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ABSTRACT: This work reports a kinetic study of the bioleaching process for Cu o oTeRAvETASOUS
extraction from waste printed circuit boards (WPCBs), using iron as an oxidant agent. The A
kinetic study considered both the Fe** oxidation by bacteria metabolism and the chemical P
reaction between Fe3* and Cu within WPCBs. The model was composed of a system of : . Gin
three differential equations characterized by three dependent variables and seven &
parameters. The first equation describes the bacteria abundance trend, the second one )
represents the variation of Fe®* concentration, and the third one focuses on the Cu )
extraction by the biogenerated Fe®". The developed model was consistent with f
experimental data with an R® higher than 0.97. The results showed that the bacteria )
metabolism was 1.8—2.5 times faster than the chemical reaction. The determined C%\
mathematical model, suitable for the implementation at an industrial scale, could be an )
important tool to predict the bioleaching mechanism in a metal recovery process. e ovmon

Fe> + H, /
. fer
°|

/ pess /
POWDER

1. INTRODUCTION include three approaches: chemical, metallurgical, and physical.
The chemical processes include pyrolysis, gasification,
combustion, or the use of a chemical agent (ie, HC,
H,SO,, HNO;, ammonium, or ethylenediaminetetraacetic
acid).”'*** However, the acid and the gases produced during
the chemical processes generate a secondary pollution. For this
reason, the biotechnologies have become more and more
attractive in the last decades as an eco-friendly and sustainable
alternative.”** The Cu extraction from WPCBs by biotechnol-
ogies is studied by several works, mainly using Acidithiobacillus
ferrooxidans (At. ferrooxidans).”*~* The mechanism for the Cu
leaching from WPCBs follows eq 1:

The modern society is becoming more and more dependent on
electronic devices, which are characterized by a short
replacement cycle.' This tendency can be translated in a
growing flow of new technologies to the market with a
consequent increase of an electronic waste amount (e-
waste).”” An amount of 45 million tons of e-waste was
generated in 2016 with an estimated annual growth rate of 3—
49%.*"% There are four main sources of e-waste: small/large
home appliances, hospital medical equipment, office machines,
and industrial equipment/machines.” Within the entire e-waste
quantity, the WPCB percentage is relevant (3—6%)."°™" The

WPCBs are composed for more than 40% (w/w) of Cu® + 2 Fe*t - Cu®t + 2 Fe?t (1)
metals.'”'* Cu has an average concentration of 20% (w/w) ] ) ) ) "
of whole metals, and it is 10—40 times higher than that in The main advantage of the bioleaching processes is the Fe

415-17 oxidation by bacteria metabolism (eq 2) with the possibility of

copper-rich minerals. The annual Cu production is "~ ' ]
the Fe’" regeneration for further extractions:

around 15 million tons, and about 30% is used for the electric
and electronic devices.'"® The Cu resulting from recycling is
40% of the total Cu production.'” Usually, to produce 1 ton of
Cu from ores, around 1400—1700 kg of standard coal is used,
and 20 tons of wastewater and 3 tons of hazardous materials
are generated.'””” According to the Bureau of International
Recycling,”' the Cu extracted from e-waste is able to save up to
85% of energy and reduce around 65% of CO, emissions,
compared to the primary production.'” Therefore, the Cu Received: November 12, 2020
recovery from WPCB recycling has a triple benefit: (1) the Revised:  February 23, 2021
primary resource conservation, (2) the solid waste reduction, Accepted:  February 24, 2021
and (3) the prevention of the environmental pollution Published: March 12, 2021
resulting from the Cu release.””””> The most common

techniques used for the e-waste recycling and metal recovery

Fe** + 1/202 +2H" - Fe’t + H,0 (2)

The bioleaching is carried out with a WPCB concentration
between 0.8 and 5% (w/v) and under these conditions: 30 °C,
pH of 1.6—2.2, Fe?* concentration of 4—10 g/L, and 120-200
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rpm. The main disadvantage of the biotechnologies is the low
WPCB concentration that could be treated due to the metal
toxicity on bacteria metabolism. This work aims at developing
a mathematical model to combine the Fe** oxidation by
bacteria metabolism and the chemical reaction between Fe**
and Cu. The main innovation of this research is the integration
of the bacteria metabolism with the chemical leaching,
compared to the current literature that, generally, studies
these two processes separately.*>*™* The developed model is
essential to describe in detail the main mechanisms of the
bioleaching process. The resulting information can be relevant
to predict the possible toxicity of Cu and Fe** on bacteria
metabolism and understand how the bacteria oxidation
influences the kinetic of the Cu extraction. Considering both
these aspects, this model could be an important tool in the
perspective of bioleaching scale-up.

2. MATERIALS AND METHODS

2.1. Preparation of WPCBs. The WPCB samples, mainly
from a personal computer, were prepared as follows: The
material was shredded using stainless steel blades and pliers
after manually removing the main parts of the electronic
components (e.g., capacitors, batteries, and resistors). There-
after, the refuse was crushed to obtain a granulometry of less
than 0.5 mm, with an average Cu content of 25% (w/w),
which was used for the bioleaching experiments (Table 1).

Table 1. Mean Metal Concentration in WPCBs

metals concentration % (w/w)
Cu 24.7
Zn 3.7
Al 0.4
Ni 0.03
Pb 1.3
Sn 2.1

2.2. The Bioleaching Process. The microorganism used
for the bioleaching process was At. ferrooxidans (DSMZ 14882
T), obtained from the Deutche Sammlung von Mikroorga-
nismenn und Zellkulturen GmbH, Germany. The bacteria
culture grew in the DSMZ 882 medium; it was prepared as
follows: 0.132 g of (NH,),SO,, 0.053 g of MgCl,-6H,0, 0.027
g of KH,PO,, 0.147 g of CaCl,-2H,0, and 49.8 g of FeSO,-
7H,0 are dissolved in 1 L of MilliQ water, and the pH is
adjusted to 1.6 with a 1 M H,SO, solution. The bioleachin%
approaches reproduced the condition reported by Becci et al.™
Therefore, the process was conducted in three phases; The first
was the bacteria growth phase, where bacteria grew without
WPCBs for 48 h. At the end of this phase, a known amount of
WPCBs (50 g/L) were added, and the second phase (first
leaching step) started. After 48 h, 80% of the leaching solution
was replaced with a new fresh medium and the third phase
(second leaching step) started. The last step was conducted for
168 h. This biotechnology was carried out in three phases to
avoid toxicity issues; indeed, WPCBs are at the highest
concentration ever tested in the literature. The bioleaching
experiment was carried out at the temperature of 30 °C and at
120 rpm in an orbital incubator (S510). The pH was
monitored and adjusted to 1.6 with a 1 M H,SO, solution,
each day. This pH value was chosen to both prevent the
jarosite precipitation on WPCBs (that reduces the leaching
efficiency) and to make sure of the bacteria growth.**~*
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2.3. Analytical Determination. For the bacteria count, a
subsample (0.5 mL) was withdrawn periodically (0, 10, 24, 34,
and 48 h) for both the bacteria growth phase and the first
leaching step (0, 24, 72, 120, and 168 h for the second leaching
step) and was fixed in formalin solution (2% final
concentration). The total prokaryote abundance was deter-
mined by a direct count on an epifluorescence microscope
following the procedure described by Danovaro et al*’ As
described in the method, the bacteria were stained by acridine
orange solution then filtered through nucleopore 0.22 ym pore
size filters. The total prokaryote count per milliliter of solution
was calculated using eq 3 to determine the bacteria free in the
leaching solution:

total prokaryote count/mL = (N-C. O. -d)/mL (3)

where N is the mean bacteria number per optical section,
C.O. is the maximum optical section number (12,868), d (100
times) is the sample dilution, and mL is the withdrew solution
(0.5 mL).

The Fe®* and Fe®" concentrations were determined
spectrophotometrically (Jasco model 7850) by the colorimetric
thiocyanate method.*® On the other hand, the Cu concen-
tration was measured by an atomic absorption spectropho-
tometer (Techcomp, AA6000).

3. THEORETICAL BASIS

3.1. Theory and Background. The experimental results
were used to fit the model and to determine the best parameter
to describe the bacteria number and Fe** and Cu temporal
changes. The parameters were estimated by the nonlinear least
square procedure by a modification of the Levenberg—
Marquardt algorithm (minpackIm).*”** The bacteria growth
rate (eq 5) and Fe* oxidation (eq 6) were assumed to follow
the Monod model (eq 4) in the first phase (bacteria growth
phase).”*™*' The cell number was limited by the product
(Fe*") inhibition. The inhibition was assumed to be second
order as these assumptions led to the best agreement between
the observed and the predicted results:*®

o B
= 2+
kg + Fe, (4)
let 3+\2
—L =N, — u-(FeT)2N,
a AN TN s
2
dre” Moy
dt Yys (6)

where N is the bacteria number (N°/mL), Fe** and Fe* are
the iron concentrations (g/L), fne (1/h) is the maximum
specific growth rate, kg (g/L) is the substrate saturation
constant, yq (L?/g>h) is the inhibition parameter due to the
Fe’* effects, and Yy (N°/gFe**) is the bacteria yield on
substrate (Fe®*).

Whereas, in the second (first leaching step) and the third
(second leaching step) phases, the Cu leaching rate was
considered and eq 7% was used to describe the chemical
reaction between Fe** and Cu:

dCu}*

m = [k-(CuJ — Cu}")-(Fe** — mCul*)]-A. W,

(7)

https://dx.doi.org/10.1021/acs.iecr.0c05566
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where k is the rate constant given by the Arrhenius equation,
Cu (mol/L, 0.197) is the initial Cu concentration in WPCBs
(calculated as the maximum Cu concentration in solution as a
consequence of a complete extraction from WPCBs), m is the
molar ratio between the consumed Fe®" and the dissolved
Cu’*, and AW, is the Cu atomic weight. In a study by Becci
et al,** Fe** was the initial Fe’* concentration (constant),
because that study focused on the chemical reaction between
Fe** and Cu. In our case, Fe*" concentration changes during
the time due to Fe** oxidation by bacteria; as a consequence,
Fe* cannot be constant and it depends on bacteria metabolism

as follows (eq 8):
| t dre**t
AWy J, dt

0

dt

Fe’t = Fngr

(8)

where Fej" (mol/L) is the Fe®" concentration at the beginning
of the step and the second term is Fe>" generated by bacteria
metabolism, and A.-W.g, is the Fe atomic weight. On the other
hand, the differential equations, describing the bacteria
abundance (eq 9) and Fe’* concentration (eq 10), have an
additional term compared to eqs 5 and 6, due to Cu®* toxicity
and Fe** formation through the chemical reaction (eq 1),
respectively:

dN, 3412 2412
2 = N = (BN, =y (Cult) N,
I KNy — Wy ( t ) t — Moo ( t ) t (9)
dFeZt A W, dCult
det _ _i.l\lt tm Fe LUy
t Yus AW dt (10)

where i, (L?/g*h) is a constant parameter that represents the
Cu’* toxic effect on bacteria growth.

In this model, only the Cu toxicity on bacteria metabolism
was considered, since the other metals, which could be leached
(Table 1), showed a content lower than the toxic
concentration reported in literature.”®*

The seven parameters (i, ks, Moy Hiow Yng k and m) are
estimated through fitting eqs 7, 9, and 10 to the experimental
temporal profiles of Cu, bacteria abundance, and Fe®,
respectively.

3.2. Sensitivity Analysis. The sensitivity analysis on the
estimated parameter from the mathematical model aims to
identify the correlation between the parameters to fit the
experimental data.’’ The confidence limit at 95% through the
parameters is estimated from the determined variance—
covariance matrix (minpack.Im). The correlation matrix is
calculated from the variance—covariance matrix.”> One
thousand combinations through all the estimated parameters
are elaborated by a random generation starting from the
normal distribution with the best value and the standard error
of each parameters (rnorm). The negative values are excluded
from the simulations. The areas of the confidence limit at 95%
for all variables are displayed. R software (version 3.6.2) is
applied for all the calculations and estimates in the current
study.

4. RESULTS AND DISCUSSION

In the bacteria growth phase, the bacteria abundance and the
Fe** concentration showed the common trend for the pure
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batch culture (Figure 1).>****%** In detail, the microbial cells
evidenced an exponential growth in the first 25 h of incubation,
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Figure 1. Bacteria count and the Fe®* concentration trend during the
bacteria growth phase.

followed by a stationary phase due to the decreased Fe®"
concentration. Table 2 reports the eqs 4 to 6 estimated
parameters with confidence limits at 95%. The three
parameters that describe the bacteria growth rate (4,.,), the
substrate saturation constant (kg), and the bacteria yield on the
substrate (Yys) were in the range reported in the literature,
between 0.4—1.6 X 107! 1/h, 0.3—14 g/L, and 0.25-5.9 X
10" N°/g Fe*, respectively.*”*>~* The maximum Fe**
oxidation rate (0.30 g Fe®" oxidized/L-h) was achieved after
20 h from the beginning, and it was reached at the end of the
exponential growth phase (Figure 1).

A statistical analysis was performed to identify the
correlation between the estimated parameters (Table 3).

From the results, remarkable dependence between p.,,,—kg
and p4—Yys was evident with correlation coefficients of 0.99
and 0.93, respectively. The confidence helixes of the
parameters were also showed to have more details on the
correlation dependence and on their standard errors (Figure
2). These results confirmed the linear dependence between
Yns and pg.

Concerning the fourth parameter, the inhibition parameter
(uq), the estimated value was 5.40 X 107> L*/g>h, and it was
lower than reported in the literature (6.32 X 107* L/ gz‘h),36
demonstrating that the inhibition on bacteria metabolism due
to the product (Fe*") was negligible.

In the second phase (first leaching step), a known amount of
WPCBs (50 g/L) was added and the chemical reaction (eq 1)
between Fe’" and Cu’ started. At the beginning of this phase,
the Fe>* and Cu®" concentrations showed a rapid increase due
to the chemical reaction. On the other hand, the bacteria cell
showed a growth rate lower than the previous phase (Figure
3a). Table 2 reports eqs 7, 9, and 10 parameters. The estimated
values for the maximum bacteria growth rate (4., 0.20 X
107" 1/h) and the bacteria yield on the substrate (Yyg, 0.53X
10'° N°/g Fe’*) were six and two times lower than the first
phase, respectively. Such decrease was mainly due to the
microorganism adaptation to the new environment. The Cu®*
toxic effect (U 7.69 X 107* L*/g*h) on bacteria growth and
metabolism was one order of magnitude higher than the Fe*
product inhibition () estimated in the bacteria growth phase.
Moreover, such Fe®* product inhibition resulted to be
irrelevant in this first leaching step, as demonstrated by the
value of O of the estimated parameter yy (Table 2).

https://dx.doi.org/10.1021/acs.iecr.0c05566
Ind. Eng. Chem. Res. 2021, 60, 4261—-4268
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Table 2. Estimated Parameters for the Three Phases with Confidence Limits of 95%

bacteria growth phase

first leaching step second leaching step

param. mean St.error mean St.error mean St.error
Hinax (1/h) 1.26 x 107" 0.10 X 107" 0.20 X 107" 0.15 x 107" 0.42 X 107" 0.02 X 107!
ks (g/L) 5.20 0.87 5.20 0.87 5.20 0.87
uq (L*/g>h) 5.40 x 1075 1.01 x 107° - - - -
Heox (L*/g*h) - - 7.69 X 107* 112 x 107 147 x 107 0.48 x 107*
Yys (N°/gFe’") 1.20 x 10 0.26 x 10%° 0.53 x 10 0.43 x 10" 0.95 x 10" 0.10 x 10"
k - - 0.11 0.04 0.38 0.22
m - - 4.39 0.92 2.00 -
Table 3. Correlation Matrix for the Four Estimated e e i sy @ — Bttt oD e,
Parameters in the Bacteria Growth Phase D P o o, s
Hmax kS Ha YNS R?=0.98
< [] »
Hinax 1 0.99 0.12 0.17 <‘9 . - 1.2E408
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Figure 2. Confidence helixes at 95% and the random generated values
to describe the bacteria growth phase.

From the experimental and mathematical modeling data, an
estimation of iron generation/consumption rates through the
bacteria metabolism and the chemical reaction was carried out
(Figure 3b) to understand in detail the controlling steps in Cu
bioleaching. In the first 14 h, the Fe generation by the
chemical reaction was faster than the Fe?* consumption by
bacteria metabolism. This observation can be explained by the
oxidation state of Fe in the leaching solution (Fe®"), which was
not suitable as an energy source for bacteria metabolism. When
the Fe’* concentration needed for the chemical reaction
decreased, a change in the controlling step was observed. From
this point, the chemical reaction was controlled from the
kinetic rate of the Fe® generated by bacteria metabolism.
Indeed, an average Fe** oxidation (between 0.24 and 0.20 g
Fe?* oxidized/L-h) (bio) resulted to be 1.8 times faster than
the Fe’* generation (between 0.20 and 0.10 g Fe*" generated/
L'h) (chem). The maximum oxidation rate was achieved
around 20 h after the beginning of the first leaching step, in
accordance with that observed in the bacteria growth phase.

4264

2%
Time (hours)

48

Figure 3. (a) Bacteria count and Fe** and Cu®* concentration trends
in the first leaching step; (b) the Fe" oxidation and generation rate by
bacteria metabolism and the chemical reaction, and the time change
of p.

Also, in this case, a statistical analysis was performed to
understand the dependence between the estimated parameters
by the correlation matrix (Table 4).

Table 4. Correlation Matrix for the Five Estimated
Parameters in the First Leaching Step

Himax Hrox Yis k m
7. 1 0.95 0.98 —0.04 —0.02
Hiox 0.95 1 0.92 —-0.17 0.22
Y 0.98 0.92 1 —0.06 —0.09
k —0.04 —-0.17 —0.06 1 —0.37
m —0.02 0.22 —0.09 -0.37 1

https://dx.doi.org/10.1021/acs.iecr.0c05566
Ind. Eng. Chem. Res. 2021, 60, 4261—-4268
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A remarkable correlation among .., Hipy and Yyg is
evident, while k and m are not significantly correlated with the
other parameters. The estimated parameters k and m, which
describe the Cu leaching trend through bioleaching, were quite
different from the parameter reported by Becci et al,* 3.08
and 3.22, respectively, which concern Cu chemical leaching.
With regards the stoichiometric ratio (m) between Fe®* and
Cu?", the value of 3.22 was in the 95% confidence limit (Figure
4). The estimated rate constant (k) reported a value of one

Yus

. 9
o0 25-10 2.1010 1.5:100 1:10% 5:10° 110

31

Figure 4. Confidence helixes at 95% and the estimated value to
describe the first leaching step. The red plane represents the value of
m reported by Becci et al. (2019).*

order of magnitude lower than reported by Becci et al,;** this
record was mainly due to the lower agitation rate in the
bioleaching experiment than the chemical leaching test, and
this determined a low frequency of collisions in the correct
orientation between Fe** and Cu’.

In the third and last phases (second leaching step), 80% of
the leaching solution resulting from the previous step was
removed and replaced with a new fresh medium. For this
reason, the microorganism abundance and Cu*" concentration
decreased and Fe** concentration increased than the first
leaching step at the end. The bacteria count and Fe?* showed
the same observed trend in the bacteria growth phase, with a
slower kinetic (Figure Sa). Indeed, the microorganism
exponential growth rate lasted 84 h, and the Fe®* reached
the concentration close to zero after 100 h from the beginning.
The slowest kinetic trend for bacteria abundance and Fe®*
oxidation was confirmed by the mathematical model. The
estimated parameters p, ., and Yy reported values lower than
the bacteria growth phase (Table 2). The achieved value of
0.42 X 107" 1/h for the maximum specific growth rate was
comparable with that reported (0.61 X 10™" 1/h) by Cabrera
et al.’® that studied the influence of Cu®* at the 10 g/L
concentration on bacteria metabolism. This result confirmed
the reliability of this model and demonstrated that Cu is the
main factor to affect the bacteria growth rate.

Furthermore, in this step, the bacteria abundance temporal
profile showed the death phase after 120 h from the beginning.
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Figure 5. (a) Bacteria count and Fe** and Cu®* concentration trends
in the second leaching step; (b) the Fe** oxidation and generation
rate by bacteria metabolism and the chemical reaction, and the time
change of .

The decrease of the cell number was mainly due to the lower
Fe?* concentration as an energy source for microorganism.>*
The estimated parameter for the Cu toxic effect (u,,,) reported
a record of five times lower than the previous phase. These
results demonstrated that the leaching in more steps allowed
the highest bacteria adaptation to the new substrates and an
increasing leaching efficiency.

Concerning the assessment of iron production/consumption
rates, the Fe?* oxidation by bacteria showed in the first 96 h a
kinetic rate 2.5 times faster than the chemical reaction (Figure
5b). The two kinetics (bacteria metabolism and the chemical
reaction) were comparable after 120 h from the beginning
when the bacteria cells started to decrease, and Cu leaching
was mostly completed. This result was another attestation of
the highest microorganism adaptation.

The correlation matrix (Table S) shows a lower correlation
between the parameters except for the p,,,—Yyg correlation
(0.89). Another important result from the correlation matrix
was the univocal results for the stoichiometric ratio (m = 2)

Table S. Correlation Matrix for the Four Estimated
Parameters in the Second Leaching Step

Hmax Hrox Yns k
Hinax 1 0.11 0.15 —0.33
Hiox 0.11 1 0.89 —0.43
Yns 0.15 0.89 1 -0.25
k —0.33 -0.43 -0.25 1

https://dx.doi.org/10.1021/acs.iecr.0c05566
Ind. Eng. Chem. Res. 2021, 60, 4261—-4268


https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05566?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c05566?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

between Fe®* and Cu?'. This result demonstrated that the
concentration of the other metals in WPCBs decreased due to
the first leaching step, so the stoichiometric ratio between Cu?*
and Fe*" was equal to that reported in eq 1.** On the other
hand, the rate constant k reported a higher value than the first
step leaching, but all the possible value achieved in the
previous step fell into the 95% confidence limit of the
determined k in the second leaching step (Figure 6).

055-10"

1.2-10"

Figure 6. Confidence helixes at 95% and the estimated value to
describe the second leaching step. The red plane represents the best,
the maximum, and the minimum value of k estimated for the first
leaching step.

5. CONCLUSIONS

In this study, the kinetics and the mechanism of the Cu
bioleaching from WPCBs by At. ferrooxidans was studied in
detail. The following conclusions can be deduced from the
present work:

1. The developed mathematical model was in a very good
agreement with the experimental data, as confirmed by a
R’ value higher than 0.97 in all the three considered
phases.

. In the first phase of the first leaching, the fastest step was
the chemical reaction between the Fe** produced in the
bacteria growth phase and Cu within WPCBs. After 14 h
from the beginning, bacteria metabolism resulted to be
faster than Cu chemical extraction. The achieved results
showed that the microorganism activity was 1.8—2.5
times faster than the chemical reaction.

. Leaching carried out in a multistage operation allowed
to increase the microorganism adaptation to the
substrates; the parameters showed as the maximum
specific growth rate (p,,) and the bacteria yield on
substrates (Yyg) increased their values in the second
leaching step than the first leaching step, and the Cu
toxic effect (4,,,) decreased in the second one.

. This work demonstrated that the WPCB (50 g/L) and
the maximum Cu®** (8.91 g/L) concentrations did not
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have very significant toxic effects on bacteria metabo-
lism. The Fe’* oxidation rate by microorganism
decreased from a value of 0.30 g/L-h, in the bacteria
growth phase, to 0.21 g/L-h in the last one.

The mathematical model for Cu recoverable from WPCBs
was essential information for the development of innovative
bioleaching processes. Understanding in detail as the microbial
metabolism influenced the chemical leaching could be useful
for the implementation of the bioleaching approaches in the
industrial scale.
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