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Abstract

Waste electrical and electronic equipment (WEEE) is an important secondary source of valuable metals.
Particularly discarded printed circuit boards (PCB) contain high concentrations of valuable metals, varying greatly
among the type of board, the manufacture year, source device, and utilized PCB production technology. Chemical
hydrometallurgical processing is an efficient method to selectively extract and subsequently recover metals from
discarded polymetallic PCB. In this work, we propose a two-step process to extract copper (Cu) and gold (Au) from a
discarded high-grade telecom server PCB. The boards contained 262.4 and 0.320 mg/g Cu and Au, respectively,
which constituted the 98.1% of the total value of metals. The metal extraction process was optimized using
Response Surface Methodology (RSM) by central composite design (CCD). The optimized process parameters
showed that 3.92 M sulphuric acid, 3.93 M Hydrogen peroxide, 6.98% (w/v) pulp density and 3.7 hours contact time,

and 0.038 M Copper sulphate, 0.3 M �2�32− 0.38 M Ammonium Hydroxide, 10.76% pulp density (w/v) 6.73 hours

were optimal for the maximal extraction of Cu and Au, respectively. At optimal conditions, 99.2% and 92.2% of Cu
and Au, respectively, were extracted from the discarded PCB.

Keywords: Response surface methodology; Gold; Copper; Printed
circuit boards; Telecom board; High-grade

Highlights
• Cu was leached with sulfuric acid (H2SO4) and hydrogen peroxide

(sulphuric acid).
• Au was leached with thiosulfate catalyzed by cupric ions (Cu2+).
• Statistical optimization was applied using Response Surface

Methodology (RSM).
• Under optimized conditions, 92.2% and 99.2% of Cu and Au,

respectively, were removed.
• Confirmatory tests validated the model reliability with a high

confidence level.

Introduction
Discarded printed circuit boards (PCB) are an important secondary

source of valuable metals. All electrical and electronical equipment
(EEE) contain PCB [1] of various size, type and composition [2]. These
materials are a complex mixture of metals, polymers and ceramics [3].
Low lifespan of electronic devices [4], perpetual innovation in
electronics [5] and affordability of the devices [6] resulted in an
unprecedented increase of waste electrical and electronic equipment
(WEEE). In 2014, global WEEE generation was 41.8 million tons (Mt),
of which 9.5, 7.0 and 6.0 Mt belonged to the EU-28, USA and China,
respectively [7], and is expected to increase to 50 Mt in 2018 [8]. The
hazards associated with improper WEEE management brings along
two fold problems:

1. degradation of the environment [9] and
2. loss of valuable natural resources [10].

Despite its potential toxicity, WEEE contains valuable materials that
could be recovered to conserve primary resources and prevent
greenhouse gas emissions [11] coupled with potential economic
benefits through the recovery of valuable metals.

WEEE is a complex mixture of materials in various concentrations.
Modern devices encompass up to 60 elements, with an exponential
increase of complexity in the recent years [12]. These elements go into
the manufacture of microprocessors, circuit boards, displays, and
permanent magnets in complex alloys [13]. The composition of pre-
processed PCB from a WEEE treatment plant is 38.1% ferrous metals,
16.5% non-ferrous metals, 26.5% plastic and 18.9% others [14].
Precious metals are the main economic driver of WEEE recycling [15],
viz. gold (Au) has the highest recovery priority; followed by copper
(Cu), palladium (Pd), aluminium (Al), tin (Sn), lead (Pb), platinum
(Pt), nickel (Ni), zinc (Zn) and silver (Ag) [16] owing to the individual
value and criticality of these metals, On the other hand, the intrinsic
value of non-precious metals are increasing [17] due to relatively
decreasing concentration of precious metals, and elevated
concentration of the technology metals, such as the rare earth elements
(REE) [18,19].

Several hydrometallurgical strategies were experimented to extract
valuable metals from discarded PCB. Hydrometallurgical metal
recovery routes involve an oxidative leaching for the extraction of
metals and a subsequent recovery and refining steps [20]. Metal
extraction via oxidative acidic or alkaline leaching medium is an
essential process for metal recovery from PCB. Leaching of metals
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from discarded PCB in various media including, hydrochloric acid
(HCl) [21,22], sulfuric acid [23,24], nitric acid [25,26], often in
addition of an oxidant such as hydrogen peroxide [27], ferric iron [28],
chloride [29] and oxygen [30] have been reported. Moreover, several
novel leachants including thiosulfate �2�32−  [31,32], thiourea
(formula) [33,34] and iodine [35,36] were investigated for their
effectiveness to recover valuable metals from waste PCB.

Sulphuric Acid leaching, often in combination with an oxidant is the
most common method to extract base metals from their primary and
secondary sources [37], including discarded PCB. Sulphuric acid is a
strong oxidant (1.8 V relative to SHE) which is commonly used in
combination with acids to enhance metal extraction yields and
kinetics. The oxidation reaction is exothermic and control of the
temperature may be needed [38]. Concentrations of the lixiviant and
the oxidant (sulphuric acid) are the most influential factors affecting
metal extraction from WEEE. Earlier studies investigated Sulphuric
Acid leaching of Cu from discarded PCB at non-optimized high
reagent concentrations and with addition of an electro-generated
oxidation agent, which typically led to high metal extraction
efficiencies.

Precious metal leaching with �2�32−  is a non-toxic alternative to
cyanidation for primary ores and secondary raw materials. Au leaching
rates can be faster than conventional cyanidation, a lower interference
from other cations is prevalent, a high yield can be obtained, and a full-
scale operation can be more cost-effective than cyanidation [39].�2�32−  in presence of ��4+ and cupric ions leaches and complexes
precious metals such as gold (Au) and silver (Ag). It allows the
solubilisation of Au as a stable anionic complex at alkaline or near-
neutral solutions [39]. Cupric acts as a catalyst in the dissolution
reaction, and ��4+ as a stabilizing agent of the system and thereby
accelerate the anodic dissolution.

The leaching of metals from the waste material is a complex and
multivariable process which depends on several physical and chemical
parameters and their reciprocal interaction. Factorial design of
experiments (DoE) is a powerful tool to analyse the process
parameters. Central composite design (CCD) with response surface
methodology (RSM) is a robust statistical tool whereby multiple
parameters and their interaction influence are involved in the selected
response. RSM is increasingly used in hydrometallurgical processing of
ores in order to maximize the yield under optimal process parameters.
CCD with RSM simultaneously compute several involved factors at
various levels and analyse the model for the relation between the
various factors and their response [40].

In this study, we propose a multi-step leaching procedure for Cu and
Au recovery from discarded PCB. In the first stage, Sulphuric acid
leaching of Cu in the presence of sulphuric acid is carried out. In the
second step, Au leaching using �2�32−  as the lixiviant with Copper
as catalyzer in ammoniacal medium is carried out. In Cu leaching step,
four operational parameters, namely sulfuric acid sulphuric acid
concentration, hydrogen peroxide sulphuric acid concentration,
contact time (h) and pulp density (PD) (%, w/v) are optimized to
maximize Cu yield. Similarly, in the proceeding Au leaching step, five
operational parameters, namely �2�32−  concentration, copper
sulfate concentration, ammonium hydroxide concentration, contact
time (h) and PD (%, w/v) were optimized to maximize Au yield.

Finally, the model predictions were compared to experimental data in
confirmatory tests.

Materials and Methods

Source, preparation and characterization of the Printed
Circuit Boards (PCB)

Discarded printed circuit boards (PCB) from telecom server devices
and desktop computers were collected from SIMS Recycling in
Eindhoven, and the IT department of UNESCO-IHE, the Netherlands.
The samples preparation and microwave-assisted acid digestion were
carried in a laboratory microwave unit (CEM, MARS, USA) in mixture
of nitro-hydrochloric acid and HCl, 1:3 by volume) as described in our
earlier work. After the milling of each sample, the ground materials
were sieved to particle sizes of <500 µm to be used in leaching
experiments. The digestates and the leachates were serially diluted for
metal analysis. The metals prices were taken from the London Metal
Exchange in a 1 year period between 1 August 2015 and 1 August
2016, for the total value analysis.

Design of Experiments (DoE) and optimization
Design of experiments (DoE) is a statistical tool to the analyze and

optimize the independent process variables for maximum efficiency by
evaluating the interactive effects of operational parameters and
minimizing the number of experiments [41]. Central composite design
(CCD) was used to study effects of variation of parameters together
with response surface methodology (RSM). For the maximal metal
yield from the discarded boards, RSM provided statistically supported
DoE and mathematical methods for model design, analysis of
interaction of the process parameters for the two-step leaching of
metals, and the computation of optimal conditions for the parameters.

The total number of experiments was calculated using a factorial
design (2k) as given in Equation 1

N=2k+2k+n (1)

where (N) is the total number of experiments, k is the number of
process variables, and n is the number of replicates, i.e., the center
points.

Two CCDs were designed, each with two level factorial points, axial
points and central points for the optimization of the two-step Cu and
Au leaching process (Table 1). The responses for Cu yield (mg Cu/g
PCB) and Au yield (mg Au/100 mg PCB) were computed. Levels of
coded and assigned variables, and each factor was studied at 5 different
levels (-α, -1, 0, 1, +α) in the design. MINITAB 17 (Minitab Inc, USA)
was used to analyze the interaction of independent process variables
for the RSM study. In the first Cu leaching step, 31 experimental runs
including 24 full factorial experiments (Runs 1-24), 7 center points
(Runs 25-31) with 4 factors and 5 levels were designed. In the second
Au leaching step, 53 experimental runs including 32 full factorial
experiment (Runs 1-32) and 17 center points in axis (Runs 43-52) with
5 factors and 5 levels were designed.

For Cu leaching, sulphuric acid (M), PD (%, w/v), and contact time
(h), whereas for Au leaching, Copper sulphate (M), �2�32−  (M),
Ammonium Hydroxide (M), PD (%, w/v), and contact time (h) were
selected as the variable operational process parameters. The selected
value ranges for sulphuric acid concentrations were 2.0-6.0 M, the PD
was 4.0-10.0% (w/v), contact time was 2.0-6.0 hours, based on

Citation: Isildar A, Rene ER, Hullebusch EDV, Lens PNL (2017) Two-Step Leaching of Valuable Metals from Discarded Printed Circuit Boards,
and Process Optimization Using Response Surface Methodology. Adv Recycling Waste Manag 2: 132. doi:10.4172/2475-7675.1000132

Page 2 of 9

Adv Recycling Waste Manag, an open access journal
ISSN: 2475-7675

Volume 2 • Issue 2 • 1000132



screening tests and the earlier studies. Similarly, for Au leaching the
selected range for both �2�32−  and Ammonium hydroxide
concentrations was 0.2-0.4 M, for Copper sulphate concentration was
0.025-0.05 M, for the pulp density was 1.0-10.0% (w/v) and for contact
time was 4.0-8.0 hours. The parameters and their ranges were selected
in line with the and the concentration of the metals of interest in the
discarded PCB, the results of the screening tests and the published
literature which was conducted with similar discarded materials.

Parameter Unit Code
Range and levels

- α -1 0 1 + α

Copper leaching yield

H2SO4 (M) A 0 2 4 6 8

Sulphuric
acid (M) B 0 2 4 6 8

PD (%, w/v) C 1 4 7 10 13

Time (h) D 0 2 4 6 8

Gold leaching yield

CuSO4 (M) A 0 0.025 0.0375 0.05 0.75

NH4OH (M) C 0 0.2 0.3 0.4 0.6

PD (%, w/v) D 2 4 6 8 12

Time (h) E 0 2.5 3.75 5 7.5

Table 1: CCD of parameters from low to high levels for copper (Cu)
and gold (Au) leaching.

Confirmatory leaching experiments
Additional sets of confirmation tests were carried out in order to

endorse the validity and reliability of RSM model predictions. The
operational parameters of confirmation experiments were selected as
per the CCD design and the results of the RSM study (optimal and -1
values), plus control tests. Discarded PCB were put in contact with the
leachant and oxidant in 100 mL Erlenmeyer flasks that were closed
with a septum screw cap. The flasks were agitated at 150 rpm and at
constant ambient temperature (23 ± 2°C). Periodic metal analyses (5
mL) were carried out by using sampling syringes. The alteration in
liquid-to-solid ratio due to sampling was considered in calculations,
and the metal concentrations were reported with a correction factor.
The analytes were centrifuged at 1000 rpm for 10 min, filtered
(Whatmann 0.45 µm G/C), and serially diluted for metal
measurements.

At the end of the first leaching step, the residues were collected and
characterized for their total metal content per the procedure described
in 2.1. In the following Au leaching experiments, residues from the
preceding leaching step were washed two times with ultrapure water
and put in contact with the leachant, oxidant and catalyser solutions in
100 mL Erlenmeyer flasks. The flasks that were closed with a septum
screw cap and agitated at 150 rpm at constant ambient temperature (23
± 2°C). Each test was carried out in duplicate.

Analytical methods
The metal analyses were performed by inductively coupled plasma

mass spectrometer (ICP-MS) (X series 2, Thermo Scientific, USA) and
inductively coupled plasma optical emission spectrometer (ICP-OES)
(Perkin Elmer, Optima 8300, USA) [41]. Analytical grade chemicals
and ultrapure (MiliQ) water were used. Alternatively, periodic metal
measurements were carried out by atomic absorption
spectrophotometer (AAS-F) (Varian 200, USA). The wavelengths (nm)
for Cu and Au were 324.752 and 267.595, respectively. The analyzing
blanks and calibration standards were performed periodically to
establish the reproducibility of the data and assure the analytical
quality standards (QA/QC). The statistical analysis of the results was
carried out by MINITAB 17 and Microsoft Excel 2016.

Results

Metal concentrations and intrinsic value of the discarded
PCB
The copper (Cu) and gold (Au) concentrations of the discarded

telecom and desktop PCB are shown in Table 2. The telecom PCB had
a higher concentration of both metals over regular computer PCB. The
intrinsic value of Au was higher in telecom boards, owing to its high
concentration in telecom PCB (15.2 factor). The intrinsic value of Cu
and Au was 51.6 and 41.3 respectively for desktop PCB, on the other
hand, the intrinsic value of Au and Cu in Telecom PCB was 85.8 and
11.3, respectively. Considering the value of all the metals
(concentrations not shown) found in the discarded PCBs, Cu and Au
constituted the vast majority of the total value. These two metals made
up 91.9% and 97.1% of the total value for discarded desktop and
telecom PCB, respectively.

Metals Cu (mg/g PCB) Au (µg/g PCB)

Telecom board 262.4 ± 16.6 320.7 ± 17.1

Intrinsic value (%) 11.3 85.8

Desktop computer 176.7 ± 23.6 21 ± 3.2

Intrinsic value (%) 51.6 41.3

Table 2: Metal concentrations (mg/g PCB) of the discarded printed
circuit boards.

Optimization of the metal extraction process using Response
Surface Methodology (RSM)

Optimization and desirability function: The desirability functions
for Cu and Au leaching are given in Figure 1. Response surface
methodology (RSM) using central composite design (CCD) for Cu and
Au leaching determined the optimized process parameters for the
maximal yield of the two metals. The optimal value for the maximized
response of multiple influencing factors i.e., leachant, oxidant and
catalyzer concentrations, pulp density (PD), and contact time were
considered to directly influence the yield of metals extracted from
discarded PCB.

A desirability function was incorporated to achieve the maximum
metal extraction yield for each leaching step. For the ranges selected,
viz., 2.0-6.0 M Sulphuric acid, 2.0-6.0 M sulphuric acid, 1.0-10.0%
(w/v) pulp density and 0.0-6.0 h contact time, the desirability function
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for the maximum for Cu yield is given in Figure 2a. Similarly, for Au
leaching 0.025-0.05 M Copper sulphate, 0.2-0.4 M �2�32− , 0.2-0.4 M
Ammonium Hydroxide, 4.0-8.0% pulp density (%, w/v), and 2.5-5.0 h

contact time, the desirability function is given in Figure 1b. These
values were used to perform confirmatory tests under the optimized
conditions to ascertain the reliability of the model.

Figure 1: Desirability functions for (a) Cu for (A) H2SO4 (M), (B) sulphuric acid (M), (C) pulp density (%, w/v), and (D) contact time (h) and
(b) gold leaching and for (A) CuSO4 (M), (B) NH4OH (M), (C) pulp density (%, w/v), and (D) contact time.

Regression equation of Cu yield is shown below in Equation 2:

Y=-243+61.8A+58.3B+5.6C
+77.2D-6.81A2-6.68B2-0.692C2-8.46D2+0.27AB+0.57AC+0.61AD
+0.30BC+1.08BD+0.45CD  (2)
where Y represents the Cu yield in (mg/g PCB), (A) the sulphuric acid
concentration in M, (B) the sulphuric acid concentration in M, (C) the
pulp density in % (w/v), and (D) the contact time in hours. Within the
range of low and high values of the parameters studied, a non-linear
optimization protocol was followed per the Monte-Carlo optimization
procedure. Equation (2) was solved using the Monte-Carlo
optimization technique and the results gave the optimum values for Cu
leaching as: 3.92 M Sulphuric acid, 3.93 M sulphuric acid, 6.98% pulp
density (w/v) and 3.7 h contact time.

Similarly, the regression equation for Au leaching is shown below in
Equation 3.

Y=-1.30+155.1A+10.16B-12.57C-0.304D
+0.464E-1844A2-9.16B2+6.75C2-0.0928D2-0.0364E2-58.3AB-25.0AC-2
.55AD+3.93AE+0.4BC+1.703BD-1.078BE+1.402CD+0.714CE
+0.0455DE  (3)

Where Y represents Au yield in (mg/100 mg PCB), (A) CuSO4
concentration in M, (B) �2�32−  concentration in M, (C)
Ammonium hydroxide concentration in M, (D) contact time (E) pulp
density. Equation (2) was solved using the Monte-Carlo optimization
technique and the results gave the optimum values for Au leaching as:
0.038 M Copper sulphate, 0.3M �2�32− , 0.38 M Ammonium
hydroxide, 10.76% (w/v) pulp density and 6.73 hours contact time.

Interaction plots and surface plots
The interactions between the different process parameters (fitted

means and data means) and their influence on the responses for final
Cu and Au yields are given in Figure 2. The interaction plots showed
the reciprocal effect of each process parameter. Arguably, the
interaction effect between the Hydrogen sulphate concentration and
sulphuric acid was very significant for Cu leaching. These two
parameters are the two most significant in Cu leaching, thus their
interactions with the other parameters, e.g., with pulp density, and
contact time are significant as well. The interaction between pulp
density and time, on the other hand, has a little effect on Cu leaching.
An increase of pulp density from 2.0 to 6.0% (w/v) had an insignificant
effect on the final Cu yield. Similarly, the increase of contact time from
1.0 to 6.0 hours did not have a significant effect on the final yield. The
variation of those two parameters had a relative low influence on the
final Cu yield (Figure 2a).

The interaction between the leachant, the oxidant and the catalyzer
concentrations had a direct effect on the final Au yield. However, the
effect of contact time and pulp density was not very significant (Figure
2b). These results showed similarity with Cu leaching, where physical
parameters, e.g., pulp density and time, played a less significant role
than the concentrations of the reagents. �2�32−  was arguably the
most significant parameter for the yield. Therefore, its interaction with
the other parameters significantly affected the final leaching efficiency.
The interaction of �2�32−  and Ammonium hydroxide
concentrations had a very significant effect on Au leaching (Figure 2b).

When the concentrations of sulphuric acids were increased, from -α
value to +α, the Cu yield increased to higher values and eventually
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reached maximum extraction yield of 262 mg Cu/g PCB at 3.92 M
sulphuric acid and 3.93 M sulphuric acid concentration at constant
optimal values of pulp density and contact time. Similarly, a
statistically significant interaction between sulphuric acid and PD was
observed when sulphuric acid was kept constant at the optimal value
(3.93 M). The effect of these parameters on the Cu yield significant, up
to the optimal concentrations of these reagents. The effect, however,
was found to be insignificant or negative, exceeding the optimal
concentrations, as the increase of the concentration above the optimal
value affected the yield negatively. Furthermore, sulphuric acid had a
positive effect on the yield when the concentration of H2SO4 was also
increased and the contact time was kept constant (Figure 3).

Concerning the final Au yield, an increase in the concentrations�2�32−  and Copper sulphate, from –α value toward +α (Table 1),
resulted in a higher final Au yield. Maximum Au yield of 320 mg
Au/100 g PCB was achieved at the optimal values of 0.038 M CuSO4,
0.3 M �2�32− , 0.38 M Ammonium hydroxide, at constant optimal

pulp density and contact time values. ��4+ concentration has a less
prevalent effect than the other two chemical, and its interaction with�2�32−  had a small effect on Au yield (Figure 4).

Figure 2: Interaction plot for the variable process parameters for (a)
Cu leaching process (A) H2SO4 (M), (B) sulphuric acid (M), (C)
pulp density (%), w/v, and (D) contact time (h), and (b) Au leaching
process (A) CuSO4 (M), (B) NH4OH (M), (C) pulp density (%,
w/v), and (D) contact time.

Figure 3: Surface plots of Cu extraction yield versus for H2SO4 (M),
H2SO4 (M), (PD) (%, w/v), and contact time thiosulfate and (a)
pulp density (PD) (%, w/v) (b) time and (c) ammonium thiosulfate
(NH4OH).

Figure 4: Surface plots of gold extraction yield versus for (A)
thiosulfate and (a) pulp density (PD) (%, w/v) (b) time and (c)
ammonium thiosulfate (NH4OH).

Leaching of copper in oxidative medium
Confirmatory leaching tests were carried out to compare the validity

and the reliability of the model predictions with the experimental data.
The reciprocal interaction of the process parameters and the yield at
optimal process parameters were investigated. The dissolution of Cu
from discarded PCB at various process parameters as a function of
time is demonstrated in Figure 5. The increase of the leachant and the
oxidant concentrations resulted in a significant increase of Cu
dissolution from the waste material. At optimal parameters of 3.93 M
sulphuric acid, 6.98% (w/v) pulp density and 4 h contact time, 99.2% of
Cu was dissolved.

Figure 5: Leaching of copper (Cu) as a function of time with 3.92 M
H2SO4+3.93 M sulphuric acid, 2.0 M H2SO4+2.0 M sulphuric acid,
3.92 M H2SO4+0.0 M sulphuric acid, 0.0 M H2SO4+3.93 M
sulphuric acid at 6.98% (v/w) pulp density.

During the confirmatory tests, an increase in temperature was
observed, as the surface of the Erlenmeyer flasks became considerably
warm. However, the temperature increase was not measured. This
increase was due to the exothermic reaction between the leachant-
oxidant mixture and the metallic particles. Without the addition of
oxidizing agents or heating of the solution, the leaching efficiency of
Cu was observed to be very low and virtually insignificant. Without the
addition of the oxidant sulphuric acid, 6.52% of Cu was leached form
the waste material. Furthermore, without the addition of sulphuric acid
was not able to leach Cu from the waste material. Without the addition
of the oxidant sulphuric acid, the oxidative potential of the leachant
solution was not high enough to oxidize elemental copper found in the
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discarded PCB to cupric cations. Similarly, without the addition of the
leachant, Cu dissolution into the leachate solution was insignificant. In
negative control tests without addition of the neither the leachant nor
the oxidant, Cu leaching was not observed (results not shown).
Leaching of gold in ammoniacal thiosulfate medium.

Similar to the Cu leaching, confirmatory leaching tests were also
carried out to validate the RSM model predictions for the Au leaching.
Under optimal operational conditions of 0.3 M �2�32− , 0.38 M
Ammonium hydroxide and 10.76% (w/v) pulp density, 58.2% and
71.4% of the Au was leached at the end of the 2nd and the 4th hour.
Eventually 92.2% of the Au was dissolved in 7 hours under optimal
conditions. The kinetic characteristics of the leaching process showed a
typical concave curve (Figure 6).The varying �2�32−  concentration
had a significant impact on Au leaching yield. In the confirmatory
tests, the concentration of �2�32−  was varied in the range 0.1 to 0.3
M, while the ions concentrations were kept constant at their optimal
values. Lower �2�32−  concentrations than the optimal value resulted
in a lower Au yield. 51.8% and 77.0%, of the total Au was leached
respectively at 0.1 and 0.2 M of �2�32− . In control tests without�2�32−  addition, no Au leaching was detected (results not shown),

which indicated that the �2�32−  concentration was the main factor
in Au leaching.

Figure 6: Leaching of gold (Au) with 0.038 M CuSO4+0.3 M
thiosulphate+0.38 M NH4OH, 0.038 M CuSO4+0.2 M S2O3+0.38 M
NH4OH, 0.025 M CuSO4+0.3 M thiosulphate+0.38 M NH4OH,
0.025 M CuSO4+0.0 M thiosulphate+0.38 M NH4OH as a function
of time, and at 10.76 % (v/w) pulp density.

Varying the copper concentration, influenced the final yield but not
on the kinetics of the leaching reaction. Lower copper concertation
(0.025 M) resulted in lower Au (59.4%) extraction yield compared to
optimal values, when the other operational parameters are kept
constant (Figure 7). Without copper addition, dissolution took place
but only 21.4% of Au was dissolved (results not shown). The rate was
found to decrease with time as the Cu concentration decreased.

The relative error between the measured data of the confirmation
experiments and the calculated results of the models was 97.2% for Cu
and 97.3% for Au, respectively. The regression of the model predictions

and the experimental data is given in Figure 7. Since the value
predicted by the model was within the 95% confidence interval, this
can be taken as confirmation of the suitability of the regression model
for predictive purposes. Therefore, the RSM approach and CCD
developed in this study provides reliable predictive data for the Cu and
Au leaching. In a future scale-up procedure, a sensitivity analysis
would be required.

Discussion

Optimization of the process parameters for copper and gold
leaching from discarded PCB

Selective metal recovery from such a complex anthropogenic
polymetallic secondary resource requires a novel approach for the
development of an efficient metal recovery process. Diversity of metals
and complexity of metal-metal and metal-non-metal associations
inflict specific challenges. Hydrometallurgical processes enable
relatively low capital costs, no hazardous gas emission, operational
selectivity for small scale applications, and are propitious alternatives
to conventional pyrometallurgical processes for metal recovery. In this
work, a two-step approach to sequentially leach copper (Cu) and gold
(Au) from a high-grade PCB is proposed.

Figure 7: Regression analysis of the model prediction with the
measured data for (a) Cu leaching and (b) Au leaching.

Response surface methods (RSM) is a collection of mathematical
and statistical techniques used for developing, improving and
optimizing the processes (DoE) particularly in complex
hydrometallurgical metal extraction process where multiple
independent variables are involved. At the initial stage of the process
development, RSM revealed the optimal conditions and interaction of
the process variables where maximal yield of desired products can be
achieved. It produces statistically-validated predictive models,
interaction plots of the independent variables and, response surface
maps that point the way to pinnacles of the process performance.

The reagent concentrations are more significant factors than the
other process variables in hydrometallurgical extraction of valuable
metals from discarded PCB at high pulp densities (5-10%, w/v). This
applied to both to the leaching of Cu and Au. The optimum
concentrations of the leachant and the oxidant, e.g., sulphuric acid for
Cu leaching and the leachant, e.g., �2�32−  for Au, played a dominant
role during the leaching of these valuable metals. In addition, there
were significant interaction between sulphuric acid for Cu and between�2�32−  and Cu for Au. The effect of PD and time were rather less
prominent for both Cu and Au extraction yield. Furthermore, the
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results indicated that the interaction between leachants and the other
independent variables was statistically insignificant. Thus, the maximal
metal yield from discarded PCB did not depend on the level of PD and
the contact time. This does, however, not translate into the
insignificance of these parameters, but in a much smaller influence of
them on the final yield.

The analysis of variance (ANOVA) showed that the response surface
quadratic model was significant at F value of 5.04 and a P values of
<0.0001. The statistical significance of the model was also confirmed by
the determination of coefficient (R2=0.911) which indicated that only
8.1% of the variations were not explained by the model and this also
means that 91% of the variations were explained by the independent
variables. The model prediction and the optimized values were in good
agreement. One exception was the effect of ammonium hydroxide
concentration on Au yield, the model predicted a positive correlation
between the Au extraction yield concentration above the optimal value
(Figure 2). However, in the confirmatory tests it had insignificant effect
(Figure 6).

Characterization of discarded PCB
Telecom devices PCB showed differences from consumer electronics

PCB such as regular personal computers in terms of metals
concentrations (Table 2). Typically, they have higher concentrations of
Cu and Au, along with other valuable metals. The economic value of
Cu and Au constituted the most of the total value (98.1%) of the
discarded telecom PCB. Thus, the main economic motivation for PCB
recycling is the selective and efficient recovery of Cu and Au. These two
metals react similarly in hydrometallurgical reaction and a prevalent
competition is usually observed. Thus, an innovative strategy is
required for the processing of polymetallic high grade secondary
source for metal recovery.

The Cu fraction is overlaid by laminate layers in multilayer PCB, the
most widely used type of boards, which inhibit the contact between the
leaching medium and Cu. Thus, liberation of the components and the
Cu layer is required to the largest extent possible, which is typically
carried out by mechanical crushing of the discarded boards in
specialized comminution equipment. Au is found predominantly on
the central processing unit (CPU), up to 96% of this element is found
on these central units. Therefore, comminution and pre-treatment will
result in loss of precious metals. In metal assay studies, the relatively
low Au content of the CPU-removed desktop PCB (Table 1) confirmed
these findings. The rest of the Au is found in the contact layers of these
boards, typically built intact with the board matrix and is most
efficiently separated by a selective leaching process. Telecom PCB
contain Au as a contact material at the backside of their top layer and
do not contain visible conventional CPU.

The metal concentrations varied largely per particle sizes (Table 1),
which is of practical significance for the selection and design of a pre-
treatment step. argues that the conventional crushers are not well-
suited to cut and crush such a friable and brittle material. Also, sieving
to smaller than 0.5 mm leads to the loss of the material, presumably on
the sieve and thus accumulation of certain metals can occur on certain
mesh sizes. Physical pre-treatment of discarded PCB leads to
significant material losses. Physical separation processes can be used
ahead of hydrometallurgical processes at the expense of metal losses. In
addition to the optimization of the leaching and purification steps, it is
recommended to also optimize the physical pre-treatment, perhaps
with more advanced equipment designed to process such material and
particle size distributions.

Leaching of Cu from the discarded PCB
Most metals in WEEE are found in their elemental form, or as

alloys, distinctive to primary ores. This is of practical significance for
the development of a metal recovery process. An oxidative leaching
process is essential for the extraction of valuable metals from their
primary ores and also secondary raw materials. Concentrations of
sulphuric acid were the main process variables that control the
extraction of Cu from the waste material, as was predicted by the
optimization model and confirmed in the confirmatory experiments.
The higher dosage of sulphuric acid can release more Cu through
proton attack (4) and sulphuric acid provides an oxidative medium (5)
to facilitate the leaching of Cu into the solution. The overall reaction is
given in Equation (6).

Cu0+2H+→ Cu2++H2 ΔG0=65.5 kJ/mol (4)

Cu0+½ O2+2H+→ Cu2++H2O ΔG0=-171.63 kJ/mol (5)

Cu+sulphuric acid+Sulphuric acid→ Cu+��42−+ H2O Δ G0 = -329.7
kJ/mol                             (6)

Leaching of Cu from PCB in the absence and the presence of the
oxidant in acidic sulfate media showed a difference in metal
mobilization. In the H2SO4 leaching system, addition of sulphuric acid
significantly increased the Cu dissolution rate. In fact, without the
addition of the oxidant, Cu cannot be effectively leached into solution.
A very limited Cu extraction (2%) in the absence of the oxidant (Figure
5) is consistent with the thermodynamic information, as in Equations
(4), (5), and (6). Leaching of elemental Cu with sulfuric acid is not
thermodynamically favorable (4) and an addition of an oxidant is
required. Moreover, the presence of sulphuric acid as a strong oxidant
is likely to prevent the reduction or precipitation of the oxidized metal
species in the solution

Leaching of Au from the discarded telecom PCB

The dissolution of Au from discarded PCB in ��4+ medium is a

process mediated by the concentration of �2�32−  in the presence of
Cu ions as the oxidant. Cu ions create the thermodynamically possible
conditions for the leaching of gold into the solution. The major role of��4+ in the thiosulfate system is to stabilize Cu ions. The Au leaching
solution includes the thermodynamically stable cupric-tetraamine
complex because of the mixture of the Copper sulphate and Ammonia
in aqueous medium as shown below:��2 ++ 4��3 ��(��3)42 + Kf: 2.1 × 1013 (7)

The cupric-tetraamine ��(��3)42 +  complex is a

thermodynamically stable species which enhances the stability region
of Cu(II)-Cu(I), preventing the reduction of Cu into solid compounds.
Thus, the Cu concentration of the Au leaching solution is an important
factor for the thermodynamical stability of the solution. The CCD
model corroborated a high correlation of Cu concentration and Au
yield (Figures 2b and 6). In our confirmatory tests, the initial rate of
gold extraction-within the first two hours-is enhanced with increasing
Cu concentration, however, not significant above a certain
concertation. Varying the Cu concentration, from 0.01 to 0.03 M Cu,
did not influence the predominant Cu species in the reaction system at
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the same Eh/pH conditions. Moreover, a very low Au dissolution
efficiency was observed in the tests in the absence of Cu (Figure 6).

Au dissolution with �2�32−  occurs in presence of cupric-

tetraamine as the oxidant which forms stable �� �2�3 23− and
complexes, as shown below in Equation (8):��+5 �2�32−+�� (��3)42 + �� �2�32− 23−+ 4��3+�� �2�32− 35−
(8)

At the optimal conditions, the rate of Au dissolution was rapid
during the first two hours of the reaction, then the extraction reached
the steady state (Figure 6). The maximum gold recovery obtained was
96.22% after 7hours of leaching. �2�32− had a direct influence on
gold leaching, as predicted by CCD model and verified in the
confirmatory tests. Such a result is not surprising since the dissolution
reaction Equation (8) is likely to be enhanced at increased thiosulfate
concentrations. In terms of process development, a balance between
leach kinetics and high thiosulfate consumption is required; an
optimum value appears to be 0.38 M from a high-grade Cu removed
PCB. Varying the ��4+ content had an insignificant effect in our
experimental conditions, while the kinetic curve showed the same
shape. Earlier studies reported decreasing gold recovery with
increasing the ��4+ concentration due to disturbed thermodynamic

stability of ��(��3)42 +. However, these studies reported

concentrations much higher than the process variables optimized in
this work. Leaching of gold from PCB in this concentration range of
target metal, leachant and oxidant is found to be feasible. Conclusively
the two-step approach, in which a potential competition between
metals is prevented can be regarded as an efficient strategy to leach
valuable metals from the waste material. Moreover, a two-step step
extraction approach leads to two separate leachate solutions in
different media which might be of practical importance to achieve
selective recovery of metals from discarded PCB material.

Conclusion
Secondary raw materials are very complex and require a novel metal

recovery approach. In this study, a two-step hydrometallurgical route
for the extraction of Cu and Au from a high-grade PCB was developed.
The PCB material contained containing 260 mg/g Cu and 0.320 mg/g
Au. A two-step Cu and Au extraction procedure was designed and
optimized by RSM using the CCD technique. The model accurately
predicted the yields under various operational conditions with high
coefficients of determination between the response and the process
variables. In confirmatory tests, 99.2% and 92.2% of Cu and Au was
extracted, respectively, under the optimized conditions. Oxidative acid
leaching for the extraction of Cu from discarded PCB is a kinetically
fast and efficient technology. A mixture of an oxidant and a leachant is
required for efficient Cu extraction from the waste material. The
leaching of Au in ammoniacal thiosulfate solutions was chemically
controlled.
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