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Abstract: The kinetics of Au*" chloride complex ions reduction using Fe** chloride ions was investigated by stopped-flow method.
The influence of initial concentrations of Au>" chloride ions, Fe*" ions, chloride ions, neutral salt (NaClQ,), pH of the solution and
temperature was investigated. Activation energy was determined to be 42.36 kJ/mol. Moreover, the kinetic equation was postulated.
Obtained solid phase was analyzed using SEM techniques. Particles size varies in the range from 0.5 to 5 um. It was shown that gold
can be removed from the solution by the reduction of Au®* chloride ions and filtration of precipitant.
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1 Introduction

Since the dawn of the human history, precious
metals such as silver and gold have many applications,
especially in painting [1], sculpture [2], medicine [3—7]
and as a currency (e.g., Polish ducat). However, these
metals deposits all over the world are shrinking. It can be
predicted that the natural sources of precious metals such
as silver, gold, and also platinum and palladium will be
exhausted by the end of the year 2030 [8]. This
prediction results in an intensive search for new sources
of these metals. A well-known alternative for natural
sources of precious metals is various wastes, e.g., scrap
jewelry [9], used catalysts, mobile phone scraps [10] and
electronic waste [11]. The latter is also called as waste of
electrical and electronic equipment (WEEE) or e-scrap.
Of course, the recovery of precious metals from waste
should be cost-effective, easy to use and efficient. Here,
we focused on gold, which can generally be recovered
by pyrometallurgical, bio- and hydro-metallurgical
processes and leaching as demonstrated by SYED [12]
and extracted from leachants via adsorption [13,14],
cementation [14], ion exchange [14], solvent extraction
[14] and reduction. Unfortunately, very often those
methods are not selective. During adsorption, other
metals such as Cu and Pb can also be removed from the
solution [15]. The recovery of gold from secondary

sources (waste) is realized by pyro-, hydro-,
bio-technologies [12,16]. Generally, all the mentioned
technologies are followed by such processes as washing,
crushing and separation of metal and plastic. In order to
improve the purity of recovered metals, they are
converted by repeated dissolution, filtration, and
reduction. The reduction process of Au’" chloride
complex ions can be carried out with various reductants
such as hydrogen peroxide [17], dimethylamine
borane [18], vitamin C [19], sodium citrate [20], as well
as using light [21-23]. Depending on the nature of
reductants, their properties (weak, strong) and reacting
conditions (pH of solution, ionic strength, addition of
halide ions, i.e., Cl"), it is possible to obtain metal in
different forms like nanoparticles, black deposit, gold
sands or flakes. Gold in the form of flakes is especially
preferable due to its simple separation from the solution
by filtration. Gold recovery from e-scrap seems to be
problematic, mostly because of complex composition of
this waste. Main board of personal computers (PCs)
contains about 86—250 g Au, 694-1000 g Ag, and
110-309 g Pd per ton of waste, and about 18.5%-20% of
copper, 2.1%—7% of Fe, 1.3%—5% Al, 4.9%—-2.9% Sn,
2.7%—1.5% Pb, 0.4%—1% Ag [24]. Those materials are
interesting from the economic point of view, and
have to be eliminated from the environmental point of
view. However, it is difficult to find a selective
method for those metals separation. Application of strong
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reductants may result in the reduction of less precious
metals like copper. Taking this into account, FeCI*" ions
were selected as a reductant of Au’" complex ions,
mostly because of their selectivity and application costs.
In Table 1, standard reduction potentials of metals and
their ions, commonly appearing in WEEE are gathered.
From these data, it is possible to predict if the reduction
reaction of Au’" complex ions by Fe®* or ferrous
complexes may take place.

Table 1 Standard reduction potential at 25 °C

Standard

Reaction potential, Ref.

¢° (vs SHE)/'V
AP (aq) + 3¢ <> Al(s) -1.662 [25]
Pb* (aq) + 2¢ <> Pb(s) -0.13 [25]
CuCl* +e Cu* +CI” +0.133 [26]
PdCI;™ +2e > Pd) +4CI 0.27 [27]
SnCI#™ 4 2¢ <> SnCI2™ + xCI™ +0.384 [28]
CuCl* +2Cl + e <> CuCl3~ +0.471 [26]
FeCI** + ¢ «> FeClI* +0.745 [29]
Ag'(aq)+e > Ag (s) +0.8 [25]
AuCl; +2¢ <> AuCl; +2CI +0.926 [30]
AuCl; + 3¢ <> Au+4Cl- +1.002 V [30]
AuCl; +e <> Au+2CI~ +1.154 [30]

* In aqueous, chloride medium is not soluble.

It can be generalized that standard redox potential
of complexes is shifted to more negative potential as
compared to simple ions [31,32].

Thermodynamic data give only the information
about possibility of the reaction occurrence. Thus, any
information about reaction kinetic can be obtained only
in the experimental way.

2 Experimental

2.1 Reagents

In the experiments, HAuCl—tetrachloroauric acid
was used as a precursor, which was obtained by
dissolution of metallic gold (99.99%) in aqua regia
(V(HCI): ¥(HNOs)=1:3). Then, the obtained solution was
evaporated several times to remove an excess of nitric
acid. Hydrochloric acid (puriss. p.a., 37%, POCH) and
perchloric acid (puriss. p.a., 70%, POCH) were used to
maintain proper pH and CI” ions concentration. As a
reducing agent, iron dichloride was used (puriss. p.a.,
>99%). Sodium perchlorate (puriss. p.a.) and sodium
chloride (puriss. p.a.) were used to keep the required
ionic strength and chloride ions concentrations,
respectively. All reagents were dissolved in deionized
water (Hydrolab HLP—30 impurities: w(Na"), w(SO3"),

w(CI), w(Br), w(NO;), w(NO3) and w(PO; ) <0.5x
107, w(Fe), w(Zn), w(Cu), w(Cr) and w(Mn)<0.1x10"?,
electrical conductivity <0.07 S/cm).

2.2 Analytical techniques

Kinetic studies of Au®" chloride ions reduction were
carried out spectrophotometrically using the stopped-
flow method (Applied Photophysics, model SX-20
working in the temperature range from 258 to 318 K).
Detail information about SX—20 photometer can be
found in supporting materials. Solid phase precipitation
and coagulation were investigated using UV-Vis
spectrophotometer (Shimadzu model U—2501 PC, Japan).
Microscopic analyses were carried out using scanning
transmission electron microscope (STEM) (Hitachi
SU—-70, Thermo Science). In this case, the obtained
metallic gold particles aqua suspension was droplet on
copper grid coated with amorphous carbon layer
(thickness of carbon layer about 15 nm), and then the
dispersant was evaporated.

3 Results

Using literature data, concentration of Au®" species
appearing in aqueous system was calculated as a function
of pH [33] and shown in Fig. 1.

0.5
o4l AuCly  \AuCL(OH),/  Au(OH),
=
2 o3
£
5 02t i
<, AuCl;(@ AuCI(OH);
0.1F -'
HAuCl,
ol < | I 1
-1 2 5 11 14

pH

Fig. 1 Forms of Au®" species in aqueous solution at various
pH (Calculation conditions: [Au*"]y=5x10"* mol/L, [CI ]=
1 mol/L)

It can be seen that at studied pH of 1, only one form
of Au*" complex ion dominates.

UV-Vis spectrum of Fe’" aqueous solution is shown
in Fig. 2. In UV-Vis range, one peak at the wavelength
337 nm can be seen. This peak is overlapping with the
peak of gold (maximum absorbance at the wavelength of
314 nm). However, thanks to low molar absorbance of
Fe*" solution, and under isolation condition ([Fe*']y>>
[Au®']y), we were able to measure the rate of the
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[Fe**]=1x1072 mol/L
[CI']=1 mol/L
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Fig. 2 UV-Vis spectrum of Fe** ions in aqueous solution

800

200 700

reduction reaction of Au’" chloride complex ions using
UV-Vis spectrophotometry.

It is well known that iron ions may hydrolyze with
precipitation of insoluble iron hydroxide. In Fig. 3,
calculated distribution of iron species is shown [34,35].
It can be seen that in a wide range of pH, Fe* ions are
stable. However, Fe*" ions, obtained after the reduction
process of Au’" chloride ions, hydrolyze easily. To
prevent this adverse effect, all experiments were carried
out at pH equal to either O or 1.
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Fig. 3 Calculated distribution of Fe’" and Fe®* at various pH of

solution (Calculation conditions: [Fe2+]:0.1 mol/L, [Fe3+]:
0.1 mol/L, [C1 ]=0.1 mol/L)

In Fig. 4, an example of kinetic curve is shown. It
can be seen that the obtained curves approach the limit
different from zero. We assumed that this effect is related
to the superposition of absorption of UV-Vis light by
Au®" and Fe?" ions as well as precipitation of gold solid
phase.

The red line seen in Fig. 4 shows the effect of fitting
of the single exponential function to experimental data.
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7=398K

[Fe?*1=0.025 mol/L
[Au**]=2.5% 10" mol/L
pH=0
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[Au*]=0.59+0.72exp(~13.8/)
_R=0.999
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Fig. 4 Example of kinetic curve of Au’" reduction during

reduction reaction

[Au**]= 4 +[Au’" ], exp(—kyy, 1) (D)

where [Au®] is the concentration of Au®"; [Au’"], is the
initial concentration of Au®"; kos=k:[Fe*'] is the observed
reaction rate constant; & is the reaction rate constant; ¢ is
time; A is a constant related to the absorbance of Fe*'.

It is worth noting that R* of the fitted function
equals 0.999, which suggests that this equation describes
the process well. Equation (1) has been used to
determine the values of reaction rate constant.

3.1 Influence of temperature

The influence of temperature has been investigated.
For the interpretation of obtained results, two different
equations have been applied. The first one is Arrhenius
(see supporting materials) dependence and the second
one is Eyring—Polanyi equation. Both equations describe
the influence of temperature on the reactions rate;
however, the first one has an empirical form and the
second one is based on the transition state theory.

The Eyring—Polanyi equation can be written in the
form:

ky T -AG"
kobs:BT'eXp( RT J

where AG™ is the Gibbs activation energy; kg 1is

Boltzmann constant; /2 is Plank constant; 7 is the
temperature.

2

Using a logarithmic form of Eq. (2), it is
possible to determine the values of AS” and AH" from the

ln(k"—;’s] vs 1/T plot (Fig. 5):

In ops :23_759+£_£.l (3)
T R T
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4 — pH=0, [Au’]=2.5% 10" mol/L,
[Fe''],=2.5% 107 mol/L

v — pH=0,[Au’"],=3x 10" mol/L,

[Fe'],=35 10 mol/L

In(k,,/T)

»— pH=1, [Au"];=3% 107 mol/L,
“'-I.‘.\.]II- 310 mol/L

® — pH=1, [Au"];=2.5% 10" mollL,
[Fe''],=2.5% 107 mol/L

=3.75¢
3.1 3.2 33 34 35
T1073K™!

Fig. 5 Graphical determination of activation energy using

Eyring—Polanyi equation

where AS™ is the entropy of activation; AH is the
enthalpy of activation.

From the intercept and the slope of fitted linear
equation, the activation energy and the entropy of
activation were calculated. The obtained results are
gathered in Table 2.

One may see that pH of the solution has significant
influence on the activation energy. It may also suggest
that pH has an influence on the reaction mechanism.
Also, it is important to emphasize that entropy of
activation has a negative sign for the studied reaction. On
one hand, it may suggest that the structure of the
obtained product is more ordered than the substrate. On
the other hand, negative value of entropy suggests that
the number of degrees of freedom related to rotation and
translation of species decreases. STAVILA et al [36]
suggest that this effect may be due to the reactants
binding to the surface. It can be seen that pH also has
influence on the value of the entropy of activation.

3.2 Influence of reductant initial concentration
The influence of initial concentration of reducing
agent on reaction kinetics was investigated. The

experiments were carried out at pH values of 0 and 1,
with constant concentration of chloride and Au®" chloride
ions, and at constant value of temperature.

The obtained dependences shown in Fig. 6 are
linear and intercept at (0, 0) point. It confirms that the
accepted assumption (kops=k-co(Fe*")) is correct in the
range of initial concentrations applied in this work. The
values of the slopes for pH=0 and pH=I are equal to
(975+6) and (626 +44), respectively.

3.3 Order of reaction

To determine the reaction order in respect to Au®"
ions initial concentration, the initial rate method was
applied. It is well known that the reaction rate can be
expressed as

vo = k-[Au*I§ - [Fe®* 1] (4)

And under isolation condition, Eq. (4) can be
rearranged into the form:

Vo = kobs '[All3+ ]g (5)

Using a logarithmic form of Eq. (5), it is possible to
determine the order “o” of the reaction from the slope of
fitted linear dependences. It results from the plots shown
in Fig. 7 that the order of the reaction can be assumed as
L.

The influence of pH on the order of the reaction can
be noted (see Fig. 7). For the pH equal to 1, the order of
the reaction in respect to Au®" chloride complex ions can
be assumed as 1. However, at pH equal to 0, it is lower
and equal to 0.80+0.02. This difference in order of the
reaction suggests that the studied process is complex and
consists of several parallel reactions. This phenomenon
can be explained as an effect of Au®" chloride complex
dissociation reaction, which can be described as

HAUCL=s AUCT; + H (6)

where ky denotes equilibrium constant and it equals 1
[37].

Table 2 Influence of experimental conditions on value of parameters in Eyring—Polanyi equation

Experimental condition

Intercept
23.759+(AS"/R)

Slope Activation energy Entropy of activation
AH'IR AG /(kJmol™")  AS™/[J- K 'mol™]

pH=0, [Cl ]= 1 mol/L

1t 4 o L 15.294+0.38 —5433.89+116 45.18+0.97 —70.45+3.2
[Au""]¢=3%10""mol/L, [Fe* ];=3%10"" mol/L
pH=0, [Cl ]=1 mol/L
34 4 24 ) 13.99+0.45 —5095.34+136.5  42.36+1.13 —81.18+3.7
[Au""]5=2.5%10" mol/L, [Fe* ]4=2.5%x10 “ mol/L
pH=I, [C] ]=1 mol/L
34 4 2t S 10.27+0.11 —3758.78+33 31.25+0.27 —112.16+0.93
[Au""]¢=3%10"" mol/L, [Fe* ]¢=3%10 " mol/L
pH=1, [C] ]=1 mol/L
9.51+0.025 —3581.09+8.3 29.77+0.07 —118.43+0.17

[Au*"13=2.5%10"* mol/L, [Fe*"]¢=2.5%10"2 mol/L
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Fig. 6 Influence of initial concentration of reductant on

observed reaction rate constant
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Fig. 7 Determination order of reaction using initial rate method

As it can be seen that the increase of H'
concentration decrease of  AuCl,
concentration (shift of reaction equilibrium to the left
side of Eq. (6).

Then, the initial rate of the reaction can be
expressed as

Vo =V, +v, =k -[Fe** ]-[AuCl; 1% +

k, -[Fe**]-[HAuCl, ] (7)

causes a

Assuming that the order of the reaction in respect to
not dissociated Au’" chloride complex is also equal to 1,
taking into account Eq. (6) and isolation conditions,
Eq. (7) can be transformed as

—qa
VO, obs — Vl, obs + v2, obs — kl, obs [AuCl4] T+

k
2 [AuCI; 1 - [H] (8)
ko
Finally, Eq. (8) can be expressed as

k obs —
VO, obs = (kl, obs + 21; > '[HJr ]J [AuC14] ! (9)
0

As can be seen (Eq. (6)) at pH=1, dissociated form
of Au*" dominates, while for pH=0, c.a. half Au’*
complex dissociated and half did not dissociate. Bearing
in mind dependences ko5 vs co(Fe*") and Eq. (9), we may
come to the conclusion that determined values of the
slope for pH=0 and pH=1 are proportional to the
following equations system:

V k> obs
0, ObSpr() — kl s + 2, obs 1 — 975
[AuCl;] " ko

(10)

Yo dbsr [kl X -0.1} =626
[AuCly ] ’ ky
It follows from Eq. (10) that &y ,=588 mol "“L-s!
and kz,obs:388/(mol_1~L~s_1). It can be seen that the rate
constant for Au’" chloride complex ions reduction is
greater than that for molecular Au®" chloride complex.

3.4 Influence of neutral salt concentration on reaction
Kinetics
It is well known that ionic strength of the solution
has an influence on the reaction kinetics. This effect
described for the first time by Brensted in 1922 and later
modified by Bjerrum, is now called Brensted—Bjerrum
primary salt effect. It can be expressed as

k,
lg[ ,‘;‘”}AHZO-ZA-ZB-[%J (11)
0

where Ay, is the constant value and for aqueous
solution, it is equal to 0.509; Z, and Zg are the charges of
reactants; [ is ionic strength; k, is rate constant at ionic
strength equal to 0.

As it was shown above, studied system is complex
and it consists of at least two parallel reactions. In a case
where molecular complex of Au®" chloride is reacting
with Fe*" ions, no salt effect is expected. For the reaction
of Au’" chloride complex ions with Fe*" such effect is
expected (see Fig. 8).

0.4 & — Bronsted-Bjerrum for Z,=—1 and Zz=—1
) ® — Bronsted-Bjerrum for Z,=-1 and Z,=1
4 — Bronsted-Bjerrum for Z,=—1 and Zyg=0
¥ — Obtained results
0.2+
=
T
L0
-0.21
-0.4r1
1 1 1
0 0.2 0.4
I'"2(1+172)

Fig. 8 Salt effect on reaction kinetics (Experimental conditions:
=298 K, [Au**]=3x10"*mol/L, [Fe*'];= 0.03 mol/L, pH=0)
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By matching Eq. (11) to the experimental data, the
value of the slope was obtained as —0.12 (see Fig. 8).
The negative sign of the slope suggests that in the
studied system, Au’’ chloride complex reacts with
positively charged ions (in this case Fe*"); however, the
small value of the slope may be due to the superposition
of reduction reactions by Fe’" and other negatively
charged species. Complexes of iron which can crystallize
readily as Na,FeCl;2H,O [38] are well known, e.g.,
FeCl;™. Fe*" chloride complex can be obtained from
hydrochloric acid solutions containing alkali metal
chlorides. In the case of our experiments, ionic strength
was set up by the addition of NaClO, while Cl”
concentration was adjusted by using NaCl. It leads us to
the conclusion that Au®" chloride complex was reduced
by Fe*" ions and also by Fe*" chloride complex [39].

3.5 Influence of Cl concentration

The influence of CI" on the reaction kinetics was
studied. The Cl concentration was adjusted using
sodium chloride. To maintain pH=0, perchloric acid was
used. The results of the experiment are shown in Fig. 9.

12+
1t
10t
& [Au*]y=3% 10 mol/L
9t [Fe?*],=3% 107 mol/L
T=298 K
gl pH=0
7 . . .

0 0.2 0.4 0.6 0.8 1.0
[CI')/(mol-L™)

Fig. 9 Influence of CI" concentration on observed reaction rate

constant

It can be seen that an increase of chloride ions
concentration leads to the increase of kg, In the studied
range of chloride ions concentration, the dependency of
observed rate constant vs Cl  concentration can be
described by the equation in the following form:

kobs = kl, obs 5.3 CXp[—3[C1_ ]] (12)

where ki o 1S the observed rate constant in the case of
reduction of Au®" chloride complex ions by Fe*'
complex.

In the limit, this function for [Cl ] approaching
infinity yields & ops. The function must be restricted by
the solubility limit, i.e., about 6 mol/L for NaCl at 298 K.
It can be suggested that the increase of chloride ions
concentration leads to the formation of Fe*" chloride
complex, which results in an increase of reaction rate.

In such case, ks for initial concentration of
[C17]=0, corresponds to reduction rate constant for [Fe*']
ions and is equal to 5.17.

It should be pointed out that the influence of
chloride ions concentration strongly depends on the
applied reductant. For example, in the case of S*'
[40,41], a negligible effect was observed in the range of
CI" concentration from 0.05 to 1.55 mol/L. The negative
effect of CI™ ions was observed in case of Au’* reduction
with dimethylamine borane and vitamin C [18,19]. Such
observations suggest that the increase of chloride ions
concentration results in a new complex formation.

3.6 Solid phase formation

The process of solid phase formation and the
morphology of the obtained deposit were also
investigated. Photos of the obtained samples are shown
in Fig. 10.

Gold flakes appear on the surface of the solution a
few minutes after the reaction takes place. A similar
phenomenon was noticed by PARINAYOK et al [42];
however, they carried out their experiment at pH=6.

Fig. 10 View of sample after reduction process: (a, b) Tyndall effect; (c) Shiny gold flakes on surface of solution
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Morphology of the obtained gold particles was
investigated using SEM microscopy. In Fig. 11, the SEM
image of gold particles is shown.

Fig. 11 SEM image of obtained solid phase of gold
(Experimental conditions: [Au’"]=3x10" mol/L, [Fe*']o=
5x107 mol/L, 7=333 K, pH=0, [CI ];=1 mol/L, conglomerate
size=(3+1) pm)

The shape of some conglomerates is similar to a
cauliflower. The average size of the particles depends on
the experimental conditions. Thanks to this, the obtained
gold flakes can be easily separated from the solution by
filtration.

In Fig. 12, an example of kinetic curves of solid
phase precipitation is shown.

Because of low absorbance level, obtained results
were normalized to 1. Under experimental conditions,

0 50 100 150 200 250 300
s

Fig. 12 Kinetic curves presenting process of solid phase
precipitation (Experimental conditions: [Au*"]5=3x10"* mol/L,
[Fe**14=0.1 mol/L, pH=0, 7=318 K, 2=500 nm)

the maximum absorbance (measured at the wavelength
of 500 nm) can be followed by 150 s. After this time, the
absorbance quickly disappears.

Also, the influence of temperature on the particles
size and shape was investigated. It can be seen (Fig. 13)
that the shape strongly depends on temperature. At the
temperature of 288 K, particles have a shape close to
pyramid with some deformation. Increase of temperature
results in the formation of irregular particles.

3.7 Solid phase analysis
The picture of gold particles obtained during Au®*

20.0kV 10.4mm x12.0k SE(M)

Fig. 13 Influence of temperature on particle size and shape: (a) 7=288 K; (b) 7=298 K; (c) 7=308 K; (d) 7=318 K
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ions reduction using Fe*" ions and the results of analysis
are shown in Fig. 14. One may see in Fig. 14(b) that no
peak was observed due to Fe. It confirms that during the
reduction process of Au’’, Fe’* or Fe*' ions are not
bonded to metallic gold. Some peaks may be seen due to
copper and aluminum. Those peaks are artifacts, coming
from the support and grid used during the analysis.

. |O+FeAl+Fe
Fe Cu_Au A
Fep Cul 3 FeAu

0 2 4 6 8 10 12 14 16 I8
Energy/keV

e+Cu
_Fe+Au

Fig. 14 View of gold particles precipitated during Au®* ions
reduction with Fe*" (a) and analysis of precipitate (b)
(Experimental conditions: 7=318 K, co(Au*")=3x 10~* mol/L,
co(Fe*y=0.1 mol/L, pH=0)

3.8 Summary

Taking into account the obtained results, the
reduction reaction scheme can be postulated according to
the following steps:

Fe** +CI & FeCl* (13)
FeCl" +Cl" =2 FeCl, (14)

where K; and K, denote equilibrium constants for the
reactions (13) and (14), respectively.

AuCl; +Fe* — 805 AuCl; + Fe* +CI- (15)
AuCl; +FeCl* —52 5 AuCI; + Fe™ +CI- (16)

AuCl; +FeCl, —2 5 AuCI; +Fe* +CI” (17)
2AuCl; —2—5 AuCl; + AuCl; (18)
3AuCl; —5 5 AuCl; +2Au° +2C17 (19)
AUCI, +Fe™ +[Fe ] o0 — 2> Au’ + Fe™* +

[Fe® Leomplex +2C1° (20)

We can assume that the rate constants k; 1, ki 2,
ki, 3>>k, (Fig. 4 and 12 and Egs. (15)—(17)), since the
Au’" chloride complex is extremely unstable [43].
Moreover, we can assume that the rate constant of Au*"
disproportionation k, is greater than k3. GAMMONS et
al [44] reported that disproportionation rate constant of
Au’ can be expressed by the following polynomial
function of temperature:

8593 700610
lgKy ==13.55+ == =0

2h

where T is expressed in Kelvin. Also, they point out that
for the first 5-10 min, the rate of this process is very
slow. Moreover, the disproportionation process is
catalyzed by metallic gold. In the case of our
experiments, in less than 2 s, reduction reaction takes
place (Fig. 4), and after less than 1 min, solid phase was
observed (Fig. 12). This suggests that Au’ is further
reduced to metallic form by Fe’. By using
spectrophotometric method, the changes of Au®" ions
concentration were investigated, the differential equation
describing the process of Au’* consumption can be

written as

% =k, -[AuCI; 1* -[Fe** " + k, -[AuCI; ]* -
[FeCl* ) +k; -[AuCl, ]* -[FeCl, |* (22)

where x, y and z denote unknown order of the reaction in
respect to Fe*" and Fe** complexes. Equation (22) can be
expressed as

——d[A:tCl“] =k -[AuCI; ] -
. +1y . z
([F62+]x+k2 [FeCI'}” Ky -[FeCl, ] j 3
kl kl

As it was mentioned before, under isolation
conditions, the changes of Fe*" ions and complexes
concentration can be neglected. Therefore, Eq. (23) can
be given in the following form:

d[AuCl,]

=k

dt obs [AUCIZ ]0! (24)
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where

Kops =i - [Fe™ 1" + y [FeCI'Y + ks -[FeCl, |
ky ky

Moreover, it was shown that at low pH, molecular
form of Au®" chloride complex appears.

It should be pointed out that the order of the
reaction in respect to Fe*" total initial concentration is
equal to 1 (see Fig. 6). It is demonstrated that a=1 (see
Fig. 7). Consequently, the integral form of Eq. (24) is

(25)

[AuCI;] = [AuCI ]y -exp-[Kyp, -7] (26)

which is identical to the equation assumed above to
determine reaction rate constant.

The impact of CI” concentration was studied. In the
kinetic equation, this effect is related to Fe*" complexes
and related to their equilibrium constants.

It seems that gold recovery from electronic waste is
possible using Fe*" chloride as a reducing agent.
Importantly, this process seems to be selective from the
thermodynamic point of view. Reduction of Ag, Au, Cu
and Hg to the metallic form has been described by
Fe’'/Fe’" hydroxysulfate green rust [45]; however, it
seems that this process can be negligible.

It is difficult to explain the differences in the
obtained data and data presented by MODLEY and
NICOLS [46].They have reported that at a short time
(1-2 h), no evidence of the formation of metallic gold
was observed.

4 Conclusions

1) Significant influence of the chloride ions
concentration on the reaction rate was observed. The
increase of the reaction rate was explained as the impact
of chloride ions on the formation of Fe®* chloride
complex.

2) Activation energy of the process was determined
and equals 47.69 kJ/mol at the experimental conditions:
[Au*"]¢=3%x10"" mol/L, [Fe*"];=3x10" mol/L, [CI]=
1 mol/L, pH=0 and 37.21 kJ/mol at pH=1. Differences in
the activation energy between pH 0 and 1 suggest that
the studied process is complex. At least two different
paths of the reduction reaction of Au®" are possible. It is
strongly suggested that the reducing agent Fe** consists
of two forms, Fe*" ions and Fe*" chloride complex ions.
In such case, the differences in activation energy at
different pH can be explained as the changes in
concentration of Fe*" complex ions and Fe*" ones. Those
changes in concentration of reductants result in changes
of contribution of each elementary reaction in the total
reaction rate.

3) Reduction of Au®" chloride complex by Fe*'
chloride ions leads to the formation of metallic gold.
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