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Abstract

The use of microorganisms in the recovery of metals, a process called bioleaching, using secondary sources, can be regarded as an alternative
process to the traditional processes that are used for the recycling of printed circuit boards, and the microorganism adaptation has been reported
as being worthwhile, since it increases the metabolic capacity and as a consequence the solubilisation of the metals.

The aim of this study was to carry out the adaptation of the A. ferrooxidans-LR bacteria to the presence of comminute printed circuit boards
from old printers and computers, and to compare the final extraction of copper and the influence of the types of boards on the adaptation and
bioleaching process. The bacterial adaptation process was conducted by means of sequential subcultures, with a gradual increase in the pulp
density. The bioleaching trials were carried out under the same conditions as the adaptation trials with monitoring of the pH and determination
of the final extraction of copper. The results showed that in the case of bacterial adaptation, the final pulp density reached after 3months was one
of 28.5gL!, which represented a 90% increase. No differences were observed in relation to the origin of the printed circuit boards, suggesting that
the toxicity that the printed circuit boards confer upon the bacterial activity is related to the materials that make up the boards rather than the
concentration of the said materials, given that printers and computers have different concentrations of metals, polymers and ceramic materials.
The extraction of copper at the final pulp density (of 28.5gL™") was 64% for printers and 52% for computers, but at pulp densities below 25gL!

the extraction of copper was above 85% for both of the types of printed circuit boards studied.
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Introduction

Bioleaching, which exploits the use of microorganisms
to recover metallic ions, is one of the most promising
biotechnologies [1] and can be used in combination with
chemical processes to recycle electronic scrap [2]. Studies [3-
5], involving bacterial adaptation at a stage prior to bioleaching,
reported an increase in the extraction percentages of the metals
studied, however, although this fact has already been accepted, it
is still not absolutely clear what the reasons are for this increase
in extraction capacity which is achieved with adapted bacteria.

The microorganisms’ need to adapt could be due to different
factors, such as temperature [6], different substrates [3] and
different metallic concentrations [4]. Studies suggest that
morphological and biochemical changes, such as alterations in
the cell membrane, proposed by Oger & Cario [7] and by Xia et

al. (2008), occur during the adaptation process.

Xia etal. (2008) suggest that there are significant differences
in the bacterial attack and in the tolerance to the stress of
rupture of adapted and non-adapted bacterial cells due to the
changes in the components and in the structure of the cell wall.

In addition, Oger & Cario [7] explain that modifications in the
composition of the lipidic membrane, in a strategy which is
known as adaptation by homeoviscosity, occur in response to
the changes in the environmental conditions. The membrane
plays an important role in regulating the flow into and out of
the cells.

The difficulty entailed in determining the factors involved in
the adaptation process, is probably in connection with managing
to isolate these factors, because, since we're talking about a
biological system, there is a complex interactions between the
conditions of the environment, the type of microorganism and
the method used. The fact that the adaptation process is not
yet clearly defined also raises the question as to whether we
should call it the adaptation or the natural selection process,
as discussed by Creager [8] in a review of old and new debates
regarding bacterial capacity to acquire resistance to medicines.

Lastly, it is worth remembering that the adaptation
mechanism can be manipulated in order to improve the
microorganism'’s capacity to develop some activity that is of
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economic interest, but that it can also occur in a way that is
contrary to human interest, such as in the case of adaptation by
pathogens to medicines [8], antiseptics [9] and antibiotics [10]
in other words, adaptation is a natural process of living beings.

The study has sought to evaluate the influence of bacterial
adaptation on copper extraction and of the use of different
types of printed circuit boards (PCB-P and PCB-C) on bacterial
adaptation.

Materials and Methods
Printed circuit boards

Two types of printed circuit boards were used for this study;
those from computers and those from printers. The printed
circuit boards from computers (PCB-C) were removed from old
computers from the Polytechnic School of the University of Sdo
Paulo and weighed a total of 45kg, while the circuit boards from
printers (PCB-P), consisting of a single lot of 146 printed circuit
boards from printers, weighing a total of 6.65kg. The PCB-Ps
were selected manually, with the broken boards being removed,
so that only boards that were in one piece, which weighed a total
of 6.18kg, went forward to the mechanical processing stage. In
the case of the PCB-Cs, roughly 2.8kg of the boards were used,
from the total number collected for this study:.

Mechanical processing of the printed circuit boards

Figure 1 shows a block diagram illustrating the stages and
processes carried out under this study. The processes of each
stage shown in Figure 1 are set out below.

erres

Bacterial adapiation

Figure 1: Block diagram illustrating the steps and processes
used.

Legend: PCB-P: Printed Circuit Boards from Printers;

PCB-C: Printed Circuit Boards from Computers; AAS: Atomic
Absorption Spectroscopy.

Reduction and comminution of the printed circuit
boards: The printed circuit boards taken from printers (PCB-
Ps) were first ground up in a cutting mill using a 9mm blade,
followed by a 6mm blade, with the aim of reducing losses and
facilitating comminution in a hammer mill using a 1mm blade.
The printed circuit boards taken from computers (PCB-Cs) were
only comminuted in a hammer mill, initially using a 6mm blade,
followed by a 2mm blade, given that the previous reduction in
size in order to make it suitable for the mill’s apertures was
carried out using a manual guillotine.

Different routes were adopted in the comminution process
for each type of board (PCB-P and PCB-C) to make adjustments
to take into account the differences in size, thickness and type
of base of the printed circuit boards (dual-layer and multilayer)
using different kinds of mills in order to obtain similarly
comminuted material.

Magnetic separation of the comminuted printed
circuit boards: The comminuted PCB-C was magnetically
separated using a dry cross belt magnetic separator with a 6.5A
electromagnet, thus dividing it into two materials, one magnetic
and the other non-magnetic. The non-magnetic material was
used in the bacterial adaptation and characterization trials,
while the magnetic material was used in calculating the final
mass balance and in the characterization stage.

For the comminuted PCB-Ps, an HFP-RE 15x12 model Inbras
dry-drum magnetic separator was used, and the magnetic and
non-magnetic material obtained following the separation was
submitted to the same trials as were used in the case of the PCB-
Cs.

Characterization of the fractions obtained as a result
of the mechanical processing of the printed circuit
boards

Pyrolysis: In the pyrolysis, aliquots of approximately
5-10g from each printed circuit board (PCB-P and PCB-C) after
comminution were placed in ceramic navicules. These navicules
were left for one hour in the muffle kiln at a temperature of
800 °C in an inert argon atmosphere. The determination of the
fractions: the organic fraction (composed of polymers) which
vaporizes, and the inorganic fraction (composed of metals and
ceramic materials) which remains in solid form in the bottom of
the navicules, is calculated by the difference between the final
and the initial mass.

Leachingin aqua-regia: The inorganic fraction remaining in
the ceramic navicules from each one of the samples of PCB-P and
PCB-C, was solubilized with aqua-regiain aratio of 1:20 [11]. The
period of contact between the sample and the aqua-regia was
one of 24hours, followed by simple filtration with quantitative
filter paper. As a result, 2 fractions were obtained, a leached
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fraction containing aqua-regia and the solubilized metals, and an
insoluble fraction, which corresponds to the insoluble materials
retained in the filter paper, this is the material which indicates
the ceramic fraction.

Determination of the concentration of metals: The
leached fraction of the non-magnetic material from each one
of the printed circuit boards (PCB-Ps and PCB-Cs) was sent for
chemical analysis to determine the elements present using the
atomic absorption spectrometry (AAS) technique. The metals
analyzed were: Cu, Fe, Sn, Pb, Zn, Al, Ag and Au. The results in
the metals analysis were used to calculate the final extraction of
copper and in the characterization of the non-magnetic material.

Bacterial adaptation

The process of bacterial adaptation was carried out with the
LR strain of the A. ferrooxidans bacteria. The Acidithiobacillus
ferrooxidans was isolated from acidic leaching liquor from
uranium ore (Garcia Jr, 1989) and kindly conceded by the
professors Oswaldo Garcia Jr and Denise Bevilaqua (UNESP-
Araraquara).

A.  The T&K[12] culture medium, which is made up of two
solutions (A and B) acidified with H,SO, 5M up to a pH of 1.8,
was used for microbial inoculum growth:

B.  Solution A: (NH,),SO,: 0.625gL"; MgSO0,.7H,0: 0.625gL
tand K,HPO,: 0.625gL", Sterilized in autoclave, at 120 °C, for
a period of 30minutes and latm.

C. Solution B: 166.5 gL' FeS0,7H,0, Sterilized by
filtration in Millipore membrane (0.45um).

The preparation of the T&K culture medium consisted of
the mixture of the A and B in a ratio of 4:1, respectively. The LR
strain of A. ferrooxidans was cultivated in 200mL of the T&K
culture medium, at a temperature of 30 °C in a rotary shaker
with a rotation speed of 170rpm, using 10mL of inoculum,
which represents 5%v/v. The bacterial adaptation process was
conducted by means of sequential subcultures, with a gradual
increase in the quantity of PCB-P and PCB-C starting from a pulp
density of 15gL?, at which the bacteria was already adapted.
Increasing additions in the quantity of non-magnetic material
from printed circuit boards (1-2.5gL™) after each cycle were
added during the replication process. Each replication cycle is
characterized by the bacterial tolerance acquired by means of
natural selection to the pulp density evaluated, followed by a
repetition of the same conditions and an increase in the bacterial
population.

The bacterial response, considered as positive, during the
adaptation process is visual, with a change in the solution’s color
from greenish to reddish in the space of a few days (from 2 to
5), compared to the abiotic control solution (without bacterial
innoculation). The comparison is based on the fact that, with the
bacterial innoculation, the ferrous ion contained in the culture
medium, which gives the solution its greenish color, is oxidized

by the ferric ion (which gives the solution its reddish color), by
means of the bacterial metabolic activity, causing a change in the
solution’s color within a few days, while the color of the control
solution remains unaltered, bearing in mind that the natural
oxidization of the ferrous ion in acid pH occurs more slowly
(between 15 to 20 days).

If there is no change in the solution’s color, after a period of
up to 5 days, it is believed that there was no bacterial adaptation
due to the death or inhibition of the bacteria at the pulp density
studied. It is also stressed that the oxidized culture solution
obtained from the previous successful bacterial adaptation after
repetition of the same conditions is used as inoculum.

Bioleaching experiments

After the bacterial adaptation period, the bioleaching
trial was assembled, repeating the conditions determined
experimentally, with the addition of the quantity of substrate
to which the bacteria is adapted (pulp density), of the culture
medium (T&K medium) and of the inoculum containing the
adapted bacteria. When it was necessary, the pH was corrected
using a sterile sulfuric acid solution 5M. Aliquots of 10mL were
removed at the end of the trials (on the 15" day) for analysis of
copper by AAS in order to calculate the percentage extraction of
copper.

Result and Discussion

Characterization of the fractions obtained in the pre-
treatment of the printed circuit boards

Pyrolysis and leaching in aqua-regia: The composition of
PCB-Ps and PCB-Cs is presented in Figure 2. As can be observed
in Figure 2, the printed circuit boards from computers have a
higher metallic fraction than those from printers, and this is
mainly due to the fact that the type of board used has various
layers of copper interwoven with glass fiber (multilayer) and
the presence of metallic components, which are absent from the
PCB-Ps.

100%
80%
60% - Polymers
Ceramic
40% - —
Metals
20% T— 1 —
0% T
PCB-P PCB-C
Figure 2: Composition of printed circuit boards from printers
(PCB-P) and computers (PCB-C) after characterization tests.

The
determination of the concentration of metals in the non-magnetic
material from the PCB-Ps and PCB-Cs is presented in Table 1 &

Determination of the concentration of metals:
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2, respectively. It can be observed that the concentration of the
metals present in the PCB-Ps and PCB-Cs, as shown in Table 1
& 2, respectively, varies and that copper, as was expected, is the
metal that exhibits the highest concentration in the samples
studied. The discussion about the concentration of the fractions
that make up the printed circuit boards was carried out in an
earlier study [13].

Table 1: Metals concentration of non-magnetic material of printed
circuit boards from printers.

Metal Unit Result

Copper % 43.03
Tin % 1.8
Iron mg/kg 467
Lead mg/kg 39
Aluminium % 2.74
Zinc % 2.9
Silver mg/kg 560
Gold mg/kg 120

Table 2: Metals concentration of non-magnetic material of printed
circuit boards from computers.

Metal Unit Result
Copper % 32.17
Tin % 0.18
Iron % 1.07
Lead % 39
Aluminium % 0.86
Zinc % 3.62
Silver % 0.0381
Gold % 0.0067

Bacterial adaptation

Using a pulp density of 30gL? no bacterial response was
observed after one week, despite the fact that success was
obtained using a pulp density of 25gL?, and for this reason
the pulp density was reduced to 28.5gL?, which was final pulp
density achieved. Three further subcultures were carried out
using the same final pulp density in order to confirm the result
and another attempt was made to increase the pulp density, but
without any bacterial response.

Different authors [6-15] suggest a reason as to why the
bacterial adaptation causes an increase in the solubilization of
metals from the microbiological point of view. According to Xia
etal. (2008), the adapted bacteria may adhere more easily to the
surface of the substrate due to more of the cell surface’s proteins
having acquired a specific interaction with the substrate.
Haghshenas etal. [3] also suggest changes on a biochemical level.

It should be stressed that there is no defined protocol for
the bacterial adaptation process, which hinders the debate
of information and the comparison of data, given that the
bio hydrometallurgical studies report the use of different

microorganisms, methods, pulp densities and substrates [14-
20] for example, Chiang et al. [16], used fungi to extract metals
from a different substrate, while Faramarzi et al. [19] used
a cyanogenic bacteria to mobilize gold. The use of different
microorganisms may imply different morphological
biochemical modifications, as well as the different methods
adopted [20-23].

and

Li & Ke [5] promoted bacterial adaptation using synthetic
solutions of the ions of the metals present on a printed circuit
board, based on the average concentration reported in the
literature. This method did not evaluate the joint influence of
the concentration of metals with the boards’ other components,
such as glass fiber and resin. Since there is no defined method,
there are also no restrictions in relation to exploring the capacity
of some microorganisms to change the substrate, one example
of this is that Haghshenas et al. [3] studied bacterial adaptation
using different concentrations of ores, while Lewis et al. [23] did
this by means of gradually increasing vehicle scrap.

The common point in all the studies is that bacterial
adaptation does indeed increase the microorganism’s capacity to
tolerate the presence of different elements foreign to its medium
of origin, and for this reason the addition of comminuted printed
circuit boards to the system inoculated with the bacteria without
prior bacterial adaptation causes the death of the bacterial
population due to the toxicity that the comminuted material
produces in the bacterial environment.

It is still not yet clearly defined which of the materials
(metals, glass fiber, resin and ceramic materials among others)
that make up the printed circuit boards cause this toxicity or
even whether it is the combination of a few of them, however,
no differences were observed in the bacterial adaptation process
using different types of printed circuit boards (PCB-Ps and PCB-
Cs), which suggests that the different compositions observed in
the characterization (Table 1 & 2) did not influence the process.

It should also be stressed that the pulp density of 15gL* at
which the bacteria was already adapted was obtained by means
of the adaptation process with PCB-Cs. The continuation of the
process, starting off at this pulp density that had previously been
studied, is what introduced PCB-Ps in parallel for comparison
purposes.

The results obtained from the bacterial adaptation process
allow us to assume that although the composition did not
have any influence, there is a maximum pulp density that can
be achieved with the bacterial adaptation process, with it not
having been possible to increase this by maintaining the same
study conditions (rotation, temperature, pH, culture medium,
inoculum volume, type of culture), making the bioleaching
environment become saturated by solubilized metals.

Bioleaching trials

Initially, it was planned to carry out a bioleaching trial
each time that the pulp density increased by 10gL?, starting
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off from 15gL?, so that bioleaching trials would evaluate the
pulp densities of 15gL?, 25gL?, 35gL* and so on, however, the
adaptation process only went up to a pulp density of 28.5gL?,
therefore, the results presented in Table 3 in relation to final
copper extraction are from the trials that were carried out with
pulp densities of 15gL?, 25gL* and 28.5gL.

Table 3: Final copper extraction obtained on bioleaching experiments

using adapted bacteria to pulp density of 15g L', 25g L' and 28.5g L'
of PCB-P and PCB-C.

Copper Extraction (%)

Pulp density PCB-P PCB-C
15g L 99% 99%
25g L 87% 85%

28.5g L! 64% 52%

Legend: PCB-P: Printed Circuit Board from Printers; PCB-C: Printed
Circuit Boards from Computers.

As can be observed in Table 3, the copper extraction
obtained at the pulp density of 15gL?, as expected, achieved
the same percentage extraction result as was obtained in a
previous study carried out, and which served as a basis for this
study, including using the PCB-Ps, with which the bacteria had
not come in contact before, as a substrate. Both types of printed
circuit boards evaluated achieved 99% copper extraction after
a 15-day trial. This fact corroborates the fact that the difference
in the composition of the two types of printed circuit boards did
not have any influence over the extraction of copper, and that,
once adapted to a type of substrate, the bacteria can support
variations without any negative impact on its metabolic activity,
provided that the variations are related to the concentration and
not to the composition [24].

The printed circuit boards are constructed from layers of
glass fiber interwoven with layers of copper, on top of which
are inserted the electronic components, which add ceramic,
polymeric and metallic materials to the boards’ composition,
[25], and although the concentrations vary in accordance with
the type of board, the age and origin of the boards, other types of
materials are not normally used [22]. In the trial using the pulp
density of 25gL* after the bacterial adaptation showed tolerance
to this pulp density, the extraction of copper after a 15-day trial
was 87% for the PCB-Ps and 85% for the PCB-Cs [26].

In a study carried out previously, without the continuation of
the bacterial adaptation process starting off at 15gL?, different
pulp densities were studied for the purpose of evaluating the
influence of the increase in the pulp density on the bioleaching
of metals. This study noted that the increase in the pulp density
reduced the solubilization of the metals present in the printed
circuit boards, extracting roughly 70% of the copper when the
pulp density of 30gL* of PCB-C was studied. This shows that the
bacterial adaptation is an important process which is capable of
increasing the extraction of copper under the same conditions
[27].

When increasing the pulp density to 28.5gL?, a significant
decrease was observed in the extraction of copper from both
types of printed circuit boards, despite the bacteria having
shown tolerance at this pulp density during the bacterial
adaptation process. This may have occurred due to the bacterial
metabolic capacity being under a borderline stress condition,
given that at a higher pulp density (30gL), the bacteria did not
exhibit tolerance.

The time that elapsed between the study that was carried
out with bacteria adapted to 15gL™' and the continuation of the
adaptation process was one of roughly 11months. During this
period, various subcultures were carried out, merely in order
to keep the adapted bacteria alive. It can be inferred that the
natural selection process to which the bacteria are subjected
with each subculture, makes them increasingly resistant, and
therefore, the longer that subcultures are made with the same
pulp density the greater the subsequent populations’ tolerance
acquired by natural selection.

When the adaptation process was resumed, the time between
new subcultures with greater pulp densities was one of roughly
2weeks and despite the fact that the bacterial population having
shown itself resistant to pulp densities of up to 28.5gL, little
time elapsed so that new more adapted bacterial populations
were naturally selected through further subcultures.

Conclusion

The continuation of the adaptation process of the LR strain
of the A. ferrooxidans bacteria to the presence of two types
of printed circuit boards (outdated printers and computers),
starting off from 15gL?, increased the bacterial tolerance and
consequently the extraction percentage of copper after a 15-
day trial. The results showed that the types of printed circuit
boards studied had no significant influence over the bacterial
adaptation process and the bioleaching of the copper [28].

The results suggest that bacterial adaptation should be
a continuous process and that various subcultures may be
carried out after each adaptation cycle, with the aim that the
new bacterial populations are selected naturally resulting in an
increase in the extraction percentage of copper.
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