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Table 1
Detailed reaction mechanism for steam reforming of methane.

Table 2
Experimental conditions (p=1-1.05 bar),

Reaction A [cm, mol, 5] fi £ (ki mol™) fieed i g M| 5iC Catalyst [cpsi)
1. Ha+ Rh{s)+ Rh(5) — H{=)+ His) 1003 « [0~ 0.0 0.00 Methane AB0-B40 1] Rhfumicare (600)
2. H(s)+H{s] —H,+Rh(s)+Rh(s) 3000 « 102 0.0 77.80 Methane 450-835 28 Rhjuriiicore (600}
3. g+ RS+ Ri{s)— O(5) + O(s) 1000 = 10°-%% 0 0.00 Methane 520-845 3.3 Rifumicore (600}
4. 0(s)+0fs)— 0: +Rh(s}=Rhis] 1300« 107 0.0 35520 Methane 425-610 3.5 Rbfumicore (600}
5. CHas{s) — CHa=Rh(5) 8000 10-9% 0.0 0.00 Methane A445-685 3.6 Rhfumicore (600}
6. CHy + Riys} — CH45) 2,000 107 0.0 2510 Methane 425-545 & Riyumicore (G00Q)
7. Ha0 -+ Rhis) — Ha0{s) 1000« 10°°'* 60 0.00 ;
R H30(s) — Hu0 * Rhi(s) 6000 5 10°13 0.0 45.00 Merhane 420-820 2.7 thumgcore (900
9. €0+ RA(S) — CO4LS) 1.000 . 10-75 6.0 o.on Methane 430-770 33 Rhjumicare (900}
10 COMsh= COye Rh(s) 3000 5 10758 0.0 2190 Methane 415-705 35 Rhfumicore (900}
1, CO+Rh(s) — COfs) 5000 = 10-0" .0 0.00 Methane 425-8950 38 Unloaded (600)
12, CO{s) — CO+Rhs) 1000 % 107" 0.0 lﬂA'E Ethane 345-900 25 Rhfumicore {900}
: Beons) i 50.0 Ethane 275-760 4 Rhjurnicore {900}
13 His)+ B{5) = OH{5) * Rh{s] 5,000 =« lﬂ’.‘ 0.0 8370 Efane 540-910 e Unileaded (G00)
14 OHis)+ Rh{s) — H{s}+0fs) 3.000 » 107 0.0 37.70
15. H{s)+ OH{s) — Ha0(5) + Rlis) 3.000 « 1077 0.0 33.50 Propane 335-750 2.5 Rh/Umicore (900}
16. Ha(ed + Ry s) — His ¥+ OH{s) 5000 « 1072 0.0 1in.a0 Prapane ZI0-780 4 Riyfurnicare (900}
17.  GH(s|» Obi(s) — HaO(s} + 0(s) 2000 x 107 00 100,80 Propane 680-1015 4 Unloaded {600}
+27
L5l SXEe7 - Obie) & Bl - 11 DG s 0 1B T 7L 80 Butane 420-720 25 Rlyjumnicate (900)
19, €(s)+0(s) — CO(s1+ Rh{s) 5000 « 10 0.0 97.90 S
20 CO[s)+ Rhs) — Cls1+0(s) 3700 - 107! 00 169.00 Butane Tl RO 4 e
4 il ; : : ' s0.0 Butane 540-960 4 Unloaded (6007
21, COfs)*0{s) — COafs) + R3] 1.000 = 10°% 0.0 12160 Matural gas 240-750 25 Rijumicore {900}
Bes; . 5007 Natural gas 250-750 E Rhjurnicore (300}
22 LOy5)+ Rhis) — CO(s}+ O(s) 5000 = 10" 00 11530 Matural gas 540-820 25 Unloaded (500)
23 CO[s)+H{s) — C(s) + OH(s} 3700 = 1072 00 14276
s 50.0°
i 1 - 20 -
;:: ‘ES{];; ?ﬂtii = Eg(c;]:; f{;; i3 :f;gg . :g.lg g:g 132;; components. The adsorbates then participate in the detailed
26, HCOsI+RR(S) — COMs+ HIg) 21900 « 10721 0.0 0.00 mechanism of the C,-chemistry, Tabie 1.
Bl gs) —50,0%

2000 = 1077 0. 59.50
3,700 = 107 0.0 167,50
5,500 ~ 10727 0.0 61.00
3700 - 102! 00 51.00
2700 = 102 6.0 103.00
3700 % 107 0.0 44.00
1700 « 103 0.0 100,00
3700 . 10724 0.0 68.00
31700 % 107! 0.0: 21.00

27, HCO(s)*+ Rh(8) — CHI8) +0(3)
28, CHIS)+0(s) = HCO{s)+ Rh{s)
29, CHafs)+ RIi3) — CHafs)+ His)
30, CHy{s) + H{5) — CH4s) + Rhis)
31, CHyfs)+ Rlijy) — CHafs) + H(s)
32 CHal <) Hig) — CTH4(B) +Rhis)
33.  CHals) # Rh{s]— CH(s)+ His)

34, CH(s)+H{s) — CHa(s)+ RR(s)

35. CHIs )+ RIS ) — €[50+ H(5)

36, Cfs)+H{s) — CHis)+ Rhis) 3.700 « 1072 00 172.80
37, CHy{s}+ Ofs] — CHyls) + OH(s} 1.700 ~ 10724 0.0 2034
38 CHy9) + OH(s)— CHa(s)=0(s) 3.700 » 107! 0.0 2427
39, CHals)4 O(5)— CHu(s]+ OHIs}  3.700 « 1072 0.0 12031
40, CHyfg)+ OH(s) — CHy(s)# O(s) 3700 = 10" 0.0 15.06
41, CHaf{s)+.005) — CHES) » GH(3) 3700 1072 0.0 114.50
42, (His)+0H(s) — CHafs)+0(s) 1700 » 107! 0.0 1682
43 CH(5)+0[s) — 51+ OH(s) 3,700 = 10°H 0.0 2012
44, C(5)+0H{s] — CH[5)+0(s) 1.700 » 107! 00 13600

Arrhenius parameters for the rate constant written in the form; k = AT exp| —E,[RT).
Toral surface site density is /7= 277 « 10" molfem?,

® sncling coefficient.

¥ Coverage cependent activation energy.

the adsorption of ethane, propane, and butane Eq. {14} was used.

" E
Scory =k . EXP(—R—;_) " {—ExH_\‘ ¥ cE‘dn'dlI{'y (14}

The activation energy and the reaction orders, aand b, are given
in Takie 3. We observed a similar behavior in steam reforming of
the single components ethane, propane, and butane (for instance,
Figs. 4, 5 andd 13), consequently, the rate constants lie in a narrow
range. The pre-exponential factor is calculated using Eq. {11} |23]
assuming a sticking probability of 5! = 0.006. The activation
energy is expected to be in the order of 30 kj/imole corresponding
to the activation energy for the removal of the first hydrogen atom
[303] and is considered to be similar for all alkanes. £ =0 since no
additional temperature dependency is expecred. Butane conver-
sion is a bit lower (Figs. 8 and 14), The final value of the parameters
were obtained through comparison of experimentally derived and
numerically predicted conversion and selectivity in SR of the single
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4.2, Gas-phase reactions

The reactions in the gas phase are included in the simulations
applying the mechanism of Quiceno et al. [22]. This mechanisim has
been developed for oxidation processes of methane, ethane,
propane and butane, It consists of 765 reactions among 63 species
in the gas phase.

5. Results

The steam-to-carbon ratio (S/C), which is the total number of
water molecules divided by the total number of carbon atoms in the
feed gas, serves as parameter to describe the feed composition. For
propane, forexample, §/C 3 means 9 molecules of water per molecule
propane. For natural gas, an average carbon content per molecule
was caleulated based on the gas composition. The S/C calculation alse
accounts for the amount of CO, contained in the natural gas.

Conversion, selectivity and yield are calculated as follows:

yl’ﬂ = .Vf_r_\

X; = (15)
S5l Xco Xeo
S0 =r———--— Sco, = —J S,
Xoo + X‘_'oz + XcH; Ao + ACDy 1 Xcu,
= XoHy . (16)
Xeo +Xeg, 1+ Xow,
X
[ T o) 17
Ha Xy + 2 - XCH, ( }
Pp=X; -5 (18}
Table 3
Rate constants for the decomposition of ethane, propane and butane.
Es a b
CiHg 51 0.6 87
CaHg 50 0.62 .85
Callag 43 (1485 0.54

Scom, = A T exp(—f) g Chacanicy

INFORMATION REDACTED PURSUANT TOTHE FREEDOM
OF INFORMATION ACT (FOIA), 5 U.S.C.552(B)(6)

-





