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Abstract: The growing production and use of electric and electronic components has led to higher rates
of metal consumption and waste generation. To solve this double criticality, the old linear management
method (in which a product becomes waste to dispose), has evolved towards a circular approach.
Printed circuit boards (PCBs) are the brains of many electronic devices. At the end of their life, this
equipment represents a valuable scrap for the content of base metals such as Cu and Zn (25 and 2 wt %,
respectively) and precious metals such as Au, Ag, and Pd (250, 1000, and 110 ppm, respectively).
Recently, biotechnological approaches have gained increasing prominence in PCB exploitation since
they can be more cost-efficient and environmentally friendly than the chemical techniques. In this
context, the present paper describes a sustainable process which uses the fungal strain Aspergillus niger
for Cu and Zn extraction from PCBs. The best conditions identified were PCB addition after 14 days,
Fe3+ as oxidant agent, and a pulp density of 2.5% (w/v). Extraction efficiencies of 60% and 40% for Cu
and Zn, respectively, were achieved after 21 days of fermentation. The ecodesign of the process was
further enhanced by using milk whey as substrate for the fungal growth and the consequent citric acid
production, which was selected as a bioleaching agent.

Keywords: printed circuit boards; biotechnologies; circular economy; Aspergillus niger; copper; zinc;
food waste

1. Introduction

In recent years, the production of electrical and electronic equipment (EEE) has substantially increased
with the development of science and technology [1,2]. At the same time, the average lifetime of electronic
products has also been drastically reduced (to around 2 years), resulting in a massive generation of waste
from electrical and electronic equipment (WEEE) (around 44.7 million tons in 2016) [3,4]. Printed circuit
boards (PCBs) represent about 3–5% of the total WEEE collected every year [5]. They are composed of
metals (around 40 wt %), ceramics (around 30 wt %), and plastics (about 30 wt %) [3,6–9]. The metal fraction
includes 20% Cu, 5% Al, 1% Ni, 1.5% Pb, 2% Zn, and 3% Sn (w/w) [2,4,10,11]. The presence of considerable
amounts of metals represents a very critical issue for their possible release into the environment in
the case of incorrect management [12]. Nevertheless, this aspect also represents an opportunity for a
transition towards a circular approach following the principle “resource–product–regenerated resource”,
where the waste is converted into a resource (urban mining) [13,14]. The most conventional options used by
industries to extract metals from PCBs are pyrometallurgy and hydrometallurgy [6,15]. Pyrometallurgical
approaches produce pollutant emissions (dioxins and furans), and they usually involve high operation
costs. Hydrometallurgy is a low energy-cost process which needs large amounts of chemical agents.
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Alternatively, biohydrometallurgy is often simple, environmentally friendly, and economical, responding to
the sustainability principles essential for the development of a circular economy [15–17].

Several studies have described metal extraction from PCBs using bacteria, mainly Leptospirillum
ferrooxidans, Acidithiobacillus thiooxidans, A. ferrooxidans, and Sulfobacillus thermosulfidooxidans, principally for
the recovery of Cu and other metals such as Zn, Sn, Pb, and Ni [18–30]; Chromobacterium violaceum,
Pseudomonas fluorescens, and Bacillus megaterium have also been used for Au recovery [31–35]. On the
other hand, fungal bioleaching has several advantages since fungi show a greater ability to tolerate
toxic materials, a faster leaching action than bacteria, and the ability to grow in both alkaline and acidic
mediums [36]. Penicillium simplissimum, P. chrysogenum, and Aspergillus niger are the most common
eukaryotic microorganisms used for metal leaching from different solid residues such as electronic
scraps [10,15,20,36], contaminated soil [37], spent catalyst [38–40], flay ash [41–43], and red mud [44,45].
Citric, oxalic, and gluconic acids are the organic acids produced in the highest quantities by A. niger
and are used for waste exploitation [37,46,47]. In detail, bioleaching with A. niger uses PCBs [10,20] or
batteries [15,36] as substrate for metal extractions. High leaching efficiencies of 60% and 100% for Cu and
Zn, respectively, were achieved after 21 days of fermentation with low pulp density of 0.1–0.5% (w/v).

Considering the current end-of-life PCB availability and the relevant content of Cu and Zn,
the present paper aims to improve the sustainability of the process compared to the current state of the
art. The possibility to increase the quantity of treated PCBs makes the treatment more attractive for
stakeholders and suitable for industrial scale-up. Many conditions were investigated, including the
possible inclusion of food industry waste as fungal growth substrate to improve the environmental
sustainability of the treatment.

2. Materials and Methods

2.1. Preparation of Waste Printed Circuit Boards (PCBs)

PCBs used in this paper were obtained from computer devices. They were shredded by stainless
steel blades and pliers after manually removing the main parts of electronic components (e.g., capacitors,
batteries, and resistors). Finally, the residue was crushed to obtain a granulometry smaller than 0.5 mm,
suitable for the bioleaching experiments. The metal fraction was separated from the plastic and flame
retardants by density and the PCB powder was washed with NaCl-saturated water. The resulting PCBs
had mean metal concentrations of 25% Cu and 2% Zn.

2.2. Microorganisms and Inoculum

Fungal microorganisms, classified as A. niger, were isolated in the laboratory from environmental
samples. The inoculation of fungi was carried out inside sterile Petri dishes with a diameter of 100 mm
in YPD broth (10 g/L yeast extract (Y), 20 g/L peptone (P), and 20 g/L D-glucose (D)), where 1.5% agar
was added. The medium, before being used, was stirred and heated to 60 ◦C to achieve a homogeneous
amber color and subsequently autoclaved. Finally, 100 mg/L of antibiotic (rifampicin) was added.
The inoculated plates were incubated at room temperature for about 7–10 days. One-milliliter aliquots
of the prepared inoculums were inoculated to 100 mL of the glucose medium. The glucose medium was
prepared with the following composition: solution A was composed of 2.5 g of (NH4)2SO4, 0.25 g of
MgSO4·7H2O, and 0.025 g of KH2PO4 dissolved in 450 mL of distilled water; solution B was composed
of 1 g of yeast in 50 mL of distilled water; solution C was composed of 150 g of D-glucose dissolved in
500 mL of distilled water; and solution D was composed of 1 g/L ZnSO4·7H2O, 0.05 g/L MnSO4·H2O,
and 0.1 g/L FeSO4·7H2O. The solutions A, B, and C were mixed and autoclaved, and 1 mL of the
solution D was added to the resulting solution. The pH of solution was adjusted to 6.5 in the first day
and readjusted to pH 3 during the bioleaching experiments. The bioleaching tests were carried out in
250 mL Erlenmeyer flasks which were incubated at 30 ◦C and shaken at 120 rpm. Each treatment was
performed in duplicate. The pH was recorded by a pH meter inoLab Multi 720 (WTW).
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2.3. Bioleaching Experiments

The bioleaching processes were conducted to verify the effect of two factors: the PCB addition
at different fermentation times and the addition of two oxidant agents (Fe3+ or Mn7+). The first
factor was monitored by adding PCBs at three different times: at the beginning, after 7 days, or after
14 days of fermentation. The bioleaching process was carried out for 7 days after the PCB addition.
In the case of PCB addition at the beginning, the longest time of 14 days allowed the fungal growth
and acid production. The pH of medium was continuously monitored and readjusted to 3 using
a 2 M NaOH solution. The second factor (the oxidant agent) was tested by adding Fe3+ (40.67 g/L
of Fe2(SO4)3) or Mn7+ (6.14 g/L of KMnO4) simultaneously with the PCB addition at all tested
conditions. The Fe3+ and Mn7+ amounts were determined by stoichiometric ratio with Cu, following
Equations (1) and (2) [8,48,49]:

Cu0 + 2 Fe3+
→ Cu2+ + 2 Fe2+ (1)

5 Cu0 + 2 Mn7+
→ 5 Cu2+ + 2 Mn2+ (2)

The PCB concentration in bioleaching experiments was 2.5% (w/v). At regular time intervals, both citric
acid production (2, 7, 14, and 21 days) and metal concentration (2, 4, 7, 10, 14, 16, 18, and 21 days)
were monitored.

A chemical control test was carried out at the same bioleaching conditions to confirm the effect
of the citric acid with or without oxidant agents. The operative conditions were PCB concentration
2.5% (w/v), pH 3.0, 30 ◦C, and 7 days. The citric acid concentration chosen was the same as that of the
organic acid produced by A. niger in the bioleaching experiments (15 g/L), and the same amounts of
Fe3+ and Mn7+ were used.

Additional tests were carried out to test the possibility of producing citric acid using an alternative
carbon source to reduce the environmental load due to the glucose consumption for the fungal growth.
Two kinds of agriculture and food residues were used, olive wastewater and milk whey (a cheese production
residue). Both kinds of waste were used without or with an ozonation pretreatment (30 min and a flux
of 7 gO3/L·h). The choice of these residues was due to their high COD content (around 150 g COD/L).
Furthermore, these waste flows represent a relevant management problem in the Mediterranean area [50,51].
Their use allows for the solution of a double problem by decreasing the consumption of raw materials
and the reducing the amount of food waste disposed, in agreement with the circular economy pillars.

2.4. Analytical Determination

The concentrations of Fe (Fe3+ and Fe2+), Mn2+, Zn2+, and Cu2+ were periodically analyzed in
the leaching solutions. The concentrations of Mn, Zn, and Cu were measured by an atomic absorption
spectrophotometer (Techcomp, AA6000). On the other hand, the quantification of the Fe content was
performed by a UV/VIS spectrophotometer by the colorimetric thiocyanate method (Jasco Model 7850).
The total Fe concentration was determined by oxidizing Fe2+ to Fe3+ with potassium permanganate,
and consequently the Fe2+ concentration was calculated as the difference between total Fe and Fe3+

concentrations. The concentration of citric acid produced by A. niger in the medium was quantified by
the Water HPLC instrument.

2.5. Statistical Analysis

In order to verify the effect of oxidant agents (Fe3+ or Mn7+) and the best time for both PCB and
oxidant agent addition (at the beginning, after 7 days of fermentation, or after 14 days of fermentation),
a two-way analysis of variance (ANOVA) was carried out. When significant differences were observed,
an SNK post hoc comparison test (α = 0.05) was also performed. An additional statistical analysis was
also conducted aimed at confirming the leaching role of both citric acid and oxidant agent.
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3. Results

3.1. Bioleaching Experiments

Figure 1 shows the Cu and Zn leaching profiles in the bioleaching tests with PCBs. These results
demonstrated that the leaching efficiency for both Cu and Zn increased when the PCBs and oxidant
agent were added 14 days after the beginning of fermentation. This was achieved thanks to the highest
citric acid production by A. niger when PCBs/oxidant agent were added at the end of fungal metabolism
(Figure 2). In detail, the citric acid reached the concentration of 13.8 ± 4.5 g/L at these conditions,
even though 0.033 ± 0.002 and 1.6 ± 0.7 g/L of citric acid were produced when PCBs and oxidant agent
were added at the beginning of fermentation and after 7 days after the start of fermentation starting,
respectively. The lowest citric acid production by A. niger was due to both the metal toxicity and the
PCB inhibition on fungal metabolism due to the high substrate concentration [5,10,20].
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Figure 1. Cu (a,c,e) and Zn (b,d,f) leaching efficiency time profile in the bioleaching tests with A. niger
and with the printed circuit boards (PCBs) and/or oxidant agent (ferric iron or potassium permanganate)
added at the beginning (a,b), after 7 days (c,d), or after 14 days (e,f) of the fermentation period.

The results proved the positive effect of Fe3+ as an oxidant agent, with an increase of both Cu and
Zn leaching (Figure 1). On the other hand, the Mn7+ were not relevant at all to the tested conditions.
In further detail, Cu leaching rose from 19.0 ± 0.2% when Fe3+ was added at the fermentation beginning
to 57.0 ± 3.0% when it was added after 14 days. The same trend was observed for Zn leaching efficiency,
from 5.6± 0.1% to 36.5± 4.8%. The highest recovery efficiency of PCBs and Fe3+ added after 14 days was
explained by the highest citric acid concentration, which increased the Fe dissolution from 10.6 ± 2.6%
to 60.5 ± 5.3% (Figure 3). Moreover, the Fe speciation demonstrated that the total dissolved Fe reacted
with PCB powder at the highest citric acid concentration [52]. Therefore, at the end of the experiment,
Fe was completely in the reduced form (Fe2+) due to the reaction with Cu and Zn (Equation (1)).
In the other tested conditions, around 50% of the dissolved Fe reacted with PCBs to leach metals.
The statistical analysis (ANOVA) confirmed the positive effects of both the PCB and the oxidative agent
(Fe3+) addition after 14 days with a P value lower than 0.05. The Fe3+ use produced an additional
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advantage. In the tests without Fe3+, the Zn leaching efficiency after 2 days decreased from 2.8 ± 0.5%,
10.3 ± 0.7%, and 51.5 ± 0.5% to around 0% when PCBs were added at the beginning, after 7 days,
or after 14 days of the fermentation period, respectively. Fe created a stable complex able to prevent
the Zn precipitation in oxalate form [53,54]; this was due to the oxalic acid present as a by-product of
citric acid synthesis by A. niger metabolism [36,46].Sustainability 2020, 12, x FOR PEER REVIEW 3 of 12 
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3.2. Chemical Controls and Statistical Analysis

To verify that both the Cu and Zn extractions were due to the citric acid produced by A. niger
and to the oxidant agent added (Fe3+ or Mn7+), chemical controls were carried out reproducing the
bioleaching conditions. The results in Figure 4 confirmed the positive effect of Fe3+ addition with final
yields of 59.4 ± 0.9% and 24.6 ± 5.0% for Cu and Zn, respectively. The statistical analysis, carried out to
compare the chemical results with the corresponding bioleaching ones, demonstrated that the results
were not statistically different, with a P value higher than 0.05 for both the metal targets (Table 1).
These results confirmed that the Cu and Zn leaching from PCBs were due to the concurrent effects of
citric acid and oxidant agent and excluded the possible effect of glucose or other organic acids (such as
oxalic or gluconic acid) produced by A. niger.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 12 
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Figure 4. Cu (a) and Zn (b) leaching efficiency in the chemical control carried out with citric acid (C.A.)
and oxidant agents (Fe3+ or Mn7+).

Table 1. The variance analysis comparing the chemical controls with the respective bioleaching experiments.

Treatment
Statistical Analysis (ANOVA)

df
Cu Zn

MS F P MS F P

C.A. 1 2.98 3.74 0.19 2.06 50.75 0.05

C.A.+Fe3+ 1 5.74 0.46 0.57 140.6 2.98 0.23

C.A.+Mn7+ 1 0.58 0.33 0.62 1.48 8.74 0.10

3.3. Citric Acid Production Using Alternative Carbon Sources

When food wastes (olive wastewater or milk whey) were used for the fungal growth, only 0.13 ± 0.01 g/L
of citric acid was produced (Figure 5). The main problems were the toxic effect of phenols on fungal
metabolism in the case of olive wastewater [55–57] and the low availability of lactose as a carbon source
for fungal metabolism in the milk whey experiment [58–62]. The additional pretreatment by ozonation
allowed reducing the concentration of phenols and decomposing lactose in a more available saccharide
such as glucose, galactose, or fructose. After the pretreatment step, A. niger produced around 6.1 ± 0.1 and
13.7 ± 4.4 g/L of citric acid after 14 fermentation days with olive wastewater and milk whey, respectively.
These quantities were enough to complete the leaching of the two metal targets. The decrease of the final
COD concentration in both food wastes simplified the final sludge management.
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4. Discussion and Conclusions

This work proposed a bioleaching process for metal extraction from end-of-life PCBs with A. niger.
The results prove the possibility to increase the treated PCB amount from 0.5% to 2.5% w/v without
Cu efficiency decrease [10,20]. The relevance of the proposed approach is confirmed by two main
reasons: (i) Cu is the main metal of interest in PCBs, after precious metals (Au and Pd). The economic
sustainability of its extraction from these scraps is also connected to its high concentration [4,7,63].
(ii) Cu is the main interferent in Au leaching; therefore, its previous extraction allows for a significant
increase of both efficiency and purity in the Au recovery [32,33,64]. The present paper represents
an example of success in the implementation of circular economy principles described by the New
European Circular Economy Action Plan [65]. Indeed, PCBs are included within the list of key products
in the documents (electronics and ICT). Furthermore, the biotechnological implementation allows the
substitution of hazardous chemicals to protect citizens and the environment. The chance to give value
to the waste (both PCBs and food waste for the citric acid production) pushes the market towards
the creation of a secondary raw materials market, while avoiding export to non-European countries,
in agreement with the modern circular policies. More comprehensively, the biotechnological approach
using the A. niger strain allowed the exploitation of end-of-life PCBs at a low temperature, reducing the
consumption of chemical agents. High efficiencies, around 60% and 40% for Cu and Zn, respectively,
were achieved at the best selected conditions: addition of PCBs and Fe3+ (oxidant agent) 14 days
after the start of fermentation (when A. niger reached the exponential growth phase and produced
the maximum amount of citric acid (around 15 g/L)), 30 ◦C, 7 days leaching time, and 2.5% (w/v)
PCB concentration. A further recovery process allows for the new metal’s placement on the market,
while avoiding the depletion of raw materials. Moreover, the environmental sustainability of the
treatment was enhanced by the use of food wastes (milk whey and olive wastewater) for A. niger
metabolism and was able to replace the glucose from primary sources, solving the criticalities connected
to their management.

Author Contributions: Conceptualization, A.B. and F.B.; methodology, A.B. and F.B.; software, A.B.; validation,
A.B. and D.K.; formal analysis, A.B. and G.M.; investigation, A.B., D.K., and G.M.; resources, F.B.; data curation,
A.B. and F.B.; writing—original draft preparation, A.B. and D.K.; writing—review and editing, A.B. and F.B.;
visualization, A.B. and G.M.; supervision, F.B.; project administration, F.B.; funding acquisition, F.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work has been carried out within a subcontract of the H2020-760792 FENIX Project. Part of
the work has been realized thanks to Doctorate exchange and Post-Doc within S.U.N.B.E.A.M. Project—Erasmus



Sustainability 2020, 12, 6482 8 of 10

Mundus Action 2-Strand 1. Part of the work has been realized within a PhD program funded by Fondazione
CARIVERONA. The authors are highly grateful to Marcello Centofanti for his support for the chemical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arshadi, M.; Mousavi, S.M. Multi-objective optimization of heavy metals bioleaching from discarded mobile
phone PCBs: Simultaneous Cu and Ni recovery using Acidithiobacillus ferrooxidans. Sep. Purif. Technol.
2015, 147, 210–219. [CrossRef]

2. Baldé, C.P.; Forti, V.; Gray, V.; Kuehr, R.; Stegmann, P. The Global E-waste Monitor 2017. Available online: https://
www.itu.int/en/ITU-D/Climate-Change/Pages/Global-E-waste-Monitor-2017.aspx (accessed on 11 August 2020).

3. Jadhav, C.H.H.; Su, U. Waste Printed Circuit Boards recycling: An extensive assessment of current status.
J. Clean. Prod. 2015, 94, 5–19. [CrossRef]

4. Kaya, M. Electronic Waste and Printed Circuit Board Recycling Technologies; Springer: Berlin, Germany, 2019.
[CrossRef]

5. Jadhav, C.H.H.; Su, U. RSC Advances leaching of metals from printed circuit board powder by an
Aspergillus niger culture supernatant and hydrogen peroxide. R. Soc. Chem. 2016, 6, 43442–43452. [CrossRef]

6. Rocchetti, L.; Amato, A.; Beolchini, F. Printed circuit board recycling: A patent review. J. Clean. Prod.
2018, 178, 814–832. [CrossRef]

7. Evangelopoulos, P.; Kantarelis, E.; Yang, W. Waste Electric and Electronic Equipment: Current Legislation,
Waste Management, and Recycling of Energy, Materials, and Feedstocks. Available online: https://www.scie
ncedirect.com/science/article/pii/B9780444642004000177 (accessed on 11 August 2020).

8. Zhang, L.; Xu, Z. A review of current progress of recycling technologies for metals from waste electrical and
electronic equipment. J. Clean. Prod. 2016, 127, 19–36. [CrossRef]

9. Vermes, an, H.; Tiuc, A.E.; Purcar, M. Advanced Recovery Techniques for Waste Materials from IT and
Telecommunication Equipment Printed Circuit Boards. Sustainability 2020, 12, 74. [CrossRef]

10. Faraji, F.; Golmohammadzadeh, R.; Rashchi, F. Fungal bioleaching of WPCBs using Aspergillus niger:
Observation, optimization and kinetics. J. Environ. Manag. 2018, 217, 775–787. [CrossRef]

11. Birloaga, I.; Vegliò, F. Study of multi-step hydrometallurgical methods to extract the valuable content of gold,
silver and copper from waste printed circuit boards. J. Environ. Chem. Eng. 2016, 4, 20–29. [CrossRef]

12. Xia, M.; Bao, P.; Liu, A.; Zhang, S.; Peng, T.; Shen, L.; Yu, R.; Wu, X.; Li, J.; Liu, Y.; et al. Isolation and
identification of Penicillium chrysogenum strain Y5 and its copper extraction characterization from waste
printed circuit boards. J. Biosci. Bioeng. 2018, 126, 78–87. [CrossRef]

13. D’Adamo, I.; Ferella, F.; Gastaldi, M.; Maggiore, F.; Rosa, P.; Terzi, S. Towards sustainable recycling processes:
Wasted printed circuit boards as a source of economic opportunities. Resour. Conserv. Recycl. 2019, 149,
455–467. [CrossRef]

14. Ljunggren Söderman, M.; André, H. Effects of circular measures on scarce metals in complex products–Case
studies of electrical and electronic equipment. Resour. Conserv. Recycl. 2019, 151, 104464. [CrossRef]

15. Kim, M.; Seo, J.; Choi, Y.; Kim, G. Bioleaching of spent Zn–Mn or Ni–Cd batteries by Aspergillus species.
Waste Manag. 2016, 51, 168–173. [CrossRef] [PubMed]

16. Jadhav, U.; Hocheng, H. Use of Aspergillus niger 34770 culture supernatant for tin metal removal. Corros. Sci.
2014, 82, 248–254. [CrossRef]

17. Beolchini, F.; Fonti, V.; Dell’Anno, A.; Rocchetti, L.; Vegliò, F. Assessment of biotechnological strategies for
the valorization of metal bearing wastes. Waste Manag. 2012, 32, 949–956. [CrossRef] [PubMed]

18. Arshadi, M.; Mousavi, S.M. Simultaneous recovery of Ni and Cu from computer-printed circuit boards using
bioleaching: Statistical evaluation and optimization. Bioresour. Technol. 2014, 174, 233–242. [CrossRef]

19. Yang, T.; Xu, Z.; Wen, J.; Yang, L. Factors influencing bioleaching copper from waste printed circuit boards by
Acidithiobacillus ferrooxidans. Hydrometallurgy 2009, 97, 29–32. [CrossRef]

20. Brandl, H.; Bosshard, R.; Wegmann, M. Computer-munching microbes: Metal leaching from electronic scrap
by bacteria and fungi. Hydrometallurgy 2001, 59, 319–326. [CrossRef]

21. Wang, J.; Bai, J.; Xu, J.; Liang, B. Bioleaching of metals from printed wire boards by Acidithiobacillus ferrooxidans
and Acidithiobacillus thiooxidans and their mixture. J. Hazard. Mater. 2009, 172, 1100–1105. [CrossRef]

http://dx.doi.org/10.1016/j.seppur.2015.04.020
https://www.itu.int/en/ITU-D/Climate-Change/Pages/Global-E-waste-Monitor-2017.aspx
https://www.itu.int/en/ITU-D/Climate-Change/Pages/Global-E-waste-Monitor-2017.aspx
http://dx.doi.org/10.1016/j.jclepro.2015.02.024
http://dx.doi.org/10.1007/978-3-030-26593-9
http://dx.doi.org/10.1039/C6RA04169H
http://dx.doi.org/10.1016/j.jclepro.2018.01.076
https://www.sciencedirect.com/science/article/pii/B9780444642004000177
https://www.sciencedirect.com/science/article/pii/B9780444642004000177
http://dx.doi.org/10.1016/j.jclepro.2016.04.004
http://dx.doi.org/10.3390/su12010074
http://dx.doi.org/10.1016/j.jenvman.2018.04.043
http://dx.doi.org/10.1016/j.jece.2015.11.021
http://dx.doi.org/10.1016/j.jbiosc.2018.02.001
http://dx.doi.org/10.1016/j.resconrec.2019.06.012
http://dx.doi.org/10.1016/j.resconrec.2019.104464
http://dx.doi.org/10.1016/j.wasman.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26584557
http://dx.doi.org/10.1016/j.corsci.2014.01.011
http://dx.doi.org/10.1016/j.wasman.2011.10.014
http://www.ncbi.nlm.nih.gov/pubmed/22088958
http://dx.doi.org/10.1016/j.biortech.2014.09.140
http://dx.doi.org/10.1016/j.hydromet.2008.12.011
http://dx.doi.org/10.1016/S0304-386X(00)00188-2
http://dx.doi.org/10.1016/j.jhazmat.2009.07.102


Sustainability 2020, 12, 6482 9 of 10

22. Lee, J.; Dhar, B. Bio-processing of solid wastes and secondary resources for metal extraction–A review.
Waste Manag. 2012, 32, 3–18. [CrossRef]

23. Işıldar, A.; van de Vossenberg, J.; Rene, E.R.; van Hullebusch, E.D.; Lens, P.N. Two-step bioleaching of copper
and gold from discarded printed circuit boards (PCB). Waste Manag. 2016, 57, 149–157. [CrossRef]

24. Hong, Y.; Valix, M. Bioleaching of electronic waste using acidophilic sulfur oxidising bacteria. J. Clean. Prod.
2014, 65, 465–472. [CrossRef]

25. Gu, W.; Bai, J.; Dai, J.; Zhang, C.; Yuan, W.; Wang, J.; Wang, P.; Zhao, X. Characterization of extreme acidophile
bacteria (Acidithiobacillus ferrooxidans) bioleaching copper from flexible PCB by ICP-AES. J. Spectrosc.
2014, 2014, 269351. [CrossRef]

26. Ilyas, S.; Lee, J.; Chi, R. Bioleaching of metals from electronic scrap and its potential for commercial
exploitation. Hydrometallurgy 2013, 131, 138–143. [CrossRef]

27. Rodrigues, M.L.M.; Leão, V.A.; Gomes, O.; Lambert, F.; Bastin, D.; Gaydardzhiev, S. Copper extraction from
coarsely ground printed circuit boards using moderate thermophilic bacteria in a rotating-drum reactor.
Waste Manag. 2015, 41, 148–158. [CrossRef]

28. Priya, A.; Hait, S. Extraction of metals from high grade waste printed circuit board by conventional and
hybrid bioleaching using Acidithiobacillus ferrooxidans. Hydrometallurgy 2018, 177, 132–139. [CrossRef]

29. Liang, G.; Tang, J.; Liu, W.; Zhou, Q. Optimizing mixed culture of two acidophiles to improve copper recovery
from printed circuit boards (PCBs). J. Hazard. Mater. 2013, 250, 238–245. [CrossRef]

30. Becci, A.; Amato, A.; Fonti, V.; Karaj, D.; Beolchini, F. An innovative biotechnology for metal recovery from
printed circuit boards. Resour. Conserv. Recycl. 2020, 153, 104549. [CrossRef]

31. Arshadi, M.; Mousavi, S.M. Enhancement of simultaneous gold and copper extraction from computer printed
circuit boards using Bacillus megaterium. Bioresour. Technol. 2015, 175, 315–324. [CrossRef]

32. Pradhan, J.K.; Kumar, S. Metals bioleaching from electronic waste by Chromobacterium violaceum and
Pseudomonads sp. Waste Manag. Res. 2012, 30, 1151–1159. [CrossRef]

33. Tay, S.B.; Natarajan, G.; Bin, M.N.; Rahim, A.; Tan, H.T.; Chung, M.C.M.; Ting, Y.P.; Yew, W.S. Enhancing gold
recovery from electronic waste via lixiviant metabolic engineering in Chromobacterium violaceum. Sci. Rep.
2013, 3, 2236. [CrossRef]

34. Pham, V.A.; Ting, Y.P. Gold bioleaching of electronic waste by cyanogenic bacteria and its enhancement with
Bio-Oxidation. Adv. Mater. Res. 2009, 71, 661–664. [CrossRef]

35. Chi, T.D.; Lee, J.; Pandey, B.D.; Yoo, K.; Jeong, J. Bioleaching of gold and copper from waste mobile phone
PCBs by using a cyanogenic bacterium. Miner. Eng. 2011, 24, 1219–1222. [CrossRef]

36. Horeh, N.B.; Mousavi, S.M.; Shojaosadati, S.A. Bioleaching of valuable metals from spent lithium-ion mobile
phone batteries using Aspergillus niger. J. Power Sources 2016, 320, 257–266. [CrossRef]

37. Ren, W.X.; Li, P.J.; Geng, Y.; Li, X.J. Biological leaching of heavy metals from a contaminated soil by
Aspergillus niger. J. Hazard. Mater. 2009, 167, 164–169. [CrossRef] [PubMed]

38. Aung, K.M.M.; Ting, Y.P. Bioleaching of spent fluid catalytic cracking catalyst using Aspergillus niger.
J. Biotechnol. 2005, 116, 159–170. [CrossRef] [PubMed]

39. Santhiya, D.; Ting, Y. Bioleaching of spent refinery processing catalyst using Aspergillus niger with high-yield
oxalic acid. J. Biotechnol. 2005, 116, 171–184. [CrossRef] [PubMed]

40. Santhiya, D.; Ting, Y. Use of adapted Aspergillus niger in the bioleaching of spent refinery processing catalyst.
J. Biotechnol. 2006, 121, 62–74. [CrossRef]

41. Rasoulnia, P.; Mousavi, S.M.; Rastegar, S.O.; Azargoshasb, H. Fungal leaching of valuable metals from a
power plant residual ash using Penicillium simplicissimum: Evaluation of thermal pretreatment and different
bioleaching methods. Waste Manag. 2016, 52, 309–317. [CrossRef]

42. Xu, T.; Ramanathan, T.; Ting, Y. Bioleaching of incineration fly ash by Aspergillus niger–precipitation of
metallic salt crystals and morphological alteration of the fungus. Biotechnol. Rep. 2014, 3, 8–14. [CrossRef]

43. Rasoulnia, P.; Mousavi, S.M. Maximization of organic acids production by Aspergillus niger in a bubble
column bioreactor for V and Ni recovery enhancement from power plant residual ash in spent-medium
bioleaching experiments. Bioresour. Technol. 2016, 216, 729–736. [CrossRef]

44. Vakilchap, F.; Mousavi, S.M.; Shojaosadati, S.A. Role of Aspergillus niger in recovery enhancement of valuable
metals from produced red mud in Bayer process. Bioresour. Technol. 2016, 218, 991–998. [CrossRef] [PubMed]

45. Qu, Y.; Lian, B.; Mo, B.; Liu, C. Bioleaching of heavy metals from red mud using Aspergillus niger.
Hydrometallurgy 2013, 136, 71–77. [CrossRef]

http://dx.doi.org/10.1016/j.wasman.2011.08.010
http://dx.doi.org/10.1016/j.wasman.2015.11.033
http://dx.doi.org/10.1016/j.jclepro.2013.08.043
http://dx.doi.org/10.1155/2014/269351
http://dx.doi.org/10.1016/j.hydromet.2012.11.010
http://dx.doi.org/10.1016/j.wasman.2015.04.001
http://dx.doi.org/10.1016/j.hydromet.2018.03.005
http://dx.doi.org/10.1016/j.jhazmat.2013.01.077
http://dx.doi.org/10.1016/j.resconrec.2019.104549
http://dx.doi.org/10.1016/j.biortech.2014.10.083
http://dx.doi.org/10.1177/0734242X12437565
http://dx.doi.org/10.1038/srep02236
http://dx.doi.org/10.4028/www.scientific.net/AMR.71-73.661
http://dx.doi.org/10.1016/j.mineng.2011.05.009
http://dx.doi.org/10.1016/j.jpowsour.2016.04.104
http://dx.doi.org/10.1016/j.jhazmat.2008.12.104
http://www.ncbi.nlm.nih.gov/pubmed/19232463
http://dx.doi.org/10.1016/j.jbiotec.2004.10.008
http://www.ncbi.nlm.nih.gov/pubmed/15664080
http://dx.doi.org/10.1016/j.jbiotec.2004.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15664081
http://dx.doi.org/10.1016/j.jbiotec.2005.07.002
http://dx.doi.org/10.1016/j.wasman.2016.04.004
http://dx.doi.org/10.1016/j.btre.2014.05.009
http://dx.doi.org/10.1016/j.biortech.2016.05.114
http://dx.doi.org/10.1016/j.biortech.2016.07.059
http://www.ncbi.nlm.nih.gov/pubmed/27450129
http://dx.doi.org/10.1016/j.hydromet.2013.03.006


Sustainability 2020, 12, 6482 10 of 10

46. Magnuson, J.K.; Lasure, L.L. Organic Acid Production by filamentous fungi. In Advances in Fungal Biotechnology
for Industry, Agriculture, and Medicine; Springer: Boston, MA, USA, 2004; pp. 307–340. [CrossRef]

47. Amato, A.; Becci, A.; Beolchini, F. Citric acid bioproduction: The technological innovation change.
Crit. Rev. Biotechnol. 2020, 40, 199–212. [CrossRef] [PubMed]

48. Becci, A.; Amato, A.; Rodríguez Maroto, J.M.; Beolchini, F. Prediction model for Cu chemical leaching from
printed circuit boards. Ind. Eng. Chem. Res. 2019, 58, 20585–20591. [CrossRef]

49. Cui, J.; Zhang, L. Metallurgical recovery of metals from electronic waste: A review. J. Hazard. Mater.
2008, 158, 228–256. [CrossRef]

50. Boukhoubza, F.; Jail, A.; Korchi, F.; Idrissi, L.L.; Hannache, H.; Duarte, J.C.; Hassani, L.; Nejmeddine, A.
Application of lime and calcium hypochlorite in the dephenolisation and discolouration of olive mill
wastewater. J. Environ. Manag. 2009, 91, 124–132. [CrossRef]

51. Hande Gursoy-Haksevenler, B.; Arslan-Alaton, I. Treatment of olive mill wastewater by chemical processes:
Effect of acid cracking pretreatment. Water Sci. Technol. 2014, 69, 1453. [CrossRef]

52. Choi, M.; Cho, K.; Kim, D.S.; Kim, D. Microbial recovery of copper from printed circuit boards of waste
computer by Acidithiobacillus ferrooxidans. J. Environ. Sci. Health Part A 2004, 39, 2973–2982. [CrossRef]

53. Amato, A.; Becci, A.; Beolchini, F. Sustainable recovery of Cu, Fe and Zn from end-of-life printed circuit
boards. Resour. Conserv. Recycl. 2020, 158, 104792. [CrossRef]

54. De Michelis, I.; Ferella, F.; Karakaya, E.; Beolchini, F.; Vegliò, F. Recovery of zinc and manganese from alkaline
and zinc-carbon spent batteries. J. Power Sources 2007, 172, 975–983. [CrossRef]

55. Öngen, G.; Güngör, G.; Kanberoglu, B. Decolourisation and dephenolisation potential of selected Aspergillus
section Nigri strains—Aspergillus tubingensis in olive mill wastewater. World J. Microbiol. Biotechnol. 2007, 23,
519–524. [CrossRef]

56. Hamdi, M.; Khadir, A.; Garcia, J. The use of Aspergillus niger for the bioconversion of olive mill wastewaters.
Appl. Microbiol. Biotechnol. 1991, 34, 828–831. [CrossRef]

57. Andreozzi, R.; Longo, G.; Majone, M.; Modesti, G. Integrated treatment of olive oil mill effluents (OME):
Study of ozonation coupled with anaerobic digestion. Water Res. 1998, 32, 2357–2364. [CrossRef]

58. Xu, D.; Madrid, C.; Rohr, M.; Kubicek, C. The influence of type and concentration of the carbon source
on production of citric acid by Aspergillus niger Ding-Bang. Appl. Microbiol. Biotechnol. 1989, 30, 553–558.
[CrossRef]

59. Rivas, B.; Torrado, A.; Torre, P.; Converti, A.; Domínguez, J.M. Submerged citric acid fermentation on orange
peel autohydrolysate. J. Agric. Food Chem. 2008, 56, 2380–2387. [CrossRef] [PubMed]

60. Singh, G.; Kaur, S.; Verma, M. Utilization of different agro-industrial wastes for sustainable bioproduction of
citric acid by Aspergillus niger. Biochem. Eng. J. 2011, 54, 83–92. [CrossRef]

61. Murad, A.E.H.; Khalaf, S.A.D. Citric acid production from whey with sugars and additives by Aspergillus niger.
Afr. J. Biotechnol. 2003, 2, 356–359. [CrossRef]

62. Santoro, R.; Cameselle, C.; Rodríguez-Couto, S.; Sanromán, Á. Influence of milk whey, nitrogen and
phosphorus concentration on oxalic acid production by Aspergillus niger. Bioprocess Eng. 1999, 20, 1–5.
[CrossRef]

63. Manjengwa, E.R. Evaluating the Economics of znd Business Models for Metal Recycling from Waste Printed
Circuit Boards in a South African Context. Ph.D. Thesis, Stellenbosch University, Stellenbosch, South Africa, 2019.

64. Natarajan, G.; Ting, Y. Chemosphere gold biorecovery from e-waste: An improved strategy through spent
medium leaching with pH modification. Chemosphere 2015, 136, 232–238. [CrossRef]

65. European Commission. A New Circular Economy Action Plan for a Cleaner and More Competitive Europe.
Available online: https://moderndiplomacy.eu/2020/03/17/a-new-circular-economy-action-plan-for-a-clean
er-and-more-competitive-europe/ (accessed on 11 August 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/978-1-4419-8859-1_12
http://dx.doi.org/10.1080/07388551.2019.1709799
http://www.ncbi.nlm.nih.gov/pubmed/31903797
http://dx.doi.org/10.1021/acs.iecr.9b04187
http://dx.doi.org/10.1016/j.jhazmat.2008.02.001
http://dx.doi.org/10.1016/j.jenvman.2009.07.004
http://dx.doi.org/10.2166/wst.2014.042
http://dx.doi.org/10.1081/LESA-200034763
http://dx.doi.org/10.1016/j.resconrec.2020.104792
http://dx.doi.org/10.1016/j.jpowsour.2007.04.092
http://dx.doi.org/10.1007/s11274-006-9254-x
http://dx.doi.org/10.1007/BF00169359
http://dx.doi.org/10.1016/S0043-1354(97)00440-5
http://dx.doi.org/10.1007/BF00255358
http://dx.doi.org/10.1021/jf073388r
http://www.ncbi.nlm.nih.gov/pubmed/18321055
http://dx.doi.org/10.1016/j.bej.2011.02.002
http://dx.doi.org/10.5897/AJB2003.000-1073
http://dx.doi.org/10.1007/PL00009032
http://dx.doi.org/10.1016/j.chemosphere.2015.05.046
https://moderndiplomacy.eu/2020/03/17/a-new-circular-economy-action-plan-for-a-cleaner-and-more-competitive-europe/
https://moderndiplomacy.eu/2020/03/17/a-new-circular-economy-action-plan-for-a-cleaner-and-more-competitive-europe/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of Waste Printed Circuit Boards (PCBs) 
	Microorganisms and Inoculum 
	Bioleaching Experiments 
	Analytical Determination 
	Statistical Analysis 

	Results 
	Bioleaching Experiments 
	Chemical Controls and Statistical Analysis 
	Citric Acid Production Using Alternative Carbon Sources 

	Discussion and Conclusions 
	References

