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Abstract The kinetics of the dimer—dimer reaction, 24> + By — 2A; B, proceeding
on supported catalysts is studied numerically using a phenomenological model which
includes: the bulk diffusion of reactants from a bounded vessel towards the adsorbent
and the product bulk one from the catalyst surface into the same vessel, adsorption
and desorption of particles of both reactants, and surface diffusion of adsorbed par-
ticles. Two different arrangements of adsorption sites were used: (i) the same total
amount of active and inactive in the surface reaction adsorption sites, (ii) the same
concentrations of active and inactive sites. Two adsorption cases of both reactants for
each arrangement of adsorption sites are considered: (i) each reactant adsorbs on both
active and inactive sites, (ii) both reactants adsorb only on the support. The model
where concentrations of both reactants at the catalyst surface are given is also studied.
Simulations were performed using the finite difference technique. The influence of the
size of the catalytic particle, surface diffusivity, adsorption rate constants, and particle
jump rate constants via the catalyst-support interface on the catalytic reactivity of the
supported catalyst is studied.

Keywords Heterogeneous reactions - Adsorption - Desorption - Surface diffusion -
Spillover

1 Introduction

The surface of real catalysts consist of small metal catalyst particles placed on inactive
supports. The metal particles are active in reaction whereas the reaction cannot occur on

V. Skakauskas (<) - P. Katauskis

Faculty of Mathematics and Informatics, Vilnius University, Naugarduko 24,
03225 Vilnius, Lithuania

e-mail: vladas.skakauskas @maf.vu.lt

@ Springer



J Math Chem (2015) 53:604-617 605

the support. One of kinetic effects associated with small catalyst particles on a support
is the spillover phenomenon which plays a key role in catalytic reactions on supported
catalysts [1,2]. It is caused by the fact that parts of the surface that are inactive in
the surface reaction can be active for other processes that occur during the catalytic
reaction, i.e. adsorption—desorption process and increase or decrease concentrations of
either adsorbed reactant or product particles on active parts of the surface through the
diffusion of the adsorbed reactant particles across the interface between the catalyst
particles and the support [2,3].

The bibliography of the current state of the theoretical research of reactions with
spillover effects include papers based on the Monte Carlo simulations technique,
numerical solving of mean-field models, and analytical description of such effects. We
mention papers devoted to study of the spillover effect in the unimolecular, A — P,
[3], monomer-monomer, A+ B — AB, [4,5], and monomer—dimer, 2A + By — 2AB,
[2,6-8] reactions. The latter models the CO oxidation reaction, 2CO + O, — 2CO»,
on the Pd/Al; O3 heterogeneous catalyst.

The dimer—dimer reactions, 2A> + By — 2A; B, proceeding on homogeneous
surfaces have been studied by many groups (see [9—11] and references there). Reac-
tions of this type are inspired by the catalytic oxydation of hydrogen on Pt cat-
alysts. In papers [9-11] the diffusionless steady-state models are studied. In this
paper, by employing a mean-field model and its numerical simulations we con-
sider the time-dependent dimer—dimer reaction, 2A> + B> — 2A, B, on supported
(composite) catalysts. The model takes into account: the bulk diffusion of both
reactants from a bounded vessel toward the adsorbent and the reaction product
bulk one from the adsorbent into the same vessel, adsorption, desorption, and sur-
face diffusion of adsorbed particles of each reactant. The model is based on the
Langmuir—Hinshelwood surface reaction mechanism. The bulk diffusion of both
reactants and product particles is described by the Fick law while the surface dif-
fusion is based on the particle jumping mechanism [12]. Adsorption, desorption,
surface diffusion and reaction are allowed to proceed at a constant temperature and
the product desorption is assumed to be instantaneous. Lateral interactions between
adsorbed particles or adsorbate-induced changes in the surface [13—15] have been
neglected.

We consider two different arrangements of adsorption sites: (i) the same total
amount of active and inactive in the surface reaction adsorption sites, (ii) the same
concentrations of active and inactive adsorption sites. For each arrangement of adsorp-
tion sites we study two adsorption mechanisms of both reactants: (i) each reactant
adsorbs on both active and inactive adsorption sites, (ii) both reactants adsorb only
on the support. The goal of this paper is the numerical study of the surface dif-
fusivity, adsorption rate constants, particle jump rate constants via catalyst-support
interface, and catalytic particle size influence on the catalytic reactivity of supported
catalysts.

The paper is organized as follows. In Sect. 2 we present the model. In Sect. 3
we discuss numerical results. A summary of main results in Sect. 4 concludes the

paper.
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2 The model

We study the dimer—dimer heterogeneous reaction, 2A> + B> — 2A; B, proceeding
on supported catalysts by using a mean-field approach. Assume that reactants A, B
and their reaction product P = A, B of concentrations a(t, x), b(t, x), and p(t, x)
occupy a bounded domain 2 = {x = (x1,x2,x3) : x; € [0,I],i = 1,2,3} with
boundary S = S1 U8y, where S = {x = (x1,x2,x3) :x; € [0,1],i=1,3,x =0}
and S| = S \ S2. Here  is time, x is a position, S; is the surface of the adsorbent, and
S is a surface impermeable to the reactants and product. Obviously, xo > 0 for Sj.

Assume that S» = Sy U Sp1 where S»y = {(x1, x2, x3):x1 € [0, x4), xo =0, x3 €
[0, ]} and Sp1 = {(x1, x2, x3): X1 € (x4, 1], X0 =0, x3 € [0, []}, x4 € (0, 1), are strips
consisting of the active and inactive sites, respectively. Let s2(x), x = (x1, x3) € S22,
and s1(x), x = (x1, x3) € S71, be the surface densities of the active and inactive sites
in the surface reaction.

According [9,11] the surface reaction 2A; + B, — 2A, B occurs via steps

kij
Ay 425 = 248,
k_1j
ko
By +2S = 2BS.
koo (1
AS + BS 25 ABS + S,
AS + ABS =4 p 425,

2ABS 5 P 4 BS + 5.

Here A, and B; are reactants, P = A B is their reaction product, S is the adjacent
vacant adsorption site, kj; and k_j; are the adsorption and desorption rates constants
(i = 1 for inactive site, i = 2 for active one), of reactants A (j = 1)and B (j = 2), k3
is the reaction between adsorbates AS and BS rate constant in Langmuir—Hinshelwood
step, k4 is the reaction between adsorbate AS and intermediate ABS rate constant, and
ks is the conversion rate constant of ABS into product P. This model is inspired by the
catalytic oxidation of hydrogen on transition metal surfaces, i.e., A» = Ha, B» = O»,
AB=O0OH,P = AB = H0.

Letujz = S29j2 andujl = S19j1 (9]1, 9]'2 € (0, 1), j = 1,2, 3)be densities of the
active and inactive in the surface reaction sites occupied by the adsorbed molecules of
reactants A (j = 1) and B (j = 2), and particles of intermediate ABS (j = 3). Obvi-
ously, s; (1 —01; —6r; —63;),1 = 1, 2, are the densities of the free adsorption sites. Itis
evident that function u j; present a density of particles of species AS, BS, and ABS bound
to sites of type i (i = 1 forinactive and i = 2 for active site) that are located at point x.

Let « j; be the surface diffusivity for particles of adsorbates AS (j = 1), BS (j = 2)
and intermediate ABS (j = 3) on the surface Sy;, i = 1, 2. To simplify the model we
restrict ourselves to the case where densities s1 and s> do not depend on variable x3
and the initial values a° and b° of concentrations a and b are constants. In this case we
can reduce the three-dimensional problem into two-dimensional one. Let A1 12, 1,22,
and 32 be the constants of the jump rates via the catalyst-support interface x, of
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escaped particles of species AS, BS, and ABS from the active position x, — 0 into the
nearest-neighbour vacant inactive site x, + 0. Similarly, A2 11, \2,21, and A2 31 are
the constants of the jump rates via the catalyst-support of escaped particles of species
AS, BS, and ABS from the inactive position x, + 0 into the nearest-neighbour vacant
active site x, — 0. Assuming that product desorption is instantaneous and using mass
action law and the surface diffusion mechanism based on the particle jumping into a
nearest vacant adsorption site [12],

qji = _Kji[(si —uy —uzi —u3)Vuj —ujiV(s; —uy — uz — M3i)],
we get the following system for densities u j;:

duny = 2(1‘11“(51 — i — uz1 —uz1)® —k_jju 1)
+’<11((Sl —uz| — u31)3;:]§1 —uq 0%(s1— uzl u31)

Qpuz1 = 2(k21b(S1 — Uy —uny —u3p)? — k—ZIM%I) )
+I<21((Sl —uy — u31)d ”12‘ —un) 32(~Y1—“121—u31))7

dxy
9% (s{—ui—u
Quz = K31((S 3y Lty o) Py 21))

X

with x1 € (x4, 1),

2
Ouin = 2(k1211(52 —uppy —up —un) — klZ“%g) — kauun

9% 92 (Sz—uzz—uzz)
—k4u12bt32+l<12( 2 —uxm —up) T2 —upp - )
( ) 8x12 8x12
Oruxp = 2(k22b(S2 —uiy —um —un)? —k_nu3, | — ksupuxn 3)

2 32u 02 (sa—ujn—u
+ksuz, + Kzz((Sz —ui — u3n) axlﬁz — upy L2 ip—uz) Bx]]ZZ 2)),

2
Oruzy = kauipuy — kauouzy — 2ksu3,

3% (sa—u1p—u)
3x12

0%u
+K32((S2 — U1y — u) s U3
1

with x1 € (0, x,). Here 0; signifies the partial derivative with respect to time, V is the
gradient operator, g j; is the surface diffusion flux of species AS (j = 1), BS (j = 2),
ABS (j = 3) on the active (i = 2) and inactive (i = 1) interval, respectively. We add
to this system the initial,

uji(0,x) =0, j=12,3,i=1,2, “)
and boundary conditions at points x| = 0, x| =/, x| = x4,
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4

[ 0U 2 oun ouszy
0x1 lx1=0 o 0x] 1x1=0 o 0x] 1x1=0 - 5
duyj _ Ouoy _ Ousy _ Q)
0x1 lxi=l 0x1 lxi=l 0x1 lxi=l ’
9 d\s1—u21—u3;
K11 ((Sl —u1 —uz1) Gl — MII(TI)) £ t0
_ _ _ duip d(s2—up—u3z)
= qu((sz U2 — U32) G2 — up SR ) e

= M2 11 U1t |xt0(s2 — w12 — u22 — uz)le,—0
— M2 Ui2le,—0(s1 — w11 — u21 — u31) x40,

X540
9 d\s2—up—u3
= Kzz((sz — Uiy —uzn) G2 - ”22(T1)) oo (6)
= N2,21 U21 |, 10(82 — 112 — U220 — u32)[x,—0
— M2 U2l —0(s1 — urr — w21 — u31) x40,

K31 ((S1 —up — ua) 33?1' — u3| a(s.+uz.)) ‘X*Jro

2,31 U3] |x*+0(52 — Uiy —up — M32)|x*—o

xx—0

— M32u32lx,—0(s1 — w11 — u21 — u31) x40

The first terms (gain fluxes) on the right-hand side of Eq. (6) are conditioned by the
jumps via the catalyst-support interface x, of the escaped molecules of adsorbates
AS, BS, and intermediate ABS from the inactive position, x, + 0, of the support to
the nearest-neighbour vacant active one, x, — 0, of the catalyst. Similarly, the other
terms (loss fluxes) on the right-hand side of Eq. (6) are conditioned by the jumps via
the catalyst-support interface of the escaped molecules of the same species from the
active position x, — O of the catalyst to the nearest-neighbour vacant inactive one,
X« + 0, of the support.

Systems (2) and (3) involve the unknown values of concentrations a and b at the
catalyst surface. To solve this problem we join equations for the bulk diffusion of both

reactants,

@ Springer

2 2
da = K(g—lz + 37) (x1,x2) € (0.1) x (0.1),

3na|S1 =0,
2 2
dna = —(kira(sy —ury —ua1 —uz1)” —k_11uy; )/xas

X1 € (xx,1), xp =0, @)
2
Ina = —(klza(sz —upp —uz —uz)” — k—12M%2)/Ka,

x1 € (0, x%), xp =0,
a0, x) = ap(x), (x1,x2) € (0,1) x (0,1),
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0b = Kb(ng? + 3271227), (x1,x2) € (0,1) x (0, D),

dnbls, =0,

b = —(k21b(s1 —uyy —uz —u3p)? — k—zluﬁl)/"b’
X1 € (xs,0), xp =0,

b = —(kzzb(sz —uyp —up —uz)? — k—22"%2)/'<h7

x1 € (0, xx), xp =0.
b(0, x) = bo(x), (x1,x2) € (0,1) x (0,1).

®)

Here 0,,a and 9,,b are the outward normal derivatives. We describe the bulk diffusion
of product P by the equations

a2 a2
p = KP(ZT? + 3722’) (x1,x2) € (0,1) x (0, 1),

8np|Sl = 01

Inp = (ksu3y + kaurouzn)/kp, x1 € (0,x5), x2 =0,
onp =0, x1€(x410), x0=0,

p0,x) =0, (x1,x2) € (0,0) x(0,1).

p.

©)

System (2)—(9) possesses two conservation laws

Xy 1
/(2ﬂ+2p) dx +/(M12+M32)dxl +/(M11 +uzp)dxy = /200(1)6, (10)
2 0 Xx 2

Xy 1
/(2b+p>dx+/(uz2+u32>dx1+/<u21+u31)dx1 =/2bodx. (1n
2 0 X 2

Coupled system (2)—(9) determines densities uj; (or surface coverages 6;;) for all
x € S, and concentrations a, b, and p of reactants A, B and product P for all x € £2
andr > 0.
We also study system (2)—(6) with given concentrations a and b at the surface S5.
The main characteristic that we study is the surface S»y specific conversion rate of
the reactants molecules into the product ones (turn-over rate or turn-over frequency)
determined by the formula

Xy X
7= / (k5u%2 + k4u12u32) dxl//sz dxg. (12)
0 0
Using the dimensionless variables 1 = ¢/T, Xi = xi/l,a = a/ax, b = b/ay,

]_3 = P/a»q Si = Si/s*, Sy = lay, Izin = kinTlas, k—in = k_inTlay, 123 = kzTlay,
ky = kaTlay, ks = ksTlay, ikji = kjiaxT/1, ika = ko T/1%, &y = pT/1%, i) =
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kpT /1%, hnji = axT o jiriji = 5;0;; wherei = 1,2, j = 1,2,3,n = 1,2, and
T, I, a, are the characteristic dimensional units, we rewrite Egs. (2)—(12) in the same
form, but in dimensionless variables where dimensionless / = 1. We omit the overbar
on the quantities and treat Eqs. (2)—-(12) as dimensionless for simplicity.

3 Numerical results

System (2)—(6) with given values of a and b at the surface S> was solved numerically
using an implicit difference scheme. To solve system (2)—(9) numerically we used
an implicit difference scheme based on the alternating direction method [16]. For all
calculations we used the following model dimensional data:

T=1s, [= 107! cm, ay = 10711 molcm_3,

Sy = 1072 mol cmfz, kin = kip - 102 ¢cm® mol 2 sfl,

kein =k_jp - 102 cm? mol ™! s_l,

(Ka» Kb, Kp) = (Eaa Iz'ha Izp) : 10_2 Cm2 S_l?

Kji = Kjj - 10'9 mol~! cm* S_l,

N 11 -1 -1
Mn,ji = Nn,ji 10" mol cm3s s

(kz, ka, ks) = (k3, ka, ks) - 1012 mol " 'em?s™! (13)

The following values of dimensionless parameters (overbar on the quantities is
omitted) excluding those given in captions were used in calculations:

kit =1.5-10"2, k_ji =1.5-1073,

Kjii =05, =01, j=1,23i=12n=12,

ks = k4 = ks = 0.1,

kg =Kkp =kp =0.1,

X =0.5. (14)

In the case where values of kj;, « j;, and '\, j; do not depend on the specific values
of indices we use k, ', and ) for short. Of course, the case where kj;, « j;, and ), j; do
not depend on values of indices is not realistic. However, it is useful for study of many
different physico-chemical processes. As we indicated in Sect. 2, the main purpose
of our study was to estimate the turn-over rate z(¢). Numerical results are illustrated
in Figs. 1, 2, 3,4, 5, and 6. Figs. 1, 2 and 3 correspond to Egs. (2)—-(6) with given
values of concentrations a and b at the catalyst surface S,, while the other three figures
illustrate dynamics of z(¢) determined by Egs. (2)—(8). In calculations we used two
types of adsorption sites arrangement: (i) the same total amount of active and inactive
adsorption sites, i.e. (i) s2x, = s1(1 — x4), (i) 51 = $2.

Figure 1 illustrates the dependence of the turn-over rate z(z) on the variation of
size x, of the catalyst particle for both arrangements of adsorption sites (solid lines
correspond to the same total amount of active and inactive adsorption sites while the
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Fig. 1 Influence of the active interval length x4 on the turnover rate z(¢) determined by Egs. (2)—(6) with

a = b =1 at the surface S» for densities so = s1(1/x4 — 1), 51 = 1 (solid line) and 51 = 5o = 1 (dashed
line) in the case k = 0.5, \ = 0.1. Values of x,: 0.2 (1), 0.4 (2), 0.6 (3)

dashed lines illustrate the behaviour of z(¢) determined for the same concentrations of
active and inactive sites) in the case where reaction rate constants k3 = k4 = ks = 0.1,
bulk diffusivity « = 0.5, particle jump rate constant via the interface of the catalyst-
support &, = 0.1, adsorption rate constant k = 1.5- 1072 (Fig. la) and k1o = kz = 0,
kit =ky =1.5-1072 (Fig. 1b). Values of adsorption rate constants show that Fig. 1b
correspond to the case where active in the surface reaction sites are adsorption-inactive.
In this case the surface reactions proceeds only due to spillover phenomenon. The
qualitative behaviour of z(¢) (see Fig. 1a, b) is similar in both cases of the adsorption
rate constants (solid lines) or both types of adsorption sites arrangements (dashed
lines). For all ¢, z(¢) grows as size x, decreases. For fixed values of parameters, z(z)
also grows as time increases, reaches a maximum value and then decreases to a positive
stationary value. In the case of small x, and s; = s2 the peak of z(¢) is not so sharp
as that corresponding to so = s1(1/x, — 1). Moreover, for small time in the case of
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Fig. 2 Effect of surface diffusivity « (a) and jump rate constants ;, j, (b) on function z(¢) determined by

(2)-(6) with @ = b = 1 at the surface S in case 53 = 51(1/x5 — 1), 51 = 1. %; j = 0.1 for all values of
indices excluding those given in the figure

small adsorption rate constants k12, k2> and x, < 0.5, values of z(¢) corresponding
to sp = s1(1/x, — 1) are larger than those corresponding to s = s, while for large
time or x, > 0.5 the behaviour of z(¢) is opposite. In case of large k12, k22 and small
Xy, 2(t) corresponding to so = s1(1/x4 — 1) is larger than that determined by 55 = s
for all 7.

Figure 2 depicts the influence of the variation of the surface diffusivity « (Fig. 2a)
and particle jump rate constant ), j; (Fig. 2b) for x, = 0.5, k3 = k4 = ks = 0.1,
k=15-10"2, and k_ji =15- 103 with all values of indices. Figure 2a shows
the increase of z(¢) as k grows and also demonstrates the nonmonotonic behaviour
of z(¢) in time. As in Fig. 1 for fixed values of parameters, z(#) increases as time
grows, reaches a maximum value, and then decreases to a positive stationary value.
Calculations show an insignificant influence of the variation of x»; or «3;,i = 1, 2, and
k12 on the behaviour of z(7). The dependence of z(#) on «1 is more appreciable. Plots
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1(a) 3
0.004 4
0.003 A

Z
0.002 4
0.001 4
q:0.2 (1), 0.4 (2),0.5(3), 0.6 (4),
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T T T 1
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t
Fig. 3 Dependence of turnover rate z(¢) determined by (2)—(6) with @ = b = 1 at the surface S, for
densities sp = s1(1/x« — 1), s; = 1 on the adsorption rate constants k;;. a kjj = kj2 = 1.5 - 1072,
kot = kyp = qki1. b ki =kpp = 1.5-1072, k1| = ky1 = qk12

in Fig. 2b demonstrate the increase of z(#) as h2 31 or 2,11 grows and its decrease as
1,32 Or h2,21 increases. The most essential is parameter A2 1.

The influence of adsorption rate constant k ;; on the behaviour of z(¢) is depicted in
Fig.3a,bforx, =05,k =0.1,k3 =ks =ks =0.1,and k_;; =1.5- 103 with all
values of indices. Plots in Fig. 3a correspond to the same value of the adsorption rate
constant of reactant A on both active and inactive intervals, k;; = k12 = 1.5 - 1072,
and different values of common for both intervals adsorption rate constant of reactant
B, k1 = ko = gk11, 9 = 0.2, 0.4, 0.5, 0.6, 0.9, 1, 1.1, 2. This figure shows the
nonmonotonic behaviour of z in time for all values of ¢ excluding value g # 0.5 for
which z(#) monotonically tends to an asymptotic value. For fixed g (¢ # 0.5) function
z(t) grows, reaches a maximum value, and then tends to a positive asymptotic value
as time increases. Plots in this figure depict the increase of the asymptotic value of
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(a)
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Fig. 4 Influence of the active interval length x4 (a) and surface diffusivity « (b) on the turnover rate z(z)
determined by Eqgs. (2)—(9) with densities ag(x1, x2) = bo(x1,x2) = land sp = s1(1/xs — 1), 51 =1

z(t) as g grows till 0.5 where it reaches a maximum value. Then the asymptotic value
z(t) decreases as g grows. Calculations show that for large time and ¢ < 0.5 or
q > 0.5 the both active and inactive intervals are predominantly covered by particles
of reactant A or B, respectively. The same results have been given in [9] for the case
of homogeneous catalysts.

We also studied three additional cases: () k11 = k12 = koo = 1.5-1072,kyy = qki1,
(i) ki1 = kiz = kay = 1.5- 1072, koo = gkyy, (iii) k1o = ka1 = kao, k11 = gk
In the first case the maximal asymptotic value of z occurs at ¢ = 0, but this value
is smaller than the local maximum value of z(z) reached at small time. In the second
case, z monotonically increases to an asymptotic value only for ¢ &~ 0.1. The dif-
ference between this value of z and that corresponding to kj; = kjp = 1.5- 1072,
ko1 = koo = 0.5k1; is smaller than 1% of the latter one. For g # 0.1, z(¢) behaves non-
monotonically, i.e., reaches maximal value and then decreases to an asymptotic value.
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0.004

0.003 ~

0.002 ~

0.001 -

0.000

T T T T T T T T T 1
0 200 400 600 800 1000
t
Fig. 5 Dependence of the turnover rate z(z) determined by Eqgs. (2)—(9) with densities ag(x1, x2) =

bo(x1,x2) = land sp = s1(1/x4 — 1), 51 = 1 on the parameters A; ju. ki, jn = 0.1 for all values of
indices excluding those given in the figure

07 1x,=0.4
0.8 2 x,=0.5 ok
3x,=0.6 .
0.6 1
I
p

0.2 4

0.0

T T T T T T T T T 1
0 200 400 600 800 1000
t

Fig. 6 Dependence of the total amount of the product I, on the active interval length x.. Densities
ao(x1,x2) = bo(x1,x2) = land sp = s1(1/x4 — 1), 51 = 1—solid line, s1 = so = 1—dashed line

In the third case, z(#) grows as g increases, but preserves nonmonotonic behaviour in
time. This increase can be explained only by the spillover effect.

Plots in Fig. 3b illustrate the influence of the same adsorption rate constant of both
reactants for the inactive interval, k11 = ko1 = gki2, ¢ = 0.1, 0.5, 1, 2, 5, on the
behaviour of z(¢) provided that the common adsorption rate constant of both reactants
on the active interval k12 = kpp = 1.5- 1072, This figure demonstrates the substantial
influence of the spillover effect on the monotonic growth of z(¢) as g increases and
the nonmonotonic behaviour of z(¢) in time for all considered values of g.

We also compared the influence of reaction rate constants k4 and ks on the behaviour
of z(¢) determined by system (2)—(6) with given values of a and b at the surface S,
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in cases where (i) k4 = ks = 0.1; (il) k4 = 0, ks = 0.1; and (iii) k4 = 0.1, ks =
0. Calculations show that z(¢) determined for the third collection is between those
corresponding to the first and second ones only for small time, while for large time
z(t) determined by the second collection is between those determined for the third
and first ones. Moreover, the asymptotic values of z corresponding to the first and
second collection of parameters are about 2.04 and 1.9, respectively, times larger than
that corresponding to the third one, while the difference of the asymptotic values of z
corresponding to the first and second collections of parameters is about 6.9 % of the
first one.

Plots in Figs. 4 and 5 correspond to system (2)—(8) and are depicted for initial
values ag = by = 1 and the same total active and inactive in reaction adsorption sites.
Figure 4 illustrates the dependence of z(¢) on the size x, of catalytic particle (Fig. 4a)
and surface diffusivity « (Fig. 4b) for the same values of parameters as in Figs. la
and 2a, respectively. Contrary to Fig. 1a, Fig. 4a demonstrates the increase of z(¢) as
X, grows only for small time. For large time, z(¢) behaves vice-versa and tends to zero
as time grows. This effect can be explained by the depletion of mass of both reactants
from domain £2 during reactions.

Plots in Fig. 5 illustrate the effect of particle jump rate constant ), ;; on the behav-
iour of z(¢). We observe a similar nonmonotonic behaviour of plots in Figs. 2b and 5,
but the later ones tend to zero as time grows, while all plots in Fig. 3 remain positive.

Figure 6 illustrates the influence of catalytic particle size x, on the behaviour on the
total productamount I, = [;* [o* p(t, x1, x2) dx; dx; for two types of the active sites
arrangement. In the case of equal total amount of active and inactive adsorption sites,
I, grows as x, decreases and behaves vice-versa in the case of equal concentrations
of active and inactive adsorption sites.

4 Conclusions

To conclude the paper we summarise the main results. Using the phenomenological
(mean-field) model in two-dimensional space we studied numerically dimer—dimer
surface reactions of type 2A, + By — 2A,B proceeding on supported catalysts
taking into account the bulk diffusion of both reactants and product in a bounded
vessel. The model includes the adsorption, desorption, surface diffusion of adsorbed
particles of each reactant, and rapid product desorption from the surface. The model
where concentrations of both reactants at the catalyst surface are given is also studied.
To describe the surface diffusion the particle jumping mechanism [12] was applied.
Two different arrangements of adsorption sites were used: (i) the same total amount of
active and inactive in reaction adsorption sites, (ii) the same concentrations of active
and inactive in reaction adsorption sites. Two adsorption mechanisms of both reactants
for each arrangement of adsorption sites are considered: (i) each reactant adsorbs on
both active and inactive in reaction adsorption sites, (ii) both reactants adsorb only on
the support.

Inactive in reaction adsorption sites due to possibility to adsorb of particles of both
reactants constitute the additional (to the adsorption) spillover channel transporting
particles onto active ones.
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of

The main characteristic we studied was the turn-over rate (specific conversion rate
molecules of both reactants into the product particles). We analysed the spillover

effect on the turn-over rate and demonstrated that:

1.

The size of active interval x, strongly influences the turn-over rate. In both cases of
adsorption sites arrangement, z(¢) determined by Eqs. (2)-(6) with given values of
concentrations of both reactants at the catalyst surface or (2)—(8) grows as size x
decreases. Moreover, for small time, in the case of small adsorption rate constants
k12, koo and x, < 0.5, values of z(¢) corresponding to s, = s1(1/x, — 1) are
larger than those corresponding to s, = s, while for large time or x, > 0.5 the
behaviour of z(¢) is opposite.

The increase of diffusivity « increases z(¢) corresponding to system (2)—(6) with
given a and b at the catalyst surface for all time, while z(¢) determined by Egs.
(2)—(8) grows as « only for small time. For large time it behaves vice-versa.

z(t) increases as A2,31 or A2 11 grows and decreases as \1,32 OF k22| increases.
The most essential is parameter 2 11.

The asymptotic value of z(¢) as a function of k31 = kp; has maximum at the
point kp1 = kyp = 0.5kyy, kjp = k;p = 1.5 - 10~2 which is larger than z(¢)
for any ¢. Function z(¢) also preserves the similar behaviour in the case where
kip =kio =koy = 1.5-1072, koo = 0.1ky;.

Asymptotic values of z determined by system (2)—(6) with the surface reaction
step with k4 = 0 and positive k5 are much more larger than those corresponding
to the step where ks = 0 and k4 > O.

Results of simulations let us to think that the mean-field model presented here is
able to describe qualitatively processes proceeding at the constant temperature during
dimer—dimer reactions on supported catalysts.
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