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Copper Recovery from Printed Circuit Boards Waste Sludge:
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ABSTRACT

Heavy metals recovery from Printed Circuit Boards industrial wastewater is crucial because of its cost effectiveness and
environmental friendliness. In this study, a copper recovery route combining the sequential processes of acid leaching and
LIX 984N extracting with an electrowinning technique from Printed Circuit Boards production’s sludge was performed.
The used residual sludge was originated from Hanoi Urban Environment One Member Limited Company (URENCO). The
extracted solution from the printed circuit boards waste sludge containing a high copper concentration of 19.2 g/L. and a
small amount of iron (0.575 ppm) was used as electrolyte for the subsequent electrolysis process. By using a simulation
model for multi-step current electrolysis, the reasonable current densities for an electrolysis time interval of 30 minutes
were determined, to optimize the specific consumption energy for the copper recovery. The mathematical simulation model

was built to calculate the important parameters of this process.
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1. Introduction

Metal finishing operations in the electronics indus-
try produce high levels of waste whose disposal can
pose a significant environmental challenge. Accord-
ing to the previously reported literature [1], counted
to 2019, there were approximately 53.5 million met-
ric tons of electronic wastes per year discarded on the
world. Among them, only 17.4% was formally col-
lected and recycled while the remaining amount was
normally disposed in landfill, burned, treated in a
sub-standard way, or illegally traded. In general, the
landfilling and burning methods are regarded as envi-
ronmentally unfriendly approaches [2,3]. A typical
example of such electronic waste is printed circuit
boards (PCBs) waste sludge which arises from the
precipitation of rinse water, spent electrolytes, and
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spent etching solutions in the electroplating and elec-
tronics plants producing PCBs. Normally, the PCBs
waste sludge contains different metal sources.
Among them, copper (Cu) is predominant with a rel-
atively large amount from 3.14 to 4.85 wt.% (wet
content) [4] or higher 13 wt.% (dry content). Thus,
copper recovery from the sludge of the PCBs produc-
tion is crucial because this not only solves the envi-
ronmental issues but also creates a new copper
supply source for the global copper market.
Currently, to recover metals from the sludge, some
methods, for example, a pyrometallurgical method
[5,6], a hydrometallurgical method [4,7-9], or a com-
bined hydro-pyrometallurgical method, [10] have
been used. Among them, the hydrometallurgical
method is regarded as an efficient method. Typically,
this involves leaching processes, which use acidic
solutions [6,11-13], basic solutions [13], or bioleach-
ing agents [9,14]. After leaching, metal ions can be
recovered by various techniques such as cementation,
solvent extraction and precipitation, or electrolysis
[3,10,14-18]. Compared with the others, the electrol-
ysis technique, namely electrowinning, which is per-
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formed in a simple parallel-plate flow cell system,
exhibits outstanding advantages including environ-
mental friendliness and production of high purity
copper. Remarkably, during an electrolysis process
the copper concentration gradually decreases, fol-
lowed by a low current efficiency and a high specific
energy consumption. Numerous efforts have been
dedicated to improving the current efficiency as well
as lowering the specific energy consumption. F. Veg-
lio et al. [16] and Ma-ud N et al. [19] recovered cop-
per from the sludge using a constant potential
electrolysis mode. In their work, the solution
obtained after the leaching process in H,SO, acid
with pH 2 contained 10 g/L Cu*" ions. The electroly-
sis was performed at a potential value of -0.4 V vs.
SCE (corresponding to the cell voltage of 2.4 V).
Copper was recovered after 2 h with a current effi-
ciency of about 95% and a specific energy consump-
tion of 2.13 kWh/kg [16]. Similarly, copper with the
high purity of 98.93% was recovered at the constant
cell voltage of 2.2 V and the highest current effi-
ciency of 99.45% [19]. However, the electrolysis
manner at a constant potential or at a constant cell
voltage is normally suitable on lab-scale rather indus-
trial scale operations because production and opera-
tion costs are relatively expensive. Besides, another
electrolysis technique, viz. cyclone electrowinning
with an optimum circulation flow which enabled
minimizing polarization effects, was also used to
increase the current efficiency up to 97% [20] for the
copper recovery from a leached solution containing
45.7 g/L. Cu*" ions in the presence of Zn?*, Cd*" and
Fe?" impurities. Sudipta Roy’s group [21] investi-
gated the copper recovery in a parallel-plate cell
using a multi-step current electrolysis technique.
Based on the calculation on the diminution in the
concentration of copper ions, the research group
established a list of current densities after each 1 h of
electrolysis, which are approximately limiting cur-
rent densities. However, this technique was only
effective in initial 10 h, and about 67% of copper in
the sludge was recovered. The achieved current effi-
ciency of the electrolysis process was 82.1% corre-
sponding to the initial concentration of 0.3 M Cu?".
Also, in the research of Sudipta Roy and co-worker,
the cathodic mass transfer coefficient was determined
from the initial electrolyte and regarded as a constant
value during the electrolysis process. Accordingly,
the practical limiting current density and the theoreti-

cal limiting current density were quite different,
resulting in the decrease in the current efficiency of
the electrolysis process. Hence, in the present work,
we consider the change in the mass transfer coeffi-
cient against the change in the Cu®" concentration.
Accordingly, the electrolysis parameters of the step
current electrolysis process would be determined
more exactly. This is beneficial for increasing the
current efficiency and decreasing the specific con-
sumption energy.

In addition to experiments, the modelling of the
metal recovery process has attracted considerable sci-
entists [22-26] to determine recovery efficiency and
current efficiency, cell voltage as well as specific
energy consumption parameters. Normally, in the
modelling process four equation systems are estab-
lished. They include (i) mass balance equations, (ii)
energy balance equations, (iii) electrochemical equa-
tions, and (iv) correlation between conductivity and
concentration. These equations were calculated by
using the Matlab software, for example, for the zinc
electrowinning processes [22,23] or for copper elec-
trowinning processes [24-26]. These proposed mod-
els enabled predicting relatively accurately
electrolysis data such as the mass of electrodeposited
copper, the cell voltage and the specific energy con-
sumption. Besides, the modeling helps calculate the
other parameters such as recovery efficiency (Hr),
current efficiency (Hc) when the copper concentra-
tion and the design parameters of an electrowinning
bath such as anode and cathode diameters, anode-
cathode distance and bath volume are changed. In
addition, by using the multi-step current electrolysis,
in the simulation process the electrolysis time inter-
val can be changed easily to optimize the technology
procedure. Simultaneously, the simulation model also
enables exact prediction of the required electrolysis
duration. This greatly reduces experimental effort as
well as experimental expenditure. In addition, this
method is also used to simulate the large size bath on
an industrial scale [27,28]. Accordingly, manufactur-
ers can determine electrowinning technology param-
eters to promote enhanced metal recovery efficiency
and reduced energy consumption. This is also simu-
lation software integrated-calculation base (Compu-
tational Fluid Dynamic - CFD) for the intensive
investigations of the other industrial processes.

In the present work, we report copper recovery
from the PCBs waste sludge of the Hanoi Urban
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Environment One Member Limited Company (Viet-
nam) by a multi-step current electrolysis technique
on a lab scale. The electrolysis parameters including
recovery efficiency, current efficiency, cell voltage and
specific energy consumption for the copper recovery
from the leached solution after leaching the PCBs waste
sludge were calculated and determined from the experi-
mental data and the simulation model throughout using
Microsoft Excel software as well. The reliability of the
proposed simulation was evaluated.

2. Experimental

2.1. Electrolyte preparation for electrolytic recov-
ery of copper

Normally, the PCBs production process generates a
massive amount of wastewater and depleted plating
solution, which are treated with alkaline, mainly cal-
cium hydroxide, accompanied by coagulation and
sedimentation to create metal-containing sludge. The
waste sludge from the PCBs production process used
in the present work was collected from the Hanoi
Urban Environment One Member Limited Company
(URENCO), Vietnam. After receiving, the sludge
sample was dried at 110°C for 4 h, ground, and
sieved to obtain particles with the size smaller than
100 pum. After that, to determine the composition of
the obtained sludge, the sample was dissolved thor-
oughly in concentrated nitric acid, followed by a
dilution process prior to Inductively Coupled Plasma
Mass spectroscopy (ICP-MS) analysis. The analysis
result is shown in Table S1.

To recover coppet, selective copper leaching from
the PCB waste sludge was preceded using a three-
stage sequential leaching technique. In detail, 11.4 g
of the dried sludge was dispersed into 100 mL of a
1.08 M H,SO, solution under magnetically stirring at
600 rpm for 75 min. After filtration, the obtained
pregnant leach solution was added into a 20 vol.%
solution of LIX 984N in purified kerosene as an
organic extractant. Their volumetric ratio was con-
trolled to 1:1. After subjected to stirring for 30 min,
the mixture was statically stored in 30 min to separate
into two liquor layers by gravity. The obtained raffi-
nate after separation was re-mixed with the fresh
organic extractant. The extraction process was
repeated three times. Meanwhile, the remaining cop-
per-loaded organic extractants were collected and
mixed with a 0.4 M H,SOj, solution for stripping cop-

per. After stirring for 30 min and aging for 30 min,
the mixture was gravitationally separated to attain a
copper-stripped organic extractant and a copper-
enriched aqueous electrolyte. The stripped organic
extractant was returned to renewed contact with the
acidic solution. This copper stripping process was
repeated three times. Remarkably, for the copper
stripping, the volumetric ratio of the copper-loaded
organic extractant to acidic solution was fixed to 3:1.
Finally, the copper-enriched aqueous solution was
collected and analyzed the concentration using the
ICP-MS method. From the ICP-MS result, the leach-
ing solution was determined to contain 0.3 M CuSOy,,
0.4 M H,SO4 and 0.575 ppm iron.

2.2. Electrolytic recovery of copper

After the selective copper leaching step, the
obtained leaching solution was utilized as an
electrolyte for the copper recovery electrolysis,
which was conducted in a pilot parallel-plate flow
cell system as shown in Fig. 1. In this study, the elec-
trolysis process was conducted via a step current
electrolysis mode. This electrolysis process was
designed to occur at limiting current densities of cop-
per electrodeposition. The current values applied in
the pilot cell were changed after every 30 min of
electrolysis according to a data set which was calcu-
lated from the simulation model. After a given period
of electrolysis, the cathode was weighed with a digi-
tal balance. The change in the cathode weight and
cell voltage after electrolysis were recorded. In addi-
tion, the electrolyte after each electrolysis process
was collected and analyzed the UV-Vis for determi-
nation of the remaining copper concentration in the
electrolyte. All the obtained real data would be used
to calculate the real current efficiency, copper recovery
efficiency, specific energy consumption. The detailed
specification of the pilot cell system and operation con-
ditions are showed in Fig. 1 and Table 1.

Table 1. Specifications of the pilot electrolysis cell used
for simulation of the copper recovery process from the
PCB waste sludge.

- Electrolysis time: 0.5 h-20 h

- Temperature: 25°C

- Cathode-anode distance: 4 cm

- Electrolyte: leaching solution
(0.3 M CuSO,+ 0.4 M H,SO,
+0.575 ppm iron)

- Flow rate: 3 L/min

- Volume bath: 11 L

- Cathodic area: 0.03 m?

- Anodic area: 0.08 m”

- Cathode: 304 stailess
steel

- Anode: Ti mesh
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Fig. 1. A pilot-electrolysis cell used for simulation of the copper recovery process from the PCB waste sludge of URENCO.

INPUT PARAMETER
(t, laap, Cop, A, Aa)

l

RECOVERY EFFICIENCY
(Hr)

ELECTROTYLE CONCENTRATION

C=function(t)

(He)

CURRENT EFFICIENCY

1

|

SPECIFIC ENERGY
CONSUMPTION (Ws)

Over potential of A&C Solution resistance Equilibrium potential of A&C
(Ma, Ne) (Ro) (E;uz\‘/cw Eg,/uza)
Cell voltage
(Veen)

Fig. 2. Flow chart of the simulation model set-up of the electrolysis process for copper recovery.

The theory calculation model of copper recovery
process via an electrolysis route was implemented.
The relationships of the electrolytic input and output
parameters built up in the present work are shown in
Fig. 2. In specific, the desired electrodeposition param-
eters including equilibrium anode and cathode poten-
tials (£, E. ), anode and cathode overpotentials
(7, 1, ), solution resistance (R;), cell voltage (Ven),
recovery efficiency (H,), current efficiency (H.) and

special energy consumption (W) all were calculated
based on the simulation model. Their calculation equa-
tions are described in detail in the below section.

2.3. Model development of copper electrowinning
Before developing the mathematical model for
copper electrowinning from the leaching solution of
URENCO, the input parameters of copper electroly-
sis had to be identified. Two most important species
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in the leaching solution as the electrolyte are copper
and hydrogen ions. Both are involved in reactions
occurring at the cathode during electrolysis:

Cu*" +2e =Cu(s), £ ,.

ey =033TV 1)

2H'+2¢ =H,(g), £,

e, 00V ©)

The E° values given above are the standard equilib-
rium potentials for the two half reactions. Normally,
if copper electrolysis is conducted at the current den-
sity smaller than or equal a limiting current density,
the 100% of the cathodic current is used for copper
production. In the present work, the copper electroly-
sis was designed to operate at limiting current densi-
ties by using the step current mode. It was supposed
that only the reduction reaction of Cu®"to produce
metal copper occurred at the cathode. Therefore, the
reduction reaction (2) was also assumed not to occur.

The two other species modelled are the sulfate ion
and water. Among them, only water participates in an
anodic reaction:

H,0=2H"+2¢ +120,(g), E'0,/11,0 = 1228V (3)

The set-up of the equations of the mathematical
model of the copper electrowinning cell can be
divided into three main sections, including (i) ther-
modynamic and kinetic relations, (7i) electrolyte
resistance and concentration correlation, and (iii)
electrochemical equations. Each section will be
examined respectively as follows.

a) Thermodynamic and kinetic relations

The basis of all thermodynamic calculations for
electrochemical processes involving cathodic and
anodic reactions is the Nernst equation [23,29]. For
the copper electrowinning process in the present
work, the Nernst equation was employed to calculate
the equilibrium potentials for the two cathodic and
the anodic half reactions (Reaction (1) and reaction

3)):

e _ e _ 0 RT, “ci*
Ec=ELp 0, cittscut aF ™ ac,
= 0.337 + == ln (a 2+) )

RT, {(Q_H*)Z("Oz)o's}

E, = E = Ey +2
a 0,/H,0 0,/H,0 " yF (aHQO)

= 1.228 + —ln(a +) %)

Where, E, and E;, are the equlhbrlum potentials of
the cathode and anode respectively. E° is the
standard potentlal of Cu*'/Cu, a i is tﬁe actli\/lty of
Cu? Eo sm,0 18 the standard potential of O,/H,0,
a . is the act1v1ty of H, R is the gas constant (R =
8.314 Jmol'K), F is the Faraday constant (F =96
500 C mol™"). The activities of O,, H,O and Cu are
assigned a unit activity (a., = 1 sapgo = Lag, = =1).

For j solute species, for example, Cu®*" and a ions,
the activity, a;(mol/L), is a product of a concentration
(C)) and an activity coefficient (3):

a4=7.G ©)

Where, y is calculated by the extended Debye-
Huckel equation [24]:

Ayzjﬁ +B
1+r3y[7

Where, I, is the ionic strength of the aqueous solu-
tion (mol/kg) and I,=0. 52 C;; zj is the integer
charge of the ion, Ay and By are constant with A =
0.5365 kg"’mol ™7 and B = 0.3329 kg”’mol*’A"'; B
is constant (By = 0.0430 kg mol™') and r; is the ion
radius of j species (A). Regarding Cu?* and H" ions,
their radii are 0.073 A and 0.01 A, respectively.

In fact, for the occurrence of the copper electrode-
position process, an electrical current must run into
the electrolysis cell. At that time, the electrode poten-
tial will deviate the equilibrium potential value. The
magnitude of this deviation is known as overpotential
(7n) and is defined as the difference between the
working electrode potential (£) and the equilibrium
potential (£°). For the cathode and anode, their over-
potentials will be written:

logy; = (7

_ _ e
Te = Mew = Ec=Eqp 0, ®)

e = Mo, = E=Eo /0 &)

Where, E. and E, are the cathodic and anodic
working potentials, respectively.

Regarding reaction kinetics, the cathodic and
anodic current densities are related to their overpo-
tentials. In specific, for the cathodic reaction of the
copper electrodeposition process, the cathodic cur-
rent density (i.), which is proposed to be controlled
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by both charge transfer rate and mass-transfer rate,
will be calculated by [24]:

_ io iz, |
. . o (10)
lO, c + ‘IL, c|exp(7€f 770)

Where, i, . is the cathodic exchange current den-
sity (A/m?), i, . is the limiting cathode current density
(A/m?), e is the cathodic charge transfer coefficient,
1. is the cathode overpotential (V), T is the absolute
temperature (K), F is the Faraday constant, R is the
universal gas constant.

On the other hand, a limiting cathode current den-
sity of the copper electrolysis process could be identi-
fied by,

i

ch:anmC (11)

Where, C is the concentration of Cu”" in electrolyte
(mol/m®), ky, is the cathodic mass transfer coefficient
(m/s), n is the number of exchanged electron (n = 2).

From Eqgs. (10) and (11), the cathode overpotential
is determined as follows:

RT, lio.e o ’

e = aCFn i nFk, C (12)

For the anode reaction, because the anodic reaction
rate is established to be controlled by the charge
transfer rate within the potential range under investi-
gation, the anode current density is calculated accord-
ing to the Tafel equation:

a F
iy = igq exp(—lf-f na) (13)

Where, iy, is the anodic exchange current density
(A/m?), a, is the anodic charge transfer coefficient, 7,
is the anode overpotential (V).

After transformed from Eq. (13), the anode overpo-
tential is given by,

RT ,
Na = Fl — (14)
b) Electrolyte resistance and concentration correlation
The resistance of the electrolyte solution has a sig-
nificant effect on the cell voltage. The electrolyte
resistance (R;) is calculated by,

_ 1d
R, = =5 (15)

Where, o is the specific conductance (Q'm™), dis
the cathode-anode distance (m), A is the cross section
area (m?).

Meanwhile, based on the literature [30], the o
parameter could be calculated:

0= 134-0356C, . +0249Cy 5o +0.426T (16)

Where, C .. and Cy; 50, are the concentration of
Cu?* and H,SO, present in the electrolyte (ke/m), T
is the electrolyte temperature (°C).

¢) Electrochemical equations

In the electrolysis cell, to operate successfully, the
cell always maintains electroneutrality condition. It
means that, the total cathodic current (I.) must equal
the total anodic current (I,) and equal the applied cur-

rent (1)
L=1,=1,, a7

On the other hand, the anodic and cathodic currents
can be written as,

[c = ic Sc = iCu Ac (18)

li=iaAc=ip, Aa (19)
Where, ic, and ip, are the current densities related
to Reactions (1) and (3). A. and A, are the cathode
and anode areas, respectively.
The cell voltage for the copper recovery process is
calculated as follows:

cell (E E ) + ’7a + ‘;76‘ + IappR (20)

The current efficiency, H,, of the copper electroly-
sis is defined by,

m,100

, % @n
Iappthu

Where, m;, is the mass of copper collected from the
cathode after electrolysis (g), I, is the applied cur-
rent (A), ¢ is electrolysis time (h), ., is the electro-
chemical equivalent of copper (g/Ah), g., = 1.186
g/Ah.

Copper recovery efficiency, H,, at a given time (t)
is calculated according to the below equation:



192

my—m
H - 0~ m
mny

x 100% (22)

Where, m, is the mass of copper in the electrolyte
before recovery (g), m, is the mass of remaining cop-
per in the electrolyte after the electrolysis time 7 (g).

Specific energy consumption, which is defined as
an amount of electrical energy used for the copper
electrolysis process per a weight unit of copper pro-
duced, is calculated:

cell
—* (Whikg)

c

(23)

s

1007,
W =
&cu

All calculations according to the equations from
(4) to (23) were conducted on Microsoft Excel soft-
ware. The algorithm to calculate the copper recovery
efficiency, H,, and the cell voltage V..; was to solve
mathematical equations that used loops for calcula-
tion of consecutive electrolysis times.

3. Results and Discussion

3.1. Estimation of the input parameters in the model

Before the mathematical model was used for simu-
lation as well as applied to the pilot copper electroly-
sis cell system which used the copper-containing
leaching solution from URENCO as the electrolyte,
some input values of the technical parameters needed
determining early. The estimation process of these
parameters is described as below:

a) Determination of exchange current density and
transfer coefficient

To estimate the exchange current density and trans-
fer coefficient for the cathode and anode of the cop-
per electrolysis process, the Tafel plots of the copper
electrodeposition and oxygen evolution reactions

log i (A dm?)

0.0 of1 0.2 073

E (V) vs Ag/AgCI

04

log i (A dm?)
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were recorded in a solution containing 0.3 M CuSO,
and 0.4 M H,SO,, using a three-electrode cell config-
uration. In fact, the three-electrode cell was com-
posed of a 11 L-volume bath, which is the same to the
pilot cell, a stainless steel as a working electrode, and
a titanium electrode as a counter electrode and vice
versa. The area of the stainless steel and titanium
electrodes were fixed to be 0.44 cm?. Meanwhile, the
Ag/AgCl electrode served as a reference electrode.
The solution was agitated using a circulation pump at
a flow rate of 3 mL/min. From the obtained results in
Fig. 3, by extrapolation of the two Tafel lines of the
two anodic and cathode branches, the exchange cur-
rent density of the cathode and anode, i, . and i ,,
were determined to be 12.6 and 0.1 A/m?, respec-
tively. Similarly, the transfer coefficients, ¢, and ¢,
were 0.55 and 0.198.

b) Determination of mass transfer coefficient

Because the aim of the present work is to treat the
environment and recover copper, the copper electrol-
ysis process is only finished as the Cu®" concentra-
tion in the electrolyte after electrolysis reaches
approximately 0 g/L. Noticeably, during the electrol-
ysis the Cu?" concentration decreases gradually.
Accordingly, the limiting current density of the cop-
per electrolysis decreases as well. Therefore, for the
copper recovery, use of the electrolysis technique at a
constant current mode during a long period of time
firmly leads to high energy consumption, followed
with high copper recovery cost. Such an electrolysis
technique is likely ineffective. If so, applying the step
electrolysis current mode with gradually decreasing
values during the electrolysis process will enable
high current efficiency and copper recovery effi-
ciency.

0.‘75 0.‘80 0.‘85

E (V) vs. Ag/AgCI

0.90

Fig. 3. Tafel plots of (a) 304 stainless steel and (b) titanium electrodes in a solution of 0.3 M CuSO, and 0.4 M H,SO,.
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Fig. 4. LSV curves of the stainless steel electrode in the bath

containing 0.4 M H,SO, and the different concentrations of
Cu*" at a scan rate of | mV/s.

As proposed in Eq. (11), the cathodic current den-
sity of the copper electrolysis is dependent on the
concentration of the oxidation reagent, in specific,
the concentration of Cu*". To find the mass transfer
coefficient in Eq. (11), the polarization curves of the
copper electrodeposition in the electrolytes of 0.4 M
H,SO, with the different concentrations of CuSQOy,
where the concentration accounted for Cu** ranged
from 5 to 25 g/L, were recorded by the linear voltam-
metry polarization technique. The measurements
were conducted on Autolab PGSTAT302N using the
three-electrode cell configuration as described above.
The obtained results are displayed in Fig. 4.

From Fig. 4, the limiting current densities (i, ; ) for
the copper electrodeposition in the potential range of
0.2-0.5 V vs. Ag/AgCl corresponding to the given
concentrations of Cu*" were determined. After that,
based on Eq. (11), the mass transfer coefficient of the
Cu** containing-solutions (k,,) was calculated and
presented in Fig. 5 and Table S2.

From Fig. 5, it is observed that, the obtained empirical
values of k,, are not an unchanged number, but %, is
regarded as a function of the concentration of Cu**. After
fitting with a regression model, £, can be expressed as,

k, = 2.10‘5(cCuz+)°-6 (R®=0.98) (24)

Because the limiting current density of the copper
electrolysis process usually reduces with the decrease
in copper concentration in the leaching solution. To
find the relationship between solution concentration

1.2x10°F
1.0x10°F
)
E 8.0x10°
E
X
6.0x10°F
= Experimental
4.0x10°F Fitting
0.1 02 03 0.4
Cy,» (mol/l)

Fig. 5. Dependence of the mass transfer coefficient (k) on
the concentration of Cu**( Cp,2+ ).

and electrolysis time, the material balance model of
Barton and Scott [12] as below was used:

dy:.
Vad = 0% = 0u¥y = Tevapj * Tgenj = Teonj (25

Where, V'is the electrolysis cell volume (dm?), yjis
the concentration of species j in the electrolyte (M),
Oy is the volumetric flowrate of the feed (dm?/s), x; is
the concentration of species j in the feed (M); 7gep 1S
the generation rate of species j (mol/s), O, is the volu-
metric flow leaving the bath (dm®/s), r.,q, is the
evaporation rate of species j (mol/s), and r,,,; is the
consumption rate of species j (mol/L).

Because the copper electrolysis cell was designed
for intermittent operation, effect of the feeding and
leaving flows was removed from calculation. In addi-
tion, in fact, mass loss caused by evaporation is rela-
tively small. It is accounted for 2-3% of the water
entering the electrolysis cell at 35°C [24]. Effect of
the evaporation-caused mass loss was excluded.

According to the Faraday’s law, the copper weight
electrodeposited on the cathode per a time unit is given,

A iA,
N (26)

From Egs. (25) and (26), the mass balance equa-
tion is written for Cu** as,
dC 2 icAc

p—Su - ¢

dt nF @7

If, the applied electrolysis current is a limiting cur-
rent density,
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io = nFk,C 2 (28)

with &, = 2.107 - (C MH)O'6 as shown in Eq. (24)
After replacing Eq. (28) into Eq. (27), we have,
dC_ ;.
— = 2107 -’% (Cp o) (29)
After solving the differential Eq. (29), the concen-
tration equation of Cu®" against electrolysis time is
given:
-1.7
Coa() = [(CCUN(O))_M +12x 10‘5/1—;;} (30)
Based on the electrolysis time-dependence of the
concentration of Cu®*" as Eq. (30), the concentration
of Cu*" present in the electrolyte after each 30 min as
well as the limiting electrolysis current was deter-
mined. After that, the practical electrolysis current
could be designed properly. The total of the electroly-
sis time for the copper recovery was 20 h. About 5
mL of the electrolyte was drained after each 30 min
of electrolysis for determination of the copper con-
centration via the UV-Vis method. The calculation
results from Eq. (30) are listed in Table S3.

c¢) Determination of activity coefficients
In the solution of 0.3 M CuSO,4 and 0.4 M H,SO,, the
dissociation of the compounds could be written as:

CuSO;— Ci* + S0, 31)
H,SO,— H' + HSO, 32)
HSO, < H +S0,”
with logK, (25°C) =-1.98 (33)
H'[S0;~
And &, - L1501 b
: [HSO,]

Where, Kris the dissociation constant, [ H +], [SOi 1
and [HSO,] are the concentration of H', § Oi_ and
HS O, ions, respectively.

From Egs. (31)-(34), the concentration of the A",
S Oi_ , HSO, and Cu*" ions in the electrolyte before
electrolysis was 0.46, 0.36, 0.32 and 0.30 M, respec-
tively.

During the electrolysis process, the concentrations
of the ions change. Thus, after each 30 min of elec-
trolysis, their activity coefficient and activity would
be calculated according to Egs. (6) and (7). Accord-

ingly, the equilibrium potentials of the cathode and
anode would be identified.

3.2. Validation of the real solution model

By using the proposed model with the initial
parameter values as calculated above, the model pre-
diction values were achieved through Microsoft
Excel software. At the same time, their relevant
experimental data from the pilot cell were collected
for comparison and validation of the designed model.
Table S3 shows the change in the concentration of
Cu*" after each 30 min during 20 h of electrolysis
observed from model predictions and experimental
data. From Table S3, it is observable that the differ-
ence between the concentrations calculated via the sim-
ulation model and the experimental concentration is
negligible, smaller than 3% for the initial 14.5 h of elec-
trolysis. After that, this deviation increases, but still
maintains at values smaller than 8% at the electrolysis
time of 20 h. This verified the high accuracy of the
simulation equation showing the electrolysis time-
dependence of the copper concentration.

In addition, the difference between the simulated
data and experimental data involving the cell voltage,
current efficiency, copper recovery efficiency and
specific energy consumption are also displayed in
Fig. 6 and Table S4. In general, the plots showing the
dependence behavior of the cell voltage (Fig. 6a) and
recovery efficiency (Fig. 6b) on the electrolysis time
of the pilot cell system using the step current electrol-
ysis mode are observed to be totally similar. Their
simulated and experimental data are almost coinci-
dent during 20 h of electrolysis. Nevertheless, as for
the current efficiency and specific energy consump-
tion parameters, the high coincidence between the
simulated and experimental data is only recognized
for the period of the electrolysis time of 0-14.5 h
(Fig. 6¢, d). After 14.5 h of electrolysis onwards the
obtained experimental data differed significantly
from the simulated data, suggesting the invalidation
of the proposed simulation model in this electrolysis
duration. As an initial assumption of the simulation
model, the simulated current efficiency is constant
and equals 100%. In fact, when applying the various
electrolyte currents on the pilot electrolysis cell sys-
tem using the leached solution from URENCO as the
electrolyte, the obtained values of the experimental
current efficiency slightly fluctuated between 92.95%
to 100% for the initial 14.5 h of electrolysis. Unfortu-
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Fig. 6. Change of the simulated and experimental electrolysis parameters against electrolysis time: (a) cell voltage, (b)
recovery efficiency, (c) current efficiency and (d) specific energy consumption.

nately, for the subsequent 5.5 h of electrolysis, the
experimental current efficiency dropped rapidly. At
the time of 20 h, the experimental current efficiency
only achieved 62.48%. This can be explained that,
after 14.5 h of electrolysis the copper concentration
decreased dramatically. In contrast, the protons (H*
ions) which were generated at the anode (Reaction
(3)) were accumulated sufficiently in the electrolyte.
This promoted the discharge competition of H* ions
against Cu*? ions at the cathode surface. As a result,
the initial hypothesis that the current efficiency
equals 100% and only Cu'? ions participate the
reduction reaction (Reaction (1)) at the cathode is no
longer suitable.

Similarly, from both simulated and experimental
data in Fig. 6d, it is recognized that the obtained spe-
cific energy consumption diminished with increasing
the electrolysis time. Remarkably, as for the experi-
mental data, the specific energy consumption showed
an increasing tendency after reaching a minimum

value after 14.5 h of electrolysis. This firmly resulted
from the decrease in the experimental current effi-
ciency of the copper electrolysis process, which
caused energy waste to produce the undesired
byproduct, viz. hydrogen gas. Hence, from the
obtained results in Fig. 6, it can be concluded that the
designed simulation model only exhibits high fitness
to the practical pilot cell system in the initial period
of electrolysis time of 14.5 h.

To evaluate the high fitness level of the output
parameters calculated by the simulation model versus
those retrieved from the experiments, all the relevant
data are present in Fig. 7. Regarding the cell voltage
and recovery efficiency parameters, the high coinci-
dence of their simulated and experimental data is
observable easily in Figs. 7a, b. Based on the least
squares fitting method, the correlations between sim-
ulated and experimental data were fitted within an
electrolysis duration of 14.5 h. In specific, the cor-
relation function of the simulated cell voltage against
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the experimental one was found to be y = 1.00053x
with a high correlation coefficient R* = 0.99989.
Meanwhile, concerning the copper recovery effi-
ciency and specific energy consumption parameters
these functions are y = 1.01635x with R? = 0.99996
and y = 0.9845x with R? = 0.99942. So, from the lin-
ear regression equations obtained in Fig. 7, the correla-
tion efficient between the simulated and experimental
data for the output parameters of the copper recovery
efficiency, cell voltage, and specific energy consump-
tion are 98.39%, 99.95% and 98.45%, respectively.
These values are extremely high, over 98.3%, indi-
cating the high precision of the designed simulation
program. The below 1.7% deviation between the
simulated and real data likely originated from ignor-
ing the resistances of electrical connection and the
conducting wires as well as excluding the parasitic
reaction of H" ions discharging at the cathode. In
addition, another reason, the errors induced in the
measurements of the input parameters of the pilot cell
system, should be accounted as well.

In addition, to evaluate the sensitivity of the
designed model to the estimated inputs as variables, a
series of simulations was proceeded when the relative
errors of the input parameters were fixed to be £10%.
The effects on the simulated cell voltage and simu-
lated specific energy consumption are shown in Table
2. From Table 2, it is observable that the anodic
exchange coefficient («,) for the oxygen evolution
reaction has a large influence on the model predic-
tions. In detail, the predicted values of both simulated
cell voltage and specific energy consumption fluctu-
ated within a deviation range of around +5% when
the «, variable was determined with an error range of
+10%. Meanwhile, the deviation in determination of
other variables involving the cathodic exchange coef-
ficient and cathodic/anodic exchange current densi-
ties, only has negligible effect on either the cell
voltage or the specific energy consumption. The
+10% changes in the cathodic exchange coefficient
and cathodic/anodic exchange current densities
merely caused a narrow error range of below £1% for
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Table 2. Sensitivity of the model via the estimated input parameters.
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A (Vccll) A (Ws)
Parameter A (Parameter)
14.5h 20 h 14.5h 20 h
S +10% -0.68% -0.72% -0.68% -0.72%
f.q (= 0.1 A/mr)
-10% 0.75% 0.79% 0.75% 0.79%
+10% -4.35% -4.42% -4.35% -4.42%
o, (=0.198)
-10% 5.32% 5.40% 5.32% 5.40%
+10% 0.24% 0.26% 0.24% 0.26%
i (=12.6 A/m?)
-10% -0.27% -0.29% -0.27% -0.29%
+10% 1.62% 1.62% 1.62% 1.62%
a, (=0.55)
-10% -1.98% -1.98% -1.98% -1.98%

the cell voltage or the specific energy consumption.

4. Conclusions

A mathematical simulation program has been
designed for the copper electrolysis cell with the
pilot-plant size of 11 L. The designed model consists
of a set of 28 equations involving the thermodynamic
and kinetic equations, concentration variation equa-
tions, electrochemical and mass transfer equations
and correlations for the electrolyte resistance and the
concentration. The designed model assumes that the
pilot cell always operates at the limiting current den-
sities during the copper electrolysis process. In fact,
the pilot electrolysis cell used the extracted solution
from the PCBs waste sludge of URENCO as the elec-
trolyte. With the input copper concentration of
19.2 g/L, the cell was subjected to operate at the
multi-step current electrolysis mode for 20 h of elec-
trolysis with the time interval of 30 min. During elec-
trolysis, the applied current of the cell was controlled
variously from 16.90 to 2.28 A based on the calcu-
lated data from the model. The obtained experimental
data demonstrated the high reliability of the designed
model for the initial 14.5 h of electrolyte. The devia-
tion between the simulated and experimental parame-
ters regarding the cell voltage, recovery efficiency and
specific energy consumption, was significantly small,
below 2%. By the experimental measurements, the
lowest specific energy consumption for the copper
recovery was determined to be 1.341 kWh/kg, which is
in high agreement with the simulated value
(1.3269 kWh/kg). So, this simulation model enables
precisely predicting the outputs of the copper elec-

trolysis process when the inputs of the electrolysis
cell system changes. Following the simulation
model, by supplying suitable available input data,
this model could be completely modified to apply for
similar electrowinning processes.
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