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Abstract—A method is suggested for determining kinetic parameters of arbitrary complex heterogeneous cat-
alytic reactions under conditions such that the reaction rate is significantly affected by heat and mass transfer
to and in the catalyst pellets. Linear relationships are established between the concentrations of the key and
dependent reactants (diffusion stoichiometry relationships) and between temperature and the concentrations of
the key components. A solution procedure is suggested for the problems involved in the determination of kinetic
parameters for reactions proceeding under diffusion limitations. The procedure is illustrated by analysis of data
earlier reported for steam methane reforming over a nickel catalyst.
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Finding the parameters of kinetic equations (kinetic
parameters) is a necessary and important step in the
construction of a kinetic model for a complex heteroge-
neous catalytic reaction (HCR). The resulting kinetic
model can be used in the design and optimization of
industrial-scale reactors and chemical technologies.
The kinetic parameters for a chosen kinetic model are
most often derived from the results of experiments car-
ried out under steady-state conditions in a perfectly
mixed gradientless or plug flow reactor. For this pur-
pose, it is preferable to use experimental data obtained
under kinetic control, when the reaction rate is indepen-
dent of heat and mass transfer near the surface of the
catalyst pellet and in the pellet bulk.

However, in kinetic studies, it is often impossible to
conduct an HCR in the kinetic regime because of the
high activity of the catalyst or high experimental tem-
perature and pressure (which are dictated by the
researcher’s wish to establish kinetic relationships for
process conditions imitating real technology). There-
fore, there is a need for a model, mathematical tools,
and software for determining the kinetic parameters of
complex HCRs proceeding under diffusion limitations
on the catalyst pellet. As will be demonstrated below,
solving this problem is a complicated iterative process
that includes hierarchical sequential solution of optimi-
zation problems, solution of sets of ordinary differen-
tial equations, and solution of sets of partial differential
equations. This procedure requires methods and algo-
rithms taking into account both the physics of the prob-
lem treated at a given solution stage and the specific
features of the algorithms to be employed at the other
levels of solving the general problem.

MATHEMATICAL MODELS

For definiteness, we will assume that the kinetic
experiments have been carried out in an isothermal plug
flow reactor. The mathematical model of this reactor is
defined by the following set of ordinary differential
equations (ODEs):

dW obs
o =T (. T.k), (1)
where W,_is the vector of the flows of the key compo-
nents (mol/s); V is the current value of the bed volume

(m?), which is used as the longitudinal coordinate; rﬁbs

is the vector of observed reaction rates with respect to
the key component concentrations (mol m=>(bed) s™');
P is the vector of the partial pressures of the reaction
participants (bar); T is the temperature (K); and K is the
vector of kinetic parameters. For ODE set (1), we have
to solve a Cauchy problem in which all component
flows at the reactor inlet (V = 0) are specified.

The flows of the nonkey (dependent) components of
the HCR in a cross section of the reactor are expressed
in terms of the key component flows in this cross sec-
tion and the flows of all components at the reactor inlet,
taking into account the reaction stoichiometry [1]. The
partial pressure of the ith reactant is P; = PW,/W, where
P is the total pressure and W is the total flux. For the
sake of simplicity, we will assume that the pressure
drop across the reactor length is negligible.

The kinetic parameters (preexponential factors of
the rate or equilibrium constants of elementary steps
and the activation energies of these steps or heats of
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adsorption) can be found, for example, by minimizing
the following objective function:

N

exp Nk
calc €X €X] 2
S = 2 [(yljl _)’i,;’)/)’i,;‘)] . (2)

i=1j=1

InEq. (2), y; ] may be, e.g., the average formation rate
of the jth key component in the ith experiment (i.e., the
ratio of the difference between the outlet and inlet flows

calc

to the volume of the catalyst bed), y; ;" may be the

same rate calculated using Eq. (1) for the conditions of
the ith experiment, Ny, is the number of experiments,
and N, is the number of key components. The minimi-
zation problem can be solved with or without imposing
constraints on the parameters being fitted or on the

functions of these parameters.

The processes occurring on a catalyst pellet are con-
ventionally described using a quasi-homogeneous
model in which the pellet is viewed as some homoge-
neous medium and effective values of the diffusion,
heat transfer, and mass transfer coefficients and heat
conductivity are used [2, 3]. Mass transfer in the pellet
is described in terms of the Stefan—Maxwell equation
[3-5] or equations following from Fick’s law [2, 7, 8].
The difference between these approaches has been dis-
cussed in the literature (see, e.g., [4-6]). It is believed
that the former is physically better substantiated and is
more general; however, no differences between these
approaches arise in mass transfer calculations [4, 5].

Because solving the inverse problem examined is
computation-intensive, we will take the approach based
on Fick’s law, which is computationally simpler. It will
be assumed that the effective in-pellet diffusion coeffi-
cients are constant and can be calculated provided that
the composition and temperature of the gas mixture
near the pellet surface are known. The coefficients of
mass and heat transfer to the pellet surface at a given
point in the reactor are derived from the composition and
temperature of the gas mixture in the flow core [7, 8].

We will use the following expression of Fick’ law
(Eq. (3)) and Fourier’s laws (Eq. (4)):

_DI*VCI = Ji? . Nt7 (3)
AEVT = Jy, )

where C; is the concentration of the ith component

i=1,..

(mol/m?), T is absolute temperature (K), D is the
effective diffusion coefficient of the ith component
(m?/s), J; is the flux of the ith component in the pellet
bulk (mol m= s7!), A* is the effective heat conductivity
of the pellet (W m~2 K1), J is the heat flux in the pellet
(W m~2s1), and N, is the total number of reactants. For
definiteness, we will assume that the pellet is spherical
and the radial coordinate axis is directed from the pellet
center (r = 0) to the pellet surface (r = a). The laws of
mass and energy conservation will be written as
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diVJl =T I = 1,
N,
div], = z (~AH)R;. (6)
j=1
In Eq. (6), it is assumed that some basis set of reaction
routes is chosen (the number of independent routes is N,),
R; is the reaction rate for the jth route (mol m™ s™), r;is

the formation rate of the ith component (mol m= s'), and
—AH; is the heat of the overall jth-route reaction
(J/mol). In Egs. (5) and (6) and hereafter, all rates per-
taining to effects on the catalyst pellet will refer to a
unit volume of the pellet.

Equations (3)—(6) lead to the following set of N, + 1
second-order differential equations describing heat and
mass transfer in the catalyst pellet:

DAC;+r, =0, i=1,..

... N, 5)

» Ny, (7
MAT + X(-AH,R;) = 0. (8)

Since the flows of all components and heat at the
pellet center are zero, the set of equations (7) and (8)
should satisfy the following boundary conditions:

dG| =, dI
dri,-¢ dr

The problem to be solved can be either internal-dif-
fusion or external-diffusion, depending on the bound-
ary conditions on the outer surface of the pellet.

If the component concentrations and temperature on
the outer surface of the pellet are equal to those in the
reactant flow core,

Cis = Cib’ Ts = Tb’ (10)

then we will have an internal-diffusion problem. If the
flows of all components and heat into the pellet bulk are
equal to the respective flows from the flow core to the
pellet surface, then

= 0. C))

r=0

—D;kdd_q = Kni(Cis=Cip)s (11)
I'lr=a

_x*ccll_T = K(T,-T,), (12)
r r=a

and we have an external-diffusion problem. In Egs. (11)
and (12), K,,; and Ky are, respectively, the ith compo-
nent mass transfer coefficient (m/s) and the flow core-
to-pellet surface heat transfer coefficient (W m=2 K1).
The subscript s (surface) is given to the quantities refer-
ring to the pellet surface; the subscript b (bulk), to the
quantities referring to the flow core. The external-diffu-
sion problem is more general, since boundary condi-
tions (10) are a particular case of expressions (11) and
(12) at K, —> oo and K — oo,

For any rate r; of the complex HCR (route rate or
rate for some component), it is possible to introduce the
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concept of surface and bulk efficiency factors. These
factors are the ratios of a given rate in the pellet to the
same rates on the pellet surface and in the flow core,
respectively, at fixed concentrations and temperature:

Iridv Ir,-dv
s = T b = T 13
WS rove ™o Y
In Eq. (13), V. is the pellet volume. Note that, for the ith
component, the observed reaction rate, which is given
by Eq. (1) for the ith reactant, is equal to
V(P T, k) = ri(Cy, T.K)Mag. (14)
Here, ¢ is the coefficient converting the reaction rate per
unit volume of the pellet, r;(C,, T), to the rate per unit

volume of the bed, rfbs

It is sufficient to know the factors 1;, and n;, only for
the key components, since these factors for the other
components can be calculated using stoichiometric
relationships. For example, if r; = r; — r,, then Nz, =
(rMys — rM)/(ry — 1) and Mgy = (FM g, — rMop)/(r — 12).
Note also that, for the same reasons, the efficiency fac-
tors for complex HCRs can take both positive and neg-
ative values.

Using Eq. (7), it can be demonstrated that the effi-
ciency factors for the external-diffusion problem are
equal to

_ 3I{mi(cis_ Cib)

niS - ari(cs) ’
(15)

_ 3Kmi(cis_ Cib)

M = ar,(Cy) ’

where a is the pellet radius.

Thus, ODE set (1) has to be solved in each step of
the minimization of the objective function S for deter-
mining the kinetic parameters. In order to calculate the
right-hand sides of this set of equations according to
Eq. (14), it is necessary to determine the efficiency fac-
tors by solving the set of equations (7) and (8) subject
to the corresponding boundary conditions followed by
integration over the pellet radius (for the internal-diffu-
sion problem) or to calculate these efficiency factors
using Eq. (15) (for the external-diffusion problem).

The optimization problems will be solved by the
Davidon—Fletcher-Powell procedure [9] using the
penalty method [10] to take into account the con-
straints. The Cauchy problem applied to the ODE sets
will be solved by the Gear method for integration of
stiff sets of ODEs [11, 12]. Thus, the only challenge
is to develop efficient methods for solving equations
of multicomponent heat and mass transfer (Eqgs. (7)
and (8)).

KINETICS AND CATALYSIS  Vol. 48

No. 3 2007

339
DIFFUSION STOICHIOMETRY RELATIONSHIPS

In order to establish diffusion stoichiometry rela-
tionships in a general form, we will use the familiar
relationships between different rates of the complex
HCR. The formation rates of the reaction participants
(vector r) are related to the route rates (vector R) by the
matrix of the stoichiometric coefficients of the overall
route equations (G):

r = G'R. (16)

The rank of the matrix G is equal to the number of
key components (N,); that is, it is equal to the number
of linearly independent overall route equations. For the
sake of simplicity, we will assume that the first N, col-
umns of the matrix G” (matrix G,) are linearly indepen-
dent. In this case, Eq. (16) will appear as

r = GlRl’ (17)

where R is the rate vector for the chosen stoichiomet-
ric basis of routes. Since the number of key components
is Ny, it is always possible to choose a nonsingular
square submatrix G, of size N, in the matrix G,. For
the sake of simplicity, we will assume that the first N,

rows of G are a nonsingular matrix; then, GlT = (GlT1 ,
Giy).
From Eq. (17), we obtain

R, = G|i1y. (18)

In Eq. (18) and hereafter, the subscript k stands for
the key components and the subscript d stands for the
dependent components. By substituting Eq. (18) into
Eq. (17), we obtain the following matrix relationship
between the formation rates of dependent and indepen-
dent reactants for the complex HCR:

ry = GIZGI;rk' (19)

The integration of Eq. (5) taking into account
Eq. (19) yields the following relationship between the
flows of the dependent and key reactants:

Jq = GIZGI}Jk' (20)

The integration of Eq. (3) taking into account
Eq. (20) yields the following general diffusion stoichi-
ometry relationships in matrix form:

(Cy—Cy) = DI'G,G|DF(C, - Cy),

where D* is the diagonal matrix of effective diffusion
coefficients. In the derivation of Eq. (21), we assumed
that the effective diffusion coefficients are constant
throughout the pellet. Although Eq. (21) involves the
matrices G, and G,, which refer to a particular chosen
stoichiometric basis of routes, it can be demonstrated

21)

that the matrix G, G]: is independent of the route basis
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chosen. That is, the linearity coefficients in Eq. (21) are
invariant with respect to the choice of the route basis.

Now we will set up a relationship similar to Eq. (21)
but referring to temperature rather than the component

concentrations. It can readily be demonstrated that
N,

z (-AH )R, is independent of the route basis chosen.
j=1

Let us introduce the following designations: —AH is the
column vector of heats for the overall equations repre-
senting the initial routes and —AH, is the column vector
of heats for the overall equations corresponding to the
chosen stoichiometric basis of routes. Using only the
heats and rates of the nonempty routes of the stoichio-
metric basis of routes, we obtain

N,
Z (-AH)R; = -AH'R
j=1

= -AH|R, = (-AH)Gry.
Using Eq. (6), we obtain

div); = (-AH])G],div],. (22)
Integrating Eq. (22) and taking into account the zero
boundary conditions at the pellet center, we arrive at
Jr = (-AHDG T, (23)
Substituting the flux from Eq. (23) into Eq. (4) and
integrating the resulting equation with respect to r, we
obtain the following relationship between the tempera-
ture at any point of the pellet and the key component
concentrations:
T-T, = (-AHDG DF(C - CO/A*. (24)
Thus, relationships (21) and (24) enable one to cal-
culate the concentrations and temperatures of all sub-
stances inside the pellet provided that the concentra-
tions and temperatures of all substances on the pellet
surface and the concentrations of the key components
in the pellet bulk are known.

In order to develop an efficient difference scheme,
let us relate the concentrations of the dependent reac-
tants and the surface temperature to the concentrations
of all components and temperature in the flow core and
the key component concentrations on the pellet surface.

Relationships (20) and (23) are valid throughout the
pellet, including its surface. From these relationships
subject to the pellet-surface boundary conditions (11)
and (12), we derive the following linear relationships:

(Cds - Cdb) = (Kmd)_IGIZGIiKmk(Cks - Ckb)7 (25)

T,-T, = (-AH})G | K (Ci — C)/K7.  (26)
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In the derivation of Eq. (25), as distinct from Egs. (21)
and (24), we made no assumptions as to the constancy
of effective diffusion coefficients in the pellet.

Relationships (21) and (24) provide an opportunity
to solve only Eq. (7) for the key components instead of
solving the complete set of equations (Eqgs. (7) and (8)),
which consists of N, + 1 equations for component con-
centrations and temperature in the pellet, since they
allow the concentrations of the other components and
the temperature to be calculated.

Note that the general diffusion stoichiometry rela-
tionships were also set up in other works [8, 14]. The
difference between our approach and the approach
reported by Christiansen and Jarvan [8] is that our rela-
tionships are applicable to any HCR, no matter what the
reaction mechanism and the form of the overall equa-
tions. As distinct from the relationships suggested by
Pisarenko and Pisarenko [14], our relationships follow
directly from Fick’s and Fourier’s laws and are, there-
fore, much easier to derive. Relationships (21), (23),
and (24) provided a basis for the finite-difference algo-
rithm presented below and for a computer program
using this algorithm to calculate the external and inter-
nal heat and mass transfer for the catalyst pellet. This
program is part of a program for solving inverse kinetic
problems involving diffusion limitations.

The above will be illustrated by the example of
steam methane reforming on a nickel catalyst. We will
rely on the mechanism and route equations accepted by
Xu and Froment [15]:

(1) CH4 + H20 = CO + 3H2,
(3) CH, + 2H,0 = CO, + 4H,.

Let the reactants be numbered as follows: methane,
1; carbon dioxide, 2; hydrogen, 3; water vapor, 4; car-
bon monoxide, 5. The number of key components in
this reaction is two. Xu and Froment [15] chose the key
components to be CH, (i = 1) and CO, (i = 2). The sto-
ichiometric matrix for the overall equations appears as

—103-11
G=| 011-1-1
114-20

Let us choose routes 1 and 2 in scheme (I) to be the
nonempty routes of the stoichiometric basis. The fol-
lowing matrices will then be obtained:

-1 0

0 1
-10

G, = 31 [ Gi=

0 1

-1 -1

1 -1
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1 10 31
G11=(_01} Gno=|-1-11|
1 -1

=31
1 -1
-1 -1

GG =

The diffusion stoichiometry relationships will
appear as

3D D¥

(C3—Csy) = = —(C, = C1) + —=(C,— Cy)),
3 D3
DY D}
(C4_C4s) = D_;k(cl_cls)—D—j(Cz—Czs),
(C—Csy = -2 —ey-Piic,- oy
5 5s - D;k 1 1s D;k 2 28/

The expression for temperature appears as
T =T,+[AH DY(C, - Cy) - AH,D5(C, = Cy) /1%,

where —AH, and —AH, are the heats of reactions 1 and 2
in scheme (I). Relationship (25), (26) will take the form

3I{ml KmZ
(C35—Cyp) = _—I?;;_(Cls_clb)'i';(—;(CZs_CZb)’
Kml KmZ
(Cys—Cyp) = I<_m4(cls_clb)_l{_m4(c2s_c2b)9
Kml Km2
(Css—Cs) = —K_ms(cls—cw)—K_ms(Czs—Czb),
T, = T,+[AH K, ;(Ci;—-Cp)

—AH,K 1p(Cor— Co) /Ky

Note that, in the general case, inert substances may
be present in the reaction mixture. Their concentrations
do not appear in the above formulas, but they must be
taken into consideration in the calculation effective dif-
fusion coefficients and mass and heat transfer coeffi-
cients.

COMPUTATIONAL METHOD FOR THE HEAT
AND MASS TRANSFER EQUATIONS

This section details our numerical method of solv-
ing the equations of heat and mass transfer on the cata-
lyst pellet [16]. In order to numerically solve Eq. (3) as
applied to the key components, we will turn to the
unsteady-state problem and introduce the dimension-
less pellet radius p = r/a. The set of equations (3) for the
key components is
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aCl _ azcl 2aCl a2

—_— = —— += +—r, =0,
o gp* pIp D 27)
0<p<l1, I=1,.., N
subject to the boundary conditions
oC ak,,
55 (1D = i (Cis= ).
l (28)

aC,
350 =0, k=1, Ny

Problem (27), (28) should be solved with respect to
time until the establishment of the steady state that is
the solution of the set of equations (3). The initial con-
centrations along the pellet radius will be taken to be
equal to the constant concentrations in the flow core:

C](p, O) = Clb’ l = 1, ceey Nk' (29)

The mixed problem (27)—(29) will be solved using a
difference scheme similar to that suggested by Slin’ko
et al. [17] for solving the internal-diffusion problem for
a one-component system:

(o) A (o N (o) IR I (o) AR (o i

n+1 n-1

T h?
L2 (CL— (@ ),
(n-0.5)h 2h px 7 30
n=1.,N-1, f=0,..,
[=1,.., N,
h = 1/(N-0.5).

In Eq. (30), N is the number of points in the differ-
ence scheme, fis the number of the time layer, and 4 is
the step size of the difference scheme. The equality of
the flows to zero at the pellet center is expressed as

(Cy = (C)]. 31)

The following difference boundary conditions will
be accepted for the problem of external diffusion on the
pellet surface:

(C[)N_l_(cl)N aKml
= (C _C )a
h Dl* IN Ib (32)
l = 1, ""Nk'

For the internal-diffusion problem, the boundary
conditions on the pellet surface appear as

(CI)N = C]S l = 1, ceey Nk' (33)

The set of difference equations (30)—(33) defines an
implicit difference scheme, which can be solved by the
sweep method [18]. We will consider the computational
procedure for the external-diffusion problem, which is
more general and more complicated than the internal-
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diffusion problem. For the zero time layer, we will take
C, = C, and T, = T}, The reaction rate in the (f + 1)th
layer is derived from the concentrations and tempera-
ture in the fth layer. After the key component concentra-
tions in the (f + 1)th layer are calculated by the sweep
method, the concentrations of the dependent reactants
and the pellet surface temperature are determined using
relationships (25) and (26). The values thus calculated
will be used in the next time layer to calculate the
dependent reactant concentrations and the pellet bulk
temperature using diffusion stoichiometry relationship
(21) and temperature equation (24). The computational
procedure is terminated once the efficiency factors of
the key components have become time-invariable.

It is essential to calculate the physicochemical
parameters of the model, namely, the effective diffusion
coefficients and the mass and heat transfer coefficients.
The effective diffusion coefficients (which have dimen-
sions of cm?%/s in the above formulas) are calculated
using the following procedure:

(1) The binary diffusion coefficients are determined
using, e.g., the Fuller—Schletter—Giddings formula
[19]:

1.75

10T P IM, + 1Mg]™
AB T 173 13,2
PIY v, + (X v)y ]

where M, and My are the molecular weights of the

components A and B, P is pressure (atm), and (Z Va
and (Z v )g are the atomic diffusion volumes.

(2) The molecular diffusion coefficient of the ith
component is calculated using the following formula [2]:

n
X
Dy = (1-x)1 Y, b
j=1
Jj#i
where x; is the mole fraction of the ith component.

(3) The Knudsen diffusion coefficients are deter-
mined using the following formula [2]:

where 0 is the diameter of a straight cylindrical pore
(cm) and M, is the molecular weight of the ith compo-
nent.

(4) The diffusion coefficient for the pores of radius
r is calculated:

1 1 1

D ir D mi D——_Kz .

(5) The average diffusion coefficient in the pores is
calculated taking into account the volumetric pore-size
distribution [20]:

ZYSKIN et al.

AV,
D, =YD, Vv

r

where AV, is the volume of the pores with a given
radius and V;, is the total pore volume.

(6) Finally, the Knudsen diffusion coefficient is
determined as

€
Dl* = _Di’
T

where € is porosity and T is the tortuosity of the pellet
(e/t 1s diffusion permeability).

The mass transfer coefficient K,,,; and the heat trans-
fer coefficient K are calculated using familiar correla-
tions [21]. The viscosity, heat conductivity, and heat
capacity of gas mixtures (and, if necessary, more pre-
cise values of binary diffusion coefficients) can be cal-
culated using our program for calculating the physico-
chemical properties of gas mixtures (including non-
ideal ones). This program is based on formulas and
recommendations suggested by Reid et al. [19].

EXAMPLE CALCULATION

In order to illustrate the above computational proce-
dure, we will consider experimental data for methane
steam reforming over a Ni catalyst under nearly indus-
trial conditions [22] and the results of processing these
data [15].

The experiments [22] were carried out in an isother-
mal flow reactor at 773, 798, 823, and 848 K in the
pressure range of 3 to 15 bar. The H,/CH, ratio at the
reactor inlet was maintained at 1.25; the H,O/CH, ratio,
at 3 or 5. The catalyst consisted of 0.18-0.25 or 0.3—
0.4 mm granules. In all runs, the catalyst weight was
0.4 g. At each temperature, six kinetic curves were
recorded as the dependence of the methane conversion

Xcy, and the product yields x¢o, and xcq on the condi-

tional contact time defined as the ratio of the catalyst
weight to the methane feed rate. The conditional con-
tact time was varied by a factor of 5-6. The different
activities of different weights of the catalyst were lev-
eled out by applying corrections to the conditional con-
tact time. Most of the results thus obtained are believed
to refer to the kinetic regime of the reaction [15, 22].

The outlet concentrations of CO, and CO were
determined chromatographically, and the flows of these
components were calculated. The methane concentra-
tion and conversion were derived from the difference
between the inlet methane flux and the outlet CO and
CO, flows.

Xu and Froment [15] suggested a three-route mech-
anism consisting of the overall route equations (I). In
this mechanism, each route rate is limited by one step
that is different from the rate-limiting steps of the other
routes. The other steps of the mechanism are consid-
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Table 1. Kinetic parameters of steam methane reforming according to mechanism (I)

Variant lnAl EI/R 1nA2 Ez/R3 1nA3 E3/R lnACO Eco/R lnAH2 E‘H2 /R 11114(:].[4 ECH4 /R lnAHZO EHZO /R
1 36.0 | 289 | 145 |-8.08 | 34.6 | 29.4|-991 | 850 |-18.9| 998 | -7.32 | 4.61 12.1 |-10.7

375 | -299| 124 |-6.58| 42.8 | -33.5|-8.01 | 7.87 |-20.0| 7.04 | -5.00 | 4.09 11.5 | -9.00

3 372 | -30.1| 13.2 | -538| 429 |-339|-8.12| 7.72 |-19.5| 7.33 | -5.26 | 3.90 11.0 | -8.99

ered to be equilibrium. The route rate equations are
written as follows [15]:

k PP
R, = —215(PCH4PH20— L CO}/(DEN)Z,
Py, 1
k Py P
R, = P—Z(PCOPHZO i COZ)/(DEN)z, (34)
H, 2

R; = 33 PCH4 H,0 —

H,

k P P
3[ 3 HZI( COZ]/(DEN)Z,

3

Where DEN = 1 + KCOPCO + KHZPHQ + KCHAPCHA +
KHZOPHZO/PHz'
These reaction rates considered in [15] have dimen-

sions of mol gaﬁ h~!. For this reason, we will use the fol-
lowing dimensions in Eq. (34): the rate constants of reac-

tions 1 and 3 in scheme (I) (k, and k3), mol bar'? g, h™';

the rate constant of reaction 2 (k,), mol ggy, h™! bar™'; the
CH,, CO, and H, adsorption equilibrium constants
(Kcy, > Keo, and Ky, respectively), bar- I, the equilib-
rium constant of the dissociative adsorption of water
(H,O + Z == Z0O + H,, Ky, ), dimensionless; the
equilibrium constants of reactions 1 and 3 (K| and Kj),
bar?; the equilibrium constant of reaction 2 (K,), dimen-
sionless.

Xu and Froment [15] fitted kinetic parameters by
minimizing the sum of squared relative deviations
between experimental and calculated xcy, and xco,
data for low x.( yields (that is, the kinetic parameters
were derived from a single quantity). We found that the
yield xco = Xcp, — Xco, calculated using the parameters
reported by Xu and Froment [15] exceeds the experi-
mental value by a factor of 2-3. Therefore, those

parameters [15] do not adequately describe the CO par-
tial pressure as a function of the contact time.

For this reason the kinetic parameters were refitted
under the assumption that the experiments were con-
ducted in the kinetic regime. The fitting procedure was
based on minimizing the sum of squared relative devi-

ations for xco and xco, . The mean relative error in the
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CO, and CO yields was 6.76 and 8.94%, respectively.
Next, we ran programs implementing the above meth-
ods to judge the process controlling the reaction, fit the
kinetic parameters to experimental data, and calculate
efficiency factors. To do this, we used porosity, the pore
radius distribution (mercury porosimetry), and tortuos-
ity data [20]. The latter parameter in [20] was estimated
by solving the inverse problem for diffusion-controlled
runs under the assumptions that the parameters
reported by Xu and Froment [15] are true kinetic
parameters. In general, the diffusion permeability of a
catalyst should either be measured directly (e.g., by the
Wicke—Kallenbach method [21]) or be refined when
solving the inverse problem, using experimental data
definitely referring to diffusion control.

The parameters taken from [15] (variant 1), the
parameters fitted under the assumption that the reaction
is kinetically controlled (variant 2), and the parameters
fitted without making this assumption (variant 3) are
listed in Table 1 (Ink; or InK; = InA; + E;/R).

The ranges of variation of the efficiency factors for
the kinetic parameters thus determined are listed in
Table 2. To illustrate the fact that the efficiency factors
for a multiroute reaction can take any value (all the
more so for a reverse reaction), we present the methane,
carbon dioxide, and carbon monoxide efficiency fac-
tors, although it is sufficient to know the efficiency fac-
tors for any two components in the case of methane
reforming. As is clear from the data presented in Table 2,
the model used by Xu and Froment [15, 22] in the cal-
culation of heat and mass transfer on the catalyst pellet
suggests that the reaction proceeded in a region where
both the internal diffusion factors and mass transfer
from the flow core to the surface of the catalyst pellet

Table 2. Methane, carbon dioxide, and carbon monoxide ef-
ficiency factors at various temperatures [14, 21]

Efficiency Temperature, K

factor 773 798 823 848
Ny(CH,) | 0.78-0.84 | 0.63-0.65 | 0.61-0.65 | 0.56-0.60
n(CH,) |0.84-0.88 | 0.72-0.77 | 0.69-0.78 | 0.66-0.71
Ny(CO,) | 0.76-0.81 | 0.70-0.75 | 0.66-0.71 | 0.53-0.62
N(CO,) |0.81-0.84 | 0.78-0.83 | 0.73-0.77 | 0.62-0.69
Ny(CO) | 0.56-5.55 | 0.59-2.87 | 0.39-0.96 | 0.38-0.74
N(CO) | 1.59-5.56 | 0.92-2.78 | 0.63-1.41 | 0.64-1.01




344 ZYSKIN et al.

are significant. The temperature difference between the
flow core and the surface did not exceed 3 K, and the
pellet was nearly isothermal. Note that the efficiency
factors reported by Xu and Froment [20] for an indus-
trial methane reforming reactor can also take any value.
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