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PRECIPITATION OF METALS BY METALS (CEMENTATION) EQUILIBRIA IN ABSCENCE

OR IN PRESENCE OF COMPLEXES IN THE SOLUTION

WYTRACANIE METALI METALAMI (CEMENTACJA) ROWNOWAGI W ROZTWORACH

SOLI PROSTYCH LUB KOMPLEKSOWYCH

Cementation equilibria, in presence of the complexing ligands of the L™ or L° type, have
been discussed. Equations expressing dependence of the equilibrium concentration ¢* on the
process parameters are presented. They indicate that in the cyanide or ammonia complexes
solutions, dependently on the reacting metal pair, c* may rise, decline or remain unchanged
— when the concentration of the complexing compound increases.

Equilibria concentrations c% are several ranges of value higher than those c**, reached
in absence of complexes. Solely in the case of the Ag*/Cu system a reverse dependence may
be expected.

Omowiono rownowagi cementacyjne w roztworach soli kompleksowych (ligandy typu
L~ lub L°. Wprowadzono réwnanie wyrazajace zalezno$¢ réwnowagi stezenia c% od
parametrOw procesu. Rownanie to wskazuje ze c*, ze wzrostem stezenia czynnika
kompleksujacego, moze rosnaé, zmniejszac¢ si¢ lub pozosta¢ bez zmiany. Zalezy to od
reagujacych metali oraz rodzaju czynnika kompleksotworczego (cjanki, amoniak).

Stezenia rownowagowe c%, odpowiadajace cementacji z roztworow kompleksow cjan-
kowych lub amoniakalnych, sa szereg rzedow wielkosci wigksze od rownowagowych stezen
c** odpowiadajacych wytraceniu z roztworow nie zawierajacych kompleksow. Jedynic
w przypadku uktadu Ag™/Cu wyprowadzone rownania wskazuja na istnienie odwrotnej
zaleznosci.

LIST OF SYMBOLS

A and B — respectively the more noble metal, being precipitated and the less noble precipitating,

— a and b number of their mols in the stoichiometric equations,
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— a4 p activities of the metal ions,
— m and n valencies of the metal ions,
i standard potentials,

¢ — analytically determined concentrations,

¢ — initial concentration of the being precipitated metal,

oy equilibrium concentration attained for processes in the complex salts solutions,

" — equilibrium concentration for processes taking place in absence of the complexing ligands,
ey — concentration of the complexing ligand,

rand s numers of ligands in the complexes,

K,p — stability constants of the complexes,

o and ff — valencies o the complex ions,

concentration of ions.

1. Cementation equilibria in abscence of complexes
Equation (1) presents the stoichiometry of such a process
aA™ +bB = aA+bB"", (1)

where am = bn. Equilibrium is attained when, as a result of that reaction, con-
centration of the more noble metal ions A™* declines and that of the less noble B"™
rises to such an extent that the equilibrium potentials of both metals become
equal.
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Equation (2) enables one to calculate the ratio of the activities of metal ions which
correspond to the cementations equilibrium. Influence of the hydrogen 1ons
concentration, on the cementation equilibria, and influence of different factors on the
kinetics of the process, have been discussed in another text [1].

When discussing hydrometallurgical processes, performed in absence of com-
plexes in the solution, a simplifying assumption is usually made that activities of ions
are equal to their concentrations. Eq. (2) may be then transformed, for processes
performed at 298°K, to the eq. (3a)
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where %% represent analytical concentrations of the metal ions corresponding to the
cementation equilibrium. It follows from the stoichiometry of the process that

cE¥ :a(c’;—c;‘;*). Subsequently eq. (3a) may be transformed in (3 b).
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In the typical industrial cementations processes (Cu®*/Fe, Zn or Al; Au* or
Ag*/Zn, Cu) equilibria concentrations of the precipitated metals are usually several
ranges of value less than their initial ones (ci* « c%). Often c%* is even below the
limits of the classical analytical methods. In such cases, assuming that ¢% —c¥* =~ ¢%
a simplified version (3¢) may be applied.
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2. Cementation equilibria in presence of the complexes in the solution

Equation (2) expresses equilibrium condition both in absence and in the presence
of complexes. Also the simplifying assumption, that the ratio of the reacting metals
ions activities is equal to that of their concentrations, does not influence markedly
the results of the calculations.

However, in contrast to the plain salts solutions, concentration of ions differs
significantly from the analytical concentration of the metal. The latter is equal to the
sum of the metal present in the form of a complex (main part) and of the metal ions
released in the process of its dissociation.

Eq. (3 a), which presents cementation equilibrium condition, includes concentrations
of the ions of the metals participating in the process. These concentrations are difficult to
determine experimentally in the complex salts solutions. Therefore an attempt has been
made to transform the eq. (3 2) in such a way as to express the cementation equilibria
condition, in the complex salts solutions, applying the analytically determined
concentrations and stability constants of the reacting metal complexes. It is obvious that
in such system, equilibrium will also depend on the concentration of additionally
introduced complex forming compounds (for instance cyanides, ammonia etc.).

21. Cementation equilibria in presence of the complex
forming ligands of the type L~

When the complexing ligand is of the type L~ (for instance CN~,CI ™) then the
stoichiometry of the cementation process presents eq. (4).

a(A™"L; Y~ +bB=ad+b(B""L;)"", )

where: ax = bff; a =r—m; f=s—n; am = bn.
When no extra addition of the complex forming ligands is added to the solution, for
instance in form of the Na or K salts, then ar = bs.



Stability constants of the complexes, participating in the reaction, may be
presented in form of the egs. (5a,b). Symbols ¢, , express there the analyticaly
determined concentrations.
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It follows from the eq. (4) that ¢, = 5(631 —c,4). When introduced in eq. (5 b) it leads
to (5¢).
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Egs. (5a) and (5c¢) can be subsequently transformed to (6 a) and (6 b), which express
concentrations of the A™* an B"' ions, in the system in which cementation

equilibrium has been reached (c, = c¥).
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Assuming that activities of the metal ions are equal to their concentrations, and
taking into consideration equilibrium condition expressed by the eq. (2), one gets eq.

(7). In abscence of complexes (i.e. for ]L“ =0) eq. (7) transforms in (3c¢).
Am+ n * n K L— s 1 m
| L= cf f B‘ | + = Emn (7)
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In the following text eq. (7) is applied to discuss cementation equilibria in the
cyanide complexes solutions. In the industrial processes, like cementation of gold by
copper or zinc, solutions with a significant stoichiometric excess of the, well
dissociating, cyanides (NaCN, KCN) are applied. Concentration of the ligand |L| is
then practically equal to the concentration of these salts c;.

The Table 1 presents dependencies, established on the basis of the eq. (7), for
different pairs of the cemented metal 4 and the less noble B. These dependencies
were applied to calculate the runs of the curves in the Figs. 1 and 2. — Calculations
were performed for the systems with a high stoichiometric excess of the cyanide to
the cemented metal (¢ = 0.005 to 0.04; ¢, = 0.5 to 2.0 mol/l). Therefore complexes
with the highest number of ligands were considered.



TABLE 1

Cementation equilibria in the cyanide complexes solutions, in presence of the stoichiometric excess of the cyanide (Na, K); ¢, concentration of the

o _go
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cyanide; T 298°K; E = 10 9059 Stability constants of the cyanide complexes: K,, 2.0 x 10%%; K,,

5.01 x 10%% K¢, 2.0x10°°% K,, 525x10'® [2]
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g s K +1/\b ¢§—c b(c, —c*¥)
(1) 2
1 (Au™L})” +Ag+2L" = Au+(Ag*L; )" =536x10"1°
ch) (Kgc‘z+ 1> e
¢ —cX\K 441 2% E
2 |(Au*L;)"+Cu+2L = Au+(Cu*L;)*" =1.00x1072° | ¢o—c¥x
¥ 3 + 3 Cj (KBCZ+1> E 1.87x10°3
3 Ag"L; )" +Cu=Ag+(Cu"L;)~ — . |J=E=lo/iXx i
(Ag"L,) g+ <) ¢ —cX\K cf+1
et 2(Kyer+1)
4 2(Au*L;)" +Zn =2Au+(Zn**L;)*" < \/ = =E=180x10"*%2
\/C:AC: (K ci+1)
5 2(Ag L) +Zn=2Ag+(Zn*" L)~ +4L" =3.55x10"%7 p)
&% V2 (Kyep+1) ik =E
=FE = 0 __ k%
/o K ¢t +1) Ca=¢
- . B g =ck ( ACL 5%
6 | 2(Cu*LI) +Zn=2Cu+(Zn**L;) +4L = 1.80x 1072

(1) ¢* equilibrium concentration of the cemented metal “4” when concentration of the cyanide is equal ¢,; presented equations follow from the eq. (7).
(2) when concentration of the cyanide ligand ¢, = 0 then ¢% = ¢**. For the discussed range of concentrations ¢ (0.005 to 0.04 mol/l) the equilibrium
concentrations c** are respectively equal: Au™/Ag (0.3 to 2 1)>< 10717, Au*/Cu (0.5 to 4.0)x 1072% Ag™ /Cu (09 to 7.5)x1077; Au*/Zn (0.9 to

2.5)x107%3% Ag*/Zn (1.7 to 4.7)>< 10728, Cu*/Zn (09 to 2,5)>< 1023
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Fig. 1. Cementation from the cyanide complexes solutions. Dependence of the equilibrium concentration
¢* on the concentration of the cyanide ¢,. Numbers of curves correspond to those in the Table 1. The
ratios ¢ /c**, calculated on the basis of the equations and data presented in the Table 1 (for ¢% = 1072
mol/l and ¢, = 0.5 to 2.0 mol/l) are respectively equal: Au*/Ag 2x 103 Au*/Cu (4.0 to 0.3)x 107;
Ag*/Cu 25x107 1% Au®/Zn 8.0x 10%%; Ag*/Zn (0.6 to 9.0)x 10'%; Cu*/Zn (0.7 to 8.0)x 10*°.
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Fig. 2. Cementation from the cyanide complexes solutions. Dependence of the equilibrium concentration
c*, of the precipitated metal, on its initial concentration c?,. Numbers of curves correspond to those in the
Table 1.
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The data in the Table 1, and the representing them curves in the diagrams,
indicate that cyanide concentration may influence cementation process in different
ways. It depends on the reacting metals, their standard potentials and also on the
number of ligands and stability constants of the complexes.

In the case of Cu*/Zn system equilibrium concentration rises (see Fig. 1)
with the increase of that of the cyanide. In solutions containing more than one
mol of cyanide per litre, c&, attains cZ, value, i.e. cementation does not occur.
— With the increase of the cyanide content in the solution equilibrium concen-
tration of Au, cemented by Cu, declines and that of Ag cemented by Zn rises.
— Cyanide concentration has not any influence on the cementation equilibria in
the Au*/Zn and Ag*/Cu systems. — Silver practically does not precipitate gold
from the discussed complexes solutions. Solely at high cyanide concentrations
a slight decrease of the gold equilibrium concentration cj%,, from its initial value
Caw Can be seen.

The diagram 2 shows that with the increase of the initial concentration
¢% equilibria concentrations c% rise linearily (Au®/Cu; Ag*/Cu) or parabolically
(Au™/Zn; Ag*/Zn). It has been already mentioned that, in the discussed solutions,
Ag does precipitate Au. Neither Zn precipitates Cu when ¢, > 1 mol/l.

The values of the ratios c¥/c%*, calculated for different metal pairs (caption of the
Fig. 1), indicate that cementation equilibria concentrations attained in presence of
cyanides are usually ranges of value higher than in the processes performed in
absence of complexes. However a reverse dependence has been also observed. In the
case of the Ag'/Cu system cX,/ck¥ < 1.

22. Cementation equilibria in presence of the complex
forming ligands of the type L°

Stoichiometry of the cementation is expressed by the eq. (8), symmetrical
to the eq. (4).

a(AL,)"* +bB =ad+b(BL)"", (&)

where, when no additional complex forming compound is present in the solution,
ar = bs.

Discussion, parallel to that presented in the case of the cyanide solutions, leads to
the eq. (9), symetrical to the eq. (7).

|Am+'n = < Ci >" <('_1 KBILis+ 1>m = Emn. (9)

|B*H|™ \KL["+1) \b cy—c3

An example of the L° type ligand is ammonia. In solutions where ammonia is
present in a large excess to the complex forming metal ions, ]L| is practically equal to
the concentration of the added ammonia c;.



TABLE 2

Cementation equilibria in the ammonia complexes solutions, in presence of the stoichiometric excess of the ammonia. ¢; concentration of ammonia;

o —go
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T 298°K; E =1009-95% Stability constants of the ammonia complexes: K,, 1.00x10%7; K,, 2.50x107; K, * 6.30x10'% K2+ 3.89x10'%

K5, 1.15x10° [2]
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No. |a(A™*L)"* +bB =aA+b(B"*L)"™
(1 @
1 (Au*L,)* +Ag= Au+(Ag*L,)* =536x1071°
* 2 3k
¢ —c*\K i +1 &y—ak*
3 |(Ag"L)"+Cu=Ag+(Cu’L,)"* — 1871073
4 2(Au*L,)* +Cu =2Au+(Cu**L,)** 3) =791x10"2*
5 |2(Ag*L,)* +Cu=2Ag+(Cu*L,)** o) —148x1073
* 2(Kget+1 2
6 2(Au*L,)* +Zn = 2Au+(Zn2*L,)?** G V2K ): E=180x10"42 erry =E
J—ct (Kycz+1) =it
7 2(Ag"L,)" +Zn =2 Ag+(Zn*"L,)*" =335x10"%7
8§ |2(Cu’L,)*+Zn=2Cu+(Zn**L)** =1.80x 10722
* 4 *%
9 | (Cu?*L)**+Zn= Cu+(Zn?**L,)** | < <KBCL+1> T LA
3 ¢ —ci\K i +1 ¢ —ck*

(1) c* equalibrium concentration of the cemented metal “A” when concentration of ammonia is equal c;.
(2) when concentration of the ammonia ligand ¢, = 0 then ¢* = c¢**. For the discussed range of concentrations ¢ (0.005 to 0.4 mol/l) the equilibrium
concentrations c%* are presented in the Table 1.
(3) cementation in the aerated solutions.
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The Table 2 presents dependencies, established on the basis of the eq. (9), for
different reacting metal pairs 4 and B. It follows from the presented there equations
that cementation equilibria, in the discussed ammonia complexes solutions, do not
depend, in contrast to those in the cyanide solutions, on the concentration of the
complexing agent. It follows also from the data presented in the Table 2 that the
equilibrium concentration c% rises with the increase of ¢%. It can be seen in the Fig.
3 that the shape of curves depends on the valencies of the metals ions participating in
the reactions.
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Fig. 3. Cementation from the ammonia complexes solutions. Dependence of the equilibrium concentration

¥, of the precipitated metal, on its initial concentration ¢?,. Numbers of curves correspond to those in the

Table 2. The ratios c*/c**, calculated on the basis of the equations and data presented in the Table 2 (for

¢’ = 0.01 to 0.04 mol/l) are respectively equal: Au*/Ag 1.9x10'% Au™/Cu(+) 1.6 x 10'5; Ag*/Cu(+)

3.9%107% Au™/Cu(2+) (5.0 to 5.2) x 102 Ag™/Cu(2+) (13.3 to 12.5)x 10% Au*/Zn (2.9 to 1.8)x 10?2
Ag¥/Zn (7.3 to 7.4)x 10% Cu*/Zn 1.8x10°% Cu?*/Zn 3.3 x 103

The values of the ratio c¥/c** (caption of the Fig. 3) depend neither on the
concentration of ammonia nor on the initial concentration ¢ (in the cyanide
solutions that ratio does not depend on ¢% but depends on the concentration of the
complexing cyanide). The values of these ratios indicate also that equilibria
concentrations in the ammonia solutions are usually several ranges of value higher
than those in absence of ammonia. However, like in the cyanide solutions, a reverse
dependence exists in the case of the Ag*/Cu system.
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3. Summary and conclusions

a. Cementation equilibria, in absence or in presence of the complex forming
ligands (of the L™ or L’ type), have been discussed. An equation has been presented
expressing dependence of the equilibrium concentration c¥, in the complex solutions,
on the equilibria determining factors, i.e. — on the initial concentration c%, standard
potentials ¢j p of the reacting metals, on ¢; concentration of the complex forming
compounds and on the stability constants of K, ; of the complexes participating in
the process.

b. Equilibria concentrations have been calculated for, performed in the cyanide
solutions, cementation processes of the metal pairs: Au™/Ag, Cu or Zn; Ag*/Cu or
Zn; Cu*/Zn. — It has bee found that, with the increase of the cyanide concentration,
c% may rise, decline or remain unchanged (depending on the valencies of the metal
ions, on the number of ligands and on the stability constants of the complexes).

The calculated equilibria concentrations c% in the cyanide complexes solutions,
are several ranges of value higher than those ¢%* in absence of cyanide. Solely in the
system Ag*/Cu a reverse dependence has been found.

c. In the case of cementation from ammonia complexes solutions (Au*/Ag, Cu or
Zn; Ag"/Cu or Zn; Cu*/Zn; Cu?*/Zn) equilibrium concentration c¢¥% depends, like in
the cyanide solutions, on ¢%. However, in contrast to the cyanide solutions, it does
not depend on the concentration of the complex forming ammonia.

In ammonia complexes solutions, like in the cyanide ones, equilibrium concentra-
tions c¥ are several ranges of value higher than those c¢%* in absence of the complex
forming ligands. Again a reverse dependence has been found in the case of the
Ag*/Cu(+) system. When silver is cemented by copper from the aerated solution
(Ag*/Cu(2+)) then, like in the case of other discussed metal pairs c¥ > ck*.

d. A particular case of the cementation in the system with two complexing
compounds, one forming complexes with the being precipitated metal A and another
with the precipitating metal B, has ben discussed by the author in another paper [3].
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