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S1. Weisz-Prater Criterion for Internal Diffusion
The key to calculate Nw-ris to obtain the value of Def first, which can be predicted from Fuller-
Schettler-Giddings method for binary gas phase diffusion [1]:
Dosr = Dype/T

Dap = 1073T175 (MLA + MLB)7 PO )+ VB)%]Z

where Das is the binary gas phase diffusion coefficient (cm? s), ¢ is the catalyst porosity, 7 is the

[y

tortuosity factor, T is the reaction temperature (K), Ma and Ms is the molecular weight for gas A and
B, P is the pressure (bar), Y'Va and ) Vsis the sum of diffusion volume for component A and B.
During internal diffusion elimination test in Section 2.1, T=350 °C=623 K, P=0.2 MPa=2 bar. The
catalyst porosity ¢ is calculated from the BJH data from literature [2], which is 0.11. The tortuosity
factor 7 is normally in the range of 2-7, here we use the mean value 4.5. The methanation coupling
with water gas shift could be split into two reactions.
(1) For methanation, A=CO, B=H>, so Ma=28, Ms=2. }Vaand ) V& could be obtained directly from
literature [1], which is 18.9 and 7.07, respectively. As a result,
Das=103(623)'75(1/28+1/2)05/2/(18.913+7.071/3)2=1.35
De=1.35x0.11/4.5=0.033
(2) For water gas shift, A=CO, B=H20, so M4=28, M»=18. }Va and ) Vs could also be obtained directly
from literature [1], which is 18.9 and 12.7, respectively. As a result,
Dap=10-(623)'75(1/28+1/18)°5/2/(18.913+12.71/2)>=0.47
De=0.47x0.11/4.5=0.011
According to the analysis of external diffusion in Section S2, when GHSV=2000 h' the external
diffusion could be neglected, so Cs=Cs. The final values of Nw-r under different catalyst particle sizes

are listed in the following Table S1.

Table S1. The parameters of Weisz-Prater criterion at various catalyst particle sizes.

Particle size R CO concentration at Nw-p

CO reaction rate r
the particle surface Cs

in meshes in cm (10° mol s cm?) methanation  water gas shift
(105 mol cm*)
8-10 0.085-0.10 1.047 1.736 0.132-0.183 0.396-0.548
10-12 0.07-0.085 1.078 1.736 0.092-0.136 0.277-0.408
12-14 0.059-0.07 1.081 1.736 0.066-0.092 0.197-0.277
14-16 0.05-0.059 1.076 1.736 0.047-0.065 0.141-0.196

16-18 0.042-0.05 1.080 1.736 0.033-0.047 0.100-0.141
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S2. Mears Criterion for External Diffusion
The key to calculate Nu is to obtain the value of k. first, which derives from Sherwood number [3]:
Sh = k.L/Dyg

and Sherwood number could be further correlated into the following equation:

11
Sh =2 + 0.552Re2Sc3

Re = ulL/v

Sc=v/Dyp
where Sh is the Sherwood number, L is the characteristic length (cm), Das is the binary gas phase
diffusion coefficient (cm? s?), Re is the Reynolds number, Sc is the Schmidt number, u is the fluid
velocity (cm s1) and v is the kinetic viscosity (cm? s1).

During the external diffusion elimination test in Section 2.1, the gas space hourly velocity is 1000-
3000 h, the catalyst volume is 30 mL and the inner diameter of the reactor tube is 50 mm. As a result,
the fluid velocity u is 0.424-1.273 cm s'. When under the reaction of 350 °C and 0.2 MPa, the gas
kinetic viscosity v will be expanded compared to normal temperature and pressure. Thus, Sherwood
number could assumed to be 2.

(1) For methanation, L=5, D4s=1.35. As a result,
k=2x1.35/5=0.54

(2) For water gas shift, L=5, D4s=0.47. As a result,
k=2x0.47/5=0.188

On the basis of previous researches, the CO reaction order n for methanation and water gas shift
usually falls on the scope of 0.5-2.0 [4, 5] and 0.80-1.96 [6-9], respectively. For the convenience of
calculation, the CO reaction order n for methanation and water gas shift could be valued by average
which is 1.25 and 1.38, respectively. The final values of Nu under different gas hourly space velocities
(GHSV) are listed in the following Table S2.

Table S2. The parameters of Mears criterion at various gas hourly space velocities.

Particle size R CO reaction rate r CO bulk concentration Nm
GHSV (h)
in meshes in cm (105 mol s cm3) Cv (10°mol cm3) methanation water gas shift
1000 12-14 0.059-0.07 1.658 1.736 0.130-0.155 0.414-0.491
1500 12-14 0.059-0.07 1.274 1.736 0.100-0.119 0.318-0.377
2000 12-14 0.059-0.07 0.955 1.736 0.083-0.098 0.238-0.282
2500 12-14 0.059-0.07 0.609 1.736 0.064-0.076 0.152-0.180
3000 12-14 0.059-0.07 0.550 1.736 0.043-0.051 0.137-0.162




S3. Intrinsic Kinetics Experimental Design

Table S3. Orthogonal array.

3o0f5

Case number Temperature (°C) Pressure (MPa) H:/CO
1 300 0.10 0.6
2 300 0.15 0.7
3 300 0.20 0.8
4 300 0.25 0.9
5 300 0.30 1.0
6 325 0.10 0.7
7 325 0.15 0.8
8 325 0.20 0.9
9 325 0.25 1.0
10 325 0.30 0.6
11 350 0.10 0.8
12 350 0.15 0.9
13 350 0.20 1.0
14 350 0.25 0.6
15 350 0.30 0.7
16 375 0.10 0.9
17 375 0.15 1.0
18 375 0.20 0.6
19 375 0.25 0.7
20 375 0.30 0.8
21 400 0.10 1.0
22 400 0.15 0.6
23 400 0.20 0.7
24 400 0.25 0.8
25 400 0.30 0.9

S4. Equilibrium Constant Calculation

Keq.sur = 1.198 x 1023exp(—26830/T) [Pa?]
Keqwes = 1.767 x 10 2exp(4400/T)

Table S4. Equilibrium constant of methanation and water gas shift under different reaction temperatures.

Reaction temperature T (°C)  Reaction temperature T (K) Kegmethanation (KPa?) Kegwas
300 573.15 560.39E-06 38.1294
325 598.15 3964.52E-06 27.6639
350 623.15 23972.59E-06 20.5943
375 648.15 126168.27E-06 15.6844
400 673.15 586966.91E-06 12.1891
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55. Model Parameters Solution
b
Tena = kYexp(—E1 /RT) PSPy P& Pio
b a
ooz = k3exp(=Ez2/RT)PgRizo Pz Pego (1= B)
The model formulas could be deformed into the following ones by taking the logarithm of both sides:

lnTCH4=a11nPCO + bllnPHz + CllnPCH4 + dllnPHZO + lnk{) + E1 (—/RT)

T
1n(1c_02[3) = a,InPgg + byInPy,q + c3InPy, + dyInPeg, + Ink3 + E;(—/RT)

Since there are 25 sets of kinetics data, each formula will have 25 equations which could be expressed by the

following matrix (the superscript 1-25 on the right stands for the case number and is not relevant to any

exponent):
1 1 1 1 -1t n
InPcq InPy, InPcya InPyy0 1 RTZ by 1r17‘c1-141
lnPco2 lnPsz lnPCI-M2 lnPH202 1 I;_Tl" X ;1 lanI-HZ
. . - . . . 1 :
_1.25 lnk? [IHTCH4 SJ

lnPCOZS lnPHZZS lnPCH4_25 1nPH2025 1 E

c Tco: 2

|
dy | ~

N

_q1
lnpcol 1nPH201 1nPH21 1nPCO21 1 1 [ G -| [1 (rCOZ ]
b,
2 2 2 2 —12
lnPCO lnPHZO lnPHZ lnPCOZ 1 RT % I
| H \e H ) : ) H s . 125 | lnkz ll (Tco2)25J
llnPco lnPHzo lnPH2 lnPCO2 1 RT J E2
For each matrix, the number of linear equations (25) surpasses the number of unknown parameters (6) so it

belongs to overdetermined set of equations. The matrix equation above could be denoted as AxX=B and the

corresponding MATLAB code is shown in Figure S1.

>> X=pinv(4)*B >> X=pinv(4)*B
X= X =
0.5803 1.9645
0.2468 1.9645
-0.0000 4.2979
0.5803 -9. 4584
-14.2791 -12.8796
23.2546 33.4752

Figure S1. MATLAB solving results of empirical model.
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Figure S2. Pictures of prepared catalysts with different particle sizes.
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