gases (H2 and 
N2) were dosed by an HPLC pump and calibrated thermal mass flow controllers (Teledyne Hastings HFC202), respectively. 
The liquid mixture was vaporized and introduced into the reactor by flowing N2 through a heating belt operating at 170 
℃ with a programmable controller. The effluent gases were fed through an ice-cooled condenser to ensure a water-free 
reaction mixture prior to analysis of the products, H2, CO2, CO, and N2 by online gas chromatography (GC) (Agilent 
7890B) equipped with TCD and FID detectors. On the basis of the experimental results, methanol conversion along with 
the selectivities of H2, CO, and CO2 were defined as below
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where F is the flow rates of components with its respective subscript, YH2 is the hydrogen yield and SCO is the CO yield. 
Additionally, SH2 and SCOX are the selectivities towards H2 and COx compounds, respectively. In the first part of this study, 
a parametric optimization study of process variables i.e. H2O/CH3OH ratio (1.0–3.0), space-time ratio (WFA0) (40–120 kg 
s mol–1), and reaction temperature (180–310 ℃) was conducted over the commercial catalyst, HF220. Also, performance 
analysis of La-doped Cu-based catalysts was evaluated at the optimized conditions based on activity results. Furthermore, 
a thermodynamic analysis approach described in detail elsewhere in our previous study was used in all runs to understand 
the effect of reaction parameters on MSR reactions [33,34]. Herein, Aspen HYSY simulation software was used to calculate 
equilibrium compositions of CH3OH, H2O, CO2, CO, and H2 (experimentally identified) understudied conditions. The 
flow diagram of the simulation to conduct thermodynamic calculations were indicated in Figure 3.

3. Results and discussion
3.1. Physical characterization
X-ray diffraction (XRD) patterns of supports calcined at 750 ℃ and metal-loaded catalysts were shown in panels a and 
c of Figure 4. Additionally, XRD results of supports calcined at 1000 ℃ and catalysts with copper and zirconium were 

Figure 3. HYSYS simulation flow diagram for thermodynamic analysis.
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given in panels b and d of Figure 4. As seen from Figure 4a, the characteristic peaks of Al2O3 at 37.40, 45.93, and 66.84 2θ 
in agreement with Crystallography Open Database (COD) card number 1200015 were identified to be decreasing with 
increasing La content. The gradually disappearing intensities of aluminum oxide peaks were attributed to homogeneously 
dispersed particles in the structure of La2O3 at 26.23, 29.66, and 45.79 (COD number 1010278). However, when the 
calcination temperature of La-doped supports was raised from 750 ℃ to 1000 ℃, a phase transformation of the identified 
La2O3 peaks to LaAlO3 perovskite-like bulk structure (card number 5910090) was seen in Figure 4b. After copper and 
zirconium were loaded on the supports via ultrasound-assisted deposition-precipitation, CuO (card number 1011194) 
and ZrO2 (card number 1538970) were successfully observed in all catalysts. The diffraction peaks for CuO (35.65, 38.86, 
48.79) and ZrO2 (35.65, 61.65, 66.67) were depicted in panels c and d of Figure 4.

When the commercial HiFUEL W220 (HF220) was considered, X-ray diffraction peaks of CuO were observed prior 
to the reduction process at 330 ℃ where metallic Cu was obtained. Surface area, adsorption-desorption isotherms, and 
composition of the chosen catalysts were determined via BET and ICP-OES. N2-physisorption analysis was performed 
on the selected supports and catalysts due to their relatively low CO selectivities (see section ‘Catalytic reactivity’) and 
summarized in Table 3. As presented in Table 3, surface areas of catalysts were found to be decreasing owing to possible 
blockage of pore volumes with the addition of Cu and Zr. When the support samples at 750 ℃ and 1000 ℃ were compared, 
a drastic decrease in surface area was observed at 1000 ℃ and attributed to the formation of bulk LaAlO3 perovskite-like 
structure. The adsorption-desorption isotherms with pore volume distributions of the selected samples were illustrated 
in Figure 5. In Figure 5, all the supports (20LA750, 30LA750, 20LA1000, 30LA1000) were exhibited similar type IV isotherms 
with H2 hysteresis loop based on the IUPAC classification indicating the mesoporous structure was achieved successfully 

Figure 4. XRD patterns of a) calcined supports at 750 ℃, b) calcined supports at 1000 ℃, c) metal-loaded catalysts on 
supports (750 ℃), d) metal-loaded catalysts on supports (1000 ℃).
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after calcination. In addition, all support materials were showed similar results in terms of average pore width and pore 
volume distribution. However, by the inclusion of copper and zirconium onto the supports, a noticeable reduction in 
pore volume distribution of the catalysts (CZ20LA750, CZ30LA750, CZ20LA1000, CZ30LA1000) was seen due to the metals 
filling the pores. This result was consequently generated a transition of hysteresis loops from H2 (observed on supports) 
to H3 type (observed on catalysts) implying the layered aggregation of loaded particles. It should be noted that the weight 
percentages of CuO (50 wt.%) and ZrO2 (30 wt.%) were considerably high when compared to mixed oxide support (20 

Table 3. N2-physisorption results of selected supports and catalysts.

Supports and catalysts BET surface area (m2/g) BJH desorption cumulative 
volume of pores (cm3/g)

BJH desorption average 
pore width (nm)

20LA750 159.8 0.37 5.9
CZ20LA750 113.6 0.18 4.5
30LA750 137.1 0.35 6.8
CZ30LA750 116.4 0.19 4.5
20LA1000 87.8 0.33 10.2
CZ20LA1000 79.9 0.16 5.8
30LA1000 77.4 0.30 13.2
CZ30LA1000 67.6 0.16 6.2

Figure 5. Adsorption-desorption isotherms with pore volume distributions of selected samples.
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wt.%) which may favor the agglomeration on the catalyst. The ICP-OES results of randomly selected support (10LA1000) 
and catalysts (CZ50LA750 and CZ50LA1000) along with the composition of commercial catalyst (HF220) (provided by the 
manufacturer) were given in Table 4. A good agreement was attained with the targeted experimental compositions when 
compared to weight percentages determined by ICP-OES. It is a well-established fact that Cu-species play an important 
role for being the active sites in MSR process [4]. Therefore, in all prepared catalysts, a very close CuO loading was selected 
when compared to HF220 in order to minimize the variability of activity results.
3.2. Catalytic reactivity
Optimum methanol steam reforming (MSR) process parameters (H2O/CH3OH, space-time ratio (WFA0), reaction 
temperature) in the range of interest were determined on the commercial catalyst, HF220, by changing one parameter 
at a time in each set of experimental runs. The evaluation of performance analysis of all prepared La-doped Cu-based 
catalysts was done at the optimal operative conditions. The combined effect of process variables on methanol conversion, 
H2 and CO yields, and CO2 selectivity with equilibria were depicted in panels a–c of Figure 6. In Figure 6a, the product 
distribution of the MSR system was given as a function of the H2O/CH3OH ratio at 246 ℃ with a space-time ratio of 80 
kg s mol–1. It was recognized that CO yield was decreased with increasing water content where steam reforming [Equation 
(1)] outweighs other reactions in the system such as decomposition [Equation (2)]. However, no considerable effects 
were identified for CH3OH conversion, H2 yield, and CO2 selectivity with excessive inclusion of water in the reactant 
mixture. Hence, considering the energy requirement to vaporize the liquid feed, increasing H2O/CH3OH molar ratio 
above 2 (stoichiometric ratio is 1) seems not feasible when a fuel reformer and a fuel cell integrated system is considered 
[35]. Thus, an optimum value of 1.5 for steam-to-methanol ratio was selected for further experimental runs. The effect of 
space-time ratio (Figure 6b) on product distribution using the commercial HF220 catalyst was investigated at 246 ℃. It is 
worth mentioning that the reason why reaction temperature of 246 ℃ was chosen for the analysis of steam-to-methanol 
and space-time ratios is due to our recent study on thermodynamic study of MSR [33]. In Figure 6b, space-time ratio was 
increased by decreasing the total flow of water-methanol feed mixture. It was illustrated that increasing the space-time ratio 
was positively affected the conversion and yields where a plateau was seen after 100 kg s mol–1. This result can be explained 
by the fact that at high space-time values the reactants contact more with Cu-particles. Also, at low space-time values, the 
reactants with high flow rates may have encountered some diffusion limitations of interparticle or intraparticle. A slight 
increase in CO yield was also seen in Figure 6b due to endothermic reverse water-gas shift reaction (RWGS) [Equation (4)] 
that become more favored at the reaction temperature of 246 ℃. Therefore, prior to the temperature effect study, the space-
time ratio was selected 100 kg s mol–1 where the conversion reaches its highest values. The effect of reaction temperature 

Table 4. ICP-OES results of randomly selected samples with the composition of 
commercial catalyst.

Sample Chemical composition (wt.%) 
(ICP-analysis)

Chemical composition (wt.%) 
(Target)

10LA1000

La2O3 = 8.9 La2O3 = 10
Al2O3 = 79.4 Al2O3 = 90

CZ50LA750

CuO = 50.0 CuO = 50
ZrO2 = 28.4 ZrO2 = 30
La2O3 = 7.7 La2O3 = 10
Al2O3 = 8.7 Al2O3 = 10

CZ50LA1000

CuO = 50.0 CuO = 50
ZrO2 = 28.4 ZrO2 = 30
La2O3 = 8.0 La2O3 = 10
Al2O3 = 9.5 Al2O3 = 10

 Commercial catalyst HiFUEL W220 (HF220)

CuO = 52.5
ZnO = 30.2

Al2O3 = 17.0
Others = 0.3
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on MSR process (Figure 6c) was examined in the range of 180–310 ℃ at abovementioned optimum conditions. Climbing 
methanol conversion and H2 yield were depicted up to the thermodynamically optimum temperature of 246 ℃ and kept 
constant above. Nevertheless, with increasing reaction temperature above 246 ℃, an undesirable increase in CO yield 
was experienced that is detrimental for anode catalyst of a fuel cell. When a successful integration of a methanol reformer 
with a high temperature polymer electrolyte fuel cell (HT-PEMFC) is regarded, design and preparation of successful MSR 
catalysts are required especially at low temperatures.

The equilibrium conditions and the reactivity results of HF220 and the catalysts with La-doped supports calcined at 
750 ℃ and 1000 ℃ were given in Figures 7a and 7b, respectively. All the samples were generally exhibited high conversion 
of methanol and selectivities of H2 and CO2. However, the CO selectivity was experienced an increasing trend in Figure 7a 
and a decreasing trend in Figure 7b for the prepared catalysts. As specified earlier in subsection ‘Physical characterization’, 
support materials with 1000 ℃ calcination temperature are more in bulk structure (LaAlO3) when compared to samples 
calcined at 750 ℃. Given the aforementioned conclusion, this bulk structure could affect the metal-support interaction 
and prevent the formation of copper aluminates. Therefore, La as a promoter may contribute to increasing active site 
distribution and decreasing the CO selectivity which is in good agreement with open literature [36]. However, in 
Figure 7a CO selectivity was increased after CZ30LA750 with the addition of more lanthanum to the support. Therefore, 
CZ30LA750 and CZ30LA1000 catalysts were found to be promising in terms of lower CO selectivities than the commercial 
catalyst (HF220) with their comparable activities. The reactivity results of selected catalysts in comparison with HF220 
and equilibrium conditions were summarized in Table 5. As seen, the commercial catalyst was aligned well with the 
thermodynamic data indicating that the rates are sufficiently high to achieve equilibrium conversions. Nevertheless, the 
variability in the activities of in-house catalysts of CZ30LA750 and CZ30LA1000 may be due to the possibility of diffusion 
limitations. Furthermore, time on-stream data of the prepared catalysts of CZ30LA750 and CZ30LA1000 for 90 min reaction 
time were depicted in Figures 8a and 8b, respectively. 

Figure 6. Effect of process variables on methanol conversion, H2 and CO yields, and CO2 selectivity. Experimental 
conditions: a) T = 246 ℃, W/FA0 = 80 kg s mol–1, Time = 90 min. b) T = 246 ℃, H2O/CH3OH = 1.5, Time = 90 min. c) 
W/FA0 = 100 kg s mol–1, H2O/CH3OH = 1.5, Time = 90 min.
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4. Conclusion
In this study, methanol steam reforming (MSR) activities of in-house La-doped Cu-based catalysts (CuO/ZrO2/La-Al2O3) 
with increasing lanthanum content and commercial CuO/ZnO/Al2O3 (HiFUEL W220) catalyst were investigated. Also, 
the effect of La addition to the structure of aluminum oxide support with two different calcination temperatures of 750 
℃ and 1000 ℃ was explored based on characterization and reactivity results. Furthermore, the performances of catalysts 

Figure 7. Reactivity results of HF220 and the catalysts with La-doped supports calcined at a) 750 ℃, b) 1000 ℃. 
Experimental conditions: T = 246 ℃, W/FA0 = 100 kg s mol–1, H2O/CH3OH = 1.5, Time = 90 min.

Figure 8. Time on-stream behavior of a) CZ30LA750 and b) CZ30LA1000 catalysts at 246 ℃, W/FA0 = 100 kg s mol–1, H2O/
CH3OH = 1.5.

Table 5. Reactivity results in comparison with equilibrium.

Parameter HF220 CZ30LA750 CZ30LA1000 Equilibrium 
H2O/CH3OH (1.0–3.0) 1.5 1.5 1.5 1.5
W/FA0 (kg s mol–1) (40–120) 100 100 100 -
Temperature (°C) (180–310) 246 246 246 246
CH3OH conversion (%) 97.0 89.1 87.7 99.9
CO selectivity (%) 3.7 1.7 1.4 4.9
H2 selectivity (%) 78.1 78.3 78.4 74.7
CO2 selectivity (%) 96.3 98.3 98.7 95.0
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were compared with the calculated equilibrium conditions of MSR by Aspen HYSYS software. The main conclusions 
obtained in this work are summarized below:

·	 In XRD patterns of supports calcined at 1000 ℃, the bulk structure of LaAlO3 phases was attained. In addition, 
La2O3 and Al2O3 phases were observed in XRD patterns of supports calcined at 750 ℃ with higher surface area when 
compared to supports calcined at 1000 ℃. Also, CuO and ZrO2 phases were identified successfully for all catalysts.

·	 The ICP-OES analysis results of randomly selected support (10LA1000) and catalysts (CZ50LA750 and CZ50LA1000) 
were shown good agreement when compared with targeted weight percentages.

·	 Favorable conditions of the variables to give high methanol conversion and low energy consumption were 
investigated on the commercial catalyst (HF220) and found to be 1.5 (H2O/CH3OH ratio), 100 kg s mol–1 (space-time 
ratio), and 246 ℃ (reaction temperature).

·	 For all samples, CO selectivities were lower than thermodynamic analysis results. The decreasing trend in CO 
selectivity on the catalysts with supports calcined at 1000 ℃ was attributed to the generation of a possible beneficial 
synergy effect between Cu and the mixed oxide support LaAlO3. The results were demonstrated that CZ30LA750 and 
CZ30LA1000 catalysts are promising to minimize CO formation and reach high activity in MSR process.
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