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A B S T R A C T

It is known since the end of the XIX century that bromine is an excellent leaching reagent for gold but the
research concerning its potential application as an alternative reagent has been relatively despised, mainly
because elemental bromine is hazardous and extremely difficult to store or transport in safe conditions. We
performed experimental tests in order to assess the feasibility of bromine produced in-situ, in the leaching
reactor, to dissolve gold using ore samples from the unexploited Portuguese mine of Castromil. The reagents
used in the production of bromine (NaBr, NaOCl and HCl) can be more safely stored than bromine. The ore
sample was crushed and grinded in order to produce a particle size distribution (D80= 0.48mm) that would
guarantee that most of the gold and electrum would be liberated in accordance with previous mineralogical
studies. The following operating conditions were assessed: temperature, solid/liquid ratio, composition of the
leaching reagent, stirring speed, residence time, effect of pretreatments and the addition of oxidants to the
bromine solution. The highest gold dissolution (89%) was achieved with a previous roasting, although the si-
multaneous addition of H2O2 and FeCl3 allows for a similar recovery (80%) with much lower environmental
impact. These results were achieved with the following leaching solution: 4.4 g NaBr, 30mL NaOCl, 42mL HCl
and 28mL H2O and with the following operating conditions: a solid/liquid ratio of 1, temperature around 95 °C,
stirring speed of 450 rpm, natural reaction pH and a leaching time of 4 h. The comparison between bromine,
cyanide and thiosulfate leaching for the same ore indicates that bromine is a good technical alternative for
leaching this gold ore. The following advantages may be stressed: fast dissolution rate, non-toxic reagents, it does
not require the use of pH regulator and can be performed with low quantities of leaching solution.

1. Introduction

The leaching is fundamental for processing gold ores. During many
years the most applied method for gold extraction was cyanidation, due
to its higher chemical stability and lower costs (Keskinen, 2013; Oferi-
Sarpong and Oseo-Asare, 2013). However, the application of cyanide as
a leaching agent causes serious environmental problems due to its
toxicity. So far, non-cyanide gold extraction methods have been in-
vestigated, arising a variety of reagents that can be applied for gold
dissolution(Alymore et al., 2014; Smolyaninov et al., 2014).

The use of bromine to dissolve gold from ores was first documented
in 1882, by Schaeffer (Schaeffer, 1882). Later (1895), Hinman im-
proved the process when he verified that, during the dissolution of gold,
an excess amount of bromine and its regeneration are required
(Hinman, 1895). In 1903 Cassel produced bromine in-situ by acid-
ification, using an alkaline medium to recover bromine in the form of
bromate salts (Cassel, 1903). In 1942, Fink et al. patented the in-situ
production of bromide or its regeneration applying chlorine (Fink and
Putnam, 1942). Fast leaching rate, non-toxicity and applicability over a

wide range of pH values (from acidic to neutral) are important char-
acteristics of the bromide leaching system (Melashvili et al., 2014). The
dissolution of gold in bromide is an electrochemical process, described
by reaction (1).

+ → + =
− − − E vAu 4Br AuBr 3e 0.874

0 (1)

The concentration of bromide and gold, the pH and the electro-
chemical potential of the anodic and of the cathodic processes are the
main factors that affect the dissolution of gold by bromide (Daggar,
1988). The formation of AuBr2− is a redox reaction that can be thought
as a first step in the overall leaching mechanism. The second step is
purely chemical: this monovalent gold bromide decomposes into gold
and stable AuBr4−, both remaining in solution (Pesic and Sergent,
1993). The dissolution of gold is commonly represented by reaction (2).

+ + ↔
− −2Au 3Br 2Br 2AuBr2 4 (2)

The gold is complexed by the bromide ion (Br−), and oxidized by
the bromine (Br2) (Trindade, 1994). However, bromine can be hydro-
lyzed causing the formation of hypobromous acid (Liebhafsky, 1934).
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This phenomenon is represented by reactions (3) and (4).

+ ↔ + +
+ −Br H O HOBr H Br2 2 (3)

Then, the gold is oxidized by the hypobromous acid, being dissolved
as:

+ + + ↔ +
− + −2Au 3HOBr 5Br 3H 2AuBr 3H O4 2 (4)

However, due to the toxicity of bromine, this solution was not
considered feasible. Alternative oxidants to eliminate the problems
associated with high vapor pressure and corrosive reactions of bromine
have been examined, with limited success (Aylmore, 2005). Alter-
natively bromide can also be added to leaching solutions with chlorine
and hypochlorite (as oxidant), converting bromide to bromine
(Yannapoulus, 1991), as represented in reactions (5) and (6).

+ → +
− − −2Br Cl Br 2Cl2 2 (5)

+ + → + +
− − + −2Br ClO 2H Br Cl H O2 2 (6)

Probably the best way to leach gold using bromide is preparing an
aqueous solution of bromine, with chlorine and hypochlorite playing a
key role in the leaching process. It is also possible that some oxidant
agents, such as the ferric ion, the hydrogen peroxide and the hypo-
chlorite could improve the gold dissolution increasing the gold dis-
solution rate (Trindade et al., 1994; Trindade, 1994). Previous works
showed that hydrogen peroxide could have a negative effect on gold
dissolution with bromine (Pesic and Sergent, 1993; Trindade et al.,
1994), caused by the consumption of bromine due to the catalytic re-
duction of bromine with hydrogen peroxide (Latimer, 1952) presented
by reactions (7) and (8).

+ = + +
− +Br H O 2Br 2H O2 2 2 2 (7)

+ + = +
− +H O 2Br 2H Br 2H O2 2 2 2 (8)

It has also been reported that ferric ion alone is able to act as an
oxidizing agent in the process, but the rate of the gold dissolution in the
system Fe3+/Br− is slow. Nevertheless, the combined effect of Fe3+

and H2O2 can be potentially efficient to promote the Au dissolution by
increasing the redox potential allowing for the formation of the gold
complex described by reaction (1) (Trindade et al., 1994).

The leaching solution composition determines which species will be
adsorbed on the gold surface and determines the dissolution mechan-
isms. The dissolution of gold could be classified into two categories: (a)
dissolution under excess concentration of bromide ions and (b) dis-
solution under excess concentration of bromine. In the first alternative,
the predominant adsorbing specie is Br3−. For the second alternative,
bromine is the predominant adsorbing specie (Pesic and Sergent, 1993).

In addition to the dependence on the bromine-bromide ratio, the
dissolution of gold also depends on the associated minerals occurring in
the ore. The presence of copper, zinc, and aluminum as sulfates has no
effect on dissolution, but Fe2+ and Mn2+ are oxidized and consume
bromine (Aylmore, 2005).

Pretreatment processes can improve the gold dissolution ratio
during the leaching stage, essentially when the ore is characterized as
refractory, which means that gold particles are encased by sulfidic
matrix minerals, essentially pyrite and arsenopyrite. This common type
of refractoriness can be prevented by a pretreatment process such as
fine grinding, pressure oxidation, roasting, chemical oxidation or bio-
oxidation (Crundwell et al., 2015; Hansen, 1966; Zhou and Fleming,
2007).

Our research focused in the leaching of gold in bromide solution
giving a contribution to the worldwide quest to find a viable alternative
to cyanide (Boghalha, 2007). Different alternative reagents have been
studied by other authors, as thiosulfate (Feng and van Deventer, 2010),
thiourea (Tremblay et al., 1996) and chloride (Boghalha, 2007). The
main objective is to find the optimal leaching operating conditions by
studying the effect of different parameters – solid/liquid ratio, tem-
perature, solution composition, residence time, pretreatment and

oxidant additions. This study is part of a research work that aims to
contribute for the knowledge about alternative feasible leaching pro-
cesses for the Castromil gold ore that may replace the use of cyanide.

2. Experimental

2.1. Materials

The samples of the ore, constituted by quartz, reduced and oxidized
sulfide and iron oxides, from the eastern section of Valongo anticline of
the Hercynian granite in the Castromil deposit (Portugal), were char-
acterized and prepared to be used in the leaching tests. The main mi-
nerals present were pyrite, chalcopyrite, pyrrhotite, goethite, gold,
galena and quartz (Valance et al., 2001). The gold is in an extremely
fine state and usually in the form of solid inclusions, as in the majority
of cases (Yalcin and Kelebek, 2011). A selected quantity of sample was
comminuted to a grain size distribution suitable for the leaching tests.
The first stage of fragmentation was carried out in a jaw crusher fol-
lowed by a second stage using a roll crusher. The ore was then grinded
by an attrition mill in order to attain the final size reduction (Fig. 5).
The D80 after the roll crusher was 4.26mm and after grinding it was
0.48mm. The particle size distributions were determined using a Mal-
vern Mastersize Laser Diffraction equipment. The material used on this
study has already been used for testing thiosulfate and cyanide leaching
(Sousa et al., 2016).

2.2. Leaching solution

Due to the hazardous and toxic properties bromine is dangerous to
store and handle. Thus, an alternative method to produce a bromine
solution from sodium hypochlorite was considered (Hiegel et al., 1987)
that is also similar to the process developed by Nichromet (Lumieux
et al., 2013). The solution was prepared with the addition of 30mL
(21mmol) of sodium hypochlorite (5.25%, BIOCHEM) to a solution of
4.4 g (43mmol) of sodium bromide (99%, ACROS) in 42mL (42mmol)
of 1M hydrochloric acid (35–38%, BIOCHEM) and 28mL of water. The
following reactions (9)(12) occur (adapted from Lemieux):

Production of chlorine

+ → + +
+2NaOCl 4HCl 3Cl 2H O 2Na2 2 (9)

Production of bromine

+ → +2NaBr Cl 2NaCl Br2 2 (10)

Complexation of gold by bromine

+ →2Au 3Br 2AuBr2 3 (11)

Complexation of gold by chlorine regenerating bromine

+ → +2AuBr 3Cl 2AuCl 3Br3 2 3 2 (12)

This is the original solution that will be applied in the leaching tests.

2.3. Leaching tests

All bromine leaching tests were conducted using a 500mL DURAN
reaction vessel, placed in a heating mantle with stirring provided by a
Heidolph RZR 2021 agitator. The ore was added to the reactor followed
by the water, hydrochloric acid, sodium hypochlorite and, finally, the
sodium bromide. After that, the agitator and the heating mantle were
switched on to start the tests. All of them were carried out at natural pH
(3–4). At the end of the stipulated residence time, the agitator and the
heating mantle were switched off. The reactor was removed from the
heating mantle and kept for 30min at room temperature. After that, the
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