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Abstract

Hydrogen has a promising future as a depository of clean energy, and its development is
an important research and development pathway. The present study confirms the applicability
of Ni-Cu/Al,O; composites in a methanol steam reforming process, which serves as an
environmentally friendly and economical way of producing hydrogen. The high porosity and
surface area allow greater contact between the reactants and the catalysts in the hydrogen
production process. With a Taguchi orthogonal matrix design, the relative impact of a selected
group of factors on hydrogen productivity was investigated. With a novel technique of
ultrasonic sprays, the prepared Ni-Cu/Al,O3 catalysts were able to achieve 96.9% methanol
conversion, 36.9 vol% hydrogen concentration in the product gas, and 2.72 mol-(mol CHs;OH)-
1 hydrogen yield at 250 °C
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Introduction

Among the most promising sources of renewable energy, hydrogen has been a focal point of
development not only because of its renewability but also due to the fact that hydrogen-powered cells
produce nothing but water, which makes it an ideal source of clean energy. Yet, the production of
hydrogen itself requires a great deal of electricity and therefore entails considerable costs. To address
such an issue, the scientific community has invested plenty of resources into finding ways to increase
conversion efficiency and reduce costs.

Presently, there are four main approaches for hydrogen production: (1) thermochemical methods
such as natural gas reforming as well as gasification of coal and biomass [1]; (2) electrochemical
methods [2]; (3) photocatalysis [3]; and (4) biological methods [4]. Among these approaches,
thermochemical methods are of the greatest potential for large-scale, commercialized production,
owing much to the fact that the heat required in such processes can be derived from industrial waste.
Conventionally, as much as 96% of the world's hydrogen production by thermochemical methods has
relied on methane as the hydrogen-supplying reactant [5]. Yet, since the storage of an unstable gas
such as methane is difficult and expensive, safer and more economical ways of generating hydrogen
are desirable [6].

Among methods producing hydrogen out of methanol, methanol steam reforming (MSR, see Eq.
(1)) is one of the most efficient and widely adopted techniques [7]. Although MSR is the primary
reaction intended for hydrogen production, which results in 3 mol (mol CH30H)™ of hydrogen and only
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1 mol (mol CH30H)™? of carbon dioxide, counterproductive side reactions cannot be eliminated in such
a dynamic process. These include methanol decomposition (Eq. (2)) and water-gas shift (Eqg. (3)), both
of which tend to produce CO in a high-temperature environment. To prevent CO from poisoning the
fuel-cell anode, factors such as temperature and catalysts must be carefully controlled to suppress the
CO-producing reactions.

CH;0H + H,0 = 3H, + CO,, AHJgg = 49.5 k] mol ™1 (1)
CH3;0H = 2H, + CO, AHY5g = 90.1 kJ mol™? (2)
H,0 + CO = CO, + Hy, AHY9g = —41.2 k] mol™?! (3)

In summary, hydrogen production by MSR using recycled heat and Ni-Cu composite is
environmentally friendly and economical. The present study seeks to produce hydrogen, a clean
carrier of energy, by MSR with the technique of ultrasonic sprays and Ni-Cu/Al,Os catalysts prepared
in a template-free fashion. By employing an orthogonal matrix experimental design and the statistical
analysis of variance, the researchers look to identify major factors bearing on hydrogen productivity
while putting Ni-Cu/Al,Os catalysts to use. These catalysts can be used as an economical alternative
to noble metal catalysts for hydrogen production in an environmentally friendly MSR process.
Material and Methods
Preparation of Ni-Cu precursor with different Ni content

The Ni-Cu/Al,O3 catalysts were synthesized with a hydrothermal reconstructed method. 1.5 g of
Cu(NOs); (Merck, >95%) and 0.196 g of Ni(NOs), (Merck, >95%) were dissolved in 100.0 mL of water.
2.53 g of activated alumina (Merck, >95%) was dispersed in 80.0 mL of water. The copper/nickel
solution and 2.0 M NaOH were added to the alumina solution. The pH value of the mixed gel solution
was maintained at 9.0. After stirring for 2.0 h, the gel solution was hydrothermally treated at 70 °C for
24 h. The Ni-Cu/Al,O3 samples were then obtained by filtration and drying. In this work, the Ni-
Cu/Al,O3 samples using 0.196 g, 0.392 g and 0.588 g Ni(NOs); are donated as Ni-Cu (10%)/Al,03, Ni-Cu
(20%)/Al1,03, and Ni-Cu (30%)/Al,0s3, respectively.

MSR system

A quartz tube (30 mm i.d.) and an ultrasonic sprayer were used for the MSR reaction unit (Fig. 1).
The ultrasonic sprayer was used to help disperse the methanol fuel. A layer of catalyst pellets (i.e., the
catalyst bed) was packed in the quartz tube to trigger MSR. A K-type thermocouple was installed at
the center of the catalyst bed to detect the reaction temperature. The quartz tube was wrapped with
a standard heating tape (D98L-TIP80), which was covered with a layer of refractory ceramic fiber.
Experimental procedure

Catalyst pellets weighing 30 g were employed in each of the experiments, which were conducted
with a temperature ranging from 250 to 300 °C. The catalyst bed was preheated to the reaction
temperature for better MSR performance. With the aid of the carrier gas, methanol was fed into the
reaction tube and atomized by ultrasonic shock. To remove moisture in the product gas, the
temperature in the condenser was controlled at 6 °C, while 170 g of silica gel beads were loaded in
the dryer. Each of the experimental runs lasted longer than 42 min to ensure that the reaction reaches
a steady state. Overall, the relative errors in gas concentrations, H; yield, and methanol conversion
were controlled below 3.5%.

Based on the flow rate and concentrations of CO, CO,, and CH4, the methanol conversion rate can
be calculated by the following equation:
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(4)

nCO + nCO, + hC
CH;0H conversion (%) = < 2.0ut out H4'Out> x 100

nCHgOH,in
where 71 stands for the molar flow rate (mol min™) and the subscripts “in” and “out” designate inflow
and outflow, respectively.

In addition, the volume concentration of hydrogen was measured with the GC, which indicates
gas concentration in terms of integral areas. To convert areas into comparable percentages, a
calibration curve was created by linear regression based on data collected from five different H,
concentrations, namely 10, 20, 30, 40, and 50 vol%. Since the concentration of hydrogen in percentage
terms is affected by the amount of the carrier gas, the figures in percentage must once again be
converted into mole ratios (Eq. (5)). With the resultant figures in percentage, H, yield, our final
indicator of hydrogen concentration in mol ratio terms, can be calculated according to Eq. (5). The H;
yield can be estimated from the molar flow rate of hydrogen (mol min™!) and ny, by the following

equation:
H, yield (mol/mol CH;0H) = <L> (5)
NcH;0H
B
&
\a‘.\_‘
1
AN, B: controllerreadout C: flow rate controller
D: pump E: reaction tube F : temperature monitor
G: drier H: gas analyzer I : recorder
I. GC K: refractory ceramic fiber 1.: condenser

Figure 1. A schematic of the MSR system

Results and Discussion

In the final phase, the volume concentrations of CO,, CO, and CH, were measured with the GA.
The resultant figures in percentage were then converted into mole numbers, with which methanol
conversion could be calculated (Eq. (4)). Figures of methanol conversion under various operating
conditions are reported in Figs. 2a, b.

Results obtained under the operating condition of S/C=1.5 are shown in Fig. 2a, where methanol
conversion ranged between 59.33% and 100%. Cases 5, 7, and 9have achieved conversion above 90%
corresponding to a high reaction temperature of 300 °C and a low carrier gas flow rate of 1,000
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mL-min™. Nevertheless, the highest conversion (94.79%) was achieved by Case 7, whose reaction
temperature was not the highest (250 °C). This may be a result of higher Ni concentration in the
composite catalyst used in this particular case.

Figure 2b shows the results obtained under the operating condition of S/C=2.0, where the number
of cases achieving high methanol conversion (defined as >90%) increased. The operating parameters
of Cases 10, 13, 14, 16, and 17 suggest that methanol conversion increases significantly at reaction
temperatures over 250 °C. These results suggest that higher steam to carbon ratio is conducive to
hydrogen production, for increased supply of H,O enables the full reaction of methanol through Egs.

(1) and (3).
(a) CH,0H conv., S/C=1.5 (b) CH,OH conv., S/C=2.0
Casel
(88.85%) Case :E,O
100% (96.90%)
Case 9 Case 2 Case 18 100% & Case 11
(59.33% 83.42%) 63.09% 65.02%)
Case 8 Case 3 Case 17 Case 12
(100%) (75.25%)  (96.89%)Y (40.23%)
Case 7 \§ Case 4 Case 16 ) Case 13
(94.79%) (80.27%) (100%) / (94.51%)
Case 1l @fase 14
(64.73%) (99.17%)

(80.16%) (92.58%)

Fig. 2. CH30H conversion of different cases for (a) S/C=1.5 and (b) S/C=2.0.

Calculated in accordance with Eq. (5) and reported in Fig. 3, “hydrogen yield” values make better
indicators of hydrogen productivity compared to hydrogen concentration because of the fact that the
former are mutually comparable with a common denominator, the theoretical highest value of 3 mol
(mol CHsOH)™.

Figure 3a shows the hydrogen yields under the condition of S/C=1.5, where Cases 1, 5, and 8 — all
of which had a reaction temperature of 250 °C or above —registered the highest hydrogen yields (2.52,
2.96, and 2.93, respectively, out of the theoretical ceiling of 3.0 mol (mol CHsOH)™. Fig. 3b, on the
other hand, shows the hydrogen vyields obtained under the condition of S/C=2.0. Again, parallel
patterns emerged with the number of cases achieving a hydrogen yield of 2.5 mol (mol CHsOH)? or
above increased. All experimental parameters and MSR results are reported in Table 1.
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Table 1

Configuration of L18 (2x3x4) orthogonal array

Conductions MSR
Trail Ni-Cu Reacting The flow rate of the Steam/Carbon CO; co CH,4 Conversion H. H. yield
no. cat. temp. (°C) carrier gas ratio (S/C) (%) (%) (ppm) (%) (%) (mol/mol
(%) (N2, mL/min) CHsOH)
1 10 250 1,000 1.5 11.9 2.5 1522 88.85 37.69 2.52
2 10 300 1,500 1.5 7.9 3.5 312 83.42 27.12 2.12
3 10 200 2,000 1.5 7 2 18 75.25 24.22 2.25
4 20 250 1,500 1.5 7.2 4.2 1627 80.27 29.55 2.21
5 20 300 2,000 1.5 6.3 3.7 768 92.58 30.09 2.96
6 20 200 1,000 1.5 11.7 2.3 237 80.16 38.23 2.36
7 30 250 2,000 1.5 5.2 4.3 239 94.79 24,57 2.36
8 30 300 1,000 1.5 9.8 5.2 3,766 100 39.74 2.93
9 30 200 1,500 1.5 7.3 1.9 458 59.33 25.35 1.77
10 10 250 1,000 2.0 12.4 2.4 1312 96.9 36.99 2.72
11 10 300 1,500 2.0 7.2 2.2 214 65.02 26.27 1.96
12 10 200 2,000 2.0 4.8 0.3 375 40.23 16.43 1.42
13 20 250 1,500 2.0 7.4 4 743 94.51 29.06 2.56
14 20 300 2,000 2.0 6.7 2.9 1217 99.17 24.67 2.88
15 20 200 1,000 2.0 10 1.6 1129 64.73 36.96 2.24
16 30 250 2,000 2.0 6.3 3.1 207 100 22.8 241
17 30 300 1,000 2.0 9.5 4.9 2081 96.89 38.58 2.77
18 30 200 1,500 2.0 7.12 2.4 458 63.09 27.44 2.01
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(a) H, yield, S/C=1.5 (b) H, yield, S/C=2.0
Case 1 Case 10
(2.52)
3

Fig. 3. H,yields of different cases for (a) S/C=1.5 and (b) S/C=2.0.

Conclusions

The efficient conversion and high yield of hydrogen from methanol are critical to its
feasibility as a clean carrier of energy. The key to conversion efficiency and hydrogen
productivity lies in the adequate contact between the reactants and the catalyst. In order to
investigate the relative impact of different factors on methanol-hydrogen conversion, four key
experimental parameters were arranged into a Taguchi orthogonal matrix, which helped to
discover patterns with a manageable number of experimental runs. According to ANOVA
analysis and the Taguchi method, the temperature is the primary factor bearing on hydrogen
productivity in the MSR process. In addition to this, the conversion efficiency and hydrogen
productivity are attainable with Ni-Cu/Al,O; composites as MSR catalysts in ultrasonic sprays.
Owing to their high surface area, such catalysts helped achieve 96.9% methanol conversion,
36.9% hydrogen concentration, and 2.7 mol-(mol CH3;OH)* hydrogen yield (with a theoretical
ceiling of 3.0 mol (mol CH3zOH)1) at 250 °C.
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Nomenclature
n the molar flow rate [mol min™]
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