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1. Kinetics of the process 

XC* :$, )(C), ? *$%= , K $C* 9%,(*: : ): +*:(%)L*+ L= $C* *] A&$), 7 (1). 

a 
n= -m b . 

D: :A? 9$), 7 $C&$$C* %&$* , K$C* 9%,(*: : ): 9%,9, %$), 7&B $, $C* (, 7(*7$%&$), 7 , K
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Consecutive stages of the process are: transfer of the M~ + ions to the reaction 
surface (i.e. to the ! 8 metal surface), reaction itself and finally transport of the 
M']/ ions into the bulk of the solution. 

When the reaction is of the first order equation (2) describes kinetics of the 
process regardless of the rate determining stage the only difference is that "# has then 

D 
different meanings. For the diffusion control "# = J' while for activation control 

"# = kand in the case of a mixed control (i.e., when the rate of the ! $ + ions transfer 
% % "&

and the rate of the reaction are of the same order of magnitude) "# = --~-. us ' (
Equation (2) seems to indicate that with the progress of time concentration aims 

asymptotically at zero. It is obvious that in reality an equilibrium state will be 
reached. Therefore equation (3) has been suggested, which takes into consideration 
the existence of the equilibrium concentration ) * > O. 

+* S 
+, = - - "#.)/ ) *0 (3 a) 

)/ ) s 
ln--e = - /"#,%

c0 -ce V 

In the typical industrial processes, for instance in the case of cementation of 
copper by iron from sulphate solutions, ce is several ranges of order smaller than 
c(c » ce). Consequently eq. (3) converts into well known eq. (2). 

The situation differs when the cemented metal is precipitated from the solution of 
its complex salt. Equilibrium concentration ce of the metal, present in the solution 
mainly in the form of a complex, is then much greater than concentration of its ions 
which decides on equilibrium. In such case eq. (3) should express the dependence 
c = 1.,0 better than eq. (2). To verify this hypothesis experimental results published 
by Guerra and Dreisinger [4] have been applied. 

When investigating cementation of gold by copper, from the thiosulphate­ 
ammonia complexes solutions, these authors have established empirical equation (4). 

(3 b) 

C 
In-= - "1,2 "3,2. 

Co 

The second component on the right side of this eq. indicates on existence of a factor 
which inhibits the process. G u e r r a and D re i si n g e r assumed that it is a result 
of ,,passivation" i.e. the screening of the precipitating metal (Cu) surface by the 
cementation product (Au). 

The form of the suggested equation as well as its interpretation rise some doubts. 
Analysis of the eq. (4) leads to the obviously erroneous conclusion that the 
concentration of the cemented metal, which initially decreases, reaches a minimum at 

"
, = 

2 
44 and then rises again. 

(4) 
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In the process of cementation both metals contact with each other and with the 
electrolyte, forming a short circuited cell. Consequently they have practicall y the 
same potential determined usuall y by the less noble participant (M 8). As a result, 
reduction of M';:_+ ions may equally well proceed either on the surface of the metal 
M 8 or on the surface of the already deposited MA· Therefore, the cementation 
product rarely diminishes the rate od the process. On the contrary sometimes, when 
the cemented metal deposits in the dendritic or spongy form, the reaction surface 
area increases and consequently the reaction runs faster [5]. 

Cementation process may come to the end, at higher than equilibrium concentra­ 
tions, in two cases: a) when MA' deposited on the M 8 surface, hinder transport of 
M13 + ions into bulk of the electrolyte, to such extent that the rate of their removal (by 
diffusion) becomes smaller than the rate of their formation. In effect concentration of 
these ions rises in the vicinity of the reaction surface and finally a passivating salt 
layer precipitates there; b) when the layer of the precipitated metal is as compact that 
it entirely isolates M 8 from the solution. 

Experimental data, gathered in the Table, were used to judge which of the 
presented equations describes better the kinetics of the cementation of Au by Cu 
from the thiosulphate-ammonia complexes solution. The results of these calculations 
are presented in the diagram 1. Comparison of the correlation coeffi cients, and of the 
shapes of curves leads to the conclusion that eq. (3 b) * describes the kinetics of the 
discussed process better than eqs (2) or (4). 

TABLE 

Cementation of gold, from thiosulphate-ammonia solution, by copper powder* 

Initial concentration of Au 13.33 ppm (i.e. 6.8 x 10-5 mol/I). 

NH3 0.73 mol/I, s20;- and so;- O.I mol/I each, Cu 1 g/1 (i.e. 0.016 mol/I). 

Copper powder (100 to 200 mesh) 5 g/3.75 I of electro I yte; t0 50°C. 

t [min] o 5 IO 15 20 30 45 60 90 

C 
-In- o 0.246 0.448 0.629. 0.798 1.080 1.538 1.888 2.530 

Co 

clppml 13.33 10.42 8.52 7.11 6.00 4.53 2.86 2.02 1.06 

C 
* the - In - values have been read out from the diagram 4 in the paper by Guerra and Dreisinger 

Co 
[4]. According to these authors each point in that diagram presents an average value of 5 experiments. 

* the equilibrium concentration c, used to verify the eq. (3 b) has been determined by substituting different 
assumed values of c, into that equation. Each time the correlation coeffi cients have been calculated, using 
the Table data. The diagram 2, which shows results of these calculations, proves existence of a distinct 
maximum of the correl. coeff for c,Au = 0.65 ppm. 
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Fig. 2. Dependence of the correlation coeffi cient of the eq. (3 b) on the assumed value of the equilibrium 
concentration ce. Experimental data presented in the Table have been used in these calculations 

2. Equili br ium concentration ceAu of gold, in the discussed cementation process, 
calculated fr om the standard potentials and stabili ty constants of Au and Cu complexes 

Cementation comes to the end when equilibrium potentials of both metals, 
participating in the process, became equal to each other. 

o RT I +1 o RT I +1 CAu+/Au+-yln Au = 8cu•;cu+-yln Cu 

!Au+ I = !Cu+ [ exp I :T (sgu +/Cu+ siu+ /Au)I 

ciu+/Au = 1.68 V; 8gu+;cu = 0.52 V; T = 298°K 

(5 a) 

(5 b) 

In the discussed solutions gold and copper were present mainly in a form of 
complexes: -Au (S2O3H- and Cu (NH3)i- - Concentrations of the undissociated 
complex ions are respectively equal: 

[Au(S2O3n- = CAu-[Au+I and similarly [Cu(NHJll = Ccu-[cu+[. As a result 
the stability constants [6, 7] may be presented in form of eqs (6) and (7). 
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(6) 

(7) 

When the cementation equilibrium is reached, in these complexes solution, then 
CAu = ceAu· Therefore substitution of the concentrations !Au+I and 1cu+1, from (6) 
and (7) into eq. (5 b) leads to the eq. (8). 

O l+KA+/s02- (IS20~-l)2 

C =218xl0-2 X u 2 3 X~-~ XC = 
eAu . l K !NH I Cu + Cu+ /NH, · 3 

mol/I. (8) 

In the discussed G u e r r a and D re i s i n g e r experiments: ecu = 1 g/1 i.e. 
0.016 mol/I (would all Au be precipitated Cu concentration would change less than 
0.5%); concentrations of thiosulphate and ammonia were respectively equal 0.1 and 
0.73 mol/I. 

A simplifying assumption has been made that IS2O3I and INH31 are equal to their 
analytical concentrations. Substitution of all these data into eq. (8) gives: 
ceAu = 4.4 x 10-6 mol/I (i.e. 0.88 ppm). 

Guerra and Dre is i n g er experiments were performed at 50°C. The values 
of the standard potentials and of the stability constants of the complexes refer to 
25°C. All these data are burdened with some unevitable experimental errors. These 
facts lead to the conclusion that the equilibrium concentrations: 

ceAu = 0.65 ppm (3.3 x 10-6 g/1) calculated from the eq. (3 b), using presented in 
the Table experimental results of G and D, and as well ceAu = 0.88 ppm (4.5 x 10-6 g/1) 
calculated from the standard potentials and the stability constants of complexes, 
- agree satisfactorily with each other. It speaks for the "equilibrium" and 

against the "passivation" hypothesis as a cause of the deflection of the Inc = f(t) 
dependence from linearity observed in the discussed cementation process. 

Increase of the ceAu means rise of the Au losses (i.e. decrease of the % of Au 
recovered from the solution). - Eq. (8) has been used to draw the diagram 3. It 
indicates that ceAu diminishes with the increase of ammonia concentration and with 
the decrease of the concentrations of copper and thiosulphate. If the influence of 
solution components on ceAu is simply additive then - as follows from the eq. (8) 
- 50% increase of c0NH

3 
ad simultaneous 50% decrease of the c

0
cu and c082O3, would 

diminish the ceAu to 0.03 ppm. 
Unfortunately neither of the presented equations, describing kinetics of the 

cementation, makes it possible to calculate the time required to reach the state of 
equilibrium. 
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tion from a sulfate solution, which is next subjected to destillation in a reduction 
atmosphere. 

In the hydrometallurgical process of zinc preparation the cadmium, present in 
the roasted ore and in the dust obtained in the course of roasting in the fluid state, 
passes to the solution during their leaching in a solution of sulfuric acid. Cadmium is 
precipitated from this solution by means of zinc in the form of the so-called cadmium 
sponge. 

When the pyrometallurgical method of zinc preparation is applied, con­ 
siderable amounts of cadmium pass to the dust during roasting on D-L ma­ 
chines. To recover cadmium from the dust, it is subjected to leaching, and 
next cadmium sponge or zinc-cadmium carbonate, containing 10--15% of Zn 
and about 40--45% of Cd, are precipitated from the solution. Preliminary 
information on the processing of this material directly into metall ic cadmium 
can be found in the studies [1-2]. Cadmium sponge can be also melted into 
metall ic cadmium under a layer of salt, however this process causes great loss 
of the material, and the obtained cadmium is contaminated with a marked 
content of zinc. 

The aim of the present work is the determination of the effect of the composition 
of the gaseous phase (CO + CO2) and the temperature on the reduction rate of 
cadmium oxide and on the zinc content in the products in the case of the reduction 
of the mixtures of cadmium and zinc oxides. 

2. Determination of the conditions of a selective process of CdO reduction 

Cadmium, as well as zinc, belong to those metals which, after reducton of their 
oxides, are obtained in the gaseous phase. As the system in which these reactions 
take place, at constant pressure and temperature, has 1 degree of freedom, the 
equilibrium compositions of the gaseous phase are illustrated by respective curves in 
the system Cd-CO-CO2 and Zn-CO-CO2. The composition of the gaseous phase in 
the equil ibrium state thus depends on the starting composition. According to the 
opinion of Pt a k and S u k i e n n i k [3-4], the reactions, for which the sum of the 
stoichiometric coeffi cients occurring in the gaseous components of the reaction 
differs from zero, are characterized by the so-called characteristic point, and the 
compositions of the gaseous phase change as the reduction proceeds along the 
straight lines linking the starting state with the characteristic point. The composition 
of the gaseous phase in the state of equilibrium is defined by the point of intersection 
of the given straight line with the equilibrium curve of the respective reaction. Using 
the data [3-5], there have been calculated the equilibrium compositions of the 
gaseous phase for the reduction reactions of CdO and ZnO by means of CO, 
beginning with various starting compositions of the gaseous phase. In the calcula­ 
tions consideration has been given also to the course of the reduction reaction by 
means of carbon with simultaneous course of B o ud o u a rd 's reaction. The 
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TABLE I 

Equilibrium composition of the gaseous phase for the reduction 
CdO +CO= Cd, + CO2 depending on the starting composition of the 

gaseous phase (in molar fraction) 

Temp. 
Starting phase Equilibrium composition of the gaseous 
composition phase 

[KJ X~o x~o2 Xco Xco2 Xcd 

1048 1/3 2/3 0.000270 0.74993 0.249800 
1/2 1/2 0.000350 0.66655 0.333100 
2/3 1/3 0.000375 0.59985 0.399775 

1 o 0.000400 0.49980 0.499800 

1073 1/3 2/3 0.0002000 0.749950 0.249850 
1/2 1/2 0.0002750 0.666575 0.333150 
2/3 1/3 0.0002917 0.599883 0.399825 

J o 0.0003000 0.499850 0.499850 

The performed investigations show that it is highly probable to select such 
temperature of the process and the composition of the gaseous phase that they will 
secure the selective course of the reduction process of cadmium oxide from a material 
containing zinc oxide. 

3. Experimental results and their discussion 

Investigations of the reduction were carried out on pure cadmium oxide and on 
material containing 49.95% of Cd and 16.8% of Zn, obtained after roasting 
zinc-cadmium carbonate at the temperature 1073 K. The experiments were per­ 
formed in an electric pipe furnace through which a gaseous phase with a definite 
content of CO and CO2 was passed. The aim of the experiments conducted on pure 
cadmium oxide was the determination of the effect of temperature and CO 
concentration in the gaseous phase on the reduction rate of Cd O. On the other hand, 
the experiments conducted on material containing zinc and cadmium oxides were 
expected to provide the answer to the question how the CO2 concentration in the 
gaseous phase and temperature of the process affect the zinc content in the gaseous 
products of the reduction. The degree of cadmium oxide reduction, calculated on the 
basis of recorder losses of mass during the process, is shown in Fig. 1. Similar 
dependences were obtaine for other temperatures. 

For a mathematical description of the occurring process of reduction there has 
been adapted the equation in the form [7~8]: 

3j(l - o:)2 = A - k · t, 
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where: 
a - degree of reduction, 
t - time of the process [min], 
k - constant proportional of the reaction rate [ min - 1 

] , 

A - starting co-ordinate, which for t = O should be equal to I. 
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Fig. I. Degree of Cd O reduction depending on the duration of the process at the temperature I 048 K for 
various CO contents in the gaseous phase 

The parameters of the kinetic reactions, calculated on the basis of experimental 
data, are listed in Table 2, while Fig. 2 illustrated the course of the calculated 
equations at the temperature 1073 K against the background of experimental points. 
In the final phase of the process the reduction rate becomes distinctly diminished in 
relation to the course resulting from the calculated equation. This follows from the 
gradual transformation of the cylindrical shape of the starting sample into 
a spherical shape, which means reduced surface of reaction for the same mass of 
a sample obtained as a result of incomplete reaction. 

6* 
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Fig. 2. The course of the calculated kinetic equations against the background of experimental points for 
the temperature 1073 K, at various CO content in the gaseous phase 

TABLE 2 

Calculated values of the kinetic equation 

Temp. 
CO in the 

gaseous A k 
[KJ phase, [%] 

1048 IO 0.9877 0.0236 
20 0.9930 0.0380 
40 0.9994 0.0717 
60 1.0109 0.0941 
80 l.0192 0.1127 

100 1.0210 0.1255 

1073 10 0.9902 0.0261 
20 0.9914 0.0404 
40 0.9911 0.0696 
60 l.0112 0.0955 
80 1.0211 0.1166 

100 l.0212 0.1300 
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When analyzing the changes in the value of the regression coeffi cient we find that 
the temperature of the reduction process affect in a minimal degree the rate of the 
process, whereas the CO content in the gaseous phase has a signifi cant effect on it. If 
we assume that the rate of the reduction process at constant temperature is 
proportional to the distance from the equilibrium state by: 

where: 
Xco - concentration of carbon oxide in the starting gaseous phase [%], 
Xco - concentration of carbon oxide in the gaseous phase in the state of 

equilibrium [%], 

and assuming, on the basis of the performed calculations, that Xco = O then the 
reaction rate is proportional to Xco• 

Having to our disposal the values of k for various Xco contents at constant 
temperature, the mutual relation between these values was determined. It has been 
defined by the relation: 

k = a· (xc0)" 

where: 
a, n - equation constant. 

The equation parameters calculated on the basis of linear regression analysis gave 
the following values: 

T = 1048 K a = 0.0042 n = 0.7494 
T = 1073 K a= 0.0049 n= 0.7191 

In both cases the correlation coefficient was higher than 0.997. 
In the further part of the study there have been carried out the investigations of 

CdO reduction from an oxide material containing zinc and cadmium oxides. The 
aim of these investigations was to test whether under conditions of intense reduction 
of cadmium oxide there takes place a simultaneous reduction of zinc oxide. As the 
conditions in which the reduction process was carried out did not allow the 
condensation of cadmium vapours, the conclusions concerning the selectivity of the 
reduction process will be drawn on the basis on analysis of the obtained dust for the 
content of zinc and the analysis of the remainder after reduction for the content of 
cadmium. The investigations were carried out at the temperatures 1048, 1073 and 
1148 K, at various CO content in the starting gaseous phase. 

Changes of the mass in the samples, registered during reduction have shown that 
the relative loss of the sample mass was the greater, the higher the CO content in the 
flowing gaseous phase. The total relative loss of the mass of the samples resulting 
only from CdO reduction should be equal to 52,5%. The experimental results 
indicated that especially at higher temperatures of the process and with higher CO 
contents in the gaseous phase this value was exceeded. This fact may be an indication 



86 

that in these conditions the zinc oxide was also reduced. This observation has been 
confi rmed by the results of chemical analysis li sted in Table 3. 

TABLE 3 

Zinc and cadmium content in the reduction products 

Tempera- CO in the Relative Cd content in Zn content 
ture gaseous loss of mass the remainder m the dust 
[KJ phase [%] [%] [¾] [¾] 

1048 33 49.40 1.16 0.85 
50 51.19 1.03 1.64 
67 52.41 0.88 1.93 

100 54.16 0.75 I.SO 

1073 33 52.76 0.96 1.44 
50 52.40 0.84 1.65 
67 51.92 0.54 1.48 

100 54.97 0.55 1.84 

1148 33 52.23 O.SO 1.46 
50 53.21 0.76 1.64 
67 56.04 0.33 2.07 

100 62.08 0.19 4.47 

The obtained results may be interpreted as indicating that it is not possible to obtain 
metall ic cadmium of high purity from oxide material containing zinc and cadmium 
by way of reduction. When the composition of the gaseous phase and the conditions 
of the condensation of zinc and cadmium vapours are taken into consideration, it 
may be stated that in the gaseous phase when it passes from the reactor to the 
condenser there exist conditions favouring the reoxidation of zinc vapours which in 
the condenser may form the so-called melting loss, which enables to obtain metall ic 
cadmium of high purity. 
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11.180.131). 

REFERENCES 

[I] Cz. Ma I i n o wski, S. Ma Ie ck i, B. Ma Ich ar, J. Or I i cz, 2nd International Conference 
"Non-ferrous metals 95", Kraków, September 7-9 (1995). 

[2] Cz. Ma I i n o wski, S. Ma Ie ck i, International Conference on the Recycling and Treatment of 
Metal Secondary Raw Materials, Podbanske-Vysoke Tatry, 8-10 maja 1996. 

[3] W. Ptak, M. Suk ie n n i k, ZN AGH Metalugia i Odlewnictwo 349, 50, 17 (1973). 
[4] W. Ptak, M. Suk ie n n i k, Archiwum Hutnictwa 16, I (1971). 
[5] I. Bar i n, O. K n ac k e, Thermochemical Properties of Inorganic Substances, Verlag Stahleisen 

m.b.H., Dusseldorf, 1973. 



87 

!" # $%& ' ( ) * + , - . / *0 1& ' ( )2 3/ *0 J. 4 5) * 3%0 6 )) 7 , +8252+39( 1: 5( - , %; ( - 3%( <= > ?' 2@(AB5C
D*( EFG?0 HIJH"&KF&LFFG0 7 5M+*3( &

!N# $%& ' ( ) * + , - . / *0 =53O*- BP QB@+*3@- ( 28, H0 LFI RLFGI S&
!G# T& Q ( U ) * / 0 ' & 1 / 5, V * ( +0 $%& ' ( ) * + , - . / *0 1& ' ( ) 2 3 / *0 QB@+*3/ 2 W*.@M 4, HLN RLFGFS&

XYZ )Y[ Y\ ] ^ _ <X4 ` & \ X Q= *A& )> a& ' = Xb= > 7 c $ Q= X17 )

Received: /9 October /999. 


