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Abstract — The intrinsic kinetic parameters of steam-methane reforming reactions over commercial nickel-based cat-
alyst were determined. The reaction rate equations were derived from the reaction mechanism-based Langmuir-Hinshel-
wood chemisorption theory. As the experimental variables for the kinetic study, the reaction temperature ranged from
630 to 750 °C and the steam-to-carbon ratio also varied from 2.7 to 3.5. Based on the experimental data, the efficient
optimization algorithm was used to determine the intrinsic kinetic parameters due to the high-dimensional objective
function. It is confirmed that the parameter estimation results showed good agreement with the experimental values.
Thus, this proposed mathematical reaction model can be used as the basic information to design a catalytic reactor and to

optimize operating conditions.
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S AA)8k 9Ivh3,5,6,8,13,16,24,26,28]. SMR
72 uu 7Rke] Bt SulE ARSshe S
YolghA 9l Afsletard 529 48 ZWUEA
+d 7}~ (syngas) Ak Sal AFEE 2 ot
.03 AR SMR 4 2] AAIE 9l ZvfikgA| 2~
zay 71 & o183 HA A} A Q8hrh2,7,9,25,28,34]. &
EAAY Ao | uibg A © 7 A= s A RS A] AE Q]
oAl = Fulle] TS =2 (intrinsic kinetic model) 7
o7 7K 718 Aol A TAo]t}2,3,7,9-11,14,16,18-28].
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Al - power-lawel 7]4kgk Wek(CH,)He] 17} &4 &
FaFiTt. JEM AA 374 LHOﬂHL ﬁ%ﬂ*‘é, 9%

by ot
2
rO

oja) 54 el Wz} A71A ek, e Wﬂ“ﬂ%%
(CH,) 2 AV QATERIA(CO), OAHSHRE(COy, 2(H) 5
o Y 9 2EEES Tel wHEo] A ArHIS 1921].
2 power-law Fele] HHSER R A BFAZhe] EAAH

Jojih= 2k uuke 8] g 5o vk A S 18
SRR Fujo] EA40] ogf st HhHAY S vX= Y-S 3
oFsh= Zlell= $HAI7F ik, whebA] o] gk WAL S-S R et
relSo] HA o7 A9k rH2,20,22,23].
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7N (direct reforming)THS T2 3F L CH, 2l S E2ME WES-4 50
GS F= F o7 7PJSIATE 8H, Deken 52219 EdolA =
73521 COo E CO,9 FEa-S 17318l Numaguchi S [2]

Langmuir-Hinshewlood 711F2] BL&1-8- AQ¥s1o] 425-7](H,0) w1l
T2 H,0 #24e] F3o] uksLizo] Q3RS v A= A0 % B s}

Stk 18117 1989 Xu 9} Froment[23]& W= 2 A=Y &
g2 Zuo| 8] RHRhg I8 3, RS B e
Langmuir-Hinshelwood- Hougen Watson (LHHW) ©l 7]REe] =4l
< AAISATE o] ZEE RES-ERQ] SMR F7gollA dojd & %%

T HEES s, ZF vhe-e] HP I kw9 A
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ATH2,7-11,14,16,29-33].
& ATelAE YA °‘EU]Ur7} Z’“—Ero 44=mS SMR 373
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g, kel thek G2 () (1 *E"é%ﬂ = 7Y ‘E}O 1=
2 eo] gobrlel whet ouks o w wkgg o] o) F Al €
Ch i ()= kel theh REg-3 9] o] 542 Ql= 2 o= vet
ok 7Ela 22 ) Al oFt dFE v RN, RES=<l H0
o] o] WaTH BE WhgolA A wksAdol sl X =,
BET A o] Aol wke-o] WIS AR & 7 e
2 FoIR kS ol M o] W I} ool AT H = WS HIAY
= WAE et 1SS EA S 2EE 5tk

2-2. HIAHUE 7I”P° HISSE oY

B REEHAYSS WHg-E 2 A Eof| o3 FuljamHolA
2wk 1?41 gzko] TS ZEl o] Table 19 2]
ATH23].

HESHAYES] H,09F CH,S &
e} o] dojif= THNES F F1t Sl
CH,O(s) “1&]3L CHO(s) & ©Hl= xé 2Rl o] ErFsstE =
W27 28ehs bS] BEE 7P st uheka] melA
HEAAGE] 7= TARJD ()- (9)7} Hh-S- 45 = A 4 v A (rate
determine step)2} & 5= Slt}.

A7) 2] WM A US-S 112893 Langmuir chemisorption ©]& 7]
HEe] RESS E R ES 53U TH 23] B Aol ARkE-at o
HES-0] S PAS YA Bl Whe-Ea A ES] AAAH &

2A1E E5kekal Qlvh HESS A the ) o] YR glom
2 (14)-(16y & 1470] W55 238t ich. 7 vk
HYEL Table 28} 2o] &0 th3h a2 F2) = vH25].

Rlo] o] Fste] 82
A E CHj;(s), CH,(s),
15
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kel

o&& 3
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k H,Pc

= o [pm Pr0— K(Oj/(DEN)z (2] &5 (14)
1 1
k szp !

Iy = Eﬂ(pco'sz()_ Ku)z)/(DEN)2 (e} S5 (15)
H, I

Table 1. Reaction mechanism in SMR

State of species Status

H,0 + (s) <> O(s) + H, (1) Adsorption / dissociation of H,O
CH, + (5) <> CHy(s) (2) Adsorption / dissociation of CH,
CHy(s) +(s) = CHy(s) +H(s)  (3)
CHy(s) +(s) <= CHy(s) + H(s) ~ (4)
CH,(s) + O(s) > CH,0(5) + (5)  (5)
CH,O(s) + (s) <> CHO(s) + H(s) (6)
CHO(s) + (s) <> CO(s) + H(s) )
CO(s) +O(s) = COs) +(s) ®)

Surface reactions

Rate determine step in surface

reactions
CHO(s) + O(s) <> CO,(s) +H(s) (9)
CO(s) < CO +(s) (10)
COy(s) = CO, +(s) an .
2H(s) > (5) + Hys) (12) Desorption of products
Hy(s) < H, +(s) (13)

Korean Chem. Eng. Res., Vol. 56, No. 6, December, 2018



916 olFA - A%

Table 2. Equilibrium constants of reactions I, II and 111

Equilibrium constant Unit Value
K, (kPay 1.198 x 10exp(-26,830/T)
Ky (kPa)° 1.767 x 10%exp(4,400/T)
Ky (kPay 2.117 x 10%exp(-22,430/T)
rnlg%%}cm-pa pif‘“J«DEN)(HD°l”*: (16)
HY 11

DEN = 1+K¢o+peot KH2 +py, T KCH4 +Peu,t KHZO + sza/ P,
(17)

Jeal g T Arrehnius 2] FEE 247 2]

s 110 -1 o
18)¥ (19)& Hoject
E_a,
k. = ko *e X7, = (I),(I1) and (III) (18)
—AH
K, =Ky*e ", j= CO,H, CH, and H,0 (19)
CH,, CO ¥ CO,%| A Y AEEEE 4] (20)-22)= )8t
ol5 AP v|wate] WS EYE A4 = Qlrt. o] AE
@ ASH 3ol eabE Hagehs MheEEYTY] B S SIS

MBS T Bl A Het,

FCH out_FCH in ),
Ten, = * W == LM,”' (== )dw (20)
Feo.ou=Fco.i ,
oo = ——o——= = J’M(w (r;—r;)dw @n
Wcat 0
FCO out_FC() in ),
Tco, = : w —= fg‘“'(rn—rm)dw (22)

cat

2-3. HISE T M AN HRH
W52 H23E 918 543+ root mean square error &
B *é*éé}ih 2 (23)% AL 14719] DRSS EAFS
E@’S}ﬂﬁlq‘ 0] % sequential quadratic programming (SQP) *5] ©.
BARkRe] ks Haslels ST TS Atk
min f(KP)
{ (r('H4. exp ™ rCH)/ LeH, exp }z +{ (rco, exp” reo)/Teo, exp } ?

2
+{ (Tco, ep— rvoz)/ T'co, ex]J}

number of experiment

Y 23)

Table 3. Boundary conditions of the intrinsic kinetic parameters

r‘%{j

olits - £l

Subject to :

LB <KP <UB

KP = [k kop Komp Ko.cor Koy Kooy Kosmor Eap Eay, Eayy

AHcp, AHHZ, AHCH4, AHHZO]

SQP= AL Foixl vl Y HASEAE F= FEH v
A A o Z AntAQl nA Y A sEA Q] Aol folst
11[34,35] 245 54274 4 curve fitting Aol Y] ALE-H
I TH35-37]. 3 BAe] RES-HEA2] A S fldl Algkxrd

9] W= 71ER315-5(7,9,10,14,16,23] Farato] A8}
.4 o

oF 15 wt%2] UZo] P15 7§ SMR Fvlj7}F ARG Sltk. sl
Frllo] ARHAQl B4 Table 49} 2T},

o] AFEEE S4S Slal 4 U Bl 2% Hffu
A7} 2 sk Wb 0.5 mmu]ke] Ak Fajsie] 473
(W78 d=10 mm) Wl 0.2 gFmF F3: 0275 mL)= & _o}
Atk o] W, FujF-2] F-3]7} F-23] oA Yol & Tl

v 02 7Pgsia S oMo BAAYAY Gl F
ro1 22 I 7= powders AFHE-SHELE wl Al S TH23-

25]. FulS 9] L1 Ketype QHT|R S740] W91 WA
A8 el Fmlj 2] g8 95te] g7t AL H, 20 vol.%

(N, balance)= A 33111, 550 °C7HA] 5% (T4 1E: 3 °C/

min) 907 FAIAIZ T
Hh-S-/d A gl o) A5 ﬁaﬂﬂﬂ NeEF=E Fig. 19 2ot
E I~

Heating fan®] 913 BhA UIF-ZS 130 °C o0& 4417 €
= HAIV)E vhEo] k7] H]Ti e I Db PO P
?%—71&— A7 SEA7) L AZRAS AH HEH o7 A7 S8
< AASE ¥, gas chromatograph(Agilent 6890, US)Z A/ 7}-22]
Z/3& #4394t} CH,, CO Z18]aL CO,,= Wekahd=)7} _E,Lﬂg

= 24L0]- 2317 % 7] (flame ionization detector, FID)Z 7 &3}
N,&= Q=327 (thermal conductivity detector, TCD)E /\]—%—

ato] ST N9k v A= 9] 2245 &3l Hyxs balance
2107 ik,

SMRL 3.2 Fukgo
750 °C) ATt v

Z35 B 98l AA ke x1E

2 F (630~
Aol w2 A EC]
3Fod S/C H] 2.7~3.5

25 3
P A e

]
A
=1

=
_W_‘i
ol

KP ko (x10") ko (x10%) Ko7 (X1 0") Ko.co (<107%) Ko g, (% 107 Ko o, (% 107) Ko 0 (% 107)
LB 0 0 0 0 0 0 0
UB 1,000 1,000 1,000 1,000 1,000 1,000 100
KP Ea; Eay Eay; Eaq Eay, AHCH4 AH 10
LB 100 0 100 -100 -100 -100 10
UB 300 100 300 0 0 0 200
Table 4. Catalyst characteristic
Ni content Component NiO size (XRD analysis*, nm) Specific surface area (BET analysis**, m%/g)
15 wt% Ni, ALO;, CaO 20~25 11.071

*XRD data analysis: X-Pert PRO MPD (Rigaku International Corp., Japan)
**BET data analysis: BELSORP mini II (MicrotracBEL Corp., Japan)
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Catalyst bed ks
r~Cat t
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Gas chromatography
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Drytrap \ /
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Water
Fig. 1. Experimental apparatus for catalytic activity tests.
Table 5. Experiment condition set Aol I E Tk HESE ] 4] JFE &) S8 s/cnlE
Case Temp(°C) GHSV(/h) S/C ratio 2.7,3.0,3.5%2 A3l A¥S stgon 717k A¥e en
Experiment 1 3.5 630~750 °C Ato]ol|A] BEgo] 1= it Aol = vk &%
Experiment 2 630 —750 84,000 3.0 A7 F ok 4587 FuF 25 MY 3kE Sl F, 7001 71
Experiment 3 2.7 Eﬂo] Ei% A]\%g}%q— O]% %EH, /g E‘iﬂi_/’\—(\__l’:— t;‘l S/CH] )Oﬂ 94?—]:
whge] 542 sjoteka shusl APolE S ol gstol A

o2 AAsISict. A3 M= Table 5ol 2= At

& T8 CH,O A& (X ey, )PF COATEE(S ) e Thr
(24)-26)°.2 AXFSISILE. o= o4 AAHIE e A E=
&gk 4= Utk WS- Fof| carbon deposition®] & =7} F-A g Tk
Folgta 7Pgshd, WS- (), () 2] 32 (IellA] carbon balance:=
A€k 5, CHEl HRSA R (1), () 2 () ol oJ8h A gke vk
CO % CO,7F BAEM o] 5-L ()2 FFAA o upe} H,2] F&
7 = A A7t} wheba], o] 2§t carbon balance®]] twhE}
Xl ZoF CORTR= CO,E M3 T5(S,,2 57h 744

Abgo] F7KhE ele i,

9
|

Al

:

F Finke 100 24)

= —X
out [N2]gu[

Fincn—Fou [CH4,,
XCH _ ,CH, t [ 4] />< 100 (25)
! Fin,(,'H4
Fuut'[COZ] t

Sco, = o %100 (26)

€% Fpem—Fou [CH,,

4.2 1}

SMR -8Fwllel] tist BES-E545 A3sh] sl & 3719

NRSETEYSES At

4-1. CH, M&g 9 Co, MEiz
=128} S/CH] ol WhE Xy, 9} Se,E Fig. 200 EAISHI T Xen e
529} 8/CH)7} oS FUIehS Sl & 4 qloh W}

AeHE-S T7HA71E ol frE W (D3 (el &JEl cosgt Co,=
A8 5= wkgol i) dojgtr o 2 FAnkso|ng Ao L5 F

100

100

80

- 80

60 - 60

Xona(%)
SCOZ (%)

40 4 L 40

Xens SIC35
Xena SIC 3.0
Sc02S/C 35
Sc0sS/C 3.0

204 20

4 > o &

T T T T T T
675 690 705 720 735 750

Temperature(°C)

Fig. 2. The effects of temperature (630~750°C) and S/C ratio (2.7-
3.5) on methane conversion (Xcp,) & CO, selectivity (Sco,)-

T T T
630 645 660
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7ol whek HE-8-9] driving force”t 5718k, i) WHoEEEH 02
250l Wt Arrhenius 2ol W} 5271 Frkebr] wiiko]t), 12
L ALG 9 s/culel whe A WA= AR OR A FEE
o] =0} o] = ALF Yol = vke=2] el thgh w5
£o] S7F a3t AX Rk 32 2 E0) ot 7153 a
78 74 ikgE o] 2724 Ol thgh o] Eojtis Ale Ko
wtt. gk, A8k} Rif o] oo & vheRdt o] &
FelA CH,2l HE-g-H =7 webA] L F Aol (I)e] Whg-d & o]
COE Wibsh= WaFo 7 ol gal7| wirolrt. gk S/CH)7} 35+
= Sco,/F o=, ©1= Le Chatelier®] fzfell ofaf Wk-g-&<1
H,0 #¢te] S7P7F ke (2] B &= Co,= U ol Aiksh= %
O % fieahy] wiroltt.

L

Scozf

4-2. DRUISHEEM0| HY

T 8U/l12] A3 uolEl 5 o] &-3to] kA AT gk ukel o], SQP
WS Sl 147019) AR RS A4 E| it MATLAB
2018b2] optimization tool box (ver. 8.1)5 ©] €3} 1 Intel®
Xeon®™ CPU E3 1275 (3.4 GHz)”F ARE-E|0] 3t 750 3] 2] wHEAlAlo]
FAHAG. o5 Fall AHE HA SSAdTE A (14)-22)°0
ko] W& W YA E O] AL &3 3hE EEI31aL 0]
= Agdolel ¢l v w3tk WA Fig. 300 AAlE A7 &
TES B WS 2 ] A E 2Riske] Ao digt oS
At S FR1E 5= Stk Fig. 3(a)-(c)ollA <% 2 S/C
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-
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pre-exponential
YAk} Suf
o]a H]5=3 YA (15 wi%)yS 7FA AL Q7] Wil A HelT,
W Oliveira 51019 Aol A AF&-3F Fulj o] Y2 322 10
wt%3d om ZHgo] ZEn E(4.7%)E EFE AL tldnkgol
AUHEA 9l SMRe] o} sorption enhanced reaction process (SERP)
o|lBZ Fu7t thE W53 KHols AR Ihdr). 83
Hoang 5[7]9] A4+ YA &5 9.8 wt%el| 3o ¥ 3te &
ARESFA L WEE-(IDelA] & Zfol& UEbd 2102 Heltt, 384
2479} adsorption enthalphy: 55 AR 33 LFERJIS 0.1 o]
28 GAEAUR)T AAA (G FHIvhE ARSRS7 1ol F2

R

80 80
(a) v (b)
70 W 70 /w
60 K GO wl ¥ = CO
— e CH, - e CH,
o <3
%50— A CO, %50_ A CO,
i) v H, 2 v H
S 40+ S 40 -
i CO_model = CO_model
2 39 —— CH,_model 2 30 —— CH,_model
= —— CO,_model = —— CO,_model
20 4 —— H,_model 204 o - —— H,_model
[ ]
H —A——A A A A A—A ——
10 ° r—a—# 104 - =% =
= = = ° - - - L] (]
0 T T T T T T T T T 0 T T T T T T T T T
630 645 660 675 690 705 720 735 750 630 645 660 675 690 705 720 735 750
Temperature(°C) Temperature(°C)
80
(c) = 20
ey /Wl 1
18 °
v = CO q [
_ 60 o CH, 16 <
S A CO .1 ° »
g 50 2 < 14 . ®
= v H 8 4 ]
B 40 2 S 12 A .
o CO_model 5 od .
© —— CH,_model S 10l ' 7
S 30+ 4— T 10+ .‘ o N
= —— CO,_model 8 oe =
o 8- ® 5
204 e —— H,_model J e, = CO
10 & & —a ¢ Lk ® CH,
n = = A CO
4 . 2
0 T T T T T T T T T T v T T 1§ T T T T T
630 645 660 675 690 705 720 735 750 4 6 8 10 12 14 16 18 20
Temperature(°C) Experimental data (%)

Fig. 3. Comparison of mole fraction between the experimental data and the predicted values (a) S/C 3.5 (b) S/C 3.0 (¢) S/C 2.7 and (d) parity chart.
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Table 6. Comparison of kinetic parameters between this work and other researches

Kinetic parameter Unit This work Xu & Froment. [23] Oliveira et al. [10] Hoang et al. [7]
Ko mol kPa>/g_, min 7.382x10™ 7.040x10™ 3.498x10"! 5.429x10"
Ko s mol/g,,, min kPa 3.783x10* 3.260x10* 1.506x 10! 3.258x107
. Koz mol kPa®*/g,,, min 1.636x10™ 1.710x10™ 2.802x10"3 1.284x10°
Reaction
Ea, kJ/mol 261.9 240.1 218.55 209.5
Ea, kJ/mol 389 67.13 73.423 70.2
Ea, kJ/mol 243.7 2439 236.85 211.5
Ko co kPa’! 8.825x107 8.230x107 8.110x107
Ko, kPa! 6.051x10™"" 6.120x10™"! 7.050x10™"!
Ko.cn, kPa’! 7.015%10° 6.650x10°¢ 1.995x10°
) Koo 2.206x10° 1.770x10° 1.771x10° 1.680x10*
Adsorption 2
AHcyy kJ/mol -85.9 -70.65 -70.65 -36.65
AH, kJ/mol -79.7 -82.9 -82.9 -70.23
AHcy, kJ/mol -423 -38.28 -38.28 -82.55
AHy, kJ/mol 829 88.68 88.68 85.7
g2k &5 9l sl Jako] e A o7 wrkEn) Ky, : pre-exponential factor of adsorption constant
LB : vector of lower bound (constraint of the optimization
5. 4 =2 problem)
P, : partial pressure of component 7 [kPa]

B Ao AL YALGZE o) 20 E 0] £-3F SMROA 2] I; : reaction rate of reaction i [mol/g,,, min]
TR ETAGLE FalElgin) e B8 7|E B ES F ey, Teo oo, - 1ate of CHy, CO, CO, formation in reaction [mol/
stof 37441 2] REg-E=(1, T 2 1) a8ttt vk wlAYS= 1t Eeqr MiN]

J3l7] 98l LHHW HEe R ElS o] 8519 17 IR T A S R : ideal gas constant [8.314 J/mol K]
ARet] 1 AP AA AATEES 1 d kg oA s s active site of catalyst
(T:630-750 °C, S/C H]:2.7-3.5) 33} a1 o] AF 7S 71wk 2 Sco, : CO, selectivity [%]
A LSS AR E T Y SR E AR T - temperature [K]
2a9o] o=zt AEzS vlwdle] g REol A% UB : vector of upper bound (constraint of the optimization
(R*=0.87528)7} -3t aL A 271 o] Wstel] up A=l thet problem)
w3} o] FekeA 5u= 2le el & 5 Al 18] AL 7] Wear - weight of catalyst bed [g]
e 230 RS ST E vlaste] S wkg 2/ s} Xen, - CH, conversion [%0]
i, F2el|qA] 52 =elskers 544& vl & A i +(D), (1) and (IIT)
5 38l HFH 0w AdE Ak S ERE e A F0l9] fra J : €O, H,, CH, and H,0
I3

]
iANe) S
Ak o =AY A ddE 5A4S argste] )
SMR REg-A|AH ] AAlof] ARg-E 5= it}

Nomenclature
d : inner diameter of quartz reactor [mm]
Ea; : actibation energy of reaction 7 [kJ/mol]
F : molar flow rate [mol/min]
AH; : adsorption enthalpy of component j [kJ/mol]
KP : vector of kinetic parameters
kp, Ky : reaction rate constants of reaction (I) and (III) [mol
kPa®3/g,, min]
k; : reaction rate constants of reaction (II) [mol/g,,, kPa]
ko : pre-exponential factor of rate constant
K, Ky - equilibrium constant of reactions (I), (IIT) [kPa?]
Ky : equilibrium constant of reaction (II) [-]
Keo» Kpp, Ky, : adsorption coefficients of CO, H,, CH, [kPa]
Ko : adsorption coefficient of H,O [-]

Al

2 AGE 7R EATE] 9] BIG AR @ErellvA) 7 <A+
9 F oA B8-2426)C.F A E G T
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