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ABSTRACT

The leaching of gold from the scrap mobile phone PCBs by electro-generated chlorine as an oxidant
and its recovery by ion exchange process was investigated. The leaching experiments were carried out
by employing separate leaching reactor connected with the anode compartment of a Cl, gas generator.
The leaching of gold increased with increase in temperature and initial concentration of chlorine, and
was favorable even at low concentration of acid, whereas copper leaching increased with increase in
concentration of acid and decrease in temperature. In a two-stage leaching process, copper was mostly
dissolved (97%) in 165 min at 25 °C during the 1st stage leaching in 2.0 mol/L HCI by electro-generated
chlorine at a current density of 714A/m? along with a minor recovery of gold (5%). In the 2nd stage
gold was mostly leached out (93% recovery, ~67 mg/L) from the residue of the 1st stage by the electro-
generated chlorine in 0.1 mol/L HCl. Gold recovery from the leach liquor by ion exchange using Amberlite
XAD-7HP resin was found to be 95% with the maximum amount of gold adsorbed as 46.03 mg/g resin.
A concentrated gold solution, 6034 mg/L with 99.9% purity was obtained in the ion exchange process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to rapid economic growth, technological advances and the
obsolescence of electronic equipment in the market, the amount of
waste mobile phone generation has been growing. It has resulted
in hundreds of millions of mobile phones that are taken out of
use each year [1]. Besides, increased production of mobile phone
would also increase the amount of the waste generation during the
manufacturing process. Mobile phone typically consists of a body,
printed circuit boards (PCBs), liquid crystal display (LCD), key board,
antenna, etc. Among these parts PCBs contain hazardous materials
as well as a variety of valuable metals. Therefore, efficient recycling
of mobile phone PCBs should be required to secure the metallic
resources and to prevent environmental pollution at the same time.
Especially, the gold recovery from the used PCBs from the electronic
industry has received the most attention because of the presence
of a considerable quantity (300-350 mg/kg) of this metal which is
generally 100 times higher in concentration than that of the gold
ore [2].

Currently, recycling technology for recovery of valuable metals
from waste PCBs can be divided into two major steps: (i) upgrading
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the metal content by mechanical pre-treatment, and (ii) extraction
and refining to recover the metals by pyro-/hydro-metallurgical
method. In the pyrometallurgical process, a conventional method,
it is difficult to recover some metals such as Al, Fe, and rare met-
als, besides a loss of precious metals. In the last few decades,
hydrometallurgical processes have been given considerable atten-
tion torecover precious metals as well as rare metals from the waste
PCBs [2].

Leaching is the first step in the extraction of gold using
hydrometallurgical process. Cyanide leaching [3] has been the pre-
dominant method for more than one century due to the selectivity
and stability of dicyanoaurate complex in spite of the use of toxic
reagents [4]. Several substitutes have recently been proposed as the
non-cyanide lixiviants such as thiosulfate [5,6] and aqua regia [7].
Hung et al. [5] reported the leaching of gold from non-populated
scraps of PCBs by thiosulfate. The process has the disadvantages
such as excessive consumption of reagent with the oxidation of
thiosulfate and preferred leaching of copper, the major component
of PCBs, high cost of the reagent, and difficulty in recovery process
[8]. Aqua regia leaching of gold from computer circuit board scrap
[7,9] was also reported to be an effective option, but generation
of toxic waste [4] could be a deterrent because of more stringent
environmental regulations.

Our research group has been carrying out the leaching of metals
from waste PCBs by utilizing electro-generated chlorine [10-12].
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Fig. 1. Scrapped PCBs of mobile phones used for the experiment: (a) as received, (b) after cutting, and (c¢) SEM image.

The process has the advantage of leaching precious as well as
base metals from waste PCBs because of acquiring high oxidation
potential. Also, it is considered environment friendly because the
electro-generated Cl, leaching [10-12] can operate in the closed
system and chlorine can be reduced during leaching. The previous
studies focused on the leaching mechanism and behavior of cop-
per by electro-generated chlorine using two different reactors: (i) a
combined reactor facilitated with simultaneous electro-generation
of chlorine and leaching; (ii) a separate leaching reactor connected
with anode compartment of a chlorine gas generator [11]. In the
combined reactor, the decrease of current efficiency by the oxida-
tion of Cu(I) leached from PCBs to Cu(Il) and the low solubility of
CuCl were noticed, whereas in the separate reactor no such draw-
backs appeared.

This study is focused on the development of a process for
selective leaching of gold using the electro-generated chlorine
employing the separate reactor and then recovering gold by ion
exchange resin. The effect of the process parameters such as acid
concentration, temperature, concentration of chlorine, and pulp
density has been investigated to understand the mechanism of
metal leaching; results are discussed in this paper. lon exchange
processisintroduced for separation and enrichment of gold. A more
effective process for recovery of gold from waste PCBs could then
be established.

2. Experimental
2.1. Leaching by electro-generated chlorine

The non-populated mobile phone PCBs scrap used for the
leaching experiment was defective materials obtained from a man-
ufacturer of PCBs (Fig. 1(a)). The chemical composition of the
sample is listed in Table 1. The PCBs consist of 66% Cu, 2.30% Ni
and 0.045% Au. For leaching experiment, the sample was cut into
small pieces of size 2-3 mm unless stated otherwise (Fig. 1(b)). The
SEM image of the sample as shown in Fig. 1(c) clearly indicated that
copper was inserted between the resin and ceramic materials and
gold/nickel was plated on the surface as a thin layer.

Fig. 2 shows the schematic diagram of reactors. The separate
reactor consisted of an electrolytic cell for chlorine generation and
a separate vessel (reactor) for the metal leaching. The electrolytic

Table 1
Chemical composition of the sample.
Au Cu Ni Others?
wt.% 0.045 66.00 230 31.66

2 Ceramics (Al, 03, SiO; ) and resin.
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Fig. 2. Leaching apparatus.

cell of acrylic of size 18 cm x 9cm x 12.5 cm was divided into two
compartments with anion exchange membrane (Neosepta AMX,
Tokuyama Co.). Two cathodes and anodes were used in these
experiments. Both electrodes were made of high purity graphite
rods (20cm (I) x 0.8 cm (d)) with effective area in the solution
being 14.0 cm?2/electrode. The anode and cathode compartment
of the electrolytic cell was poured 200 mL of 4.0 mol/L, 6.0 mol/L
hydrochloric acid solution, respectively and then the anode com-
partment was saturated with electro-generated chlorine before
starting the leaching by supplying constant current. After satu-
ration of anode compartment of the electrolytic cell, 300 mL of
hydrochloric acid was poured into the leaching reactor and the
solution was heated to the desired temperature by electrically con-
trolled heating bath. A 5.0 g sample except for the experiments of
the effect of pulp density was then added for the experiment. The
electro-generated chlorine gas from the electrolytic cell was passed
to the leaching reactor through a tube. The solution in the leaching
reactor was agitated by a PTFE-coated steel impeller at a rotating
speed of 500 rpm.

The samples at the predetermined time periods were taken
out from the reactors and were analyzed by atomic absorption
spectrometer (AAS, AAnalyst 400, PerkinElmer Inc.). The oxidation
and reduction potential (ORP, mV vs. Ag/AgCl) in the leach solu-
tion was measured and total concentration of oxidants (residual
Cly(aq)+Cu(ll)) was analyzed by the iodide-thiosulfate titration
method [13].

2.2. Recovery of gold from leach liquor

2.2.1. Ion exchange of gold by ion exchange resins

In order to investigate the recovery of gold by ion exchange
process three resins (Amberlite XAD-7HP, Bonlite BA304, and Puro-
lite A-500) were used. The resins were thoroughly washed with
water and dried in oven at 50 °C. A glass column [1 cm (ID) x 25 cm
(height)] with a stopcock and a porous disk affixed at the bottom
was used in all experiments. The glass column was loaded with 1.0 g
(1 bed volume of resin, BV =4.6 mL) of the resins. After each experi-
ment, theresin filled in the column was washed with a large volume
of distilled water and stored in water for the next set of experiment.
For each experiment a 5BV of leach liquor was prepared through
2nd stage leaching by electro-generated chlorine. The solution was
passed through the column at a rate of 1.0 mL/min.

Purolite A-500, a macroporous strong base resin was supplied
by Purolite Company, whereas Bonlite BA304 (a gel strong base
resin) and Amberlite XAD-7HP (a nonionic resin) were obtained
from Born Chemical Company and Rohm and Hass, respectively.

2.2.2. Elution in column

The loaded resin was eluted by 0.1 mol/LHCL. The eluted solution
was then diluted to 5vol.% HCl and was analyzed for copper and
gold by AAS. The adsorbed gold complex on the column after elution
by 0.1 mol/L HCl was eluted again with 1.0 mol/L HCl in acetone
and acetone in the eluted solution was evaporated near to dryness.
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Fig. 3. Cu-Cl-H,O0 system at 25°C ({Cl~} =0.1, 2 mol/L, {Cu} =0.1 mol/L).

The residue was dissolved in 5 vol.% HCl and the final solution was
analyzed for copper and gold by AAS.

3. Results and discussion
3.1. Leaching by electro-generated chlorine

Chlorine generation from hydrochloric acid solution can be rep-
resented by the following reaction:
Anode : 2C1~ < Cly(electrodesurface) + 2e~ E%= 1.35Vgye (1)

The chlorine gas by Eq. (1) dissolves in water as follows (where
Log K;_3 being the equilibrium constants at 298 K):

Clz(g): Clz(aq) LOgK1(298): -1.21 (2)
Cly(aq)+H20 = HCI + HOCl  LogK(p08) = —3.40 (3)
Clz(aq)+C17 = C137 LOgK3(298)= -0.71 (4)

The dissolution of gold takes place as [14]:
Au + ClI7 +3/2Clyaq) S AuCly™(aq) AGeg = —27.04 kcal/mol
(5)

Au + 3/2HCIO + 3/2H* +5/2C1" = AuCly™ 4q)
+3/2H20 Angg = —33.29 kcal/mol (6)

where AG is the Gibbs free energy change at 298 K.
The dissolution of copper can be expressed as follows in chloride
media [11]:

Cu + Clyaq) S Cu?™ +2C1°  AGyeg = —46.69 keal/mol (7)

Cu?t +Cu + 2C1~ S 2CuCl  AGgg = —4.87 keal/mol (8)

Thus, thermodynamically the reaction of chlorine with copper (Eq.
(7)) is more favorable (lower AGaygg value) than that of gold (Eq.
(5)) whereas, the feasibility of reaction of hypochlorous acid (HCIO)
with gold is higher (Eq. (6)) than the reaction with chlorine (Eq. (5))
under the same condition.

In the presence of chloride, gold and copper dissolve to form
Au(III) and Cu(I), Cu(Il) chloride complexes, AuCl,~, CuCl*, CuClz2-,
and CuCl which is evident from the potential (E,)-pH diagram
shownin Figs. 3 and 4 [15]. As the chloride concentration increased
from 0.1 to 2.0 mol/L, the stability region of Cu(I) complexes (Fig. 3)
and AuCly~ (Fig. 4) increased with respect to pH and the redox
potential. The E;,—-pH diagrams also show that copper as cuprous
ion can be leached out at lower potential and higher chloride con-
centration for complexation and gold needs relatively higher redox
conditions and remains in the solution even at low acid concentra-
tion.

3.1.1. Effect of acid concentration

Fig. 5 shows the percentage leaching of copper and gold as
a function of acid concentration in the range 0.01-2.0 mol/L at a
fixed chloride concentration of 2.0 mol/L by adding NaCl and 25°C
when electro-generated chlorine at 714 A/m?2 current density (2.0 A
current) was passed in the leach reactor. Raising the acid concen-
tration to 1.0 mol/L at a fixed chloride concentration (2.0 mol/L) has
increased the copper leaching with a substantial decrease of gold
leaching till the period of 60 min. One of the most important factors
inthe chloride leach system is the pH level, since chlorine chemistry
is pH dependant [8,16,17]. Fig. 6 shows the chlorine distribution
with pH in acidic range which is calculated from the equilibrium
constants given in Egs. (2) through (4). When the pH falls below 2,
dominant species of chlorine are Cly(,q), Cl3~, and above pH 2 HCIO
is the dominant species. Besides, hypochlorous acid (HCIO) (Eq. (6))
has a higher oxidizing power towards gold which is evident from
the lower AG value than that with aqueous chlorine to form AuCl,~
complex (Eq. (5)). As acid concentration increases, the distribution
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Fig. 4. Au-Cl-H,O system at 25°C ({Cl~} =0.1, 2 mol/L, {Au}=0.5 x 10~3 mol/L).

of the hypochlorous acid decreases and disappeared at the concen-
tration of acid >1.0 mol/L. Since the gold leaching increased with
decreasing acid concentration (Fig. 5(b)) thus gold leaching seems
to mainly depend on the concentration of hypochlorous acid and
consequently on the oxidation potential as well. On the other hand,
copper leaching increased with increasing acid concentration as
shown in Fig. 5(a). Therefore, copper leaching may be dependent on
the solubility of chlorine regardless of oxidation power of chlorine
species.

3.1.2. Effect of temperature

Fig. 7 shows the pattern of the percentage leaching of copper
(Fig. 7(a)) and gold (Fig. 7(b)) from the PCBs sample in solu-
tion as a function of temperature at a fixed HCI concentration of
2.0mol/L and applied current density of 714 A/m? (2.0A current)
to generate chlorine gas. As can be seen a decrease in temperature
increased the percentage leaching of copper while gold leaching
mostly decreased. It is evident from Fig. 7(a) that the leaching
of copper followed the order for temperature 25°C>35°C>50°C
in 120 min, with the copper leaching of 75.4%, 58.5%, and 53.5%,
respectively. The leaching of gold (Fig. 7(b)) was retarded in initial
stages at all temperatures when the copper leaching was active. In
particular the low gold leaching rate was noticed up to 40 min at
25°C correspond to the lowest concentration of residual chlorine
and thereafter it increased drastically with increasing concentra-
tion of residual chlorine which meant high oxidizing condition. It
was reported that the leaching of copper and gold was controlled
by diffusion [18] and chemical reaction [19], respectively. Accord-
ingly, the gold leaching would be more affected by temperature
than that of copper. However, in this system the chlorine solubility
[20] and residual chlorine concentration (Fig. 7(b)) seem to play the
major role.

3.1.3. Effect of initial concentration of chlorine

The percentage leaching of copper and gold as a function of ini-
tial concentration of chlorine in 2.0 mol/L HCl solution at 25 °C and
714 A/m?2 current density (2.0 A current) is given in Fig. 8. The initial
chlorine supplied from the anode in the electrolytic cell was titrated
by the iodide-thiosulfate method to analyze total aqueous chlorine
concentration [13]. As presented in Fig. 8(a), raising the initial con-
centration of chlorine increased the extent of copper leaching till
60%. Subsequently, the increase of copper leaching was almost sim-
ilar regardless of the initial concentration of chlorine. Interestingly
the gold leaching (Fig. 8(b)) was rapid with increasing initial con-
centration of chlorine due to presence of sufficient oxidants. Also,
when the initial concentration of chlorine was increased from 0 to
3.46 g/L, the leaching of gold started rapidly and the retardation of
gold leaching disappeared. This indicated that copper and gold can
be selectively leached by adjusting the concentration of chlorine in
the solution.

3.1.4. Effect of particle size

The percentage leaching of copper and gold as a function of par-
ticle size at 25 °C, 2.0 mol/L HCl, 17 g/L pulp density and 714 A/m?
(2.0A current) current density is given in Fig. 9. As is evident
from Fig. 9(a), decreasing the particle size increased the extent
of copper leaching from 30% to 97% in 120 min. Gold leaching
(Fig. 9(b)) was retarded with decreasing particle size although, the
effect was not that severe when sample without cutting (aver-
age size - 35 mm x 40 mm) was treated. Mention may particularly
be made of the retarded dissolution of gold from the finest size
particles (—2/+1 mm) with increased surface area due to the favor-
able copper leaching with the presence of insufficient chlorine
thereafter to leach out gold. This may also be attributed to the
galvanic effect for dissolving copper preferentially as compared to
gold.
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concentration, 2.0 mol/L [Cl~] (current density, 714 A/m?; leaching time, 180 min;
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3.1.5. Effect of pulp density

The leaching behavior of copper and gold was investigated while
varying the pulp density in 2.0 mol/L HCI solution at 25°C and
180 min leaching time by electro-generated chlorine at 714 A/m?2
(2.0 A current) current density. Fig. 10 shows the copper leaching
with time and copper concentration in 180 min with increase in the
pulp density. As can be seen the increase in pulp density from 17
to 40 g/L resulted in the copper leaching of around 97% or slightly
lower in 180 min. At a pulp density above 40 g/L the leaching rate
decreased due to the insufficient concentration of chlorine. There-
fore, the pulp density of 40 g/L may be considered as optimum for
copper leaching at 25 °Cin 180 min under the above conditions with
the maximum leaching of 95% and the concentration of 25 g/L Cu
in the solution.

The leaching of gold from the PCBs sample was investigated at
25°C with time under the same condition as given in Fig. 10 and
results are plotted in Fig. 11. It is apparent that the starting point
of gold leaching was retarded with increasing pulp density from 17
to 45¢g/L. In all cases the leaching of gold was very low (Fig. 11)
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Fig. 6. Chlorine distribution with pH at 25°C.

till major part of copper dissolved (Fig. 10) and then increased
to almost completely within a short time. The leaching of gold
was particularly below 5% in 165 min and after that it drastically
increased to 99% even at the high pulp density of 40 g/L. From this
result it appears that gold and copper can be selectively leached by
electro-generated chlorine in 2.0 mol/L hydrochloric acid solution
for 165 min at 40 g/L pulp density and 25°C.

To recover copper and gold selectively, the leaching process by
electro-generated chlorine was divided into two stages (Table 2),
leach-1 and leach-2. The 1st stage leaching with electro-generated
chlorine with the particles of size —2/+1 mm was terminated at the
optimum condition such as: pulp density - 40 g/L, leaching time -
165 min, temperature — 25°C, and acid concentration - 2.0 mol/L
HCI, for which the ORP value was below 350 mVgagcy. In the leach
liquor the concentrations of copper and gold were found as 24.0 g/L
and 0.9 mg/L, respectively. After filtration, the residue was leached
again in 0.1 mol/L HCI solution by electro-generated chlorine with
714A/m? (2.0A current) current density (2nd stage leaching) at
25°C, leaching time 10min and pulp density 160g/L. Gold was
leached out almost completely (93%, ~67 mg/L) with more diluted
concentration of copper (607 mg/L) in solution than that obtained
in satge-1. It may be noted that the copper concentration in the
2nd stage leaching was 40 times lower than that of the 1st stage
and gold was concentrated 4 times higher.

3.2. Gold recovery from the leach liquor

3.2.1. Adsorption by Amberlite XAD-7HP

In order to recover gold after leaching, preconcentration and
separation procedure is necessary. Gold can be recovered from
leach liquors using ion exchange resins. For selective Au(Ill) adsorp-
tion, three different resins such as a nonionic (Amberlite XAD-7HP)
and strong base resins (Bonlite BA304 and Purolite A-500) were
used [21]. The results from the gold sorption experiments are sum-
marized in Table 3. As can be seen, these resins are non-selective
for gold and the adsorption values are almost similar. Copper ions
are more selectively adsorbed on the resins rather than gold ions
due to their high concentration. The gold and copper ions loaded
onto the resins can be selectively desorbed using different elu-
ents for the two metals [22]. As reported earlier the Au(lll) ions
on the non-ionic resin such as Amberlite XAD-7HP, can be eluted
easily rather than that of the strong base resins without loss of
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Table 2
Leaching results by electro-generated chlorine from waste mobile phone PCBs.
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Leaching stage Optimum condition Leaching Concentration

Cu (%) Au (%) Cu (g/L) Au (mg/L)
1st stage (ORP <350 mVgjagcr) 40g/L; 714 A/m?; 2.0 mol/L HCI; 165 min; 25 °C 9491 5.0 24.0 0.9
2nd stage (ORP > 1100 mVag/agcr) 160g/L; 714 A/m?; 0.1 mol/L HCI; 10 min; 25°C 0.58 93.06 0.61 67

subsequent loading capacity [21,22]. Therefore, Amberlite XAD-
7HP was chosen for the separation of copper and gold. In order
to get more concentrated gold solution with lower concentration
of copper as described above, the process of the 2nd stage leaching
by electro-generated chlorine was adapted repeatedly to gener-
ate sufficient leach liquor which after filtration was subjected to
the ion exchange process. To determine the metal loading capacity
of Amberlite XAD-7HP, the leach liquor was passed to the col-
umn containing 1 BV (4.6 mL) of the resin and the metal recoveries
were investigated. The adsorption capacity is the maximum metal
quantity taken up by 1g (1BV) of the resin and expressed as mg

Au/1BV resin. The breakthrough curve (plot of C./C, vs. BV) pre-
sented in Fig. 12 shows the loading behavior of gold that may be
recovered from the solution in a fixed bed. After a solution BV of
115, anincrease of gold concentration in the raffinate was observed
(Fig. 12, where C.: the final concentration of metal in the solution
(mg/L)and C,: the initial concentration (mg/L) in the solution). Gold
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recovery from the leach liquor by ion exchange using Amberlite
XAD-7HP resin was thus 95%. The maximum amount of gold loaded
on 1g resin was calculated to be 46.03 mg. Under this condition
the copper also adsorbed on the resin along with gold, which was
around 5% (30 mg/L) of the initial copper concentration of the leach
liquor.

Table 3
Adsorption results by various resins from 2nd stage leach liquor (leach liquor com-
position: 610 mg/L Cu, 67 mg/L Au, 0.5 pH).

Name of resin Types Adsorption

Cu(mg/L) Au(mg/L) Cu(%) Au(%)
Amberlite XAD-7HP  Non-ionic 596 53 97.70 7.9
Bonlite BA304 Strong base 596 4.9 97.70 7.3
Purolite A-500 Strong base 580 4.7 95.08 7.0
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Fig. 10. (a) Leaching of Cu vs. time and (b) leaching and concentration of copper
vs. pulp density at 180min (current density, 714 A/m?; stirring speed, 600 rpm;
temperature, 25 °C; leaching time, 180 min; particle size, —2/+1 mm).

3.2.2. Elution and enrichment of the gold from the resin

The elution experiments were carried out to separate gold and
copper from the loaded resins. The hydrochloric acid is effective
reagent for the elution of copper but not suitable for gold [22].
Harris et al. [23] suggested the use of a mixture of acetone and
diluted hydrochloric acid for achieving gold elution. Therefore, the
loaded resin was eluted initially with a hydrochloric acid solu-
tion and then with a mixture of acetone and hydrochloric acid for
recovery of copper and gold, respectively. Preliminary experimen-
tal results show that the elution of copper from the loaded resin was
not affected by the concentration of hydrochloric acid. Therefore,
the concentration of hydrochloric acid was selected as 0.1 mol/L
HCI for eluting copper (770 mg/L). During the elution of copper
prior to gold elution no Au(lll) was eluted. And then the loaded
resin was eluted again with a mixture of acetone and hydrochloric
acid (1.0 mol/L) at a ratio of 9:1 for the gold recovery. The elution
curve of gold from Amberlite XAD-7HP is presented in Fig. 13. The
eluent flow rate through the column was maintained at 1 mL/min
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Fig. 11. Effect of pulp density on Au leaching in 2.0 mol/L HCI (current density,
714 A/m?; stirring speed, 600 rpm; temperature, 25 °C; particle size, —2/+1 mm).

and total elution occurred at 2 BV of eluent. A maximum 170-fold
concentration (11,700 mg/L Au/BV, Fig. 13) of the initial gold solu-
tion was obtained in the ion exchange/elution process. After elution
with 1.0 mol/L HCl in acetone, the concentration of 6034 mg Au/L
could be enriched with 99.9% purity, which is 100 times higher in
comparison to the concentration of this metal in the 2nd stage leach
liquor.

3.3. Suggested process for the recovery of gold from mobile phone
PCBs

Fig. 14 shows the suggested process flow-sheet for the recovery
of gold and copper from mobile phone PCBs. During the 1st stage
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Fig. 12. Breakthrough profiles of gold (feed concentration: Au=67mg/L,

Cu=607mg/L, Flow rate=60mL/min, wt. of Amberlite XAD-7HD packed in
the column=1.0g).
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Fig. 13. Elution profiles of Au(Ill) loaded on Amberlite XAD-7HD by 1.0 mol/L HCl
in acetone (eluent: a mixture of acetone and 1.0 mol/L HCl, ratio of acetone and
hydrochloric acid=1:9, flow rate = 1.0 mL/min).

of electro-generated chlorine leaching, copper can be dominantly
leached out to get a high concentration (around 24.0 g/L) with neg-
ligible amount of gold (<5%). The concentrated copper solution in
the leach liquor (1st stage) can be subjected to the copper recovery
process such as electrowinning at the cathode in the electrolytic
cell after purification, whereas the gold in the residue from the
leach-1 stage can be processed through the 2nd stage leaching by

1* stage leaching by E-g Clz

2.0 mol/L HCI, ORP (mV sg/agct) < 350

l,eachate Residue
l i 0.1 I/L HC, pH 0.5,
Cu, Ni ‘ 2" stage leaching by E-g Cl, | ORPTn(;V,\yAgc.)I; 1000
recovery
Filtration
Leachate Residue

Amberlite XAD-7HP

lon Exchange

0.1mol/L HC1 | Elution | 1.0 mol/L HCl in Acctone

Elution | |

' v

Cu recovery Au

Fig. 14. The suggested process for the recovery of gold and copper from mobile
phone PCBs.
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electro-generated chlorine. The 2nd stage of leaching by electro-
generated chlorine has the advantages as follows:

(1) Concentrating gold solution (more than 4 times than that of 1st
stage) by increasing the pulp density of residue

(2) Lowering the metal concentration ratio of [Cu]/[Au] from 1000
to ~10 in the leach solution

(3) Recovery of copper in cuprous state which saves electrical
energy to generate chlorine as well as to recover copper

(4) Operation in low acidity conditions

The solutions from the 2nd stage of leaching can then be treated
for gold recovery by ion exchange resin using Amberlite XAD-
7HP. The elution of metals from the loaded resin separately with
hydrochloric acid and a mixture of hydrochloric acid and acetone,
provides an effective method to separate and recover copper and
gold, respectively. The copper solution (~770 mg/L) after elution
by hydrochloric acid can be recovered as metal powder [24] by
reduction with hydrogen gas, which is generated in the cathode
compartment of the electrolytic cell (Fig. 2). The elution of the
gold complex loaded in resin again with a mixture of hydrochloric
acid and acetone, facilitates gold concentration to 6034 mg/L with-
out contamination with copper. Pure gold metal can be obtained
from the enriched solution by electrowinning process or reduction
with Hy(gy obtained from cathode compartment of the electrolytic
cell.

4. Conclusions

In this work, leaching of gold from mobile phone PCBs by electro-
generated chlorine and enriching the concentration of purified gold
solution from the hydrochloric acid media by ion exchange proce-
dure using Amberlite XAD-7HP, a non ionic resin were investigated.
The following conclusions are drawn:

(1) The leaching efficiency of gold increased with increasing tem-
perature and dissolved initial chlorine concentration, besides
lowering the amount of acid in a fixed chloride concentration.

(2) Inatwo-stage leaching process the selective dissolution of cop-
per and gold using electro-generated chlorine was achieved. In
the 1st stage leaching the maximum copper recovery in 2 mol/L
HCI solution was 97% in 165 min at 25°C and 40 g/L pulp den-
sity, while the gold leaching was below 5%. High leaching of
gold (93%, ~67 mg/L) was obtained along with residual copper
(770 mg/L) in the 2nd stage of leaching with a diluted acid solu-
tion (0.1 mol/LHCl) at 25 °Cand a higher pulp density of 160 g/L.
The experimental results clearly demonstrate that copper and
gold can be mostly separated during leaching stage itself by
adjusting the solution acidity and chlorine concentration.

(3) Gold was recovered from the solution of the 2nd stage of
chlorine leaching by ion exchange using Amberlite XAD-7HP.
The concentration of gold was enriched during elution with
1.0mol/L HCl in acetone (1:9) to 6034 mg/L (99.9% purity)
without any contamination with copper. Prior to gold elution
the small amount of copper loaded to the resin was selec-
tively recovered by contacting with 0.1 mol/L hydrochloric
acid.

A process flow-sheet is suggested to recover gold and copper
from the mobile phone PCBs.
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