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Abstract

Electronic waste (E-Waste) is consumed at high speed in the world. These residues contain metals that increase their price
each year, generating new research on the ability of microorganisms to recover the metals from these wastes. Therefore, this
work evaluated the biologic lixiviation of Cu, Ag and Au from printed circuit boards (PCB) of mobile phones by three strains
of Aspergillus niger, Candida orthopsilosis, Sphingomonas sp. and their respective consortia, in addition to leaching with
citric acid. The microorganisms were cultured in mineral media with 0.5 g of PCB, and the treatments with 1M citric acid
were added the same amount of PCB. All treatments were incubated for 35 days at room temperature. The results showed
that Sphingomonas sp. MXB8 and the consortium of C. orthopsilosis MXL20 and A. niger MXPEG6 can increase their dry
biomass by 147% and 126%, respectively, in the presence of PCB. In the bioleaching of metals, the inoculation of A. niger
MXPESG, the consortium of Sphingomonas sp. MXB8/C. orthopsilosis MXL20 and Sphingomonas sp. MXB8 leached 54%,
44.2% and 35.8% of Ag. The consortium of A. niger MX5 and A. niger MXPEG6 showed a leaching of 0.53% of Au. A. niger
MXS leaching 2.8% Cu. Citric acid increased Cu leaching by 280% compared to treatments inoculated with microorganisms.
Although further research is required, A. niger MXPEG6 and the consortium of Sphingomonas sp. MXB8/C. orthopsilosis
MXL20 could be an alternative to recover Ag from PCB of mobile phones.

Introduction

The Electrical and Electronic Equipment (EEE) has been
consumed at high speed in the world, shortening the life of
such devices [14, 20] and generated a lot of Waste Electri-
cal and Electronic Equipment (WEEE). Within this rubbish
we find the mobile telephones which are in greater abun-
dance due to the technological advance [33]. An important
component of obsolete mobile phones is the printed circuit
board (PCB), which represents 3 to 6% of the equipment and
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consists of non-metallic parts such as polymers and ceram-
ics, as well as metal parts such as copper (Cu), silver (Ag)
and gold (Au) [28, 39]. Within PCB, Cu is 13%, while Ag is
0.134% and Au is 0.0035% [29]. These metals are obtained
from sources considered as non-renewable resources [9,
25] and in recent years it has increased its price due to the
low mining production and the increase in the demand of
important consumers like China and India. These countries
acquire large tons of Cu, Ag and Au for the production of
electronic equipment [22, 38]. These metals are also used
in the automotive and aeronautical industries because of
their high electrical and thermal conductivity [1]. Within
the electronics industry, Cu is used as a conductive material
in electrical cables, current bars and coil wires, whereas Au
and Ag are used as contact surfaces in PCB boards [6, 43].

The extraction of these metals in the mining industry
involves the removal of large amounts of soil and the use
of hydrometallurgical and pyrometallurgical techniques that
generate pollutant residues that damage the environment
[40]. Secondary sources are currently being sought for the
recovery of these metals, such as electronic waste, but the
techniques used for their extraction are hydrometallurgical
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and pyrometallurgical on an industrial scale or by primi-
tive techniques [17]. Hydrometallurgical processes con-
sist mainly of acid or alkaline leaching with H,SO,, H,0,,
HNO;, NaOH and HCI of WEEE [41]. Moreover, pyromet-
allurgical processes consist of the incineration and casting
of electronic waste at more than 1200 °C, this processing has
become in the last two decades a traditional method for the
recovery of metals [10].

Therefore, investigations have been initiated to discover
the ability of microorganisms to recover metals from elec-
tronic waste, finding that bacteria such as Thiobacillus
thiooxidans and ferrooxidans, Acidithiobacillus thiooxidans
and Sulfobacillus thermosulfidooxidans in consortium with
acidophilic bacteria are able to leach Cu in a 90, 89 and 60%
from PCB [7, 16, 18]. In the case of filamentous fungi, few
investigations have been reported, some of the most impor-
tant are Aspergillus niger and Penicillium simplicissimum
reported for their ability to leach 65% Cu from WEEE. In
the case of Aspergillus niger, its leaching capacity is attrib-
uted to the production of organic acids (citric acid, gluconic
acid and oxalic acid) [7, 32]. While for Au, Acidithiobacil-
lus ferrivorans, Acidithiobacillus thiooxidans, Pseudomonas
fluorescens and Pseudomonas putida were able to leach
44% of this metal from PCB of mobile phones and com-
puters [19]. With regard to Ag, there are few reports of the
ability of microorganisms to leach this metal from PCB of
electronic waste. On the other hand, the strains of A. niger
MXPEG6 and MX7 have been reported as tolerant to AuCl,
and their consortium has recovered 87% of Au from PCB of
cell phones in a culture medium with 50 g L™! of glucose
and pH 4.4 [23]. Unpublished data show that A. niger MX5
and C. orthopsilosis MXL20 have been tolerant to AuCls,
and A. niger MX5, MXPE6, MX7 and Sphingomonas sp.
MXB8 have shown tolerance to Ag,SO,. Highlighting the
capacity of Sphingomonas sp. MXB8 to form an Ag mirror
when grown with Ag,SO, and the ability of C. orthopsilosis
MXL20 to form precipitates when grown with AuCl;. Due
to the above, the objective of this work is to evaluate the
biological lixiviation of Cu, Au and Ag from mobile phone’s
PCB by three strains of Aspergillus niger MX5, MXPEG6 and
MX7, Sphingomonas sp., Candida orthopsilosis, microbial
consortia and the leaching of citric acid.

Materials and Methods

Collection and Acid Digestion of PCB of Mobile’s
Phone

For this investigation, the obsolete mobile phones were col-
lected in Xalapa City (Veracruz State, México). After, were
dismantled for the removal of the printed circuit boards.
These cards of PCB were dismantled, cut and milled in a

blender (Waring ®) obtaining a particle size of 0.594 mm
(59.4 pm). The PCB powder (0.5 g) was digested with 20 mL.
of concentrated HNO; (J.T. Baker, 66.2%) in heating plates
at 83 °C for 2 h to quantify Cu and Ag. While the Au digests
were made with 20 mL of aqua regia (3:1 HCI/HNO,) to
108 °C for 2 h. In both procedures, each digested solution
was filtered through Whatman No. 50 filter paper, and raised
to 50 mL with deionized water in volumetric flasks. Finally,
dissolved samples were analyzed in an Optical Emission
Spectrometer ICP-OES (Varian ® Mod. 725-ES). The analy-
sis of Cu, Au and Ag in the optical emission spectrometer,
calibration curves were made with standards for ICP-OES
(Sigma-Aldrich®). Samples were read at 213.59 nm for Cu,
242.795 nm for Au and 328.068 nm for Ag.

Microorganisms

Sphingomonas sp. MXBS, Candida orthopsilosis MXL20,

Aspergillus niger MX7 and MX5 were isolated from metal-
contaminated soil around a landfill located at Tronconal,
Xalapa, Veracruz, México, where the deposition of battery
waste, computers and printed circuit boards was evidenced.
While A. niger MXPE6 was isolated from an electronic
board from the same soil at the same location.

Identification of Microorganisms

The extraction of DNA from the microbial strains was car-
ried out using the method of Wilson et al. [35] modified. The
integrity of genetic material was observed on a 1% agarose
gel, in which 10 pL of each sample plus 4 uL of Green-DNA
dye ™ from Biobasic were loaded. The gel was runat 75 V
for 30 min and the 100 bp ladder was used. For the PCR
reaction of the bacteria, primers 3A and 5B (16S rDNA)
were used, obtaining a good quality of amplicons, visualized
on a 1.5% agarose gel in which 5 pL of sample was loaded
along with 1 pL of Green-DNA dye ™ from Biobasic. While
for the case of fungi, the ITS1 and ITS4 primers were used,
obtaining a good quality of amplicons. The PCR products
were purified with the phenol—chloroform technique [42].
The purified products (40 ng) were sent for sequencing to the
Microbial Genetic Resources Laboratory (CNRG-INIFAP)
in Guadalajara, México. The sequences were edited with
different bioinformatics tools (BioEdit, ClustalX, Seaview,
MEGAG®6) and on the BLAST platform for the assignment of
identities where percentages were considered higher than
97% identity for a species level and 95% to 96% for gender.

Culture Conditions
Three filamentous fungi: Aspergillus niger MXS, Aspergil-

lus niger MXPEG6 and Aspergillus niger MX7 which were
cultivated in Petri dishes with Potato Dextrose Agar (DB
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Bioxon®). After 5 days of growth, the fungi were cut into
6 mm discs, then 3 discs of the corresponding fungus were
inoculated into each respective tube with 25 mL of a mineral
medium containing 20 g of Dextrose, 1.5 g of (NH,),SO,,
0.5 g KH,PO,, 0.025 g MgCl,, and 0.1 g CaCl, with a pH of
5.0. Sphingomonas sp. MXB8 and yeast Candida orthopsi-
losis MXL20 were grown on Nutrition Agar (DB Bioxon®)
and after 5 days of growth a microbial suspension with a
concentration of 1x 10® colony forming units (CFU) was
prepared according to the Mcfarland scale. Subsequently,
2 mL of each suspension was inoculated into each tube with
25 mL of mineral medium containing 20 g of Dextrose,
1.5 g of (NH,),SO,, 0.5 of NaH,PO,, 0.1 g of MgCl,, 0.1 g
of CaCl,, with a pH of 5.8. In the case of the microbial
consortiums mentioned in Table 1, 25 mL of the mineral
medium used for fungi with pH=15.0 was used. A disc of
each respective fungus was inoculated for fungal consortia,
while for bacteria/fungus consortia, 1 mL of the bacteria or
yeast and a disc of the filamentous fungus were inoculated.
To the treatments with electronic residue 0.5 g of PCB pow-
der of mobile phones were added and inoculated with the
respective microorganism. While the biotic controls were not
added PCB powder and inoculated with the corresponding
microorganisms, the abiotic controls were added 0.5 g of
PCB powder and were not inoculated. All treatments had
three replicates and were incubated for 35 days at room tem-
perature (17 to 24 °C).

Leaching with Citric Acid

To 50 mL plastic tubes were added 25 mL of 1 M citric
acid, 0.5 g of PCB mobile phone powder was added to the
treatments with electronic residue and controls of these
experiments were not added to PCB powder. All treatments
remained static for 35 days at room temperature (17 to
24 °C).

Table 1 Microbial consortia used in the in vitro test

Microbial consortium

Sphingomonas sp. MXB8 + Candida orthopsilosis MXL20
Sphingomonas sp. MXB8 + Aspergillus niger MX5
Sphingomonas sp. MXB8 + Aspergillus niger MXPE6
Sphingomonas sp. MXB8 + Aspergillus niger MX7
Candida orthopsilosis MXL20+ Aspergillus niger MX5
Candida orthopsilosis MXL20 + Aspergillus niger MXPE6
Candida orthopsilosis MXL20+ Aspergillus niger MX7
Aspergillus niger MXPE6 + Aspergillus niger MX7
Aspergillus niger MX5 + Aspergillus niger MXPE6
Aspergillus niger MX5 + Aspergillus niger MX7

Aspergillus niger MXS5 + Aspergillus niger MXPE6 + Aspergillus
niger MX7

@ Springer

Evaluated Parameters

After the incubation period, the biomass of Sphingomonas
sp. MXB8 and Candida orthopsilosis MXL20, were centri-
fuged at 3200 rpm for 10 min. Subsequently, the supernatant
was removed and the biomass was dried at 50 °C for 72 h.
On the other hand, treatments inoculated with Aspergillus
niger MXS5, Aspergillus niger MXPEG6 and Aspergillus niger
MX7 were filtered under vacuum to separate the mycelium
from the fungi and the procedure described above was fol-
lowed for the drying of the biomass. The microbial con-
sortiums were filtered under vacuum and then centrifuged
at 3200 rpm for 10 min, the biomass obtained was dried at
50 °C for 72 h. The supernatants obtained from each treat-
ment were used to determine the pH and quantify Cu, Au
and Ag in an ICP-OES optical emission spectrometer (Var-
ian ® Mod. 725-ES).

Experimental Design and Statistical Analysis

In the analysis of metals were used a 17 X 3 factorial experi-
ment was set in a completely randomized design, including
seventeen levels of treatments and three levels of metals. The
resulting fifty one treatments had three replicates. While for
dry biomass and pH, it was used a 16 X 2 factorial experi-
ment was set in a completely randomized design, including
sixteen levels of microbial treatments and two levels with
PCB and without PCB. The resulting thirty two treatments
had three replicates. Data were analyzed using an analysis
of variance, and the mean comparison test (Tukey, «=0.05)
using the SAS statistical program [37].

Results

According to the results obtained in the total quantification
of the study metals, a higher amount of Cu (Table 2) was
observed in printed circuit boards of mobile phones. On the
other hand, the statistical analyzes of the treatments inocu-
lated with microorganisms presented significant differences
(P<0.001) in their dry biomass with and without PCB.
Most treatments inoculated with microorganisms increased
their biomass at 35 days of exposure to mobile phone PCB
dust. Sphingomonas sp. MXBS8 in mineral medium with

Table 2 Metal percentage on

. A PCB mobile phone Amount
0.5 g of printed circuit boards of Metal type of metal
mobile phones %)
Cu 22.58
Au 8.76
Ag 3.04
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PCB increased its biomass by 147%, the consortium of
C. orthopsilosis MXL20/A. niger MXPE®6, as well as the
consortium of C. orthopsilosis MXL20/A. niger MXP5 in
the presence of PCB increased their dry biomass by 126
and 96%, respectively, when comparing this biomass with
their corresponding treatments without PCB (biotic con-
trol). However, the presence of the electronic residue in
the treatments inoculated with the consortium of A. niger
MXS5/A. niger MX7 and the consortium of C. orthopsilosis
MXL20/A. niger MX7 decreased their dry biomass to 69 and
52%, respectively, comparing it with their respective biotic
controls (Fig. 1).

Regarding pH, all treatments remained at pH below 7.0.
However, the presence of the microorganisms acidified
the mineral medium in treatments with and without PCB
compared to abiotic control (treatments not inoculated with
microorganisms). The inoculation of A. niger MX7 acidified
the mineral medium by up to 61% in both PCB containing
treatments and those without PCB (biotic control). On the
other hand, the consortium of C. orthopsilosis MXL20/A.
niger MXPESG in the presence of electronic waste alkalized
the medium by 8.8% compared to the abiotic control that did
not exceed pH=26.5 (Fig. 2).

Regarding the bioleaching of metals, the results showed
significant differences (P <0.001) between treatments
inoculated with the study microorganisms and their con-
sortium. The best results were presented for Ag, in which
the inoculation of A. niger MXPEG6, leached 54% of said
metal. On the other hand, with the inoculation of the

consortium of Sphingomonas sp. MXB8/C. orthopsilosis
MXL20 an Ag leaching of 44.2% was observed. Mean-
while the PCB powder was in contact with Sphingomonas
sp. MXBS, this bacterium had the ability to leach 35.8%
Ag (Fig. 3).

For the case of the Au, it is important to mention
that individual inoculation and in consortia of A. niger
strains showed a higher leaching of this precious metal.
Emphasizing that the presence of the consortia of A. niger
MXS5/A. niger MXPEG6, A. niger MXPEG6/A. niger MX7
and the single inoculation of A. niger MXPE6 showed
the highest Au leaching in percentages of 0.53, 0.43 and
0.43%, respectively. Finally the results obtained for the
Cu indicate that the presence of A. niger MXS5 in the cul-
ture medium with PCB mobile phone powder was able
to leach 2.8%, this indicates that the inoculation of this
fungus increased 6.5 times the Cu leaching with respect
to abiotic control. While the consortium of Sphingomonas
sp. MXBS8/C. orthopsilosis MXL20 and A. niger MX5/A.
niger MXPEG6 had a leaching of 1 and 0.9%, respectively.
The inoculation of these consortia to the culture medium
with PCB powder increased the leaching 2.5-fold with
respect to their abiotic control (Fig. 4).

The treatment with citric acid and PCB powder pre-
sented significant differences (P <0.001), with respect to
the treatments inoculated with microorganisms and PCB
powder, finding that the presence of the citric acid leached
8% Cu and 16% Ag (Fig. 5). The treatment with citric acid
and PCB powder presented a pH of 3.6, while the treat-
ment without PCB powder showed a pH of 3.4.
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Fig. 1 Microbial dry biomass after 35 days with and without PCB of mobile phones (Media + standard error, n=3)
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Fig.3 Microbial leaching of Ag after 35 days in contact with mobile phone PCB (Mean + standard error, n=3)

Discussion

With respect to the results of the amount of metals in the
printed circuit board of mobile phones, several authors
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have reported that Cu is one of the metals found in most of
these devices, while Au and Ag are found in small amounts
[10, 29, 42]. On the other hand, it has been reported that
some microorganisms affect their growth when grown with
WEEE, due to the variability of metals and components
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Fig.4 Microbial leaching of Cu and Au after 35 days in contact with mobile phone PCB (Mean + standard error, n=3)
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Fig.5 Leaching of Ag, Au and Cu with citric acid after 35 days in
contact with cell phone PCB (Mean + standard error, n=3)

present in these residues [7]. It has been reported that met-
als such as Ga, Ge, V, Sc, La, Eu and Yb have a negative
effect on the growth of some strains of A. niger, which
decreases the production of biomass [31].The decrease of
dry biomass in the A. niger MX7 strain in consortium with
A. niger MXS5 and C. orthopsilosis MXL20 respectively
has already been reported by [23]. On the other hand, this
same author reports an increase of the dry biomass of A.
niger MXPE6 exposed to PCB of mobile phones, which
is in agreement with the results obtained in this research
for the consortium of A. niger MXPEG6/C. orthopsilosis
MXL20. In relation to the increase of the dry biomass of
Sphingomonas sp. MXB8 [18]. observed that the bacteria
Sulfobacillus thermosulfidooxidans and acidophilus bac-
teria (A1TSB) increased their biomass and improved their
bioleaching when grown with PCB.

For the case of the consortia of C. orthopsilosis MXL20
with the strain of A. niger MXPE6 and A. niger MX7
increased the pH of the mineral medium as compared to the
control. Some reports mention that Chromobacterium viola-
ceum presents this same mechanism, in which the pH of the
mineral medium is increased when being cultivated at pulp
densities of electronic residues of 0.5% since they generate
extracellular alkaline metabolites. However, at higher pulp
densities of electronic waste (4%) the pH decreases because
of the toxic and inhibitory effect on the microorganism [27],
as observed in most treatments.

With regard to the recovery of Ag from electronic
waste the reports are very scarce and as was observed in
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this work A. niger MXS5, the consortium of Sphingomonas
sp. MXBB8/C. orthopsilosis MXL20 and Sphingomonas
sp. MXB8 presented the highest leaching of this metal. A.
niger has the ability to leach up to 98% of Ag and other
metals from solder residues for 60 h, because it produces
citric acid [15]. In the case of bacteria, it has been reported
that low concentrations of Ag inhibit its growth, however,
Pseudomonas plecoglossicida can leach 5% Ag from waste
jewelry (286 mg L™') [8]. Another Pseudomonas able to
leach Ag (33%) from PCB pulp (10 g L™!) is P. balearica
SAEI grown in medium with glycine (5 g L™"), pH 9.0 and
at a temperature of 30 °C, to induce the production of cya-
nide [21]. The bioleaching obtained for Sphingomonas sp.
MXBS in this investigation it is a relevant fact, because it
has been reported that 15 pg L™! of Ag inhibits the growth
of this bacterial genus [13]. In addition, the effect of WEEE
on Sphingomonas sp. MXB8 and its potential to leach
metals from these residues has not been reported, but the
tolerance and accumulation of metals (Cu, Ni, Pb and Zn)
from mining waste by some bacteria of this genus has been
reported [2]. In addition, it has been reported that Sphin-
gomonas sp. MXBS it is able to degrade a great variety of
aromatic hydrocarbons, which shows its ability to grow
and adapt in contaminated environments [5]. In the case of
Au, it was found that the strains of A. niger are the ones
that show the greatest recovery of this metal, in compari-
son with the microorganisms and consortiums tested. This
coincides with that reported for A. niger MXPE6 in in PCB
of cellular telephones, where a bioleaching of 40% of Au
is obtained [23]. While the low efficiency in bioleaching
by C. orthopsilosis MXL20 and Sphingomonas sp. MXB8
is not widely discussed because of the limited information
available. Among the microorganisms capable of recover-
ing Au from electronic waste is C. violaceum, a bacterium
capable of producing cyanide when grown in culture media
with glycine, which allows it to form complexes with this
metal, recovering up to 63% Au from PCB of cell phones
[26]. Another bacterium with the capacity to leach Au from
PCB of computers pre-treated is Bacillus megaterium, which
recovers up to 63% Au [4].

The efficiency of bioleaching of Cu depends on the con-
centration of electronic waste, microorganisms and pH, an
example of how these factors affect, is reported for the bacte-
rium C. violaceum, which presents a low Cu leaching when
it is cultivated with high concentrations of PCB and pH
between 6 and 7 [26, 27]. The production of organic acids
metabolized by microorganisms also influences Cu leach-
ing. For example, heterotrophic microorganisms (fungi) at
an optimum pH (2.0) are more effective for Cu leaching pre-
sent in WEEE compared to leaching of sulfuric acid gener-
ated by the bacterium Acidithiobacillus [34]. It has also been
reported that A. niger is one of the filamentous fungi that
presents high percentages (56 to 97%) of Cu bioleaching,
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and mention that this fungus produces organic acids (oxalic
or citric) that helps to leach the metals [3, 24, 32]. It has
been reported that to obtain higher percentages of Cu from
PCB, two bioleaching treatments are required [30].

On the other hand, the leaching obtained by the citric
acid for Ag was lower in comparison with the bioleaching
obtained by the microorganisms. It has been documented
that the leaching of Ag, Sn and Cu with NaOH, NaCl and
H,S in solder residues is lower compared to the bioleaching
of A. niger and Acidithiobacillus ferrooxidans [15]. In the
case of Cu the leaching increased 280% using citric acid
compared to the bioleaching by A. niger MXS5. The use of
acids is widely reported for the leaching of metals, in the
case of PCB it is mentioned that [Bmim] HSO, (1-Butyl-
3-methylimidazolium Hydrogen Sulfate) recovers 100% of
Cu and the efficiency of leaching of Cu depends of the con-
centration that is used of this substance. Particle size plays
an important role, since the smaller the particle size, the
less Cu leaching [11]. In addition, citric acid in combination
with H,0, has the capacity to recover metals from secondary
sources, since it has been observed that it can leach up to
96.4% of V present in spent catalysts [12]. It has also been
reported that for Co and Zn, the citric acid produced by
Aspergillus niger presents higher percentages of leaching
than commercial citric acid [36].The above shows that the
efficiency in the recovery of metals between chemical leach-
ing and biological leaching depends on the metal, the metal
matrix and the study conditions.

Conclusions

The excessive generation of electronic waste makes it nec-
essary to search for environmentally friendly technologies
to recover metals from WEEE, so knowing the response
of microorganisms and microbial consortiums grown with
WEEE is increasingly important for to be able to develop
useful technologies that can solve this problem. Each con-
tribution provides information for future research, in this
context the present research shows that the majority of the
microbial consortiums employed did not show favorable
results (high percentages of recovery) for the bioleaching of
Ag, Au and Cu from the PCB, under the tested conditions.
Highlighting the bioleaching of the consortiums formed by
Sphingomonas sp. MXBS8/C. ortopsilosis MXL20 for Ag, A.
niger MXS +A. niger MX7 for Au and A. niger MX5 +A.
niger MXPE6 + A. niger MX7 for Cu. Also, Sphingomonas
sp. MXBS8 shows an excellent potential for the bioleaching
of Ag. While citric acid showed higher bioleaching for Cu.
Which indicates that the chemical leaching as well as the
biological leaching for PCB of cellular telephones depends
on physicochemical factors (metallic species, amount of
electronic waste, type of electronic waste, pH, temperature,
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among others). Finally, the bioleaching of metals from PCB
by the microorganisms studied was carried out without
agitation and at room temperature, which involves a lower
energy consumption than that of other reports. Although
more research is required, microorganisms and their con-
sortia can undoubtedly be an alternative for the bioleaching
of Ag, Au and Cu from electronic waste.
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