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I.  The reversibility of the water-gas shift reaction was accounted for by using the
equilibrium relation.

K,=—2=-% Eq. S1

The rate expression of the methane steam reaction is not altered.

k3K1K2ZCtotpCH4pHZO _ k;KlepCH4pHZO Eq. S2
2 T 2 ’
(1+K1pCH4 +szH20) (1+K1pCH4 +K2PH20)
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The rate expression for the water-gas shift reaction is altered by addition of the back-reaction

term.

Pco, P, : Pco, P,
k, . K,C, PcoPu,o — =t k. K, PcoPhu,o -
- S = Ky Eq. S3
) 1+ K\ pey, + Ky Py 1+ K\ pey, + KyPyo

In order to solve the plug flow reactor model, , the rate expressions are substituted in the

net rate of formation R; for each component (Eq. 22-26).

The results are presented in the following pages, as comparisons of the simple model
presented in the main text and the simple model with the reverse water-gas shift

incorporated. As will be seen, there is little difference between the models.
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Fig. S1. CH4 conversion as a function of the H,O inlet pressure at a total pressure of 0.40
MPa and 923 K. Points: experimentally observed, lines: calculated by solving the set of Egs.
8 with the net rates of formation given by Eqs. 22 to 26. The rate and equilibrium coefficients
are estimated by a weighted regression and are shown in Table 2. ¢, full line, black - 40 kPa
CH, inlet partial pressure (p’cu4) or a space time of 3.36 kg s mol™, e, dashed line, red - 80
kPa pOCH4 or 1.68 kg s mol!, m, dotted line, blue - 120 kPa pOCH4 or 1.12 kg s mol™.

Simple model.
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Fig. S2. Selectivity to CO and CO; as a function of the inlet partial pressure of H,O at a total
pressure of 0.4 MPa, a temperature of 923 K, a space time of 1.44 kg s mol™ and conversions
between 40 % and 44 %. Points: experimentally observed, lines: calculated by solving the set
of Egs. 8 with the net rates of formation given by Eqgs. 22 to 26. The rate and equilibrium
coefficients are estimated by a weighted regression and are shown in Table 2. ¢, full line,
black - selectivity to CO, e, dashed line, red - selectivity to CO,.

Simple model
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Fig. S3. Selectivity to CO and CO; as a function of the conversion at a total pressure of 0.40
MPa, a temperature of 923 K, a catalyst mass of 0.1 g, a H,O inlet partial pressure of 160 kPa
and a CHy inlet partial pressure between 20 and 100 kPa. Points: experimentally observed,
lines: calculated by solving the set of Egs. 8 with the net rates of formation given by Eqs. 22
to 26. The rate and equilibrium coefficients are estimated by a weighted regression and are
shown in Table 2. #, full line, black - selectivity to CO, e, dashed line, red - selectivity to
COa.



II) Calculation of lack of heat transfer limitations

Mears Criterion

|—AHrd E <015
hT  RT ’
AH: Heat of the reaction [J/mol] r: reaction rate [mol/s m’]
d: distance between tubes [m] h: heat transfer coefficient [J/m? K s]
T: temperature [K] E: activation energy [J/mol]

R: gas constant [J/mol K]

AH = -2.04x10° J/mol (reaction heat of SMR)
r=5.77x10" mol/s m3(catalyst bed) or 0.879 mol/s m’ (catalyst particle)
d = (IDguartz - ODatumina)/2 = 2.5 X107 m
h =770 J/m® K s (calculation is described later)
T=923K
E =1.5x10° J/mol
As the mean value of following reported values
Xu-Froment(1989) ' 240 kJ/mol
Yang(2015): 134 kJ/mol (ref. 18 of MS)
Numaguchi(1988) > 107 kJ/mol
Saito(2015)°  99.1 kJ/mol
Hughes(2001)* 209 kJ/mol
R =28.31J/mol K

|—AHrd E|_2.04-5.77-2.5 1.5 y
hT  RTl 770-923 8.31-923

10* =8.1x 107°

The criterion is calculated to be 8.1x107°, which is much lower than 0.15 thus the heat
transfer can be ignored.



Details of calculations:
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Fig. 1 Reactor used in the steam methane reforming studies

CH, consumption rate 1.69x10™ mol / s

Catalyst weight

0.0001 kg

Catalyst bed volume 2.95x10° m’

Catalyst density

Total Pressure

5200 kg/m’
0.40 MPa

Profile of flow(outlet flow)

Pressure: 0.4 MPa, Temperature: 923 K,

Total mole flow: 309 pmol/s (452 Nem®/min)

Fcpa: 11.8 pmol/s
Fco: 3.32 umol/s

Calculation of h

uy: viscosity of flow [Kg/ms]

Fiz: 68.7 umol/s

Fi0: 102 pmol/s

h = JnCprGs(Pry)

-2/3 _ 181[lf

Fcoa: 13.5 pmol/s
Frnz: 109 pmol/s

a prud

/3
ker \°

C, G

Pr f</“‘fcpf)

pr: density of flow [kg/m3 ]



u: linear velocity [m/s]

C,y: specific heat of flow [J/kg K]

pr=3.14x10° Kg/m s
pr=0.0191[kg/mol]/ (8.31[J / K mol] x 923[K] / 4x10°[Pa]) = 1.00 kg / m’
u = 452[Nem’/min]/60[s/min]/((0.75%-0.5%)r[cm?])/100[cm/m]/(0.4/0.1)[Nem®/cm®]

=0.019m/s
d=0.0025m

C=19177/ kg K
Gr=ux ps=0.019[m/s] x 1.00 [kg/m’]=0.019 kg / m* s

d: specific length

G/ mass velocity [kg/m” s]

h=18.1x3.14x107 / (1.00 x 0.019 x 0.0025) x 1917 x 0.019 x
(0.141/(3.14x10° x 1917))** =770 J /m* s K

Gas properties are shown in Table A2. The values of & at 650 °C was calculated as

k(total, 650°C) = k(total, 100°C) x [k(air, 100°C)/k(air, 650°C)]

and C, at 650°C was calculated in the same manner. The values of k(air, 650°C) and C, (air,

650°C) was obtained from Fig. S4a and S4b respectively.

Table S1. of gas properties

k (100°C) Cp(100°C) | M Cp'(100°C) | 1 (600°C)

[J/msK]® |[J/kgK]® |[kg/mol] |[J/molK] |[kg/ms]
CH, 0.0500 2449 0.016 39.2] 2.53x107
H, 0.214 14486 0.002 29.0| 1.84x10°
CO, 0.0222 921 0.044 40.5| 3.74x107
CO 0.0305 1047 0.028 29.3] 3.86x107
H,0 0.0241 2098 0.018 37.8| 3.26x107
N, 0.0313 1043 0.028 292 3.82x107
Total 0.0699 1717 0.0191 32.7] 3.14x107
Total(650°C) 0.141 1917 - 36.7 -
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Fig. S4. a) The temperature dependency of thermal conductivity of air’

b) The temperature dependency of specific heat of air®
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