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As an alternative to conventional smelting processes for producing metals from sulfide ores, which 
suffer from SO2 emission problems, direct reduction in the presence of lime has in recent years 
attracted much attention. In this work, a mathematical model of successwe gas-solid reactions in a 
porous pellet has been applied to the hydrogen reducUon of cuprous sulfide (Cu2S) in the presence of 
lime. The model has been formulated by incorporating the intrinsic kinetics of the individual reactions 
obtained from separate experiments, and compared with the experimental results on the hydrogen 
reduction of chalcocite mixed with lime particles. The model predictions were in good agreement with 
experimental measurements of the overall rate of reaction and the degree of sulfur fixation over a wide 
range of experimental conditions, The mathematical model not only can predict the performance of 
a given system but also enables one to design the optimum pellet properties and reaction conditions 
in terms of the reaction rate and sulfur fixatton. 

I. INTRODUCTION 

THE conventional pyrometallurgical processes, smelting 
or roasting, for treating sulfide minerals produce sulfur di- 
oxide gas which causes pollution problems. An alternative 
process, which has attracted much attention, is the direct 
hydrogen reduction of metal sulfides in the presence of 
lime.~-7 This reaction can be represented by the following 
two successive gas-solid reactions: 

H2(g) + Me~S(s) = H2S(g) + xMe(s) [1] 

H2S(g) + CaO(s) = H:O(g) + CaS(s) [2t 

H2(g) + Me~S(s) + CaO(s) 

= H20(g) + xMe(s) + CaS(s) [31 

Reaction [2] has a large equilibrium constant ( -  103 in the 
temperature range of interest) and therefore leaves very little 
H2S gas in the gas phase at equilibrium. Furthermore, it 
improves the otherwise unfavorable thermodynamics of re- 
action [ 1] by removing hydrogen sulfide from the gas phase. 

The objective of the present investigation was to develop 
a mathematical model for reaction [3] which takes place in 
a porous pellet made up of a uniform mixture of chalcocite 
(Cu2S) and lime particles, and to compare the model pre- 
dictions with experimental measurements in terms of the 
sulfide reduction and the sulfur fixation by lime. 

In 1977, Sohn and Rajamani 5 proposed a model for iso- 
thermal, successive gas-solid reactions in a porous pellet, 
which took into consideration the effects of the relative 
amounts of the solids, grain sizes, and the pellet size and 
porosity. However, the study was entirely theoretical, and 
the mathematical model presented therein was formulated in 
general terms such that specific details must be incorporated 
when applied to an actual system. The model presented in 
this paper has been specifically formulated for the hydrogen 
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reduction of chalcocite in the presence of lime with the 
objective of systematically representing the system behav- 
iors, including the rates of component reactions and the 
degree of sulfur fixation. 

The only mathematical modeling effort on this reaction 
system other than those by Sohn and Rajamani 5 ~ is that by 
Fahim et al. 9 Although it contains many similar features, 
their model has an important shortcoming in that the hydro- 
gen sulfide produced from the metal sulfide is assumed to 
react quantitatively with the lime. Thus, with an amount of 
lime equal to or greater than the stoichiometric value, all the 
hydrogen sulfide produced is assumed to be captured by 
lime. This makes their model incapable of computing the 
degree of sulfur fixation which varies with the pellet struc- 
ture and reaction condition, as observed experimentally by 
many investigators.~3 7 This also results in incorrect rep- 
resentation of the local hydrogen sulfide concentration 
which has a serious effect on the prediction of the rate of 
reaction [1], because this reaction has a very small equi- 
librium constant and thus its rate depends very strongly on 
H2S concentration. In their work, the model results for the 
rate of reduction of sulfide was fitted to their experimental 
results by using the effective diffusivity as an adjustable 
parameter. Perhaps because of the above assumption, the 
resulting best-fit values of effective diffusivities showed 
considerable scatter and were rather inconsistent with the 
porosity of the pellet. ~o 

II. MODEL FORMULATION 

The successive gas-solid reactions exemplified by re- 
acuons [1] through [3] can be written in the following gen- 
eral form: 

A(g) + bB(s) = cC(g) + fF(s) [4] 

C(g) + riD(s) = eE(g) + gG(s) [5] 

For the hydrogen reduction of metal sulfides in the presence 
of lime, c = e = 1; i.e., there is no net change in the 
number of moles of gaseous species. 

Let us consider a porous pellet of volume Vp and super- 
ficial surface area Ap, made up of a uniform mixture of 
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Gas A 

Gas E 
Fig. l - - S c h e m a t t c  representatmn of the pellet made up of a umtbrm 
mixture of solids B and D 

grains of solids B (chalcocite) and D (lime), as shown in 
Figure 1. The reduction proceeds in the following manner: 
Gas A (hydrogen) is transferred from the bulk gas stream to 
the surface of the pellet, diffuses between the grains, and 
reacts with chalcocite. The product gas C (hydrogen sul- 
fide) diffuses back and reacts with lime forming calcium 
sulfide and gas E (water vapor). Water vapor and some 
unreacted hydrogen sulfide diffuse out to the surface of the 
pellet and then into the bulk gas stream. 

The following assumptions will be used in the formulation: 

(1) The physical structure of the pellet is macroscoplcally 
uniform and unchanged by the reaction. 
(2) The system is isothermal. 
(3) The pseudosteady-state approximation is appropriate for 
describing the concentrations of gaseous species within 
the pellet. 
(4) Diffusion of the gaseous species through the product 
layer of the individual grain is fast and thus does not offer 
any resistance to the overall rate. 

It may be worthwhile to comment briefly on the appropri- 
ateness of these assumptions. Assumption (1) is rather re- 
strictive; nonetheless it is thought to be valid for a range of 
experimental conditions especially in the presence of excess 
lime. Assumption (2) has been verified experimentally in 
this work, as expected of the reaction under study which 
involves a small overall heat of reaction. Assumption (3) is 
well established for gas-solid reactions.ll'~2 Assumption (4) 
is thought to be valid for fine particles used in this study. 

Within the framework of the above assumptions, the 
problem may be stated by combining expressions for the 
conservation of the gaseous species with mass balances for 
the reaction of the solids. The conservation of the gaseous 
species is given by the following: 

DeAV2C4 - vt = 0 [6] 

DecV2Cc + Vl -- V2 = 0 [7]  

D,EV2CE + v2 = 0 [8] 

where Dea, Dec, and DeE are the effective diffusivities inside 
the pellet; CA, Co, and Ce are the molar concentrations of 
gas species; and v~ and v2 are the local net forward rates per 
unit pellet volume of reactions [4] and [5], respectively. A 
more rigorous formulation of the problem would require 
writing these conservation equations using the Maxwell- 
Stefan expressions for the diffusional process involving a 
multicomponent mixture. For mathematical simplicity, we 
used the above expressions using the pseudobinary dif- 
fusivities. This is thought to be appropriate because in most 
cases the diffusing species H2S and H20 are at low concen- 
trattons in H:. 

From the experimental results, ~314 reactions [1] for CueS 
and [2] were found to be of first order with respect to the 
concentrations of hydrogen and hydrogen sulfide, respec- 
tively, in the forward direction. Therefore, these reactions 
may be considered to be first order with respect to the gases 
in both the forward and the reverse directions because equal 
moles of gaseous species are involved in both directions of 
each reaction. The hydrogen reduction of chalcocite was 
determined experimentally to follow the nucleation and 
growth kinetics, 13 and the reaction of hydrogen sulfide with 
lime was found to be represented by the pore-blocking 
model.~3~4 The kinetic expression for each reaction can be 
written as follows: 

For the nucleation and growth kinetics, 

bkdCA - Cc /K~) t  = [- ln(1 - o98)]~'" 

f(o98 ) [91 

and for the pore-blocking model, 

d(k2 /a )  (Cc - CE/K2)t  = exp(w;)/A) - 1 

=--- g(ogo) [10] 

where m and A are constants, wB and wv are the local 
values of the fractional conversion of the solid reactants B 
and D, respectively, kt and k2 are forward reaction rate 
constants, and K~ and K2 a r e  the equilibrium constants for 
reactions [41 and [5], respectively. From Eqs. [9] and [10], 
the local rates of reaction of the solids can be obtained as: 

OwB bk~ 
- - - ( C a  - Co~K1) [11] 

Ot f ' ( w B )  

Owo d k 2 / h  
- - -  (Co - CE/K2) [12] 

Ot g '(o90) 

where prime designates the derivative with respect to ~o8 
o r  o~ o . 

The expression for v~ and v2 can be obtained by consider- 
ing the stoichiometry and the initial concentrations of the 
sohds, as given below: 

aBpB OOJB 
v~ - b Ot 

aepBkl  
- - -  (Ca - C c / K , ~  [131 

f ' (o)  8 ) 

O~DD D O0)O 

d Ot 

aDPok2/A 
-- (Cc -- CE/K2) [ 1 4 ]  

g '(oJ~) 
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where aR and ao are the fractions of pellet volume initially 
occupied by the solids B and D, respectively, and PR and PD 
are the true molar densities of B and D, respectively. 

Equations [6] through [14] represent the complete state- 
ment of the problem. The solution of these equations with 
appropriate initial and boundary conditions will yield the 
profiles of gaseous and solid species, the conversions of the 
solids at any time, and the fraction of the gas C produced 
that reacts with solid D. The last item is an important factor 
for the reaction of sulfide minerals, because it represents the 
fraction of the sulfur-containing gas captured by lime. 

Since the concentrations of hydrogen sulfide and water 
in the region of the pellet where substantial concentration 
gradients exist are rather low, as will be shown below 
(Figure 7), the molecular diffusion may be considered as 
two separate binary diffusion processes between He and H2S 
and between H2 and H20. Furthermore, we shall assume 
these two binary diffusivities to be equal. This is not a 
critical assumption, but it simplifies the mathematics some- 
what without much loss of accuracy, as verified elsewhere. ~3 

With this additional assumption, Eqs. [6] through [14] 
may be written in dimensionless forms, as follows: 

V, , .OA_2Fp&2%_~__7+2Fe&2[  K2 ] ~c 
f (oaR) Kl(1 + K,) g'(WD) 

= 0 [151 

V,20c , , , - ^ 2  *c + 2Fpgrg[ K,  ] ~ ,  
- zr"~176 L1 + K , J f ' ( w s )  

and 

- -  = 0 

[161 

O OJ B ~J A 

Ot* f'(WB) [17] 

OWD OC 
Ot* ~ /3 g ' (wo)  [18] 

The dimensionless variables and parameters introduced 
in the above equations are defined as follows: V*: is the 
Laplacian operator with ~ as the position coordinate with 

r/ ~- - -  [ 19] 

where R is the distance from the center of symmetry within 
the pellet, and Fp is the shape factor for the pellet: 

C ~  - -  C c/Kl 
{/JA [20] 

CA,, - Cc~/K, 

Cc-  CE/K2 
Oc =- Ca,, - Ccb/Ki [21] 

and 

&],2 [OLBPBFpkl(1 -}- [22] 
8R --- ~ L  2-D~ XllJ 

which represent the relative capacities for chemical reaction 
and intrapellet diffusion. These are parameters which have 
a role akin to that of the Thiele modulus in heterogeneous 
catalysis. The considerable advantages for this particular 
definition of this group in analyzing gas-solid reactions of 
various types and complexities have been repeatedly dem- 
onstrated and discussed.tS-l~ It is noted that: 

where 

^,[K,(1 + K,) 
[24] 

bol r)p D 
= [251 

"Y daRpR 

which is a measure of the relative molar quantity of the two 
solids in the pellet, and 

dk: /h  
/3 - [26] 

bk~ 

which represents the ratio of the reactivities of the two 
reactant solids. Finally, the dimensionless time is defined as 

t* =- bk~(CA*, - Cc*,/Ki)t. [27] 

The boundary and iniual conditions for Eqs. [15] through 
[18] are readily written as follows: 

OI~A - -  O~JC = 0 at r/ = 0 [281 
Or/ Or/ 

at r / =  1 

[29a] 

[29b] 

00a = Sh*(1 - I//A ) 
O~ 

OOc Sh*(Ocb-  Oc)| 
J 

and 

wR = wo = 0 at t* = 0 [30] 

where 

Sh* = De\ Ap ] = Sh [31] 

The solution of Eqs. [15] through [18], together with the 
boundary and initial conditions [28] through [30], yields 
OA, OC, C08, and We as functions of rl and t*. For most 
practical purposes, however, the overall conversion of each 
solid is of greater interest. In terms of the parameters used 
in the formulation these quantities may be obtained from the 
following relationships: 

f; as'O Fp lwsdr/ 
X8 = fc~ aR@P-' drt [32] 

f~ a~r/v" ~WD dr~ 
XD = fJ aor/Fr'-~ d~l [33] 

Another important factor, especially in the treatment of 
sulfide minerals, as noted earlier, is the fraction of the gas 
C (H,S) produced from the solid B (Cu2S) that is captured 
by the solid D (CaO). From the consideration of stoichi- 
ometry, this factor may be obtained from the following 

METALLURGICAL TRANSACTIONS B VOLUME 16B, SEPTEMBER 1985--647 



relationship: 

moles of C reacted with D 
F =  

moles of C produced by B reacted 

_ aDOr,  X D / d  

o~808 X 8 / b  

_ y X ~  [34] 
X8 

From the above formulation, by writing the governing 
equations in dimensionless forms, it is noted that the charac- 
teristic parameters that define the system, that is, the species 
profiles, the conversions of solid, and the fraction of sulfur 
fixed in solid, are related to time by just three p a r a m e t e r s -  
0.8, Y, and/3. The computational economy in investigating 
the effects of certain variables, resulting from the reduction 
of the number of parameters, needs no further elaboration. 

III .  SOLUTION PROCEDURE 

Compared with a single gas-solid reaction, the complete 
analytical solution of the system of a successive gas-sohd 
reaction is much more complex, even when possible. For 
most systems, analytical solutions are not possible. There- 
fore, numerical solution was obtained throughout this work. 

The procedure for numerical solution is as follows. At 
t* = 0, ~o8 = o~ = 0 from Eq. [30]. With these values, 
Eqs. [15] and [16] are solved for 0~ and Oc as functions of 
"0, using boundary conditions [28] and [29]. This system of 
two-point boundary value equations was solved using the 
technique described by Newmanfl ~ Using the values of t0a 
and t~c at t* = 0 thus obtained, w8 and wo at t* = At* are 
computed from Eqs. [17] and [18] using the fourth-order 
Runge-Kutta method. New values of oJ8 and w• are ob- 
tained which can be used to solve Eqs. [15] and [16] to give 
tOA and t~c vs ~ at t* = At*. This procedure is repeated for 
increasing time steps. The conversion of the solids at any 
time are obtained by a Simpson's rule integration using 
Eqs. [32] and [33], and F (the fraction of gas C fixed) may 
be calculated by Eq. [34]. From physical reasoning it is 
noted that ~ cannot be negative and w cannot become nega- 
tive or greater than one. 

The numerical solution should approach the analytical 
results closely when its asymptotic behaviors are examined. 
This fact was used to check the accuracy of the numerical 
solution. 

When 0.B approaches zero, i .e . ,  the pore diffusion is 
extremely fast compared with the intrinsic kinetics, the gas- 
eous reactant concentrations are uniform throughout the 
pellet and are equal to those in the bulk, and wB and wo are 
independent of r/. Under these conditions, Eqs. [17] and 
[18] are readily integrated and X8 = w8 from Eq. [32] 
and Xv = oJo from Eq. [33]. The relationships between X's 
and t* are then given by 

t* = [ - ln (1  - XB)]"  [351 

which was confirmed by numerical solution with 0.B = 0.01 
and 

1 
t* - - -  [exp(XJA) - 1] [36] 

/3/,;, 

which was verified with 6"o = 0.01 using 0A = 1 and 
1,0c = - - K l  at r/ = 1 (corresponding to Cab = CE~, = 0). 

On the other hand, when 0"8 approaches infinity, reaction 
occurs mostly in a narrow zone between the unreacted core 
and the completely reacted layer. The concentration driving 
force for reaction, (Ca - C c / K t ) ,  drops to nearly zero at 
this reaction zone, and the diffusion through the product 
layer controls the overall rate. Under these conditions, the 
type of intrinsic kinetics does not affect the overall rate, and 
two extreme cases were examined: first, the hydrogen re- 
duction of chalcocite in a pellet mixed with an inert material 
(13 = 0), and second, the reduction of chalcocite in the 
presence of highly excessive amounts of lime (3' = 50). For 
the first case, the conversion-time relationship is given by: 

t *  
- - =  1 + 2(1 - X 8 )  - 3(1 - X s )  :3 

=- Prp(X8 ) [37] 

which was approximated, when d'8 becomes greater than 
three. For the second case, assuming that equilibrium condi- 
tion prevails at the reaction interfaces of chalcocite and lime 
particles, the conversion-time relationship can be derived as 
follows: 

t * 1 + K~ + KI Kz PF:,(X8 ) [38] 
0.~ (1 + K~)(1 + K:) 

which was also verified, when 0.8 approaches 10. 

IV. EXPERIMENTAL 

Spherical pellets were prepared by isostatically pressing 
mixtures of fine Cu2S and CaO particles. The pellets were 
placed in a platinum-wire basket which was hung on one 
arm of a continuously recording electrobalance. The reac- 
tion was followed by the continuous weight loss during the 
reaction with hydrogen. Other details of the materials and 
experimental procedure can be found elsewhere. 132~ 

V. PARAMETERS REQUIRED FOR THE MODEL 

All the measurements for the hydrogen reduction of chal- 
cocite m the presence of lime were made under the condition 
of a negligible effect of external mass transfer, t321 The fol- 
lowing parameters are required for the model in order to 
calculate the extent of reaction and the degree of sulfur 
fixation as functions of time: 

(i) diameter of the pellet. 
(ii) temperature of the system, 

(iii) the reactant gas concentration in the bulk gas stream 
(Cab), 

(iv) the true molar density of the solid reactants (ps, PD), 
(v) the molar mixing ratio of the solid reactants (y), 

(vi) porosity of the pellet (e),  
(vii) the fractions of the pellet volume occupied by the 

solids (o~8, ~o), 
(viii) the equilibrium constants of reactions [1] and [2] 

(K~, K2). 
lix) the reaction rate constants for reactions [1] and [2] 

(kl, k2). and A for the latter, and 
(x) the effective diffusivities of hydrogen, hydrogen sul- 

fide, and water vapor in the pellet (D~). 
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Measurements of (i), (ii). (iv), and (vi) have already been 
discussed in References 13 and 21 and will be given no 
further attention here. The concentration of the bulk gas can 
be calculated from the ideal gas law. Calculations of (vii) 
were made using the initially known value of (v) and (vi). 
The values of (viii) were obtained from the literature. -'223 

The kinetics of the individual reactions [1] and [2] have 
been studied separately using the same materials and the rate 
parameters obtained. 1314 The reader is referred to these ref- 
erences for the details involved in the measurement of kl, 
k,, and A. In these studies, to ensure measurement of the 
intrinsic rate constants, the experimental runs were carried 
out under such conditions that the effect of the physical 
properties of the reactor system was absent. 

The kinetics of reaction [1] for the synthetic cuprous 
sulfide used in this work was determined using porous 
pressed disks and loose particles. J3 The rate constant ob- 
tained for the pressed disks was greater by a factor of about 
two than for the latter. The rate expression for the pressed 
porous disks was used in the model prediction because the 
mixture pellet was also prepared by pressing the particles. 
The expression for k~ thus obtained is 

k l  = 4.085 x 106 e x p ( - l l O 7 0 / T )  cm3/(mol �9 s) 

for Cu2S [391 

The expression for k2 will be discussed in the following 
section. The parameter a was found to depend on tempera- 
ture, ~3 as shown in Figure 2. 

The phenomenon of gaseous diffusion in porous media 
has been extensively studied by a number of workers. It is 
possible to predict a value from a number of models which 
are available in the literature. 24,25 :~ One of the few com- 
pletely predictive models is the "random pore model" pro- 
posed by Wakao and Smith. -'4 This model is designed to 
describe diffusion of gases in pellets prepared by compres- 
sing porous powders. Since lime, which has a theoretical 
porosity of 56.6 pct, constitutes a large portion of the pel- 
lets, the application of this model in predicting the effective 
diffusivity seemed to be reasonable. When the pore size 
distribution is mono-dispersed as mostly observed in this 
study. ~3 the effective diffusivity can be written as: 

E 2 
De = [40] 

1/DH2_H: 0 + t / D  K 

when H2S concentration within a mixture pellet is expected 
to be very small, where Due-n,o is the molecular diffusivity 
of the H,-H20 system, and DK is the average Knudsen dif- 
fusivity given by: 

Dr; = 0.97reX/-T/M [41] 

where r, is the critical pore radius in/~m. Y temperature in 
K, and M the average molecular weight of the gas mixture. 
The critical pore radius is that pore radius corresponding to 
the point of inflection in the pore volume-vs-pore radius 
curve obtained in the mercury penetration porosimetry. 

The molecular diffusivity was calculated by the Chapman- 
Enskog formula, -'7 and the Knudsen diffusivity was obtained 
using the critical radius determined from the pore size distri- 
bution of reacted mixture pellets. The values of Dn,_,,o, DK, 
and D~ thus obtained are listed in Table I. Knudsen ~lit-fusion 
will occur when the diffusing gas has a mean free path larger 

25 

I -  

Z 20 

t ,D 

Z 
O 

I l l  

e r"  

O 
_z 
O 
O 
~1o 
u l  

g g  

O 
t~ 

I I I I I I 

I [ I 1 ~ I 
9 0 0  1 0 0 0  1 1 0 0  

T E M P E R A T U R E  I K I 

F~g. 2 - - E x p e r i m e n t a l l )  determined pore-blocking rate constant ( I /A)  as 
a function of temperature. 

than the mean pore diameters in the pellet. At 600 ~ the 
mean free path of hydrogen and water vapor are 0.66 and 
0.48 /.tm, respectively, and will increase at higher tempera- 
ture, These values are larger than the mean pore diameters 
(0.2 to 0.46 p,m) obtained in this work. Thus it is reasonable 
to assume that Knudsen diffusion plays an important role in 
determining the overall diffusivity in the pellet. 

In Eq. [40] and in the development of the mathematical 
model, the molecular diffusivity is based on binary gas 
diffusion of hydrogen and water vapor, and the effective 
diffusivity of each gas component is assumed to be equal. 

VI. COMPARISON OF EXPERIMENTAL 
RESULTS WITH COMPUTED 

RESULTS USING THE MODEL 

When a mixture of metal sulfide and time is reacted with 
hydrogen, water vapor and hydrogen sulfide diffuse out of 
the mixture into the bulk stream. The ratio of the amount of 
hydrogen sulfide which is captured to that which escapes 
depends on the amount of lime used. reaction temperature, 
pellet size, and effective diffusivity. If the amount of hydro- 
gen sulfide escaping from the pellet could be accurately 
determined, the conversion of the sulfide and lime could be 
computed from the weight change at any time. It is, how- 
ever. quite difficult to do this because the partial pressure of 
hydrogen sulfide in this system is very low. Furthermore, a 
rather high flow rate of hydrogen, used in the reactor to 
eliminate the effect of external mass transfer, and the inert 
gas, used to flush the balance, further dilute the H:S concen- 
tration. In this work. therefore, theoretical predictions are 
compared with the experimental results in terms of the frac- 
tional weight loss (F.W.L.) and the overall sulfur fixation. 
The fractional weight loss is obtained by dividing the weight 
loss at a particular time by the initial weight of the pellet 
rather than by the final weight change. This was done be- 
cause the final weight change in this reaction system de- 
pends on the degree of sulfur fixation by lime. When the 

METALLURGICAL TRANSACTIONS B VOLUME 16B, SEPTEMBER 1985--649 



Table I. Estimation of Effective Diffusivities* 

Effect of Temperature 
T (~ rc (/~m) e DH_,-H20 (cm2/s) DK (cm2/s) De (cm2/s) 

600 0. 108 0.342 6.334 0.979 0.099 
650 0.120 0.338 6.934 1.118 0.110 
700 0.100 0.367 7.614 0.957 0.114 
750 0.110 0.334 8.371 1.079 0.107 

Effect of Porosity (700 ~ 

3' rc (/zm) e DH>u,o (cm-~/s) DK (cm2/s) De (cm2/s) 

3 0.190 0.482 7.614 1.818 0.340 
3 0.230 0.531 7.614 2.201 0.481 

Effect of Mixing Ratio (700 ~ 

7 rc (/xm) e DH2-H2o (cm2/s) DK (cm2/s) Dr (cm2/s) 

1 0.100 0.266 7.614 0.957 0.060 
2 0.162 0.315 7.614 1.550 0.127 
4 0.100 0.348 7.614 0.957 0.103 

Effect of Pellet Size (700 ~ 
Dp (cm) rc (p,m) e D,>u2o (cm2/s) DK (cm2/s) D~ (cm2/s) 

0.611 0.185 0.346 7.614 1.770 0.127 
0.816 0.167 0.345 7.614 1.598 0.157 
0.953 0.180 0.351 7.614 1.722 0.173 

*These values were obtained using the physical propemes of the mixture pellets reacted under the actual experimental conditions (Figures 4, 6 to 8) 

metal sulfide in a pellet is completely reduced, the predicted 
sulfur fixation (F) is compared with the experimental value 
which can be computed from the measured final weight 
change. 13.21 

The theoretical predictions were obtained by introducing 
kinetic and physical parameters of each pellet into the com- 
puter program. The predicted values were lower than the 
experimental results when the following expression of k2 
obtained for dry lime was used:~4 

k2 = k20 exp ( -9160 /T)  cm3/(mol �9 s) [42] 

Although dry lime was used to prepare the pellet, lime 
absorbed some moisture during the preparation of the pel- 
lets, which changed its reactivity. ~5 Therefore, it was de- 
cided to use the preexponential factor of the rate constant k:, 
obtained by matching the predicted sulfur fixation with the 
total fixation obtained experimentally at 700 ~ for the pel- 
let of mixing ratio of one, for which the effect of reactivity 
ratio of two solids is significant. Figure 3 shows the effect 
of different preexponential factors (k20) on the model predic- 
tions. For the value ofk2o (= 2,87 • 10 7 cm3/(mol �9 s)) ex- 
perimentally determined for reaction [2] with dry with lime 
(0.9 pct initial moisture), the model predicted only 31.3 pct 
of sulfur fixed in lime (compared with the experimental 
value of 64.3 pct) and substantially underestimated the ex- 
tent of reaction. The value of k2o which enabled the model 
to predict correctly the final sulfur fixation for this case was 
5.68 • 10 9 cm3/(mol �9 s). With this value of k2o, the model 
could also predict the experimental results of fractional 
weight loss vs time quite satisfactorily. 

The adjusted value of k20 corresponds to that for lime 
particles with an initial moisture content of 13.0 pct. ~4 This 
suggests that, during the preparation of the mixture pellet. 
the initially dry (0.9 pct moisture) lime absorbed moisture. 

The moisture absorbed by the lime affects only the reactivity 
of lime and not the weight change due to the reduction of 
the sulfide, because the pellet was completely dried under 
flowing helium before hydrogen was introduced. 132~ In 
retrospect, it would have been of interest to determine the 
moisture content of the pellet just before the reaction. This 
was not done because the model predictions were computed 
after the experimental measurements had been completed. 

The model was tested for different temperatures by using 
the adjusted value of the preexponential factor and the ac- 
tivation energy which was obtained experimentally for 
reactton [2]. This procedure resulted in a reasonable agree- 
ment. Therefore, the rate constant for reaction [2] within a 
mixture pellet was calculated using the following equation: 

k2 = 5.68 • 10 ~ e x p ( - 9 1 6 0 / T )  crn3/(mol �9 s) [43] 

The results of model predictions are presented together 
with the experimental data at various conditions in the fol- 
lowing sections. 

A. Effect of Temperature 

The experimental results were in good agreement with the 
theoretical predictions, as shown in Figures 4(a) through 
(d), except for the runs at 750 ~ in which extensive sin- 
tering occurred in the later stage of the reaction.13 This 
structural change violates one of the assumptions used in the 
model, and thus it is not surprising that agreement is some- 
what less satisfactory at 750 ~ 

The predicted values and experimental data of sulfur fixa- 
tion are also given in Figures 4(a) through (d) at different 
temperatures. The model is able to predict the degree of 
sulfur fixation within +-6.0 pct of the experimental results. 
As the diffusional effect became relatively greater with in- 
creasing temperature, the sulfur fixation increased. 
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Fig. 4--Comparison of the model predlchons with experimental results at various temperatures. (a) 600 ~ 
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Figure 5 shows the predicted concentration profiles of 
Hz, H2S, and H20 within the pellets at a certain time 
(t* -- 0.01). These profiles are presented for the purpose of 
giving a qualitative picture of the concentrations at different 
temperatures. It should be noted that gaseous concentrations 
are plotted using different scales. As expected, the concen- 
tration of H2S within a pellet is very low compared w'lth 
those of H, and H20 since the equilibrium concentration of 
HzS is very small. Furthermore, the concentration of H20 is 
considerably lower than that of H2, thus justifying the as- 
sumption of pseudobinary diffusion made earlier. At a low 
temperature (a smaller value of 0"B), diffusion of the gaseous 
species is much faster than the chemical kinetics, and the 
concentration of hydrogen is nearly uniform throughout the 
pellet and close to that in the bulk. The concentration of 
hydrogen sulfide is similarly uniform and close to that in the 
bulk. At higher temperatures (large values of ~'B), the effect 
of hydrogen diffusion becomes greater. 

Partially reacted pellets were sliced and examined under 
a scanning electron microprobe. No distinct compositional 
interfaces were found within the pellets reacted in the tem- 
perature range studied. Thus, it is believed that the re- 
sistance presented by chemical reaction and intrapellet 
diffusion are of comparable magnitude and the reacnon 
takes place over a diffuse reaction zone (containing partly 
reacted particles) under conditions studied in this work. 

B. Effect of PorosiO' 

In Figures 6(a) and (b), the results of the model are com- 
pared with experimental results using pellets of different 
porosities. The agreement is quite satisfactory. The higher 
porosity pellet (e = 0.531) had a lower sulfur fixation 
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q 

Fig. 5 - - P r e d i c t e d  gas-concentranon profiles ]n the pellet (t* = 0 01; 
Dp = 0,829 cm; e = 0,345: 3' = 3.0), 

(F = 0.816). This is due to the relatively fast diffusion of 
hydrogen sulfide in the more porous pellet. Thus, a smaller 
amount of HeS reacts with lime, and the efficiency of lime 
in removing sulfur decreases with increasing porosity. 
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C. Effect of Mixing Ratio 

As shown in Figures 7(a) through (c), reasonable agree- 
ment between the model predictions and the experimental 
results is obtained for different mixing ratios. It Is shown 
that, even for a large value of 6-B (= 14.6 for 7 = 1.0), 
a substantial fraction of H2S may escape from the pellet 
without reacting with lime unless an excess amount of 
lime is used. As discussed elsewhere, t~ the hydrogen sul- 
fide reaction with lime slows down rapidly after the initial 
period of the reaction, and the remaining lime is not readily 
accessible to hydrogen sulfide gas. For this reason, although 
the value of ~o for y = 1.0 was slightly higher than 
that for 3' = 2.0, the model prediction and experimental 
data for 3' = 1.0 showed a substantially lower value of 
sulfur fixation. 

D. Effect of Pellet Size 

Since this set of experimental results was obtained using 
Cu2S particles of different size ( -  150 +200 mesh), the in- 
trinsic rate constant for reaction [ 1] was evaluated from the 
expression of nucleation and growth kinetics, in which the 
apparent rate constant is considered to be inversely propor- 
tional to the particle size of Cu2S. This assumption is 
thought to be reasonable particularly in the case where the 
CuzS grains are approximately spherical and the hydrogen 
reduction of CuzS is of first order with respect to the solid 
reactant. ~3 

The experimental results were in reasonably good agree- 
ment with the theoretical predictions as shown in Fig- 

ures 8(a) through (c), which further justifies the assumption 
made regarding the effect of particle size in the rate con- 
stant. As the pellet diameter increased, the resistance due to 
intrapellet diffusion increased somewhat. Accordingly, the 
sulfur fixation increased. 

E. Effect of Variations of Parameters on the Model 
Predictions 

In view of the large number and different values of pa- 
rameters that enter the computation, the computed results 
presented above were specific to particular, given experi- 
mental conditions. At this stage, it is thought desirable to 
discuss the effects of system parameters on the model pre- 
dictions. For the purpose of providing an improved physical 
insight as to the overall reaction rate, the computed results 
given in the following figures are presented in terms of both 
E W E  and the conversion of chalcocite (XB). 

Inspection of Figure 9 shows that the reaction rate in- 
creases with temperature (t* contains k~, a function of tem- 
perature) and the sulfur fixation increases as the overall rate 
becomes more strongly affected by diffusion. There will be 
an optimum temperature to achieve a reasonable reaction 
rate and degree of sulfur fixation in the pellet. 

As shown in Figure 10, the higher the porosity of the 
pellet, the higher the conversion of the sulfide with in- 
creasing H~ diffusion rate. but the degree of sulfur fixa- 
tion is lower as the diffusion rate of H 2 S  also increases. 
For a given temperature, pellet size, mixing ratio, etc., there 
is an optimum porosity in terms of reduction rate and sul- 
fur fixation. 
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Increasing y increases the extent of sulfur fixation in the 
solid and also speeds up the conversion of the sulfide, as 
seen in Figure 11. In most practical cases, however, there 
will be an optimum mixing ratio, above which excess lime 
becomes essentially an inert filler and slows down the over- 
all rate of reaction per unit mass of the sulfide. 

Figure 12 shows that, as the resistance due to intrapellet 
diffusion increases with pellet size, the reaction rate de- 
creases but the sulfur fixation increases. There is an opti- 
mum pellet size which minimizes the diffusional resistance 
of hydrogen but provides a sufficient residence time for 
hydrogen sulfide within the pellet. 

VII. CONCLUSIONS 

A mathematical model of successive gas-solid reactions 
in a porous pellet has been applied to the hydrogen reduction 
of chalcocite in the presence of lime. The model was formu- 
lated incorporating basic physical and kinetic parameters. 
The physical parameters were measured experimentally ex- 
cept for the effective diffusivity which was estimated by 
using the measured physical properties. The kinetic parame- 
ters were obtained from the separate experiments of indi- 
vidual reactions: the hydrogen reduction of cuprous sulfide 
and the reaction of hydrogen sulfide with lime. 

These parameters were incorporated into the theoretical 
model, the results of which were compared with the experi- 
mental results of the overall reaction in terms of both the 
conversion rate and the degree of sulfur fixation under dif- 
ferent values of parameters such as temperature, porosity. 
mixing ratio, and pellet size. 

The mathematical model was applied successfully to the 
hydrogen reduction of Cu~S in the presence of lime except 

at a high temperature (750 ~ uhere extensive sintering 
took place. Knowledge of the sinterxng processes and their 
effect on diffusivlttes is limited at present. However, when 
such knowledge is available for a particular system, the 
model can easily be modified to take sintering into account. 
In all other runs. the deviation fell within --- 10 pet of frac- 
tional weight loss and -+6 pet of sulfur fixation. 

The model offers a means of determining the properties 
of an optimum pellet with a minimum number of experi- 
ments, which could be used for further scale-up applica- 
tions. Furthermore. the model presented in this paper can 
be applied to hydrogen reduction of other sulfide minerals 
and tor other successive reactions in general. 
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C4b. CCb 
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De 
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DK 
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LIST OF SYMBOLS 

External surface area of the pellet 
Number of moles of solid B reacted per one 
mole of gas A in reaction [4] 
Stoichiometry coefficient in reaction [4] 
Concentrations of gases A, C, and E, 
respectively 
Concentrations of gases A and C in the bulk, 
respectively 
Stolchiometry coefficient in reaction [5] 
Effective diffusivity in the porous solid 
Effective diffusivities of gases A, C, and E, 
respectively 
Knudsen diffusivity 
Molecular diffusivtty 
Diameter of pellet 
Stoichiometry coefficient in reaction [5] 
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F Fraction of gas C captured by solid D, 
defined by Eq. [34] 

Fp Shape factor of the pellet (= 1, 2, and 3 for 
flat plates, long cylinders, and spheres, 
respectively) 

k~, k2 Reaction rate constants for reactions [4] and 
[5], respectively 

k20 Preexponential factor of rate constant for 
reaction [5] 

km External-mass-transfer coefficient 
K~, K2 Equilibrium constants for reactions [4] and 

[5], respectively 
m Constant defined in Eq. [9] 
M Atomic or molecular weight 
r, Critical pore radius determined from pore 

size distribution of pellet 
R Distance coordinate in pellet 
Sh* Modified Sherwood number defined by 

Eq. [31] 
t Time 
t* Dimensionless time defined by Eq. [27] 
At* Dimensionless time step 
T System temperature 
v~, v: Net forward rates per unit volume of pellet 

of reactions [4] and [5], respectively 
Volume of pellet 
Overall conversions of solids B and D, 
respectively 

Greek Symbols 

O/B, O/D Fractions of pellet volume initially occupied 
by solids B and D, respectively 

/3 Ratio of reactivities of solids D and B. 
defined by Eq. [26] 

3' Ratio of molar quantities of solids B and D 
defined by Eq. [25] 

e Initial porosity of the pellet 
rl Dimensionless distance coordinate in the 

pellet defined by Eq. [19] 
h Constant defined in Eq. [10] 
PB, PD True molar densities of solids B and D, 

respectively 
&~, 6-D Generalized gas-solid reaction moduli for 

solids B and D, respectively, defined by 
Eqs. [22] and [23] 

tOA, ~C Dimensionless concentrations of gases A and 
C, respectively, defined by Eqs. [20] and 
[21] 

co~, COD Local values of the fractional conversions of 
solid reactants B and D, respectively 

Other Symbols 

V 2, V*: The Laplacian operators with R and rl, 
respectively, as the position coordinates 

v~ 
XB* XD 
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