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A B S T R A C T   

In the present work, a two-stage biohydrometallurgical process for copper extraction from waste PCBs is 
developed. The main goal of this study is to check whether to separate the chemical leaching of copper with ferric 
iron from the regeneration of the leaching agent by bacterial oxidation of the ferrous iron is an efficient route for 
copper recovery from waste PCBs. To test this proposal, large waste PCBs pieces were retained in a stirred tank 
reactor (STR) in contact with a leaching liquor circulating at a high flow rate between this STR and a bioreactor. 

The kinetics of leaching of large PCB pieces, when ferric iron is added in excess over the stoichiometric re-
quirements, is limited by the rate of mass transfer of the leaching agent. A heterogeneous kinetic model was 
proposed to fit the experimental data. It was also found that by increasing the ferric iron concentration the 
leaching rate was increased. 

Process separation has proven to be a promising configuration in which the productivity of the bioreactor has 
fulfilled the leaching agent demand and 90% of copper extraction was achieved in 48 h for large waste PCBs.   

1. Introduction 

The quality of life in today's society is strongly linked to growing 
technological development, the consumption of electrical and electronic 
equipment increases annually by 2.5 Mt (United Nations University, n. 
d.). The short life cycles of these devices, either due to new technological 
advances, the lack of reparability or the planned obsolescence of them, 
causes large amounts of waste. In 2014 the world generated 9.2 Mt of e- 
waste and, only 5 years later, in 2019, generated 53.6 Mt. Global e-waste 
generation is estimated to grow to 74.7 Mt by 2030. 

Currently, e-waste management consists of dumping, incineration, 
recycling, or exporting to underdeveloped countries (Pokhrel et al., 
2020; Tansel, 2017). Most of these options are unacceptable. Landfilling 
and incineration have a severe impact on human health and the envi-
ronment through air, water, and soil pollution. Burning e-waste gener-
ates toxic gases like dioxins, furans and inorganic bromide. On the other 
hand, millions of poor people in underdeveloped countries are involved 
in manual e-waste recycling operations and most with very low levels of 
literacy and therefore very little awareness of the dangers of e-waste 
toxins (Needhidasan et al., 2014a,b). The best option for managing e- 
waste is correct recycling that conserves resources without affecting 
health or the environment. 

The proper functioning and conductivity of electronic equipment are 

guaranteed by embedded printed circuit boards (PCB). PCBs account for 
3 to 6% by weight of e-waste and are made up of approximately 40% of 
metals, 30% of polymers and 30% of ceramics, distributed in screen 
printing, solder mask, bonding materials, layers metal, and polymer 
substrate (Estrada-Ruiz et al., 2016; Hao et al., 2020). Metals are mostly 
Cu, Fe, Sn, Zn, Al, Pb, Ni, Ag, Au, and Pd; polymers are mainly phenoxy 
resin, polyvinyl acetate, and vinyl chloride; and ceramics mainly SiO2, 
CaO, and Al2O3 as glass fibre (Nekouei et al., 2018). 

The composition of PCBs varies considerably depending on the 
location, year and type of appliance in which they were used (Hubau 
et al., 2019). Yamane et al., 2011 analysed the chemical composition of 
PCBs in personal computers and mobile phones and observed copper 
concentrations of 20% and 34.5% by weight, respectively. The con-
centrations of base metals such as Cu (up to 35%) and Ni (1–3%) and 
precious metals such as Au (50–1500 g/t), Ag (120–5000 g/t) and Pd 
(about 200 g/t) in PCBs are significantly higher than those of natural 
deposits (Oguchi et al., 2011). Furthermore, unlike natural minerals, 
PCBs contain metals in their pure state, without combining and with a 
high copper concentration. These reasons make them very interesting 
potential secondary deposits. 

The valuable metals contained in PCBs can be recovered by using 
different techniques such as pyrometallurgy, hydrometallurgy and bio- 
hydrometallurgy. Among all of them, bio-hydrometallurgy is 
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considered the most environmentally friendly option (Arda et al., 2018), 
therefore several studies have been made in recent years to study the 
bioleaching of PCBs. 

Nevertheless, most of the previous work in this field is devoted to 
studying the bioleaching of finely divided PCBs with the ferrous 
oxidizing bacteria in the same reactor where the PCBs are leached 
(Arshadi and Mousavi, 2014; Becci et al., 2021; Chen et al., 2015; Işıldar 
et al., 2016). In this process configuration, the microbial community has 
severe adaptation problems that slow down the bioleaching process 
(Işıldar et al., 2019). To overcome this issue, the starting hypothesis of 
the present work consists of the physical separation of chemical and 
biological actions of the bioleaching in different reactors as previously 
developed by the BRISA process to the copper recovery from sulphide 
minerals and concentrates (Carranza et al., 2004, 1997, 1993; Palencia 
et al., 2002; Romero et al., 2003). Among the valuables metals 
mentioned above, this work focuses on the recovery of Cu. In this way, 
the copper contained in the PCBs would be released by oxidation, in a 
chemical reactor, with the biogenic ferric coming from the biological 
reactor. Designing separately each reactor allows us to enhance their 
efficiencies and robustness, zero consumption of oxidizing agent (ferric 
iron) and water, and without generation of liquid effluents. Finally, Cu◦

could be obtained from the leachates by a conventional hydrometal-
lurgical downstream processing applying solvent extraction (SX) and 
electrowinning (EW). 

First, several batch ferric leaching tests of double-layer Fr4-PCBs and 
multilayer waste PCBs in an orbital shaker have been carried out to gain 
insight into the copper leaching kinetics from large pieces of PCBs. From 
these experiments, a kinetics model has been proposed and has been 
used to fit the experimental data obtained when the two-stage copper 
leaching process was performed. 

A stirred tank reactor (STR) for leaching of PCBs and a flooded 
packed bed bioreactor (FPBB) for regeneration of leaching agent were 
connected in series. In the absence of cells, operating an STR at a high 
stirring rate and temperature is feasible without biological restrictions. 
Ferric iron (leaching agent) must be efficiently supplied from the 
bioreactor at the rates demanded by STR. The highest ferrous iron bio- 
oxidation rates reported in the literature were obtained in FPBB 
(Mazuelos et al., 1999, 2000), where cells are strongly attached to an 
inert solid support, thus reaching high ferrous iron conversions at high 
liquid flow rates. To operate at high liquid flow rates, large pieces of 
PCBs are used in the present study to avoid the particles being swept out 
of the STR by liquid flow. 

2. Materials and methods 

2.1. Printed circuit board samples 

Two types of samples were used: double-layer FR-4 PCBs and waste 
multi-layer PCBs. The FR-4 PCBs, consisting of fibreglass epoxy resin 
covered by 18 μm copper foil on both sides (420/297/0.6 mm), were 
supplied by AERZETIX company. The copper content was 27 ± 1%. The 
FR-4 PCBs were manually cut into small pieces of 1 × 1 cm. Waste PCBs 
were provided by RECILEC, a local electronic waste management com-
pany in Seville, Spain. The Cu grade of the sample was between 25 and 
40%. The PCBs, as received, were cut into pieces between 0.5 and 1 cm. 
Fig. 1 shows a simplified schematic of both PCBs used in the present 
study. 

2.2. Culture and growth medium 

The culture used in the present study consisted mainly of 
A. ferrooxidans and Leptospirillum ferrooxidans, and some heterotrophic 
bacteria, mostly related with Acidophilium genus (Mazuelos et al., 2012). 
It was originally isolated from Rio Tinto mine drainage waters (Huelva, 
Spain) and has been routinely maintained on a modified Silverman and 
Lundgren 9 K (1959) nutrient medium at pH 1.25 and 31 ◦C. 

2.3. Flooded packed-bed bioreactor 

Flooded packed-bed bioreactors have been developed for the 
oxidation of ferrous ion, achieving steady states and very high oxidation 
rates without any supply of cells (Mazuelos et al., 1999, Mazuelos et al., 
2000). The flooded packed-bed bioreactor (FPBB) enables immobiliza-
tion of biomass in a biofilm that covers the surfaces of the particles of the 
bed (Mazuelos et al., 2012). This biofilm consists of an inorganic matrix 
of precipitated ferric compounds, mainly oxyhydroxides and jarosites, 
where cells are attached (Daoud and Karamanev, 2006). 

The FPBB (Fig. 2) is a column made up of polymethyl methacrylate 
tube of 14 cm in height and 8.4 cm in diameter, with a lower chamber 
(hollow cylindrical, 5.8 cm in height), at the bottom and an upper 
chamber packed with inert siliceous stone particles (particle size 6–8 
mm) as biomass support. The bed porosity is 0.42. The lower chamber 
has two nozzles for feeding air and liquid. This stream goes up through 
the bed flooding it. The liquid is fed by a peristaltic pump and air by a 
small compressor controlled by a rotameter (750 mL/min). Solution 
outlet was placed at the top of the column (by overflow). The reactor is 
placed in a thermostatic chamber at 31 ◦C. To fix the cells to the siliceous 
particles, the procedure proposed by Mazuelos et al. (2001) was carried 
out. 

2.4. Ferric leaching tests of FR-4 PCBs 

For the leaching tests, 250 ml Erlenmeyer flasks in an orbital incu-
bator with temperature control were used at a shaking speed of 180 rpm. 
To study the influence of temperature, a plate of FR-4 PCB has been used 

Fig. 1. Schematic of waste multi-layer PCB (A) and double-layer FR-4 PCB (B).  

Fig. 2. Schematic of flooded packed bed bioreactor (Adapted from Iglesias 
et al., 2016 with permission of Elsevier). 
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in each experiment in a volume of 100 mL of bio-oxidised 9 K medium as 
a leaching solution. The tested temperatures have been 30, 40, 50 and 
60 ◦C. In each test, the concentration of dissolved copper as a function of 
time was measured to obtain the kinetic curves. 

2.5. Leaching of waste PCBs with continuous biological regeneration of 
ferrous ion 

A schematic representation of the experimental device used is shown 
in Fig. 3. This experimental setup was placed in a thermostated chamber 
at 31 ◦C. 

The experimental device (Fig. 3) consists of a 1 L-STR and the FPBB 
connected in series, with continuing recycling of the liquid between both 
reactors. The STR outlet stream was pumped by a peristaltic pump at the 
bottom of FPBB. The FPBB outlet stream was returned by overflow to the 
STR. 

The STR was initially fed with biogenic ferric iron solution at pH 1.25 
and waste PCBs with a solid/liquid ratio of 2.5% (w/v). Two tests were 
carried out at different ferric iron concentrations: 9 and 20 g/L. 

Copper concentrations and ORP were measured inside the chemical 
reactor and at the top of the bioreactor. 

2.6. Analysis and control 

The PCB samples and leach residues were subjected to acid digestion 
with aqua regia to determine the copper grade. Copper was measured by 
atomic absorption spectrophotometry (2380 spectrophotometer, Perkin 
Elmer). Ferric iron concentration was determined by the sulfosalicylic 
acid method and ferrous iron concentration was determined by auto-
matic titration with K2Cr2O7. 

3. Results 

3.1. Batch leaching of FR-4 PCBs 

Fig. 4 shows the kinetics of the oxidation of copper from FR-4 PCB 
pieces in Erlenmeyer flasks with 0.1 L of 9 g/L biogenic ferric sulphate at 
pH = 1.25 at the four temperatures studied: 30 ◦C (Fig. 3A), 40 ◦C 
(Fig. 3B), 50 ◦C (Fig. 3C) and 60 ◦C (Fig. 3D). The copper content of the 
PCB pieces is in the range 38 and 42 mg for all the experiments, thus the 
ferric iron is in a high excess over its stoichiometric value required to 
leach copper in all the tests. In this way, the oxidation-reduction 

potential (ORP) values were over 700 mV (vs. NHE). Before carrying out 
these experiments it was checked that the PCB pieces were not leached 
with sulphuric acid alone at pH 1.25 (data not shown). 

It is seen (Fig. 4) that all the copper is leached at the four tempera-
tures studied in less than one hour. Two different regimes are observed: 
first, the copper conversion, XCu, increases linearly with time, whereby 
copper is oxidized at a constant rate; second, the rate of oxidation 
gradually decreases to zero. The onset of the second regime is related to 
the beginning of the removal of the copper layer, which advances from 
the edges of the sheet to the centre of it as it has been experimentally 
observed (see Fig. S1 of the supplementary material). Therefore, the 
experimental data were fitted to a heterogeneous kinetic model that 
takes into account the two observed regimes, a first one where the 
surface area is constant and equal to Amax and a second one where the 
surface area is proportionally reduced with the dissolution of copper. 
The start of the second regime is assumed to take place for a given 
copper conversion value, XCu,ref 

dXCu

dt
=

1
2
⋅kef ⋅

Amax

V
⋅
[
Fe3+]

[
Cu2+]

max

if XCu < XCu,ref

dXCu

dt
=

1
2

⋅kef ⋅
Amax

V
⋅
(1 − XCu)

(
1 − XCu,ref

)⋅
[
Fe3+]

[
Cu2+]

max

if XCu ≥ XCu,ref

(1)  

where kef is the effective transport coefficient (cm/min), XCu is the 
fraction of copper leached from the PCB sheet, Amax stands for the 
maximum area of the copper sheet exposed to the ferric sulphate solu-
tion (cm2), V is the volume of the ferric solution (cm3), [Fe3+] is the bulk 
concentration of ferric iron (g/L), [Cu2+]max is the final concentration of 
cupric ions in the solution once all the copper has been leached (g/L), 1/ 
2 is the stoichiometric relation between Cu2+ and Fe3+(Cu(s)

0 + 2Fe(aq)
3+

→ Cu(aq)
2+ + 2Fe(aq)

2+) and XCu,ref is the copper conversion at which the 

second regime begins. Furthermore, the ratio [Fe3+]
[Cu2+]max

can be expressed as 

a function of copper conversion: 
[
Fe3+]

[
Cu2+]

max

=

[
Fe3+]

0[
Cu2+]

max

− 2⋅
AW(Fe)
AW(Cu)

XCu (2)  

where [Fe3+]0 is the initial ferric ion concentration (g/L) and AW(Fe) 
and AW(Cu) are the atomic weight of iron and copper, respectively. 

The lines in Fig. 3 shows the best fit to the experimental data ob-
tained by non-linear regression of Eqs (1) and (2), with the rate constant 
k' = 1

2⋅kef ⋅Amax
V (min− 1) and XCu,ref as the adjusting parameters. Table 1 

shows the parameters obtained along with their 95% confidence 
interval. 

To determine whether the reaction rate is mass transfer limited, the 
dependence of k’ with temperature was studied. Fig. 5 shows the 
Arrhenius plot where lnk’ vs. 1/T, being T the absolute temperature, has 
been displayed. From the slope of this plot an activation energy (Ea) of 
16.9 kJ/mol was obtained. This low Ea indicates that the reaction is 
limited by mass transfer. Furthermore, this value is in good agreement 
with the activation energy obtained in a previous study of the leaching 
kinetics of copper from waste PCBs (Yazici and Deveci, 2014). 

3.2. Batch leaching of multilayer waste PCBs 

Fig. 6 shows the kinetics of copper leaching from multilayer waste 
PCBs in the Erlenmeyer flasks with 0.1 L of 9 g/L biogenic ferric sulphate 
at pH = 1.25 at 30 ◦C for two independent experiments. The copper 
weight of the PCBs was 85 mg (circles) and 100 mg (squares), so the 
ferric iron was at high excess from stoichiometric value and ORP values 
remained over 700 mV (vs. NHE). 

In both tests, the kinetics of copper leaching is likely to be slowed 
down by the occurrence of internal mass transfer limitations. 

Therefore, the kinetics of copper leaching can be modelled as a 
combination of an external and internal mass transfer process that takes 

Fig. 3. Schematic of the two-stage system used in the present study. Samples 
were taken from streams 1 (outlet of the STR) and stream 2 (outlet of the FPBB). 
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place simultaneously: 

dXCu

dt
=

(
k'

ex + k'
in

)
[
Fe3+]

[
Cu2+]

max

(3)  

where k'ex and k'in are the mass transfer coefficients for the external and 
internal mass transfer process, respectively (h− 1), and [Fe3+] is the ferric 
iron concentration in the Erlenmeyer flask (g/L). 

On the one hand and according to the heterogeneous kinetic model 

used for the FR-4 PCBs, the external mass transfer coefficient will be 
constant until a critical copper conversion value is reached (XCu,ref = 0.8) 
from that copper conversion value the mass transfer coefficient de-
creases linearly with the copper conversion. On the other hand, the in-
ternal mass transfer coefficient will be considered to decrease linearly 
with the inner copper leached. Therefore, the external and internal mass 
transfer coefficients can be approximated by the following expressions: 

k'ex = k'ex,max if XCu,ex < 0.8

k'ex = k'ex,max⋅
(
1 − XCu,ex

)

(1 − 0.8)
if XCu,ex ≥ 0.8

(4)  

k'in = k'in,max⋅
(
1 − XCu,in

)
(5)  

where k'ex,max and k'in,max are the maximum values of the mass transfer 
coefficients for the external and internal mass transfer process (h− 1); 

Fig. 4. Copper dissolution kinetics of two-layer FR-4 PCBs at four temperatures: 30 ◦C (Fig. 4A), 40 ◦C (Fig. 4B), 50 ◦C (Fig. 4C) and 60 ◦C (Fig. 4D). The kinetics 
were studied in 0.25 L Erlenmeyer flasks placed in an orbital shaker with temperature control at a shaking rate of 180 rpm. As an oxidizing solution, 0.1 L of 9 g/L 
biogenic ferric sulphate at pH 1.25 was used. Two experiments were carried out at each temperature (symbols). The lines are those that best fit the experimental data 
according to the heterogeneous kinetic model explained in the text. 

Table 1 
Values of the adjusting parameters used to fit the experimental data in Fig. 4 to 
the heterogeneous kinetic model given by Eqn (1) and (2).  

T(◦C) k’ ⋅103 (h− 1) XCu,ref 

30 72.0 ± 0.02 0.80 ± 0.09 
40 93.6 ± 0.02 0.80 ± 0.04 
50 112.8 ± 0.01 0.80 ± 0.02 
60 132 ± 6 0.8 ± 0.1  

Fig. 5. Arrhenius plot of the kinetics constants, k’. The dashed line is the linear 
regression of the experimental data from where an activation energy, Ea, of 
16.9 kJ/mol has been obtained. 

Fig. 6. Copper dissolution kinetics of multilayer waste PCBs at 30 ◦C for two 
independent experiments. The kinetics were studied in 0.25 L Erlenmeyer flasks 
placed in an orbital shaker with temperature control at a shaking rate of 180 
rpm. As an oxidizing solution, 0.1 L of 9 g/L biogenic ferric sulphate at pH 1.25 
was used. The lines are those that best fit the experimental data according to the 
model explained in the text with the adjusting parameters given in Table 2. 
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XCu,ex and XCu,in are the copper conversion of the external and internal 
copper, and can be determined as follows: 

XCu,ex =
mCu,ex

α⋅mCu,max

XCu,in =
mCu,in

(1 − α)⋅mCu,max

(6)  

where mCu,ex and mCu, in are the mass of the external and internal copper 
(g), respectively. mCu,max stands for the total mass of copper in the waste 
PCBs (g) and α is the fraction of the total mass of copper that belongs to 
the external copper. 

Finally, the ratio [Fe3+]
[Cu2+]max

is obtained from Eq. (2). 

It is seen (Fig. 5) that the proposed model fit well with experimental 
data with the adjusting parameters given in Table 2. 

3.3. Batch leaching of multilayer waste PCBs aided by a ferrous oxidation 
bioreactor 

The main goal of the present study was to check whether the copper 
from waste PCBs could be efficiently leached in a close circuit where the 
bio-oxidation of the ferrous iron is carried out in a separate FPBB, 
avoiding the direct contact of the bacteria with the PCBs that could 
cause inhibition for the bacterial growth and, therefore, a decrease of the 
bio-oxidation rate. Moreover, to be able to feed the chemical reactor at a 
high flow rate, the idea was to work with large PCBs pieces which can be 
easily kept in the chemical reactor without entering the FPBB (see the 
scheme of the process in Fig. 3). 

Furthermore, from the preliminary experiments using Erlenmeyer 
flask it was shown that, if the ferric iron concentration is kept at a high 
value, the oxidation kinetics is diffusion-controlled and, therefore, 
should be a function of the bulk ferric iron concentration, as well as 
other factors. Bearing this in mind two different tests have been carried 
out with two initial ferric iron concentrations: 9 g/L and 20 g/L. Fig. 6 
shows the evolution of the ferric iron concentration over time for both 
tests. The ferric iron concentration was measured at points 1 (circles) 
and 2 (squares) of the process scheme (Fig. 3). Ferric iron concentration 
at point 1 was equal to the ferric iron concentration in the STR 
([Fe3+]STR) whereas the ferric iron concentration at point 2 was equal to 
the ferric iron concentration in the FPBB ([Fe3+]FPBB) since the flow 
behaviour of this reactor is close to a perfect mixed reactor as shown in a 
previous study (Mazuelos et al., 2019). It is seen that this configuration 
process allows us to have a high ferric iron concentration for all the 
experimental time in the STR since the FPBB was able to regenerate it at 
the rate demanded, keeping a practically constant ferric iron concen-
tration in the feed to the STR (squares in Fig. 7). 

Fig. 8 shows the copper leaching kinetics for the two tests of multi-
layer waste PCBs in the STR + FPBB system. The kinetics resembles the 
one obtained from the Erlenmeyer flask shown in Fig. 6. Therefore, the 
experimental data were modelled by using Eqs (3) to (6). The ferric iron 
concentration in Eq. (3) corresponds in this system to the ferric iron 
concentration in the STR. The ferric iron concentration in the STR is 
given by a mass balance of the ferric iron: 

d
[
Fe3+]

STR

dt
=

ν
VSTR

⋅
([

Fe3+]

FPBB −
[
Fe3+]

STR

)
− 2

AW(Fe)
AW(Cu)

⋅
[
Cu2+]

max⋅
dXCu

dt
(7)  

where ν is the volumetric flow rate (L/h), VSTR is the volume of the STR 
(L), AW(Fe) and AW(Cu) are the atomic weight of iron and copper, 
respectively, 2 is the stoichiometric coefficient of the iron and 
[Fe3+]FPBB is the ferric iron concentration in the outlet stream of the 
FPBB. Fig. 7 shows that [Fe3+]FPBB remained practically constant and 
equal to the initial ferric iron concentration for both experiments, 
therefore [Fe3+]FPBB can be assumed to be constant and equal to [Fe3+]0. 

Eqs (4) to (7) were solved simultaneously with the initial conditions: 
XCu = 0 and [Fe3+]STR = [Fe3+]0. The lines in Fig. 8A and B show the best 
fit to the experimental data with the values of the adjusting parameters 

Table 2 
Values of the adjusting parameters used to fit the experimental data in Fig. 4 to 
the heterogeneous kinetic model given by Eqs (2) to (6).  

Experiment k'ex,max ⋅103 (h− 1) k'in,max⋅103 (h− 1) α 

1 14 ± 5 2.4 ± 0.3 0.18 ± 0.04 
2 12 ± 2 1.5 ± 0.1 0.18 ± 0.01  

Fig. 7. Ferric iron concentration as a function of reaction time for the copper 
leaching of multilayer waste PCBs in the STR aided by the FPBB as shown in 
Fig. 3. Squares are the data for the reaction carried out at 9 g/L initial ferric iron 
concentration, whereas circles show the results for the experiment with 20 g/L 
of initial ferric iron. In both figures, closed symbols are the ferric iron con-
centration values in the STR, whereas the open symbols stand for the ferric iron 
concentration values in the FPBB. 

Fig. 8. Copper leaching kinetics for multilayer PCB waste in a stirred tank 
reactor aided with a ferrous oxidation bioreactor. Experimental conditions: T =
30 ◦C, stirring rate = 500 rpm; solid/liquid ratio in the STR = 2.5%; ferric 
concentration: (A) 9 g/ L and (B) 20 g/ L. Lines show the best fit of the 
experimental data to the model in Eqs 3 - 7 with the parameters given 
in Table 3. 

Table 3 
Values of the adjusting parameters used to fit the experimental data in Fig. 8 to 
the heterogeneous kinetic model given by s. Eqs (3) to (7).  

[Fe3+]0 (g/L) k’ ex (h− 1) k’ in⋅103 (h− 1) α 

9 0.11 ± 0.02 9 ± 4 0.42 ± 0.08 
20 0.08 ± 0.02 8 ± 2 0.31 ± 0.04  
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given in Table 3. 
It is seen that the proposed model fit the experimental data. 

Furthermore, the internal and external mass transfer coefficients have 
the same values within the experimental error for both experiments 
confirming the reliability of the model. The only parameter that differs 
from both experiments is the fraction of external copper, which indicates 
that there is a higher fraction in the experiment conducted with 9 g/L 
ferric iron concentration, which showed a higher surface area of the 
exposed copper from the waste PCB sample, compared to that in the 
experiment with 20 g/L ferric ion concentration. 

It is worth noting that increasing ferric iron concentration improves 
copper leaching kinetics. For the experiment at a ferric iron concentra-
tion of 20 g/L, a copper extraction of 90% was achieved at 48 h with an 
average copper oxidation rate of 126 mg/L h− 1, whereas for the 9 g/L 
test only an 80% copper conversion was reached in 96 h. 

Fig. 9 shows ferrous conversion (XFe
2+) at the FPBB (left axis) and the 

overall copper concentration (right axis) for the two experiments with 
different concentrations of iron (Fig. 9A – 9 g/L and Fig. 9B – 20 g/L). It 
is seen that for the experiment at 9 g/L the ferrous conversion is prac-
tically complete for all the experimental interval, whereas, for the 
experiment at 20 g/L the ferrous conversion decreases at the beginning 
of the experiment reaching a minimum conversion value of 0.6. It is 
clear that increasing ferric iron concentration from 9 g/L to 20 g/L in-
creases the copper leaching rate so the ferric consumption rate in the 
STR is higher than the ferrous oxidation rate in the FPBB leading to a 
decrease in the ferrous conversion for the experiment at 20 g/L. 

To explore the ferric iron generation rate in the FPBB the following 
equation was used: 

generation rate (g/h) = ν⋅
([

Fe2+]

in −
[
Fe2+]

out

)
(8)  

where ν is the liquid flow rate, [Fe2+]in and [Fe2+]out are the ferrous iron 
concentrations at the inlet and outlet streams of the FPBB, respectively. 
It is shown in Fig. 10 that the generation rate for both experiments reach 
a maximum value at the beginning followed by a marked decrease in the 
productivity that becomes practically zero at larger times when the 
copper leaching kinetics in the STR was governed by the internal mass 
transfer. The inset of Fig. 10 shows the generation rate values for the first 
5 h when the copper leaching kinetics is mainly due to the external mass 
transfer of ferric iron. It is seen that the generation rate is slightly higher 
(0.85 g/h) for the experiment at 20 g/L of ferric iron than for the 
experiment at 9 g/L (0.77 g/h). Therefore, the FPBB has shown that can 
produce ferric iron at a rate between 0.85 and 0.77 g Fe3+/h which 
correspond to the rate of consumption of ferric iron needed to leach the 
copper from PCBs at rates ranging between 0.42 and 0.46 g Cu2+/h, 
which would be the copper leaching rate that can be kept by the 
regeneration of Fe3+ in the FPBB if copper leaching kinetics in the STR 
were not slowed down by internal mass transfer. 

4. Conclusions 

The present study aimed to check whether the physical separation of 
chemical and biological actions of the bioleaching in different reactors 
could be a promising option for efficient copper extraction from PCBs. 
Furthermore, instead of using finely divided PCBs that can cause bac-
terial growth inhibition, large PCB pieces were used. 

It was seen that for both types of PCBs the kinetics is limited by the 
rate of mass transfer of ferric iron from bulk fluid to the copper surface. 
A kinetic model has been proposed and has been successfully used to fit 
the experimental data for the two-stage copper leaching from waste 
PCBs. Furthermore, it was proved that with increasing ferric iron con-
centration the rate of copper leaching increases. 

Using the BRISA process, the biological reactor was able to supply 
the ferric iron at the rate demanded in the STR. The rate-limiting process 
was seen to be the chemical leaching of copper in the STR, due to the 
process of ferric iron mass transfer from the bulk solution to the copper 
surface inside the large pieces of PCB. 

These findings indicate that by using a two-stage configuration 
copper extraction is not limited by the biological process with the 
experimental conditions used in this work. Therefore, further studies 
should be carried out to improve the chemical reactor performance, 
which could be achieved by reducing the size of the PCB pieces or 
increasing the reaction temperature always taking into account the 
economic aspects. 

Fig. 9. Ferrous conversion at the FPBB (squares + solid lines) and overall 
copper concentration (circles + dashed lines). Experimental conditions: T =
30 ◦C, stirring rate = 500 rpm; solid/liquid ratio in the stirred tank reactor =
2.5%; ferric concentration: (A) 9 g/ L and (B) 20 g/ L. 

Fig. 10. Ferric iron generation rate at the FPBB. Circles are the data for the 
reaction carried out at 9 g/L initial ferric iron concentration, whereas squares 
show the results for the experiment with 20 g/L of initial ferric iron. For the 
shake of clarity, the inset shows the ferric iron generation rate for the first 5 h. 
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