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Abstract: To replace the traditional electric heating mode and increase methanol 8 

steam reforming reaction performance in hydrogen production, methanol catalytic 9 

combustion was proposed as heat-supply mode of methanol steam reforming 10 

microreactor. Moreover, the methanol catalytic combustion microreactor and 11 

self-thermal methanol steam reforming microreactor for hydrogen production were 12 

developed. Furthermore, catalytic combustion reaction supports with different 13 

structures were designed. It was found that the developed self-thermal methanol steam 14 

reforming microreactor had better reaction performance. Compared with A-type, the 15 

△Tmax of C-type porous reaction support was decreased by 24.4℃ under 1.3 mL/min 16 

methanol injection rate. Moreover, methanol conversation and H2 flow rate of the 17 

self-thermal methanol steam reforming microreactor with C-type porous reaction 18 

support were increased by 15.2% under 10 mL/h methanol-water mixture injection 19 

rate and 340 ℃ self-thermal temperature. Meanwhile, the CO selectivity was 20 

decreased by 4.1%. This work provides a new structural design of the self-thermal 21 

methanol steam reforming microreactor for hydrogen production for the fuel cell.  22 
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1. Introduction  27 

 The technology of hydrogen production by methanol steam reforming 28 

microreactor was used as one of the preferred hydrogen production technologies 29 

because of its advantages, such as high hydrogen content, low cost, renewable, safe 30 

and efficient[1-5]. However, electric heating mode was used as the main heat-supply 31 

mode of the microreactor[6-7]. The high power consumption of electric heating mode 32 

limited the application of methanol steam reforming microreactor for hydrogen 33 

production in the fuel cell, especially in the mobile power station using fuel cell[8]. 34 

The solar energy, methanol combustion and butane combustion used as the 35 

heat-supply mode for methanol steam reforming microreactor for hydrogen 36 

production had been investigated by some scholars[9-13]. For example, Gu et al. 37 

designed and manufactured a small portable condenser collector to supply heat for the 38 

methanol reforming process for hydrogen production[9]. Chein et al. developed a 39 

methanol steam reforming microreactor for hydrogen production with the combustion 40 

chamber, which used methanol catalytic combustion to supply heat for methanol 41 

steam reforming for hydrogen production[10].  42 

 However, the above studies emphasized on the application of heat-supply mode 43 

in methanol steam reforming reaction. The thermal distribution of the exothermic 44 

reaction plate for different heat-supply modes has not been systematically investigated. 45 

The reaction performance of the catalyst for methanol steam reforming for hydrogen 46 

production was affected by the thermal distribution of the microreactor[6, 14]. In this 47 

way, the methanol steam reforming reaction performance in hydrogen production was  48 
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 49 

related to the thermal distribution of the microreactor. Therefore, it was necessary to 50 

study the thermal distribution of the heat-supply process.  51 

In fact, studies on the thermal distribution of exothermic reaction plate which 52 

was heat-supplied by different heat-supply technologies have been investigated by a 53 

few research groups[12-13]. For example, Hsueh et al. used numerical simulations to 54 

investigate the mass-transfer and heat-transfer performances of the plate-type 55 

methanol steam reforming microreactor coupled with methanol combustor. It was 56 

found that it increased the methanol steam reforming reaction performance in 57 

hydrogen production if the flow direction relationship between methanol steam 58 

reforming gas and the methanol catalytic combustion gas flow was opposite[12]. 59 

Herdem et al. used numerical simulations to study the thermal distribution of 60 

Nomenclature 

Variables 

m  volume proportion of CO in reaction gas, % 

n  volume proportion of CO2 in reaction gas, % 

Sco  the selectivity of CO in reaction gas, % 

VH2  flow rate of H2, mol/h 

Vinjection  injection velocity of the methanol-water mixture, mL/h 

Vreaction gas  injection velocity of reaction gas, mL/min 

XCH3OH  methanol conversion, % 

z  volume proportion of H2 in reaction gas, % 

Abbreviations 

PPI  pores per inch 

△Tmax  the maximum temperature difference of thermal distribution 
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microchannel methanol steam reformer. They found that the methanol steam 61 

reforming reaction performance in hydrogen production can be increased using the 62 

reaction plate with reasonable thermal distribution[13]. 63 

Although some studies on the reaction performance and thermal distribution of 64 

methanol steam reforming microreactor with different heat-supply modes for 65 

hydrogen production have been carried out, the structural design and the thermal 66 

distribution optimization of the self-thermal methanol steam reforming microreactor 67 

for hydrogen production have not been systematically reported in previous studies. 68 

The reasonable thermal distribution of reaction plate was beneficial for increasing the 69 

reaction performance of the methanol steam reforming microreactor for hydrogen 70 

production. Therefore, combined with the our previous research works of the 71 

methanol steam reforming microreactor[6-7,15], to promote the industrial application of 72 

the microreactor and increase the reaction performance of the microreactor, a 73 

methanol catalytic combustion microreactor and a self-thermal methanol steam 74 

reforming microreactor for hydrogen production were firstly developed using 75 

methanol catalytic combustion as the heat-supply mode. Then, the catalytic 76 

combustion reaction supports with different structures were designed to optimize the 77 

thermal distribution. Moreover, the thermal distribution of the different reaction 78 

supports was analyzed in detail using the infrared thermal imager and temperature 79 

inspector. Furthermore, the reaction performance of the self-thermal methanol steam 80 

reforming microreactor with the different reaction supports was compared and 81 

discussed. 82 



 
 

Page 5 of 23  

2. Experimental Methods 83 

2.1 Structural design of methanol catalytic combustion microreactor  84 

1 A-type thermocouple

2 Inlet tube for methanol combustion

3 Heating cartridges

4 Inlet evaporation chamber plate for

combustion

5 Evaporation chamber plate for

combustion

6 Mixing chamber plate for combustion

7 Reaction chamber plate for

combustion

8 Visual glass

9 Outlet chamber plate

10 Outlet tube for methanol combustion

11 Graphite seal

12 Pt/Al2O3 catalyst particles for

methanol combustion

13 Heat preservation jacket
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Fig.1. Structural diagram of the methanol catalytic combustion microreactor 86 

Fig.1 shows the structural diagram of the methanol catalytic combustion 87 

microreactor. This microreactor used for combustion consisted of inlet evaporation 88 

chamber plate, evaporation chamber plate, mixing chamber plate, and reaction 89 

chamber plate for combustion; in addition, it contained a visual glass, an outlet 90 

chamber plate and a heat preservation jacket. The inlet chamber plate and evaporation 91 

chamber plate for combustion were used to convert the liquid methanol into gaseous 92 

methanol. The mixing chamber plate for combustion was used to mix methanol and 93 

air. The reaction chamber plate for combustion with a 70 mm × 40 mm × 2 mm 94 

chamber was filled with catalytic combustion reaction support. The visual glass was 95 

set in the outlet chamber plate, and it was used to observe the methanol catalytic 96 

combustion reaction in the reaction chamber plate for combustion. The heat 97 

preservation jacket was used to preserve heat in the microreactor.  98 
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Liquid methanol was gasified through the inlet evaporation chamber plate and 99 

evaporation chamber plate for combustion, and it was subsequently mixed with air in 100 

the mixing chamber plate for combustion. Then, the mixed gas was reacted with the 101 

catalyst which was in the reaction chamber plate for combustion. Eq. (1) indicates the 102 

reaction process for methanol catalytic combustion reaction[16-19]. 103 

 KJ/molHO   2H CO1.5O+OHCH 2223 2.192→
                                 

(1) 104 

2.2 Construction of testing system for the methanol catalytic combustion 105 

microreactor 106 

Fig.2 shows a structural diagram of the testing system for the methanol catalytic 107 

combustion microreactor. The testing system mainly consisted of compressed air 108 

bottle, mass flowmeter (D07-7B, Beijing Sevenstar Electronics Company, China), 109 

peristaltic pump (BT300S, Baoding Lead Fluid Company, China), microreactor, 110 

thermostat, heating cartridges, A-type thermocouple, infrared thermal imager (FLIR 111 

T440, FLIR Systems Company, USA), and temperature inspector (AT4516, Applent 112 

Instruments Company, China). Methanol was injected into the microreactor using a 113 

peristaltic pump. Air was supplied into microreactor by air bottle and mass flowmeter. 114 

The heating cartridges and A-type thermocouple on the inlet evaporation chamber 115 

plate for combustion and thermostat were used to perform the preheat of the 116 

microreactor before the heat-supply by the methanol catalytic combustion reaction for 117 

the microreactor itself. The visual glass was set in the outlet chamber plate. The 118 

thermal distribution of the reaction chamber plate for combustion was observed using 119 

infrared thermal imager. Meanwhile, the thermal distribution of reaction chamber 120 
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plate for combustion can be investigated using temperature inspector to measure the 121 

temperatures of nine temperature measurement points of the outlet chamber plate.     122 

1 Mass flowmeter

2 Peristaltic pump

3 Thermostat

4 Microreactor

5 Infrared thermal imager

6 Temperature inspector

5

1 2 3

4 5 6

7 8 9

 123 

Fig.2. Structural diagram of the testing system for the methanol catalytic combustion microreactor 124 

Before the occurrence of methanol catalytic combustion reaction, the methanol 125 

catalytic combustion microreactor was preheated by electric heating, and the heating 126 

temperature of thermostat was set to 300 ℃. When the temperature on the inlet 127 

evaporation chamber plate for combustion was 300 ℃, methanol and air were injected 128 

into the microreactor. Then, when the temperature on the inlet evaporation chamber 129 

plate for combustion was more than 300 ℃, the heating temperature of thermostat 130 

was set to 25 ℃. In this time, the methanol catalytic combustion microreactor was 131 

heat-supplied by itself. The thermal distribution on the reaction chamber plate for 132 

combustion was used as an index for evaluating the methanol catalytic combustion 133 

reaction performance of the microreactor. The methanol catalytic combustion reaction 134 

performance of the microreactor was measured using an infrared thermal imager and a 135 

temperature inspector. The infrared thermal imager was used to investigate the overall 136 
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thermal distribution on the reaction chamber plate for combustion[20-21]. The 137 

temperature inspector was used to investigate the temperature differences between 138 

nine temperature measurement points on the reaction chamber plate for combustion. 139 

2.3 Structural design of self-thermal methanol steam reforming microreactor for 140 

hydrogen production 141 

4
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Fig.3. Structural diagram of the self-thermal methanol steam reforming microreactor 143 

for hydrogen production 144 

Fig.3 shows a structural diagram of the self-thermal methanol steam reforming 145 

microreactor for hydrogen production. The microreactor consisted of an inlet 146 

evaporation chamber plate, evaporation chamber plate, mixing chamber, and reaction 147 

chamber plate for combustion, evaporation chamber plate and reaction chamber plate 148 
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for reforming, outlet chamber plate, and heat preservation jacket. Similar to the 149 

methanol catalytic combustion microreactor, the inlet evaporation chamber plate, 150 

evaporation chamber plate, mixing chamber, reaction chamber plate and the Pt/Al2O3 151 

catalyst particles were used in the methanol catalytic combustion reaction for 152 

combustion[16-19]. The methanol catalytic combustion reaction in the reaction chamber 153 

plate for combustion was used to supply heat to the reaction chamber plate for 154 

methanol steam reforming reaction. The flow direction relationship of reaction gas 155 

between the reaction chamber plate for combustion and the reaction chamber plate for  156 

reforming was opposite. The methanol for reforming was evaporated in the 157 

evaporation chamber plate for reforming. The methanol steam reforming gas was 158 

reacted with Cu/Zn/Al/Zr catalyst loaded on the copper foam in the reaction chamber 159 

plate for reforming[6,7]. The heat preservation jacket was used to preserve heat in the 160 

microreactor.   161 

 KJ/molH    CO+ 3HOH+OHCH 2223 4.49→                             (2) 162 

 KJ/molH              2H+COOHCH 23 0.92→                              (3) 163 

 KJ/molH           H+COOH+CO 222 1.41→                              (4) 164 

The main reaction process of methanol steam reforming in hydrogen production 165 

is shown in Eqs. (2)-(4)[22-24]. Eq. (2) is the algebraic summation of Eqs. (3) and (4). 166 

Eq. (3) indicates the methanol decomposition. Eq. (4) indicates a water–gas shift 167 

reaction. The dominant products in the reaction gas are H2 and CO2, while a small 168 

percentage of CO exists.  169 

 170 

https://www.sciencedirect.com/science/article/pii/S0360319914030158#fd2
https://www.sciencedirect.com/science/article/pii/S0360319914030158#fd3
https://www.sciencedirect.com/science/article/pii/S0360319914030158#fd4
https://www.sciencedirect.com/science/article/pii/S0360319914030158#fd3
https://www.sciencedirect.com/science/article/pii/S0360319914030158#fd4
https://www.sciencedirect.com/topics/chemistry/water-gas-shift-reaction
https://www.sciencedirect.com/topics/chemistry/water-gas-shift-reaction
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2.4 Construction of testing system for self-thermal methanol steam reforming 171 

microreactor for hydrogen production 172 

1 Precise injection pump
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Fig.4. Structural diagram of the testing system of the self-thermal methanol steam reforming 174 

microreactor for hydrogen production 175 

Fig.4 shows the structural diagram of the testing system of the self-thermal 176 

methanol steam reforming microreactor for hydrogen production. The testing system 177 

consisted of compressed air bottle, mass flowmeter, peristaltic pump, precise injection 178 

pump (JZB-1800, Jianyuan Medical Equipment Company, China), microreactor, 179 

thermostat, heating cartridges, A-type thermocouple, infrared thermal imager, and 180 

temperature inspector, electronic soaping flowmeter (JCL-2010(S)-A, Qingdao 181 

Juchuang Environmental Company, China), and a gas chromatograph (GC2014C with 182 

TCD and TDX-01, Shimadzu Company, Japan). The methanol-water mixture for 183 

reforming was injected into the microreactor by an injection pump. The methanol for 184 

combustion was injected into microreactor by a peristaltic pump, and air for 185 

combustion was transported into microreactor by air bottle and mass flowmeter. The 186 
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temperature of the reaction chamber plate for combustion was monitored by the 187 

temperature inspector. The reaction temperature of methanol steam reforming reaction 188 

was determined by the temperature of the reaction chamber plate for combustion. The 189 

temperature of the reaction chamber plate for combustion was controlled by the flow 190 

rate of the methanol and air for combustion. The unreacted methanol and water in the 191 

methanol steam reforming gas were separated using the condensation and the drying 192 

pipes. The flow rate of reaction gas was analyzed by a soap flowmeter. The volume 193 

proportions of CO, CO2, and H2 in the reaction gas were determined by a gas 194 

chromatograph. 195 

After the occurrence of the catalytic combustion reaction in the self-thermal 196 

methanol steam reforming microreactor, the methanol-water mixture was injected into 197 

the microreactor. Then, the methanol steam reforming reaction for hydrogen 198 

production was occurred in the microreactor. The methanol conversion, H2 flow rate 199 

and CO selectivity were used as indices for evaluating the methanol steam reforming 200 

reaction performance of the microreactor for hydrogen production. Eqs. (5), (6) and (7) 201 

are the empirical formulas for calculating methanol conversion and H2 flow rate and 202 

CO selectivity[6,7,25].  203 
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2.5 Structural design and reaction performance investigation of porous reaction 207 

support for methanol catalytic combustion  208 

a b c
Pt/Al2O3

paticle

Pt/Al2O3

paticle
Pt/Al2O3

paticle

209 

 Fig.5. Structural diagram of porous reaction supports with different structural designs: (a) A-type; 210 

(b) B-type; (c) C-type structures 211 

Fig.5 shows the structural diagram of porous reaction supports with different 212 

structural designs. Here, Pt/Al2O3 spherical catalyst particles with 2 mm external 213 

diameter and 1% Pt content were used. A rectangular chamber filled with Pt/Al2O3 214 

catalyst particles and two oblique chambers filled with 110 PPI copper foam in the 215 

reaction chamber plate for combustion were used as catalytic combustion reaction 216 

support with A-type structure. The rectangular chamber filled with 110 PPI copper 217 

foam and the Pt/Al2O3 catalyst particles, which were on the 110 PPI copper foam, in 218 

uniform gap distribution, were used as catalytic combustion reaction support with 219 

B-type structure. The rectangular chamber filled with 110 PPI copper foam and the 220 

Pt/Al2O3 catalyst particles, which were on the 110 PPI copper foam, in gradient gap 221 

distribution were used as catalytic combustion reaction support with C-type structure. 222 
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The molar ratio of methanol to air in the methanol catalytic combustion reaction 223 

was fixed at 0.14. The methanol catalytic combustion reaction performance of the 224 

microreactor with the different catalytic combustion reaction supports was studied 225 

under 0.26mL/min, 0.78mL/min and 1.3mL/min injection rates of liquid methanol, 226 

respectively. Moreover, a small amount (0.5 g) of Cu/Zn/Al/Zr catalyst was loaded on 227 

the 110 PPI copper foam of the self-thermal methanol steam reforming microreactor. 228 

The reaction performance of the self-thermal methanol steam reforming microreactor 229 

with different catalytic combustion reaction supports was investigated under different 230 

self-thermal temperatures with 10 mL/h injection rate of methanol-water mixture. 231 

3. Results and discussion 232 

3.1 Methanol catalytic combustion reaction performance of microreactor 233 

Fig.6 shows an optical image of methanol combustion for porous reaction 234 

supports with different structures. The brightness of the flame in the reaction chamber 235 

plate for combustion increases with increasing methanol and air flow rates. Moreover, 236 

compared with A-type and B-type catalytic combustion reaction supports, the 237 

brightness differences in flames at different locations on the reaction chamber for 238 

combustion with C-type support were little. Following an increase in methanol and air 239 

flow rates, the amount of reaction gas for methanol catalytic combustion increased. 240 

Consequently, more exothermic quantity was generated from the methanol catalytic 241 

combustion reaction and the more flames in the reaction chamber for combustion 242 

were arose. In the C-type support, the front of the reaction chamber plate for 243 

combustion had less catalyst particles than the back of the reaction chamber plate to 244 
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prevent overreaction of reaction gas in the front of the reaction chamber plate and 245 

reduce the temperature differences between various locations on the reaction chamber 246 

plate[15].  247 

Flow direction of reaction gas

Catalytic combustion reaction support with A-type structure

Catalytic combustion reaction support with B-type structure

Catalytic combustion reaction support with C-type structure

g h i

d e f

a b c

 248 

Fig.6. Optical image of methanol combustion for porous reaction supports with different structures. 249 

Catalytic combustion reaction support with A-type structure under different injection rates of 250 

methanol: (a) 0.26 mL/min, (b) 0.78 mL/min and (c) 1.3 mL/min. The next three correspond to 251 

catalytic combustion reaction support with B-type structure under different injection rates of 252 

methanol: (d) 0.26 mL/min, (e) 0.78 mL/min and (f) 1.3 mL/min. Finally, the catalytic combustion 253 

reaction support with C-type structure under different injection rates of methanol: (g) 0.26 mL/min, 254 

(h) 0.78 mL/min and (i) 1.3 mL/min. 255 

Fig.7 shows the infrared thermography of methanol combustion for porous 256 

reaction supports with different structures. Compared with A-type and B-type 257 

catalytic combustion reaction supports, the thermal distribution region with relatively 258 

high temperature for C-type support was closer to the centre of the reaction chamber 259 
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for combustion. Moreover, the thermal distribution region with a relatively high 260 

temperature was larger. It was shown that the thermal distribution of the reaction 261 

chamber plate for combustion can be controlled by changing the catalyst distribution 262 

in the reaction chamber plate. 263 

Flow direction of reaction gas

Catalytic combustion reaction support with A-type structure

Catalytic combustion reaction support with B-type structure

Catalytic combustion reaction support with C-type structure

g h i

d e f

a b c

 264 

Fig.7. Infrared thermography of methanol combustion for porous reaction supports with different 265 

structures. Catalytic combustion reaction support with A-type structure under different injection 266 

rates of methanol: (a) 0.26 mL/min, (b) 0.78 mL/min and (c) 1.3 mL/min. Then, in the B-type 267 

structure under different injection rates of methanol: (d) 0.26 mL/min, (e) 0.78 mL/min and (f) 1.3 268 

mL/min. Finally, in the C-type structure under different injection rates of methanol are shown: (g) 269 

0.26 mL/min, (h) 0.78 mL/min and (i) 1.3 mL/min. 270 

Fig.8 shows the maximum temperature differences of thermal distribution on the 271 

reaction chamber plate for combustion with different catalytic combustion reaction 272 

supports. Compared with A-type and B-type supports, the maximum temperature 273 

difference of thermal distribution (△Tmax) between nine locations of the reaction 274 
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chamber plate for combustion with C-type support was lower under different injection 275 

rates. The values of △Tmax of A-type, B-type and C-type support structures were 276 

47.2℃, 35.3℃ and 22.8℃, respectively. Compared with A-type structure, the △Tmax 277 

of C-type support was decreased by 24.4℃. These were compared to examine the fact 278 

that the temperature difference of thermal distribution on the reaction chamber plate 279 

for combustion can be decreased using the C-type catalytic combustion reaction 280 

support. It can be concluded that the gradient gap distribution of Pt/Al2O3 catalyst 281 

particles on the 110 PPI copper foam was beneficial for decreasing the △Tmax of 282 

thermal distribution on the reaction chamber plate for combustion. 283 
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 Fig.8. Maximum temperature differences of thermal distribution on the reaction chamber plate 285 

for combustion with different catalytic combustion reaction supports 286 

 287 
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3.2 Reaction performance of self-thermal methanol steam reforming 288 

microreactor  289 

Fig.9 shows the reaction performance in hydrogen production of the self-thermal 290 

methanol steam reforming microreactor with different catalytic combustion reaction 291 

supports under different self-thermal temperatures. By increasing the self-thermal 292 

temperature, the methanol steam reforming reaction performance was increased; 293 

moreover, the methanol steam reforming reaction performance gap between the 294 

microreactors with different catalytic combustion reaction supports widened. 295 

Compared with A-type and B-type reaction supports, the reaction chamber plate for 296 

combustion with C-type support exhibited a better methanol steam reforming reaction 297 

performance. Especially, compared with A-type, methanol conversation of C-type 298 

support was increased by 15.2%, the H2 flow rate was increased by 15.2% under 10 299 

mL/h methanol-water mixture injection rate and 340 ℃ reaction temperature. 300 

Meanwhile, the CO selectivity was decreased by 4.1%. It was shown that Compared 301 

with the high value of △Tmax of thermal distribution on the reaction chamber plate 302 

for combustion, the smaller value was beneficial for increasing the methanol steam 303 

reforming reaction performance of self-thermal microreactor. Compared with A-type 304 

and B-type reaction support, the temperature difference of thermal distribution on the 305 

reaction chamber plate with C-type support for combustion was smaller. Accordingly, 306 

the temperature difference of thermal distribution on the reaction chamber plate for 307 

reforming was smaller. Thus the problem of local catalyst deactivation caused by 308 

local high temperature will not occur in the reaction chamber plate for reforming[26-29]. 309 
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In this way, the overall catalytic performance of the catalyst in the reaction chamber 310 

plate for reforming will be better[13]. Therefore, the self-thermal microreactor 311 

exhibited a better methanol steam reforming reaction performance in hydrogen 312 

production.  313 
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Fig.9. Reaction performance in hydrogen production of the self-thermal methanol steam reforming 315 

microreactor with different catalytic combustion reaction supports under different self-thermal 316 

temperatures: (a) Methanol conversion, (b) H2 flow rate, (c) CO selectivity. 317 

4. Conclusions 318 

Combined with the previous research works of the methanol steam reforming 319 

microreactor, a methanol catalytic combustion microreactor, a self-thermal methanol 320 

steam reforming microreactor for hydrogen production and the corresponding testing 321 

systems were developed. Moreover, the catalytic combustion reaction supports with 322 

different structures were designed and manufactured. Furthermore, the related 323 



 
 

Page 19 of 23  

experiments were done. It was found that the developed self-thermal microreactor for 324 

hydrogen production can replace traditional electrical heating mode by using 325 

methanol catalytic combustion as the heat-supply of the methanol steam reforming 326 

reaction. Moreover, compared with A-type support, the △Tmax of C-type support was 327 

decreased by 24.4℃. The thermal distribution of the reaction chamber for combustion 328 

can be controlled by changing the catalyst distribution in the reaction chamber plate. 329 

Compared with A-type support, the methanol conversation and H2 flow rate of the 330 

self-thermal microreactor with C-type porous reaction support were increased by 331 

15.2% under 10 mL/h methanol-water mixture injection rate and 340 ℃ self-thermal. 332 

Meanwhile, the CO selectivity was decreased by 4.1%. It can be concluded that the 333 

gradient gap distribution of Pt/Al2O3 catalyst particles on the 110 PPI copper foam 334 

was beneficial for decreasing the △Tmax of thermal distribution on the reaction 335 

chamber plate for combustion. Compared with the high value of △Tmax of thermal 336 

distribution on the reaction chamber plate for combustion, the smaller value was 337 

beneficial for increasing the methanol steam reforming reaction performance of 338 

self-thermal microreactor. 339 
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