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Abstract

The simulation of a steam/GQeformer is based upon detailed intrinsic kinetics of reforming, including those of carbon
deposition and -gasification. The internal diffusion limitations are accounted fot through the modeling. The influence of the
steam/methane and the @@ethane ratio on the synthesis gas production and composition and on the net rate of carbon
formation is illustrated. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Intrinsic kinetics of steam- and CG-reforming
of natural gas
Natural gas mainly contains methane, but also
ethane; propane, butane and even higher hydrocar- Steam- and C@&reforming can be represented
bons. It is converted into H/CO and CQ on Ni, gen- by the following global reversible reactions, taking
erally supported on alumina or by partial oxidation by methane as an example:
air or oxygen/air mixtures. For the production of am-

monia a synthesis gas with molar ratio of/N» of 3 CHg + H20 = CO+ 3H, n 1)
is needed and this is achieved in a secondary reformer
that transforms the eflluent of the primary reformerby co 4+ H,0 = CO, + H, o )

means of air. If the syngas is to be used for methanol

synthesis the pC0O,/CO+-CO, has to equal 2 and

CO,-reforming or partial oxidation may be con- CHa+2H0=CO;+4H; r3 3)
sidered. For oxo-synthesis thexA@O ratio should

not exceed 1. General reviews on steam reforming
have been written by Trimm [1], Bartholomew [2],
Rostrup-Nielsen [3] and Twigg [4]. The present paper
outlines and discusses a fundamental approach for
the kinetic modeling of nsyngas production and the Rch, =114 r2 and Rco, =2 + 13
application of these kinetic models to the simulation

The reactions (1) and (3) are endothermic, the water
gas shift (2) is exothermic. The rates of disappearance
of methane and the rate of formation of €@re cal-
culated from

of steam- and C@reforming. Xu and Froment [5,6] and Vereecke and Froment [7]
expressed the reforming scheme in a more detailed
E-mail addressgilbert.froment@skynet.be (G.F. Froment). way, shown in Fig. 1 for a feed containing propane,
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Nomenclature ethane and me_thane. The C(_)nver_sio_n of the h_ydro-
carbon starts with 2 parallel dissociative adsorptions.
an specific surface of Ni Each of these adsorbed species further decomposes
particle (MPNi/kg cat) untill oxygen, generated from the dissociative ad-
Cc.Ni.f;Cc,Ni;r  concentrations of carbon sorpion of steam, is inserted, yielding adsorbed CO.
dissolved in nickel at the The latter is desorbed or transformed by an ele-
front and the rear of the Ni- mentary step of the water gas shift into £€0he
particle (kmol C/n§ Ni)d, oxygen is inserted when the stage £His reached.
dp particle diameter (m) Without this insertion the dehydrogenation of the ad-
d tube diameter (m) sorbed hydrocarbon radicals continues untill carbon
D; Knudsen-, molecular- or is produced and deactivation of the catalyst starts
effective diffusivity of (Fig. 2).
component (m?/h) ,
g acceleration of gravity (mA) ki pesHg
AH reaction enthalpy (kJ/kmol) "= TDEN)2”
; rate coefficient ' /
. (kmol/kg cat. h batf); re = k; PCyHe — (Paf/Pazs + K)k;_ PCsHg ’
n=—05fri=13n=1 (DEN)?
fori =2 kyy (pcr; — (kg /oy ercrs—1p50)
K; adsorption equilibrium constant ™ = 5 )
] (DEN)
(bar™7) + 25 05
D; partial pressure af (bar) (kco/ Plj'z) (@CH;—1 PH, PH20
or (Pa) —(kpy / kokm ) Pcopy,)
Pt total pressure (bar) fco = (DEN)2 ’
Q = UAT, heat flux from v, 35 05 2
furnace to process gas (kJim) (keo,/ PH) (@CHy—~1 P, Phiy0
rds rate determining step —(kyy / kGo,km ) Pco, PR,
rem rate of coke formation Co, = (DEN)2 ’
from methane cracking (kv+v/e o Prp) (PcopH,0
(kmol C /kg cat. h) 1/ Kwes) )
I'c.net net rate of coke formation Rwas = WGS)PCO, PH,
(kmol C /kg cat. h) (DEN)?
r; rate of reaction with
(kmol/kg cat. h) ,
R gas constant (kJ/kmol K) (PRi2 + 3/ P + 1OkE peghg
Ry particle radius (m) +2kt / PCoHg + kﬁ/pcm
o e 09 ok Kol o
i + o+ e 0.5
z distance along reactor (m) OCH—l = +(k,C02kM /K/COZkM )PCo: P,
kyg Pﬂ'f/ + kdo(pH0/ PR,
Greek symbols N +kdo,(Ph,0/ PR,
n; effectiveness factor for reactign
pg  bulk density of the bed (kg catfreactor) and
s particle density (kg cat/fcat.)
£ dimensionless radial distance in DEN =1+ achq— + KcHo-1(Prz0/ Pl )achs—
catalyst particle +KcH,pcH, + Kcopco + Kco, pco,
Q reactor cross section @ +KQ fl’ﬂf + Kno PH,0

PH>




G.F. Froment/Journal of Molecular Catalysis A: Chemical 163 (2000) 147-156

l—————- CHg-1 + CHy-1 —

l +1
Czﬂs-l + an-l
l-——-— CH3-1 + CHy-1 —

CHg~1 + H-1

I +1

CHgi~1 + 1

l-—ﬁ-l

CHB"'l

| .

CHy~1 + H-1
o-1 o-1 |

i

CH,0-1 + 1

| .

CHO-1 + H-1

|
i ] #2

€o,-1 4+ H-1 co-1 + H-1

o !

co, + 1 co + 1

}

Fig. 1. Detailed reaction scheme for steam- and,@€&orming of ethane:methane mixtures [1,3].
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C;3H; + 21 = CoHs-1+ CH;-1 rds; kp*
C3Hg +21 2 C3Hy-1 + H- rds; kpa ', kpy™
C3Hs-1+1 = CyHs-1 + CH,-1 rds; kps"
C,Hs +21 = 2 CH;-1 rds; ker "
C,Hg +21 & C,H;s-1 +H-1 rds; kea", ke
CHs-1+1 —> CH;-1+CH,-1 rds; kgs*
CH;+1 2 CHy-1 Kcha
CHy-1+ 1 2 CHj-1+H-1 rds; kn', kn
CHi-1+1 ZCH,-1 + H-l K,
CH,-1 +0-1 2 CH,O-I+ H-1 Ks
CH,0-1+ 12 CHO-1+H-1 K7
CHO-1+12 CO-1 +H-1 rds; keo®, keo™
CO-12& CO+1 1/Kco
CHO-1+0-1 2 CO,-1+ H-l rds; keop " kcor
COy-1 2 CO, +1 1/Kcoa
CO-1+0-12 CO,-1+ rds; kwas ", kwos™
H,0 +12 O-1+H, Ko
2H-12 H,+2l /K

Fig. 2. Elementary steps in the steam- and,@€forming of
natural gas.

Fig. 3 shows the rate and adsorption equilibrium coef-
ficients in an Arrhenius/van t'Hoff plot for the steam-
and CQ-reforming of methane. The values of the rate
coefficients given here are intrinsic, i.e. they are de-
termined from experiments with crushed catalyst to
avoid diffusional limitations.

3. Diffusional limitations

As mentioned already the rate equations given here

are intrinsic. In the present approach the diffusional
limitations are introduced through the modeling, using
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1d 2 dP&COz
F2de (D @Ot g
= 10"°RT - R - (o, (Ps)ps,

1d dpscH
o (oo™
= 10"°RT- R - r(p, (Ps)ps

with  Ps (Ps.COy: PS.CHa3 PsHy} Ps.CO: Ps.Ha0) |
Boundary conditions:

dpsco,  dpscH,
de =~ dg
PsCO=PCO, PsCHy = PCHy @t § =1
The profiles of the dependent components are obtained
from the algebraic equations

=0 até&=0,

De co,
Ps,CO— PCO= (pco, — ps,coy)
Deco
e,CHy

( D
Deco

( De.co,
pS,HgO - szO =
Den,0

+ < De,CH4
De H,0

De co,
PsHy; — PHy = < Dn
2

B <3De,CH4

De,H2
The effective diffusivities entering in the above equa-
tions are given by
1 -1
)

( 1
Dy a(ri

Dpa
where D, and Dk are the molecular and Knudsen
diffusivity of componenti, the symbole represents

) (Ps,CHs— PCHy)»

) (pco, — Psco,)

) (pS,CH4 - PCH4),

) (ps,co, — PCoy)

) (Ps,cHy — PcHy) (5)

(6)

&
Dea(ri) = —
T

appropriate characterization of the structure of the cat- the porosity of the particle andthe tortuosity factor,
alyst particle and accurate equations for the molecular- expressing the topology of the pore network.

and Knudsen-diffusivities, rather than measuring the
rates on the full size catalyst particle. The latter ap-
proach suffers from the unknown hydrodynamic pat-
tern in a lab scale reactor with small internal diam-
eter containing only one or two particles in a cross
section.
The continuity equations for CHand CQ inside

the catalyst pellets can be written

The pore size distribution was measured using stan-
dard commercial equipment andvas obtained from
the fitting of data on the reverse of the water gas shift;
carried out in a tubular reactor with internal diameter
of 1.07 x 10~2m and containing particles with a size
of 1.1 x 10~3m. A value of 3.54 was obtained for.

Profiles of partial pressures in a catalyst particle at
7m from the inlet of a methane steam reformer are
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Fig. 3. Arrhenius- and van t'Hoff-diagram for the rate-coefficients and adsorption—equilibrium constants for methane—steam reforming [1].

given in Fig. 4. The variation of the partial pressures 4. Coke formation
is limited to a very thin zone close to the surface with

a thickness of only 5 107> m. It is obvious that it is Carbon deposition requires special attention in
not necessary to produce catalysts with a Ni-content steam reforming since it leads to deactivation and
which is uniform through the whole particle. even disintegration of the catalyst.
The observed rate is given by Three reactions are considered as potential sources
of coking:
— . dU 7
robs= [ rj(ps)—¢ (7) methane cracking CHs = C+ 2H, (9)
The effectiveness factor can be calculated from the Boudouard reaction 2C& C+CO; (10)
profiles of Fig.4 through the Eg. (8):
CO-reduction CO+ Hz = C+ H>O (11)
f(;)"i(Ps) dv . . L
== (8) Untill now thermodynamic criteria based upon the

ri(PV affinity-concept have been used to check the possibil-

. ity of coke f tion:
Then; for the CO- and C@-formation are very low-of ty ot coke formation

the order of 0.03. This is an incentive to use very 1, p%
small particles, but to avoid excessive pressure drop v — I T 12
fluidized or riser beds are then required. Tk (12)
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Fig. 4. Partial pressure profiles in a catalyst particle at 7.00 m from the inlet of a methane steam reformer [2].

where K; is the equilibrium constant of reactian
The reaction proceeds from left to right whep ¥ 1,
from right to left when ¥ > 1. The affinity for
C-formation in a steam reformer will be shown in
the section on reactor simulation of this paper. The
affinity for CHys-cracking decreases from the surface
to the center of the patrticle. If there is no affinity for
CHgy-cracking in the bulk of the fluid there will be
no affinity for C-formation inside the particle. In the

tion were obtained in an electrobalance unit, operated
in the differential mode. The catalyst was crushed
so as to measure intrinsic rates. Carbon-filament
(whisker)-formation was observed and was accounted
for in the modeling. All the possible elementary step
schemes for methane-cracking are shown in Fig. 5.
All together there are 36 possible pathways from
methane to adsorbed carbon. Methane can adsorb
molecularly or dissociatively and further undergo

center, where the reacting components have reachedstepwise or saltatory dehydrogenation. Each step can

equilibrium, all the affinities are equal. In those sit-
uations where there is affinity for C-formation by
CHgy-cracking but also for the gasification of carbon
by steam and C@a kinetic approach is required to

evaluate the potential for coke-formation. Such an ap-
proach was developed by Snoeck and Froment (4,5).

The experimental data on C-formation and gasifica-

be rate determining. This leads to 80 possible rate
equations. The primary reaction product, adsorbed
carbon does not desorb into the gas phase but dis-
solves in the Ni, diffuses through it and precipitates
at the rear of the nickel crystallite with formation of a
growing carbon-filament. The finally retained model
contains the following steps, also shown in Fig. 5.
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CH,
CH,
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carbon atom
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i1

Diffusion of carbon .
through nickel Ni-particle

Carbon filament *——T

Fig. 5. Elementary steps of methane-cracking on a Ni-alumina
catalyst [4].

Surface reaction :

CHs+12CHy -1 Kch,
rds
CHy—I+1=CHg— I +H~1 ———
ki & kg
CH3—-I1+I12CHy—-I+H-1 K3l
CH +1=2CH—-I1+H-1I Kil — K;
CH-I+I=2C—-I+H-1I Ksl
1
2H—-I=H 21 —
— 2+ KH

Dissolution/segregation:

1
C—-1=Cyj I —
— N|,f+ KC

Diffusion of carbon through nickel:

Cnif = Cnir

153

Precipitation/dissolution of carbon:
C:Ni,r = C\NKW

When the surface concentrations of H-I; CH-I and
CHy-l are neglibly small the rate equation for the
surface reaction can be written in a simplified way
as

(13)

Ky - KC’-|4 * PCHa
_ —(ky /K] - Kc-conit - PR,
(1+Ke-conif+ (1/k) - Kc
“CC,Ni.f - pH/2 + KcH, - pchy)?

rem (14)

Cc.Nif IS not accessible and is eliminated by combin-
ing the rate equation for the surface reaction with the
rate equation for the diffusion of carbon through the
Ni-particle

Dc Ni
L. (ceNif — cCNiy) - ani- (15)

da

rediff =

The concentration of C dissolved in Ni at the sup-
port side of the particlegc ni.r, €quals the saturation
concentration of filamentous carbon when the super-
saturation is very small during steady state filament
growth. At steady statecy = rc qiff - Eliminating the
concentration of carbon at the gas side surface of the
Ni-particle,cc ni.f, leads to an implicit equation for the
rate of carbon formation by methane cracking which
is represented in a slightly simplified explicit form by
the following equation

k&; . KCH4 * PCHy — (kh7| /k;‘/) ' pElz

(16)

rem = ” 3/2 :
L+ (/K - piff + Kok - peHy)?

This equation accounts for all the steps in methane
cracking on a Ni-catalyst as described by the set of
Eqg. (13). It is clear that the methane cracking pro-
cess should not be dealt with as a simple equilib-
rium reaction. Notice that the parameters in (16) are
such thatrcy decreases apy, increases angcp,
decreases.

The approach outlined above was extended by
Snoeck et al. [8,9] to account also for carbon forma-
tion from CO through the Boudouard reaction and
for gasification by H or by adsorbed oxygen out of
H-,O or CG. This enables to simulate the net rate
of C-formation in a steam- or Cereformer. The
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elementary steps are T = 500°C
0.1
CH4 T l :) CH4 N l KCl—lu’ b pCH4 = 3.0 bar pCH4 = 5.0 bar pCH4 = 10.0 bar
= H = 0.2 bar CO = 0.2 bar CO = 0.1bar
CHy—I+1=2CHz—Il+H-1 rds K &k "E.. 0.08 io :2g2=6.0:ar :C02=2.0bar :coz= 2.0 bar
M &AM g i pH2 =03bar  pH2 =02bar  pH2 = 02bar
CH3—1+4+3l=2C—-1+3H-1 K % . B N
Ho4+2l =22H -1 Ky, & 0.06 _
1 8 i pCH4=g.ibar
] = : _ b pCO = 0.4 bar
C-l= CNI’f +1 KC E pCO2 = 6.0 bar
CO;+2 =20—1+CO-1 Flat P2 = 04bar
1 £ A
—— kS co. &Ko g
Koco, % "0.C0 ‘% 0.02 |
1 2
CO-I1=2CO+1 — <
Kco C I AN
| B S e e, preee— |
HoO+I=20—-[+H» T — I ! ! L
Ko,H,0: kg 1,08k0 1,0 0 2 4 6 8 10

2 Partial pressure of steam (bar)
C—1+0-12CO-1+1 rds —— (17)

o%Kp Fig. 6. Carbon formation and gasification from steam- and
. . CO,-reforming mixtures.T” = 500°C.
The equation for the net rate of carbon formation is 2 9

(ki - KcHy - poHa — (kg /K7 - Pa,) Continuity equations for methane and £0
— . . _kt.
rCnet = *o Keo peo~ ko +ao-r) (18) dxcry; _ , PB-7ICH, - Ron
1+ Kco- pcog/JZr KcH, - pcH, dz F, ’
l K// . B 2 4
+( / r) sz + ao-1) dxCOz B _QPB*HCOZ . RCOg
The first term between brackets in the numerator de- dz F8H4

scribes the carbon formation from methane and its .
gasification by hydrogen, the second term the carbon Energy equation:
formation from carbon monoxide and the gasification 4 1 0
by steam and carbon dioxide: Since the net rate of car- — = ——— |:,OB : (Z(_AHi)ri ni) — 4—}
. ) . . z Cp - Pg - Us dti
bon formation from steam reforming mixtures is very
low it was assumed in this derivation that the diffusiv- Momentum equation:
ity of carbon in the nickel is sufficiently high to main- 5
tain a negligible carbon concentration gradient over % =f- Py " Us
the nickel particle. dz 8- dp
Fig. 6 shows the influence of the partial pressures
of the components of the reaction mixture. The agree-
ment between the experimental and the calculated datexcy, = xco, =0, 7T = To;
for rc netis good, so that (18) will be used in the sim- i ) ) )
ulation of steam- and Cgreformers. The gas film resistance is not considered. It has been
shown by De Deken et al [12] to be negligible. On the
other hand the diffusional transport inside the catalyst
5. Simulation of an industrial steam reformer. particle, expressed by the set of Eq. (5), has to be
accounted for in each point of the reactor.
The one-dimensional heterogeneous reactor model The furnace is gas fired by means of radiant
accounting for intraparticle diffusion limitations can side-wall burners or by long flame burners located in
be written according to Froment and Bischoff [10]. the roof or bottom of the furnace. The operation of the

with the following boundary conditions

Pt = (P)o at z=0
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26 , 800 L—,w‘ .-o.z

253 700 v - ; - - 0
(3 2 4 6 8 10 12

Axial position z (m)

Fig. 7. Profiles of methane conversiort,), gas temperaturelg), internal {T;) and external Ty) tube skin temperatures and total pressure
(pt) in an industrial steam refomier [2].

furnace and reactor tubes has been modeled and simis lowered to a value appropriate for methanol syn-
ulated by Plehiers and Froment [11] Typical external thesis. A crucial aspect in reforming is the amount of
tube-skin temperatures derived from this model for a steam that can be replaced by £®ithout running
side-wall fired furnace were used in the present work. into carbon formation. Fig. 8, based upon affinities,
The profile of the total methane-conversion into shows in the first place that only methane cracking is
COg,, the process gas temperature, the internal and critical in this respect, but also that a model ignoring
external tube-skin temperature and the total pressure
in an industrial methane steam reformer are given in 8
Fig. 7. The tube exit is located outside the furnace
proper and is considered to operate adiabatically.
COp-reforming can also be simulated with the
present model Table 1 shows various input values
for the ratios HO/CH; and CGQ/CH4 and also the
simulated temperature and24€0 ratio at the exit.
For a given methane inlet partial pressure and heat
input the total methane conversion is reduced from
72% when HO/CHs; = 2.0 to 69% when this ratio
equals 1.3 and C£)CH4 = 0.7, but the H/CO ratio

Bulk Bulk Buk Pellet centre

T
i
k
i
i
o
L
i H20/CH4=1.3
B CO2/CH4=0.7
1
\
1

i

i

Vi

Table 1

H,O/CH;- and CQ/CHg-feed ratios, H/CO ratio and process gas
temperature at the reactor outlet for the simulations of Fig. 9.

Affinity for carbon formation
>

H,O/CHy CO,/CH, Texit (°C) Ho/CO at exit

: : = i
1 0 8614 3.76 Distance in tha reactor (m)

ig 83 gjjg igg Fig. 8. Affinity for carbon formation in the gas-phase and in the

particle center along a steam-g@eformer.
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Fig. 9. Net rate of carbon formation as a function of reactor length
in a steam-C@-reformer for various feed compositions.

internal diffusional limitations i.e. differences in par-

tial pressures at the surface and in the center of the
catalyst particle, can lead to erroneous conclusions. It

follows from the partial pressure values in the bulk or
at the particle surface that the caseQiCH; = 1.3
and CQ/CH4 = 0.7 exhibits affinity for coke forma-
tion by methane cracking from 3 m onwards. This is
confirmed by Fig. 9 showing the net rate of carbon
formation, based upon the kinetic equations [16] and
predicting coke formation between 4 and 9m. The
worst case is that with the ratio@/CHs = 1.0, i.e.
with the highest partial pressure of methane.

6. Conclusion

The modeling approach applied here to the pro-
duction of synthesis gas by reforming is a powerful

6 G.F. Froment/Journal of Molecular Catalysis A: Chemical 163 (2000) 147-156

tool for the analysis, simulation and design of this pro-
cess. It provides a better insight into the role of the
numerous variables and into their interaction. Crucial
aspects, like the substitution of a fraction of the steam
by CO, and/or the risk of carbon formation, can be

investigated in a more comprehensive way than by a
conventional experimental program. The model is of
particular interest for the conceptual design of new
reactor configurations and, given its fundamental ki-
netic basis, for the development of more performing
new catalysts.
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