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MASS TRANSFER IN A SOLID PARTICLE. WITH COMPETING REACTIONS WITH
A MULTICOMPONENT GAS MIXTURE

A. V., Kamennykh . UDC 541.128

A macrokinetic model of the transformation .of a solid particle, reacting with a
multicomponent gas mixture, is constructed for arbitrary ratios between the

rates of the mass~transfer stages of the transformation process (sorption, disso-
lution, and diffusion of the starting and final products).

Processes for working solid dispersed materials with multicomponent gaseous mixtures
are widely used in modern teéchmology. In the general case a macrokinetic model of the trans-
formation of a solid particle reacting.im the atmosphere of a gaseous mixture must take into
account all elementary mass~transfer stages of the reaction: sorption—desorption of reagents
and. reaction products from both.phases and their dissolution and diffusion in the solid
particle.. Well-known theoretical studies [1, 2] usually presume that there exists one limiting
stage of mass transfer, which is insufficient for describing reactions of practical interest.
The model of the solid-phase transformation, constructed in [3, 4] and presuming that the
rates of several stages are comparable, must be generalized to the case of the interaction
of solid spherical particles with gaseous mixtures. Modeling such processes enables the
calculation and optimization of different states as well as. the intensification of the
interaction of solid particles with the . gas phase by increasing the partial pressures of
gaseous reagents or by changing the composition of the gaseous mixture.

In studying a gas mixture we assume .that we have N gaseous reagents and that corresponding-
ly, N gaseous reaction products form. ‘Under the assumptions made in [3, 4], we assume that
the chemical reaction involved in the interaction of the solid reagent with each gaseous
reagent itself proceeds much more rapidly than the mass transfer processes, and the reaction
front separates the region of the starting reagent and the solid product of the reaction.
Analogously to [3, 4] we shall formulate the equations of kinetics of all stages of the

process.
Defining Si and S} as the relative fractions of the area of the surface layer filled with
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the i-th reagent and the corresponding reaction product, we introduce the free surface area
AS, which is not .filled with molecules of the reagents and reaction products. Assuming that

the adsorption is independent (Langmuir adsorption) the equations describing the kinetics of
filling of the surface layer have the form

ds; 8S,

= 0 AS — BS, + ok, )
dt 5t
S aer ., 88
— —~——fﬁ5iﬁ““}g“’ i=1 ..., N,
N . (2)
AS = 1——12 S; +Sq).

The surface concentrations f{ and f} of the reagents and reaction products equal Sl/Zl

and Sl/Z » respectively. The equations descrlblng the kinetics of transfer between the sur~
face layer and the solid phase are

of; oc;
——— = — Ryf; + kil i€yiAS = — Dy — ,
> wifi + hadlico &[%
8f; ;o PR . acfl
s £ S A 1O AS = : , 3
Y ki fi + ki I co;AS Dy o b, (3
Cot = C; lf:Ra! C(;i = Ci’ IF=R0 s i= 1’ te N.
The boundary conditions on the reaction front are
dc; , ac{ .
¢;=0,— D; = :v,-D,-—é;—,r=R(t),z=I,...,N, (4)

where vi are the corresponding stoichiometric coefficients. From the conditions of material
balance on the reaction front we have

s

dR(t T
2 r==R(r) (5)

8r

where ¢ is the concentration of the reagent present in the solid phase multiplied by the sum
of the stoichiometric coefficients of separate chemical reactions. Taking into account the
fact that ¢>»Cu: , we find that the relaxation time of the concentration fields of the reagents
and reaction products is much shorter than the displacement time of the reaction front (see
[3]). Therefore in the quasistationary representation

¢ =co; F(r, R), ¢ = cos -+ (D;/ D)o F(r, R),

1 1 1 1 (6)
F(r, = —— —_— |, i=1,..., N.
. R) (R r)(R Ro) ! N

Transforming (1)~(6) we obtain a system of equations which completely describes the
process

a8 _ a,AS — B,S; — kD S,,
dt kol ASR, + D,
, , ”
S — 0 S + FuiDy i — Si,
di kul,ASR, +D; v, 1}
Ry, =Ry(ReRt—1),i=1,...,N,
. N , (7
AS =1 (5: +50), ‘
i=l1
_dR__ _( ¢ RDi S )1 '-_.Ro_)?
dt &kl ASR, +D; I} ) ® ( R '
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In order to introduce dimensionless variables we single out ‘the reagent, whose pres-
sure in the gaseous mixture differs from zero; for definiteness we label this gas with the
index i = 1. 1In this case

R o;
c—“‘—"’;“z - ,T:at,
Ry Ay '
b; 1 B: L?
‘o = o ’ y Hy = v12 ’
b; 1 B i (8)
K o=t g kbR,
1 al 1 Di ?
l——"i_g—, =1, $Ny
Ro9l;
and the system assumes the form
B pa8— b5, — i< :
dt L,Et—DAS+ 1
ds; — Q) %K
o= TSt LT —DAS +1 Se
N
. . S
i=1,..., N, AS—;I—E{(SH—S,-), )
dz ‘_-__( N KM; . S') 1
dr ~ Let—-nAas+1 )o@
We write the initial conditioﬁs
S;=8=0i=1...,Nl=11=1>0. (10)

Let us examine the effect of the composition of the gas phase on the kinetics of the
process. Initially for small T we have

S; &~ M, Si’ ~ (M%iKi/ 2) 7,
| 3 (& e (11)
ex 1= (F ) <]

i=1

Here and below we shall study the degree of transformation A = 1 — (3. We obtain

N N \
An S (2 ’ViKiMi) = _?_(z_fﬁ?_;_) #,
2 \& . 2 \{= Reoli

. N
Ay (F e
dt -, Rowl?

(12)

Thus at the initial stage we observe the dependence of the rate of the process on the
characteristic features of the adsorption (on the magnitude of the coefficient of the rate of
adsorption and the dimensions. of the area occupied by the adsorbed reagent molecules) and
dissolution stages. In the simplest case, when adsorption proceeds without dissociation,
ai.is proportional to the partial pressure of the i-th reagent, and therefore the addition of
a reagent which is a more active adsorbent, while holding constant the total pressure of the
gas phase, enables substantially. raising the initial rate of the process.. A more complete
analysis requires taking into account the dissociation of the adsorbed reagent (using, for
example, Siewert's law) and the dependence of the coefficients. of the’ adsorption rate on the
pressure of other reagents (using, for example, Lewis' relation). We shall study below in
detail the case of dissociation of adsorbed molecules of. one of the reagents.

To study the process at subsequent times we shall examine the quasistationary state,
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neglecting the rates of change of the relative fractions of the areas of the surface layer
occupied by reagents and reaction products, and assuming that the relative fraction of the
area which remains free is constant In this case

—1
S; = AiAS[bi + i } ,
Lyt —1)AS - 1

= MiKi Si, (13)
bi[L; (T —1NAS + 1)
a_ { X A M,ASK, 1
dv & b, [L; (C' — DAS + 114K } g
From (2) and (13) we have

N
ASzconst:I—E (S: +8:)

N . .
i i [24;1:1—[2(1‘1“ %ilfl)—i“J AS,
i =l .
whence N T 1 (14)
K, A, I
— 1 + 1 Hl l'!) i .
A3 [ :S ( ™ b; b; ] '

i=1 ‘ +'Ki
For low degrees of transformation ({ = 1) '
N
& ( 3 Kt AS) 1
dv i=1 bz + Kz gz_
N N , -
— (E Kt]Hz ?\’i ) [l + 2 ;\'z szz + 1)1 1‘_-19—‘ ,
i=1 bl —1" Kz 7 i=1 b; ~II“ Ki, b; C“ (15)
K; M; ), S %K, ~I
A == 3 I T Ve 1 i < TENT 1 —
(g, b; + K; )[ * & b+ K; b; + ” K

(Z TRy )[

Il ol N . 2 , —1
B (3 e )[1+S‘ « (z )]
dt &~ 5B+ k) = B Ry \ Vil B: Ry
Therefore the addition of a more active adsorbent, which increases the rate of the

i process
initially, can at this stage, on.the contrary, reduce.it, if, for example, the reaction product
is characterized by a low rate of desorption into the gas phase.

At the final stages when [~!>1

—
lM«z
:m
jo-\
=
s
o
o~ ™
=)

)

R

[ DU

|
-

7

S; = 0, MAS — b;S; = 0,

@ [ KM N1
dv (2 )

il ;o (16)
i=1 [2ad] .

Since the time for completion of the process is determined primarily by the duration of
the last stage, to intensify the process reagent with an optimum combination of the rate
coefficients of serption-desorption, dissolution, and diffusion must be added (see (16))

To determine the time dependence of the coordinates of the reaction front we shall study
a mixture consisting of two gases.

We write
b, b,
=14 —= ———L;AS,
K K
Y = ‘—lll‘— L;, z;=MM;, i=1, 2, an
K; .
where AS is defined in  (14)

Integrating the last of the equations in (13), we obtain the
equation of motion of the reaction front
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max =

! Az ! Ay

Fig. 1. Effect of the partial pressure of one
reacting gas on the kinetics of the process:
dependence of the completion time of the pro-
cess (a) and the maximum of the rate (b) on
Ay = ayf @y with a; = const with a = 1.0 min—1

it was assumed that Ki=0.03, K, =0,07, L; =0.75, Ly =
0,75, M; = 0,33, M, = 0,33, by = 0,03, b’__005 by = 0,03,
=10 ; 1-3) values of b, =001 0,1, 05;

%, = 0,5, 1,0, 3,0, Eys min.

X%1Xg
X325 + X921 -

x?y2z2 + xg 2y (gz . 1) -
(*125 + %224

1 1
re (53—1)-!“7*

_An Ky — % y) C—1 + 212, (N Ys— %2 Y1) (21 e + 2 41)

%2 + x32)° K12y + Xg2y)t
(112 221) . . (*12 221) (18)
—1 ) :
n (c + _zlyz{r?zyl) (1 n z1y2+zzy1) |: AS (T, — 7).
\ X129 + X2 2y X123 X 2y

From the formula (18) one can derive a generalization of the Ginstling~Brounshtein
formula, presented in [4], by -assuming that only one reagent gas is present in the atmosphere
(in this case as=M=2;= () or assuming that the reagents have the same kinetic character-
istics (x1 =.%x2, y1 = y2). Thus the formula (18) is a generalization of the Ginstling-
Brounshtein formula to the case of the interaction of a particle with a gaseous mixture. The
optimal composition of the.gas mixture can be determined by solving the problem of minimizing
the time for completion of the process ty, obtained from (18) by substituting (8) and (17)
with the corresponding restrictions.(for example, leaving the pressure of the gas mixture
unchanged) .

The numerical .study of the system (9) enables analyzing the effect .of different kinetic
coefficients and external conditions, in particular, the particle sizes and the partial
pressures of the reacting gases. Figure 1 shows the dependence of the completion time and
‘the maximum rate on. the increase in the pressure of one of the reagents (with the part1a1
pressures of the other components of the gas mixture held fixed).

The model constructed explains the behavior of the kinetic curves of the processes in-
volved in the interaction of solid substances with mixtures of gaseous reagents and enables
optimizing the composition of the gas mixture. Since in most experimental studies the kinetic
parameters are either unknown or are not presented by the authors, it is difficult to per-
form theoretical calculations which fully reflect real. situations. The behavior of the
process can nevertheless be analyzed qualitatively . and the optimal technological conditions
can be conjectured based on the agreement between the computed and experimental curves.

We shall study the problem of reducing the oxides of metals, which is of important
practical value. Thus in [5, 6] a great deal of attention is devoted to the study of the
effect of the change in the composition of the gas phase (mixture of hydrogen with carbon
monoxide) on the kinetics of the reduction of iron-ore pellets. Figure 2 shows the obtained
dependence of the kinetics of reduction on the composition of the gas mixture (the broken
curves are the computed curves).  The authors correctly call attention to the importance of
taking into account all mass-transfer factors: adsorptiom—desorption, dissolution and dif-
fusion of the starting and final products. Since adsorption of hydrogen usually proceeds with
dissociation, while the adsorption of carbon monoxide proceeds without it.
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Fig. 2. Effect of the
composition of the gas

phase on the kinetics of
reduction of magnetic

pellets under a pressure

of 1 atm and at a temper-

ature of 1000°C, % H.-+ % CO:

1— 100+0; 2— 75 - 25; 8 — 50 4 50;
4—0+4-100 ; the solid curves

are the experimental curves
([6]) and the broken curves
are the computed curves.

With oy =1,0 min—!, the follow-
ing values were used: K1=0,1, K=
0,08, L;=0,75, Ls=0,75, M;= 0,33, My=0,33,
by = 0,5, by=0,01,67=0,1, b, = 0,03, » =10,
%s =1,0; I — 4 oy =30, 22,5,15,0; &g = 0,
7957 15, 30 A, % t, min.

1/2
Oy =aif1, Ry = Uy P

19

Here and below the index 1 refers to hydrogen and the index 2 refers to carbon monoxide.
We write the condition for the pressure of the gas phase to remain constant as follows:

py+ pa=p = const. (20)

We obtain the rate of reduction at the initial stage from (12), substituting (19),

‘dA _ 3 (kllal 172, ket p2>t.

d Ry g " I (21)

The maximum rate at. the initial stage . (taking into account (20)) is reached when

) : —172
p} = max {0, p— [(2%@) (lﬁéf—) } } (22)
1 2

If the total pressure p is not too high, then p¥ = 0, i.e., an atmosphere of pure hydrogen
will be optimal at the initial stage. But if p is greater than some critical value, depending

on the properties of the gases, then a mixture of hydrogen and carbon monoxide with a definite
composition will be best.

At the final stage, from (16) and (19) we have

dr = _ [ kyuDi gy 12 kysDsa, } R
S L. o e W . 7
dt By koy l‘? Bokas lS qu} (23)

and in order to intensify the process it is necessary to select the composition of the mixture
with partial hydrogen pressure equal to
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#yDha " RyaDotty \—172
*=max{’[(2 11 11)( 12 22) } (24)
& P ﬁlk:':l l:;’ 52 koo lg )

In the experiments (in particular, in.[6]).a definite optimal composition of the gas
phase is indeed observed. 1In this case

* kyDyay RysDatty Y112
By Iy Bokes I (25)
Since the duration of the process depends primarily on the duration of the final stage,
the optimal composition of the gas phase is determined by the formula (25). It should be
noted that the optimal partial pressure of hydregen is independent of the pressure of the gas

mixture and the addition of hydrogen after some ¢ritical value is attained, determined by
(25), only reduces the reaction rate.

In conclusion, we note that from the results of this work it is not difficult to describe
the processes accompanying the inhibiting action of one of the reagent gases or reaction
products. Such an effect actually occurs, in particular, in' cases when the desorption rate
of one of the reaction products into .the gas phase is low, even if the corresponding reagent
gas actively participates in the reaction (for example,. it is a good reducer and is rapidly
transported to the reaction fromt). Inert gases present in the starting mixture even in in- .
significant quantities, can have an inhibiting effect, if they are actively sorbed onto the
surface of the particles, thereby poisoning the mixture. . It is not difficult to describe
these and some other effects quantitatively based on the theory developed above.

NOTATION

"A, degree of transformation; a, adsorption rate constant; c, concentration; D,
diffusion coefficient; f, surface concemtration; b, K, L, M, dimensionless parameters defined
in (8); ki, ki, rate constants for adsorption and desorption into the solid phase; I, char-
acteristic linear size of a molecule in the surface layer; N, total number of reagents; p,
total pressure of the gas .mixture; pj, partial pressure; pf, optimal partial pressure; R and
Ry, radius of the reaction front and of the particle, respectively;.S, relative filling of
the surface layer; t, time; t,, conversion time; x, y, and z, quantities defined in (17), a,
rate constant of adsorption from the gas phase; B, rate constant of desorption into the gas
phase; AS, unfilled fraction of the surface layer; k, A, dimensionless parameters defined in
(8); v, stoichiometric constant; &, a radial coordinate; T, dimensionless time; to, dimension-
less duration of the incubation period; g, concentration of the starting solid reagent.
Indices: i, quantities referring to the corresponding reagents from the gas phase, the prime
refers to the gaseous reaction products; O refers to situations with R = Rg¢; 1 and 2 in (19)-
(25) determine quantities. referring to hydrogen and carbon monoxide, respectively.
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