
Introduction

Among solution purification and concentration treatments,
solvent extraction has found the most extensive application.1

In the case of gold–cyanide hydrometallurgy the operation is
far from reaching its full potential but this is not the case for
gold-chloride hydrometallurgy in which the efectiveness of
the technique is demonstrated by its implementation in vari-
ous industrial processes.2–5 This had led researchers to study
various reagents for gold extraction from HCl media.
Extractants included amines and solvation reagents.6–13 The
extraction order often found in the case of amines is quater-
nary ammonium salts > tertiary > secondary > primary, thus,
the conversion of the amine,viz.primary, secondary or tertiary
to its amine salt derivative increases the extractability proper-
ties of the corresponding reagent. The present work is a study
of the distribution dependence of AuCl4

- between hydrochlo-
ric acid solutions and the chloride salt of the secondary amine
Amberlite LA2 in xylene. Experimental data were treated
numerically to obtain the equilibrium constant, furthermore,
the interaction coefficient (AuCl4

-,H+) was estimated using
specific interaction theory (SIT).

Experimental

The secondary amine Amberlite LA2 (Fluka) was used as received,
the purity was greater than 95% (experimentally determined by titra-
tion of the reagent with standard HCl solutions). The organic phase
was prepared by diluting a measured volume of the amine with
xylene (AR grade). The amine chloride salt was prepared by shaking
the amine solutions with aqueous phases containing 1.0 M HCl for
10 min at 20 °C. Previous investigations had shown that complete
conversion to the amine chloride salt occurs under these experimen-
tal conditions. Aggregation of the amine/amine salt depends strongly
on the organic diluent and the reagent concentration. In the present
study, very dilute solutions of the amine salt were used, so it can be
assumed that the monomer form of the reagent predominates in the
organic phase. All other chemicals were of AR grade. Gold extrac-
tions were carried out by mechanical agitation (600/min) in separa-
tory funnels, thermostatted at the required temperature and for 10 min
(time necessary to achieve metal extraction equilibrium) of the
appropiate volumes of the corresponding aqueous and organic solu-
tions. Gold content in the equilibrated aqueous solutions was
analysed by AAS, whereas metal concentration in the organic phase
was obtained after stripping of the loaded organic solutions with 

0.5 mol/l sodium tiosulphate solution and analysis of the aqueous
phases by AAS. Thus in each experiment, the gold mass balance was
calculated by analysing the gold concentration in both aqueous and
organic phases before and after the reaction. Experimental data with
a 97% mass balance accuracy were accepted, and other data were
rejected.

Results and discussion

The distribution of gold between the organic and aqueous
phases was obtained as the ratio of the total metal concentra-
tion in the equilibrated phases:

[AU] org

DAU = ——— (1)
[AU] aq

The influence of temperature (20–70 °C) on gold extraction
was studied using an organic solution of 0.12 mmol/l chloride
salt of Amberlite LA2 in xylene and aqueous solution of 
0.05 mmol/l gold in 5 mol/l HCl using a volume phase ratio of
1:1 (organic:aqueous). The results indicated a decrease in gold
extraction as the temperature is increased; the value of ∆H°
(change of enthalpy) is –20.8 kJ/mol, the extraction reaction
being exothermic.

The extraction of gold at different concentrations using an
organic phase of 0.23 mmol/l of the amine salt in xylene was
studied. Experiments were carried out at 20 °C, varying the
metal concentration in the aqueous phase and using various
concentrations of HCl. Figure 1 shows that higher DAu values
were reached at lower HCl concentrations and they tend to
decrease as the acid concentration increases in the aqueous
solution. For each HCl concentration, the values of DAu
increase as the initial metal concentration decreases; this
behaviour can be explained considering that the total concen-
tration of the amine salt in the organic solution is:

[R’R’’NHH+C1–]TOTAL = [R’R’’NH+Cl–]org + 
[R’R’’NHH+AuCl4

–]org
(2)

where R’R’’NH represents to the amine Amberlite LA2, and
the extraction reaction of gold(III) by the amine salt:

AuCl4
–
aq+R’R’’NHH+Cl–org R’R’’NHH+AuCl4

–
org+Cl–aq (3)

then:
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[R’R’’NHH+AuCl–4]org [Cl–]aq

Kext = ———————————— (4)
[AuCl4

–]aq [R’R’’NHH+Cl–]org

and:

Kext [AuCl–4]aq [R’R’’NHH+Cl–]org

[R’R’’NHH≠AuCl–4]org
= ––––––––——————––––––––– (5)

[Cl–]aq

Substitution of eqn (5) in eqn (2) leads, after rearranging, to:

[R’R’’NHH+Cl–]TOTAL

[R’R’’NHH+Cl–]org = ————————— (6)
1 + Kext [AuCl–4]aq

——————
[Cl–]aq

From eqn (4), considering the definition of the distribution
coefficient eqn (1) and rearranging, the following expression
is obtained:

Kext [R’R’’NHH+Cl–]org

DAU = ————————— (7)
[Cl–]aq

From eqn (6), as the equilibrium gold concentration is
increased, the concentration of the amine chloride salt in the
equilibrated organic phase decreases and thus in eqn (7) the
value of DAu also decreases (Fig.1). The influence of the vari-
ation in the concentration of the extractant on the distribution
of gold was studied using aqueous phases of 0.05 mmol/l gold
and organic phases of the amine salt in xylene. Figure 2 shows
an increase in gold extraction as the extractant concentration
is increased. However, the extraction of gold tends to decrease
as the HCl concentration of the aqueous solution is increased,
indicating a competition between gold and hydrochloric acid
for the extractant.

The extraction of gold can be described using the reaction
shown in eqn (3). According to this equilibrium, experimental
data were treated numerically using the program LETAGROP-
DISTR,14 in order to confirm the proposed equilibrium and to

obtain the values of the equilibrium constant. In the program,
the error square sum U defined as:

U = Σ (log Dcal – log Dexp)2 (8)

was used in the minimisation process. Dexp represents the experi-
mental distribution coefficient and Dcal is the value calculated by
the program for the model tested after solving the mass balance
equations of the components of the system. Thus, the best model
is the one which gives the lowest value of U. The calculations were
carried out taking a set of species and extraction constants as the
starting input and considering the influence of the minimised func-
tion when partially varying or adding new species to the model. In
these calculations, secondary reactions,i.e., the formation of the
amine dichloride for HCl concentrations above 4 M were also
considered. The results of the numerical calculations are given in
Table 1. From these results, it was found that gold extraction at
various ionic strengths (I) responded to the equilibrium shown in
eqn (3), whereas extraction constants varies with I. The variation
can be correlated using SIT and used to determine the interaction
coefficient (ε) between the species in the aqueous phase.15–20

Taking into account eqn (3), the extraction constant (K°) for
this equilibrium can be correlated with the ionic strength by:

γ [R’R’’NHH+AuCl–4]org γ[Cl–]aq

K° = K(m) ————————————— (9)
γ [AuCl–4]aq γ [R’R’’NHH+Cl–]org
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Fig. 1 Influence of metal concentration on the gold distribu-
tion ratio in the extraction from HCl solutions. Organic:
aqueous phase ratio 1:1.

Fig. 2 Influence of extractant concentration on the gold dis-
tribution ratio in the extraction from HCl solutions.
Temperature 20°C. Organic:aqueous phase ratio 1:1.

Table 1 Extraction constants for gold extraction by the chlo-
ride salt of the amine Amberlite LA2 from HCl solutions

HCl, mol/l Ia log Kb U

1 1.022 3.84 0.195
2 2.080 4.12 0.211
3 3.196 4.28 0.202
4 4.357 4.42 0.198
5 5.573 4.53 0.179
6 6.851 4.66 0.442
7 8.195 4.68 0.175
aValues in the molality scale. bValues calculated by the numer-
ical program and in the molality scale.



where K(m) is the extraction constant in the molality scale
(Table 1). Assuming ideal behaviour in the organic phase and
taking logarithms, the next expression is obtained:

log K° = log K(m) + log γ[Cl–]aq
– log γ[AuCl–4]aq

(10)

The activity coefficient (γi) of an ion of charge (zi) in a solu-
tion of ionic strength (I) is defined as:

log γi = –z2
i D(I) + Σ ε(i,k) I (11)

where I represents the ionic strength in the molality scale,D(I)
is the Debye–Hückel term, also in the molality scale, and ε is
the interaction coefficient between the charged species.
Taking into consideration eqn (11) for each of the charged
species of the present extraction system, and ε substituting in
eqn (10), the next expression is obtained after re-arranging:

log K(m) = log K° + (ε(AuCl–4
, H+) – ε(Cl–, H+)) I (12)

A plot of log K(m) vs I should give a line of slope
(ε(AuCl4–,H+)–ε(Cl–,H+)). Figure 3 shows that log K° = 3.9 and
since ε(Cl–,H+) = 0.12,15 it can be estimated that ε(AuCl4–,H+) is
0.24, a value which compares well with others obtained from
the literature.8,10,21–24

In the precious metal concentrates derived from large scale
nickel and copper extraction operations, gold is present
together with a number of base metals. The first stage in the
treatment of these concentrates is extraction with aqua regia;
this aqua regia solution contains gold, other precious metals,
and base metals.25 Thus, the possibility of separation gold
from those base metals was also studied. For this purpose
extraction of iron(III), copper(II) and nickel(II) as representa-
tive base metals has been investigated. Extraction experiments
carried out at 20 °C and at an organic: aqueous phase ratio of

1:1 using an organic phase containing 1.16 mmol/l of the
amine salt in xylene and an aqueous phase with 0.05 mmol/l
of each metal (Au, Fe, Cu and Ni) in 1 mol/l HCl show that
after 10 min of contact, near quantitative gold(III) extraction
is achieved without any of the base metals being extracted,
allowing the selective separation of the precious metal.
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Fig. 3 Plot of log K vs. I. Dotted line shown 95% confidence
interval. 


