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APPENDIX A

Experimental Calculation

1. Methane Conversion (AXcnq)

AXcue = ejatom of carbon in CO and CO,
fofaof carbon in all gas composition
=
From Table

(0duet.gas composition at atmospheric
pressure, 700 °C, excg £2.g was as follows:

Feed Flg
CH,4
(mole/min) CO,
5.87E-04 5.62
Thus, methane R+ 5.62)/(8.18 + 5.62 + 71.62)
b D j

o EHHINENTNYNT
QTR MR Heia 8 B e

Flow rate of carbon inflow = (5.87 x 10™ mole of CH,/min)

(100 mole of CH4/100 mole of C)

= 5.87 x 10™ mole of C/min
mole CHy inflow - AXcy4 (mole CHy inflow)
= 5.87x 10" - (0.162)(5.87 x 10

= 4.92x 10* mole of CHy/min
Flow rate of unconverted carbon in CHy = 4.92 x 10* mole of C/min

Flow rate of unconverted methane =
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Based on percent of product gas composition of 71.62 % mole of CHs,
8.18 % mole of CO and 5.62 % mole of CO,

Flow rate of carbon in CO = (4.92x10*)x 8.18/71.62

5.62 x 10™ mole of C/min
Flow rate of carbon in CO; = (4.92x10%) x5.62/71.62

3.86 x 10”° mole of C/min
Thus, flow rate of total carbon outflow = (49.2+5.62 +3.86) x 10°

5.86 x 10™ mole of C/min

0°) / (5.87x10™)
41 kg/(mole of CHy/min)
From calculation ofi r 0.162
Thus, s 7

: i
J 0.047 mole of CHy/(kg * min)

| T..ie.emﬂ..u@]”j NYNSNYINS
“RRINETIN UM INYINY
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From Table C8 in Appendix C, these parameters could be indicated as

follows:

Observed reactionrate (rg)os = 0.0027 mole of CH4/(kg * sec)
Observed particle density (ps)obs = 589.64 kg/m’

Porelength(L) = 240x10° m
Effective diffusivity ( D ) = 3.35x 107 m¥/sec
o (Co’) = 10.85 mole of CHy/m’
27 x 589.64) (2.40 x 10°°) 2
98 10" x 10.85)

Concentration at outside particle surfz
Thus,

. Gas Composition in
From Table mple, gas composition in
thermodynamics equi alculated with assumption of

thermodynamics mode ed in two reactions as

follows:
Fo = 3H, (1)
- . Hz (2)
Basis: 4.0 of H; e“ . v (r' n reactlon (1), z mole of
reacted CO in reaction (2) and at atmospheric pressuré
s, el wzamw VIS BT co e
as follows:
—%Wﬁ%ﬂ%}ﬂﬂ%ﬁ{ Towl
1-x 4-x-2 X-z A 3x+z 5+2x
From: P; = yi*Pr
When, P; = partial pressure of component i

yi = mole fraction of component i

o
-
|

= total pressure (1 atm.)
Which could be rearranged: Pi =i (1)



And then partial pressure of each product gas could be indicated as follows:

Pcha Pu20 Pco Pcoz Pu2
(1-x) 4-x-2) (x-2) z (Bx+2z)
(5 +2x%) G+2x9 |- G+2% (5 +2x) G +2%)

From reactions (1) and (2), equilibrium constant (Kp) of two reactions could be
obtained from Figure 2.6 as follows:

-,xi-._t"-"\ I ’?: d %
eact TSE I,f/ ‘" 700 c

. 0

\ :
Hence, Kp _ F i [F a\
0.00019 TP [ \, -2)(5+2%2] ()
6.7608 3)
Solving equatio iables that they could be taken

to calculate mole fraction (y; 3 ‘...m.. 07 [hen, mole fraction of each product

gas could be indicated

X % yco2 YH2
0.2705 0. 3423 0 0057 0.135 0.517

e ek HELAT ammm I
"IN NI Inenat

Product Gas Composition (% mole)
CcOo
0.57

H,
51.70

CH,
3423

CO,
13.50

At other temperature, product gas composition could be also calculated with the

same method.



APPENDIX B

Gas Composition Analysis by Gas Chromatograph

3143,

248.6-

183.0
(mVolt)
1173 -

51.6-
P425 Ca

8.399 10.498

140 .
0.0 : EC 20
e znh' est 429 (#98)

mponcnt Name Solution Conc

Ident. Number Rete ion
(l) |n) (s l‘uV‘sec)
gen 847953.300

‘ ﬂumwsmwmﬁ'ﬁw
RN MAYAANENAY

thermal conductivity detector (TCD).
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> - 9.563 Carbon Dioxide

1500 4 8
®
1199
898
(mVolt)
597~ '
|
296- I
! |
' \
-5 ‘ L Y
0.0 '
Jdent. Number Retentic : J'_ 14 LT © _Component Name
(#) (mi'n ' ' '
1 Carbon Monoxid
2 s = Mcthane
3 9.563 _ = @iﬁi Carbon Dioxide

7 )

Figu ! SINT 225 compolfon using
AUL TS WE 1N
RN TN INSY

8399

!

10.498

Solution Conc
(ppm)

155399.200
149.722
65713.290



APPENDIX C

Experimental Data

Table C1 The experiment for determination of rate equation at excess steam condition, catalyst weight of 2 g and atmospheric pressure.

Reaction Feed Flow rate H,0/CH, &!@o position Catalyst Weight Methane “tens = A Xews
Pere=ycud*Pr In (Pcud) i s | In(-rcus)
Temperature CH, H;0 Ratio A Flow rate of CH, Conversion (W/Fcia)
(°C) (mole/min) | (mole/min) (atm) A{r ‘L\\\ CO, (W/Fcua, kg min/mole) (A Xcw) (mole/kg min)
5.87E-04 0.15 255.70 3.90E-03 -5.548 %18 5.62 3.50 0.162 4.61E-02 -3.077
2.92E-04 0.15 51338 1.94E-03 -6.243 A= 5.06 7.04 0.196 2.78E-02 -3.583
700 2.92E-04 0.15 51338 1.94E-03 -6.243 3fsgl 4 ([v 1 4.50 7.04 0.198 2.82E-02 -3.570
146E-04 0.15 1024.37 9.75E-04 1-6.933 P, il 3 5.32 14.04 0216 1.54E-02 4173
7.33E-0S 0.15 2047.16 4.88E-04 -7.625 4 A7 69 2.97 28.06 0.197 7.03E-03 -4.958
4.46E-04 0.15 336.53 2.96E-03 -5.822 74555 4.56 7.21 4.61 0.289 6.27E-02 -2.770
. 2.78E-04 0.1 539.76 1.85E-03 6293 | _azds h 5.97 7.95 7.40 0317 4.28E-02 -3.150
0 1.39E-04 0.15 1077.01 9.28E-04 -6.98#5:"‘.—“ 403 | 7 6.42 14.76 0.341 2.31E02 -3.767
6.97E05 0.15 215236 4.64E-04 7675 7| 5900 7.08 29.50 0.356 1.21E-02 4417
4.25E-04 0.15 35298 2.83E-03 -5.869 48.41 12.18 304 9.00 4.84 0410 8.48E-02 -2.467
2.65E-04 0.15 566.14 1.76E-03 %ﬁ%‘f 930 7.76 0452 5.82E-02 -2.843
500 1.33E-04 0.15 1129.65 8.84E-04 793 : 10. 11 .69 15.48 0.461 2.98E-02 -3.514
6.64E-05 0.15 2257.56 4.43E-04 7722 6458 1186 |an1945 | aes | 30.95 0.451 146E-02 -4.229
5.08E-04 0.15 295.12 3.38E-0! -5 9,34 o8 | o1 7@ 4.05 0.655 1.62E-01 -1.820
4.06E-04 0.15 369.43 270803 || -5915 68.37 17.86 5.95 7.81 5.06 0.812 1.60E-01 -1.831
850 2.53E-04 0.15 592.52 1.68E-03 -6.386 71.74 18.18 111 2.98 8.12 0.950 1.17E-01 -2.146
1.27E-04 0.15 1182.29 8.45E-04 -7.076 71.19 16.94 0.66 4.62 16.21 0.970 5.99E-02 2815
6.35E-05 0.15 2362.76 4.23E04 -7.768 81.16 1531 0.76 277 32.39 0.960 2.96E02 -3.519




Table C2 The experiment for determination of rate equation at non-excess steam condition, catalyst weight of 2 g and atmospheric pressure.

Reaction Feed Flow rate H,0/CH, Powyen®Pr | Praomyuro®Pr | In(Pese)| 10 (Pro) Product Gas Composition Catalyst Weight Methane | -Tcus = A Xcus In (-fere)
Temperature CH, H,0 Ratio ( % mole ) Fidwetats BLCHL Conversion (W/F cua)
e) (mole/min) | (mole/min) (atm) / / CO | CH, | CO; |(W/F ciu, kg min/mole)| (A Xcus) (mole/kg min)
1.25E-03 | 2.49E-03 2.0 0.333 152 | 90.69 | 0.77 1.65 0.0118 0.0072 -4.9384
125603 | 4.98E-03 4.0 0.200 020 | 89.92 | 0.53 1.68 0.0080 0.0049 -5.3236
700 125603 | 7.47E-03 6.0 0.143 k .\5? 84.45 | 0.38 1.65 0.0061 0.0037 -5.6008
125603 | 9.97E-03 80 0.111 83.18 | 030 1.65 0.0049 0.0030 -5.8140
1LISE-03 | 2.37E-03 2.0 0.333 49 \H 89.31 | 0.79 1.74 0.0132 0.0076 -4.8768
1I8E03 | 4.74E-03 4.0 0.200 1025 | 89.13 | 0.53 1.74 0.0087 0.0050 -5.2961
70 1.18E03 | 7.11E-03 6.0 0.143 0.857 .54 38,/ ous | 8209 | 035 174 0.0064 0.0037 -5.5955
I.I8E-03 | 9.48E-03 8.0 0.111 0.889 297 =118 3.0b0.14 | 78.87 | 027 1.74 0.0051 0.0030 -5.8252
113E03 | 2.26E-03 2.0 0.333 0.667 1099 =540 2 | 045 | 88.52 | 091 1.82 0.0151 0.0083 -4.7903
11303 | 4.52E03 40 0.200 0.800 1609 | 0223 r88.03 | 0.59 1.82 0.0101 0.0056 -5.1893
500 1.13E03 | 6.78E-03 6.0 0.143 0.857 946 19.41 | 0.39 1.82 0.0076 0.0042 -5.4746
1I3E-03 | 9.04E-03 80 0.111 0889 [ -2197" 0.1 7667 | 029 1.82 0.0061 0.0034 -5.6936
1.08E03 | 2.16E-03 2.0 0333 0.667 71099 | -0.405 Jbo.m 0.51 | 87.62 | 1.00 1.90 0.0170 0.0089 47217
1.08E03 | 432E03 | 40 0.200 ofado § G d. b’ aﬁ 0.62 1.0 0.0113 0.0059 -5.1315
50 1.08E-03 | 6.48E-03 6.0 0.143 0837 | -1946 | -0.154 | 2159 | 025 | 77.75 | 0.41 1.90 0.0084 0.0044 -5.4237
1.08E-03 | 8.63E-03 8.0 0.111 mmm b..g | 190 0.0067 0.0035 -5.6476
-

6L



Table C3 The experiment about the effect of steam to methane ratio on methane conversion and reaction rate at 850 °C, non-excess steam condition,

catalyst weight of 2 g and atmospheric pressure.

Feed Flow rate H,0/CH, : Product Gas Composition Catalyst Weight Methane
Peue=ycus*Pr | Pr2o=yi0*Pr _ “Tch
CH, H,0 Ratio % mole ) Flow rate of CH, Conversion
(mole/min) | (mole/min) (atm) (atm) CO, (W/Fcue, kg min/mole) (A Xcne) | (mole/kg min)
5.08E-04 1.02E-03 2.0 0.333 0.667 8.96 4.05 0.160
4.06E-04 8.12E-04 20 0.333 0.667 10.77 5.06 0212
2.53E-04 5.06E-04 2.0 0.333 0.667 12.12 8.12 0.302 0.050
1.27E-04 2.54E-04 2.0 0.333 0.667 12.57 16.21 0.389
6.35E-05 1.27E-04 2.0 0333 0.667 12.22 32.39 0.470
5.08E-04 2.03E-03 4.0 0.200 0.800 9.73 4.05 0.173
4.06E-04 1.62E-03 4.0 0.200 0.800 8.74 5.06 0.228
2.53E-04 1.01E-03 4.0 0.200 0.800 9.38 8.12 0.322 0.050
1.27E-04 5.07E-04 4.0 0.200 0.800‘_‘u 10.83 16.21 0.473
6.35E-05 2.54E-04 4.0 0.200 0.8085 = 10.59 32.39 0.570
SOSE04 | 3.05E-03 6.0 0.143 0.857 "= 428 6.62 405 0.188
4.06E-04 2.44E-03 6.0 0.143 0.857 % 50.83 5.38 37.] 6.60 5.06 0.244
2.53E-04 1.52E-03 6.0 0.143 %—E ?SAII <y ‘=,7.98 8.12 0.360 0.062
1.27E-04 7.61E-04 6.0 0.143 BS EI— 0.37 8.3L I I 39‘29 16.21 0.537
6.35E-05 3.81E-04 6.0 0.143 0.857 6381 § 1380 12,51 9.88/ 32.39 0.654
5.08E-04 4.07E-03 8.0 0.111 Y 4 4141 4.05 0.204
4.06E-04 3.25E-03 8.0 0.111 Al 0.889 56.38 5.85 30.73 7.04 5.06 0.295
2.53E-04 2.03E-03 8.0 0.111 0.889 53.93 8.81 25.64 11.62 8.12 0.443 0.073
1.27E-04 1.01E-03 8.0 0.111 0.889 56.83 15.64 16.22 11.30 16.21 0.624
6.35E-05 5.08E-04 8.0 0.111 0.889 63.11 15.49 11.22 10.18 32.39 0.696

08



Table C4 The experiment about the mechanism of reaction and determination of rate equation by Langmuir-Hinshelwood model at 850 °C,

catalyst weight of 2 g and atmospheric pressure.

Feed Flow rate H,0/CH, Product Gas Composition Catalyst Weight Methane
Peni=ycna*Pr | Pr20=ymo*Pr - “TcH
CH, H,0 Ratio ( % mole ) Flow rate of CH, Conversion

(mole/min) | (mole/min) (atm) (atm) CH, CO; (W/F¢yu, kg min/mole) (A Xcye) | (mole/kg min)

5.08E-04 1.02E-03 20 0.333 0.667 .64 8.96 4058 0.160

4.06E-04 | 8.12E-04 2.0 0.333 0.667 6.2 “‘ﬁ 10.77 5.06 0.212

2.53E04 | 5.06E-04 20 0.333 0.667 9. \\: @ 12.12 8.12 0.302 0020
127E04 | 2.54E-04 20 0.333 0.667 =% O\ 12.57 16.21 0.389

6.35E05 | 1.27E-04 2.0 0.333 0.667 = \ 12.22 32.39 0.470

508E-04 | 203E-03 40 0.200 0.800 AN 7] 5 9.73 4.05 0.173

4.06E04 | 1.62E03 4.0 0.200 0.800 2, b g is 8.74 5.06 0.228

253E-04 | 1.01E03 4.0 0.200 0.800 13 iR 1 9.38 8.12 0322 0.050
127E04 | S.07E-04 4.0 0.200 0.800 s 3.74 10.83 16.21 0.473

6.35E-05 | 2.54E-04 4.0 0.200 0.800 60844+ %) 16.84 10.59 32.39 0.570

508E-04 | 3.05E-03 6.0 0.143 ? 283 6.62 4.0 0.188

4.06E-04 | 2.44E-03 6.0 0.143 6.60 5.06 0.244

253E-04 | 1.52E03 6.0 0.143 6.24 7.98 8.12 0.360 0.062
127E-04 | 7.61E-04 6.0 0.143 0857 ﬂ'f <037 | 1200/ | 1834 | 929 16.21 0.537

6.35E-05 | 3.81E-04 6.0 0.143 ﬁjﬁs'u o &8l '”3 80 ﬁ Clash [ ] doss 32.39 0.654

508E04 | 4.07E-03 8.0 0.111 0.889 4800 § 470 |m4141 589 4.05 0.204

4.06E-04 | 3.25E-03 8.0 0.111 0y 'ﬁ}a 5§ 5, '] 0B ﬁ 5.06 0.295

2.53E04 | 2.03E-03 8.0 o111 1| o088 53.93 8.81 25.64 11.62 8.12 0.443 o
127E04 | 1.01E-03 8.0 0.111 0.889 56.83 15.64 16.22 11.30 16.21 0.624

2.53E-04 0.15 59252 1.68E-03 0.998 77.74 18.18 111 2.98 8.12 0.950 1.17E-01
1.27E-04 0.15 1182.29 8.45E-04 0.999 77.19 16.94 0.66 4.62 16.21 0.970 5.99E-02
6.35E-05 0.15 2362.76 4.23E-04 0.999 81.16 15.31 0.76 2717 32.39 0.960 2.96E-02

18
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Table CS Calculation of variables for determination of rate equation at excess steam

condition, catalyst weight of 2 g and atmospheric pressure.

Table C7 The experiment about &e effect of catalyst weight on methane conversion,

hydrogen to carbon nﬁoﬂdeﬁtqa%&'wgswxﬂqoﬂaﬁso °C, 1.27 x 10*

mole/min of methane feéd rate, 0.15 mole/mm of steam feed ra1e and atmosphenc pressure.

'a
'Weight . (% mole) Conversion Ratio
(g) H, co CH, CO, (A Xcwe), (%)
2.0561 77.15 12.66 6.60 3.59 71.11 6.10
5.0395 86.10 11.36 2.14 0.40 84.59 7.58
8.0898 85.22 12.57 1.82 0.39 87.69 6.78
10.0882 86.20 13.05 0.50 0.26 96.40 6.61

Reacti
on T k CH,Order | Ink, ko -Ea/R Ea
Temperature
(°C) (cal/mole)
700 1.03E-03 | 1.6466 | 5.1893 | 0.9080
750 9.78E-04 | 1.9430 | 6.9797 |
: 264 | 7.796E+04 | -9423.7 | 18,726.78
800 932E-04 | 24854 | 1
850 8.90E-04 | 2.9094 09035 -
Table C6 Calculation of varia t ion at non-excess steam
‘condition, catalyst weight of 2 r
i
st
Reaction - ﬁ(} ""-.‘
/T , \ Ink, ko -Ea/R Ea
Temperature i
ad &
LY N |
(°C) 3"‘{,,:,. (cal/mole)
700 1.03E-03 | -3.7565 24374-0.91
750 9.78E-04 | -3.6260 | 0 0.9 7
: 47 | 22812 | -4549.7 | 9,041.16
800 9.32E-04 | -3.5¢ —-
850 8.90E-04 -3.5 '
——3% 3
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Table C8 Calculation of Thiele modulus (@) in the effect of diffusion on rate of reaction.

Observed Observed Pore Effective Concentration | ® =n¢” = (rap; Jobs L’
reaction rate particle density | length diffusivity at outside DgC.
particle surface
(14) abs » mole/kg sec| (Ps)obs» kg/m® | (L), m | (Deg),m¥sec |(C,’), mole/m’
8.33E-04 589.64 2.40E-09| 3.35E-03 10.85 7.79E-17
8.33E-04 589.64 2.40E-09| 3.35E-03 10.84 7.79E-17
1.03E-03 589.64 2.40E ..\ U Y 4 10.84 9.66E-17
L]
1.22E-03 589.64 2.40E-C \\M 10.84 1.14E-16
3.33E-03 589.64 40 Jﬂﬁ. 0.85 3.12E-16
2.70E-03 589.64 I" 9 m ;\ ‘ ‘* +.10.85 2.52E-16
2.67E-03 589.64 zg’ f?&?\\\ 0.8 2.49E-16
1.95E-03 589.64 I E::E &\\\' 85 1.82E-16
9.98E-04 589.64 ﬂ it \ 9.33E-17
4.93E-04 589.64 \ 10.8 4.61E-17

Table C9 The experiment for dete
850 °C, steam to methane ratio of 4.0, )

rate, 5.07 x 107 tc 5.86 x 107

| 3\

s .
—— -t a 7
=N

LTI\

e LN

mics model of reaction at 700-
46 x 10 mole/min of methane feed
atalyst weight of 5 g.

Reaction u _[j H,/CO
Temperature (% mole) Conversion Ratio
==
°C C@ Q. -\J
o |61 N n Ei"’"f‘ﬂ “%’
l « ] " [
700 ‘: 5.22 48. 4 6.98
- _ LT
| Eaul 007 o 248 ldﬁﬁ}ﬁﬁgqﬂ P70
750y ') al. Nelos 4 3599 Toho 76 L6.84
Equilibrium | 60.74 1.67 23.65 13.94 39.76 36.38
800 5704 | 886 | 2426 | 9.85 43.54 6.44
Equilibrium | 68.55 | 426 | 1324 | 13.95 57.90 16.09
850 65.57 | 11.38 | 1514 | 7.90 56.02 5.76
Equilibrium | 72.17 | 7.53 791 | 12.39 71.58 9.58




APPENDIX D
Preparation of Nickel Magnesia Solid Solution Catalyst (Nig.03Mgo.970)

The nickel-magnesia solid solution catalyst containing low nickel has shown
excellent stability and no carbon deposition in the methane reforming by carbon
dioxide. It was also found that the s '
surface is effective for the inhibi

| metal particle interaction with support

Nickel magnesia : e co-precipitation method.
For example of preparati satalyst, From mixed. aqueous solution of nickel
acetate (0.8929 g.) and m distilled water 240 cc. The
solution was stirred well ixed rapidly with potassium
carbonate solution for as deposited by potassium
carbonate aqueous soluti@
M). After being filtered 2 ), The precipitate was dried
overnight at 120°C, and thenfthe/gatatyst wi ined in air at 950°C for 20 h. After

y=and sieved for 20/40 mesh. Then the

120 cc. or concentration 1.0

catalyst was in the fori D

Y

-

Steps of preparation B m

1 I;:I:rsitn:r mﬁwﬂ W%Wh for 0.5 mole/L
i i o (i3 %uaas

Was g with hot water (90°C) for 1 litres.
Drying overnight at 120°C.
Calcination at 950°C for 20 h.

Pressing at 600kg/cm” and sieving 20/40 mesh.

.\’?\!"P.‘“.N
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