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ABSTRACT 

The author develops two kmetlc models for the reactlons gven by the chemxal equation 
aA( bB(s) --j cc(s)+ dD(s) occurrmg m powdered samples One of the models deals with 
reactlons hrmted by the nucleation on contact surfaces between grams, the other one with 
reactlons hnuted by crystalhzatlon of products C and D What 1s novel 1s takmg mto account 
the dlsperslon degree of reactants and the setthng degree of the sample as well as the change 
of the mean gram radms ulth the conversion degree 

INTRODUCTION 

Reactions whch include solid reactants are very complex from the kmetlc 
standpoint, as they involve several physlcal and chermcal steps [l] Another 
pecuhanty of solid state reactions IS their sensitivity to the previous mechan- 
ical and thermal treatments of the samples [2,3] The two models gven m 
this paper take mto account these pecuharltles 

Let us consider a solid-sohd reactlon described by the general stolcho- 
metnc equation 

a’A(s) + b’B(s) + c’C(s) + &D(s) 0) 

where A IS the hrmtmg reactant By dlvldmg by a’, equation (1) becomes 

A(s) + bB(s) + CC(S) + dD(s) (2) 

where b = b’/a’, c = ~‘/a’, and d = d’/a’ The followmg steps of the 
reaction ~111 be considered 

(1) The interaction of the reactants A and B at the contact surface 
between grams with the appearance of the new phases A and B nuclei 

(2) The growth of the nuclei due to the diffusion of mobile particles 
through the solid products layer 

(3) The crystalhzatlon of the reaction products 
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NUCLEATION AS THE LIMITING STEPS 

The rate equation will be derived 
assumptions. 

takmg mto account the followmg 

(a) The nucleation rate for the stable nuclei dN/dt IS directly propor- 
tional to the total mteractlon surface S between reactants grams, and to the 
potential nuclei on umt surface The proportlonahty constant P has the 
meamng of a probability of transformation of a potential nucleus mto a 
stable one m umt tune Thus 

where N IS the number of stable nuclei which have appeared at the moment 
t 

(b) The probablhty P, whch has the meamng of a rate constant, IS gven 
by the Arrhemus equation 

p = PO edEIRT (4 
where PO IS the pre-exponential factor (PO = 1013 s-‘) 

(c) The interaction surface correspondmg to a contact between two grams 
of the reactants A and B ~11 be considered as equal to the surface of the 
segment of height h (Fig 1) The particles on the two surfaces separated by 
a distance greater than 2h, (d > 2h) cannot interact to form stable nuclei 
The distance Th IS of the order of magnitude of the parameter of crystalhne 
cell (2h = 10 A) 

(d) For the mtegral conversion of the hrmtmg reactant A gram, the 
appearance of only one nucleus on the surface s IS sufficient 

(e) The number of grams remams constant durmg the reaction. The 
interaction of two reactant grams leads to two grams composed from the 
products C and D and the excedentary reactant B (Fig 1). Thus the 
conservation law of the number of grams IS 

ni+nO,=n,=const (5) 
where ni IS the lmtlal number of grams of the reactant A, ni the 

Fig 1 Grams A and B leadmg to reaction products C and D at 1mtm.l time t,,, tf IS the final 
time, s 1s the interaction surface correspondmg to a contact AB, 2h IS the maxnnal &stance 
of mteractlon, B 1s the excedentary reactant, and A IS the ktmg reactant 
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correspondmg number for the reactant B, and n, the constant total number 
of grams at any moment. 

As the reaction occurs wrthout evolution of gas the mass of the reacting 
system IS constant Thus 

~2’ + ~2’ = m = const A B (6) 

The ratio m/n, wlvch represents the mean mass of the gram IS also 
constant Nevertheless the mean radius of the grams changes durmg the 
reaction as the density of the products differs from the density of the 
reactants. 

(f) The mean radius r of the sohd grams changes with the conversion 
degree (Ye according to the relatlonslvp 

r=a+ba, (7) 

At the nWial moment (YA = 0 and r = r,, r. being the mean radius of the 
grams from the mt1a.l nuxture of reactants At the end of the reaction 
(Y~ = 1 and r = r,, r, bemg the mean radius of the grams from the final 
mucture of product C and D and excedentary reactant B Takmg mto 
account the condltlons from eqn (7) one obtams a = r,, b = r, - r, and 

r=r,[l+(z-l)a,] 

(g) The number of contacts between one gram and the surrounding ones 
IS drectly proportional to the compactness factor y of the sample defined by 
the relatlonshp 

mi mOB 
PA+PB 

Y= 
K 

where PA and PB stand for the density of reactants A and B. The numerator 
contams the true volume of the reactants, the denommator contams the 
volume of the crucible occupied by the powdered reaction rmxture 

One assumes that the compactness factor does not change durmg the 
reaction, and that this factor depends only on the setthng degree of the 
sample at the lmtlal moment As nucleation IS the hnutmg step, the reaction 
rate IS gven by eqn (3) The conversion degree IS gven by the obvrous 
relationshp 

mA 
aA = 0 

MA 
00) 

where mA IS the weight of the reactant transformed at time t 

Accordmg to assumption (d), each of the N stable nuclei turned mto 
products a gram of the reactant A urlth the mean weight MAI Thus the mass 
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of the transformed hnutmg reactant can be expressed by mA = Nm,, and 
eqn (10) becomes 

Nm*1 
(YA =- 

0 
mA 

(11) 

The mean mass of the grams can be calculated from the mean radms rl 
determmed by granulometnc analysis of the reactant A pnor to rmxmg. If 
one assumes a spherical shape for the grams one obtams 

From eqn (ll), takmg the denvatlve wth respect to time 

da/l mAl dN -=-- 
dt rni dt 

Takmg mto account eqns (1) and (2), eqn (13) becomes 

da, POmAlml - = 
dt 

o (epEIRT) S 
mA 

(13) 

(14) 

The interaction surface S depends on (Y~ To denve the analytical form of 
such a dependence, a gram of A surrounded by other spherical grams ~111 be 
considered (Fig. 2) 

The number of contacts CA1,l among a gram A and all the other grams 1 
(I= A, B, C, D) 1s d erectly proportional to the setthng degree of the sample 
r, and to the ratlo between the area of the contact sphere with radms r, + r 
(the broken circle m Fig 2) and the area of the mean sectlon S, = vrr2 of the 
surrounding spheres Thus 

2 

C A1,I = 4Ky 1 + ? 
( ) 0% 

Fig 2 Slmphfled model of the contacts between a gram of the reactant A and the other 
grams from the system considered as spheres of mam radms r 
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The constant K can be calculated takmg mto account that for a compact 
model mth spheres of equal radius the followmg condltlons are fulfilled 
r, = r, y = 0 74, c*1,1 = 12 Introducing these values m eqn (15) one obtains 

K=l 06) 

For the occurrence of the reaction, only the number of the contacts CA1,B, 
between the gram A and the grams B are important Obviously ths number 
1s gven by 

c A1,B = cA1,~xB 07) 

where X, 1s the fraction of the number of grams of B 
Takmg mto account tbs deflmtlon and assumption (e) one obtams 

where 

(20) 

(Ye is the conversion degree urlth respect to reactant B, and MA and MB are 
the molar weights of the reactants A and B 

Takmg mto account eqns. (15), (16) and (18), one obtains from eqn (17) 

(21) 

The total number of contacts CA,B between the grams A and B can be 
obtained from CA1 B through multlphcatlon by nA (the number of A grams) 

Because nA = m’i(l - (YA)/mA1 one obtams 

C 
c A1.B m:(l-aA) 
A,B = 

rnA.1 
(22) 

The total contact surface can be obtamed from the number of contacts 
CA,, and the surface s = 2rrAh of the segment of the gram A 

s = 2mrAcA,B (23) 

With ths result eqn (14) becomes 

da_4 2VrAhPomAlnl - = 
dt 0 (e-E’RT) CA,, 

mA 
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or, takmg mto account eqns (8), (21) and (22) 

da* 8Tyr,hP,n, -= 
dt l+R 

e-E/RT1 + 0 - 4%)(1- 4 

(25) 

For r, = rf = r, r, = rB = r, = r and a StOlChIOmetnC mXtUre Of reaCtantS 

(mi/mi)(MB/MA) = l/b, q = 1, (Y* = (Yg, eqn (25) becomes its slmphfled 
vanant 

dcu -= 
dt 

32y;h;nl (e-E/RT)(l _ a)” 
(28) 

Tl~s equation corresponds formally to a second-order reactlon 

CRISTALLIZATION AS THE LIMITING STEP 

In this case the nucleation occurs not only on the surface, but also m the 
bulk of the amorphous phase Thus 

dN -= 
dt po(e- E’RT) n,V 

where n, 1s the number of potential cnstalhzatlon nuclei m the volume umt, 
V 1s the volume of the amorphous phase at time t, N IS the number of stable 
crystalhzatlon nuclei, and PO IS the pre-exponential factor 

Obviously 

where V, IS the lmtlal volume or amorphous product. 
Assummg that each nucleus from the N stable nuclei leads through 

growth to the crystalhzatlon of a mean volume V, of amorphous product, the 
difference V, - V, (the volume of amorphous product which has crystal- 
lized) can be replaced by V,N Thus 

(31) 

Takmg the denvatlve of CY mth respect to time we obtam 

da V, dN 
dt=F dt (32) 



Takmg mto account eqn 

da PoQV, -= 
dt 

v, (eeEIRT) V 

From eqns. (30) and (33) 

(29), eqn. (32) becomes 

It follows that 

da 
- = Pon,Vl(e-“I”‘)(1 - a) 
dt 
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(33) 

The equations of the reaction rate could be used either m dlfferentlal or m 
integral form for isothermal or non-isothermal condltlons [4,5] 

A subsequent paper will show how the above conslderatlons are con- 
firmed by the kmetlcs of the reaction [6] 

BaCl,(s) + 2KNO,(s) + Ba(NO,), + 2KCl (35) 

CONCLUSIONS 

Two kmetlc models descnbmg solid-solid reactions were developed The 
first model takes mto account the dlsperslon degree and the settlmg degree 
of the reactants, as well as the change of the gram mean radms with 
conversion. 

The models presented allow the calculation of the pre-exponential factor 
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