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PCBs are mainly treated by pyrometallurgy to recover valuable metals. However
pyrometallurgy is high energy-cost process and due to presence of plastics in PCBs causes the
emission of toxic compounds. Therefore, the development of environmentally friendly, cost- and
energy-efficient new processes for efficient metal recovery from PCBs is of particular important.
From this point of view bioleaching is considered as a novel promising approach for metal
mobilization from various secondary raw materials and wastes. Bioleaching experiments were
performed using Leptospirillum ferriphilum CC in the following modes: PCBs were added
simultaneously with inoculum, after 24 and 48 hours of cultivation of in order to enhance
efficiency of copper recovery. From data obtained it can be concluded that optimal condition for
copper recovery is the set of experiment when PCBs were added simultaneously with inoculation
of L. ferriphillum CC. The maximum rate of dissolution of copper (0.120 g/L h) was observed in
this mode of the experiment. Besides both the higher dissolution rate and larger amount of copper
is observed at 2.5 % of PD.

Printed circuit board (PCBs) — bioleaching — Leptospirillum ferriphilum — copper recovery

Swwaghp nwywwnwhitwyubpp (SSS-PCB) hhulwywunwd Jwyynd BU hpwdGwmwnip-
ghwywu Gnwuwyny' wpdtpwynp dGwmwnubpp yepwywuqubine hwdwn: Uwywit® hpwdGunw-
inLpghwl pwpap Eubpghw- W dwhiuwwnwp gnpépupwg £ L PCB-UGpnud wiwuwmhyh wnlw-
JnLrjwl wwwndwnny wnwewglnid E pnilwynp Jhwgnipintuubph wpwnwubnnud: Nwunh EYn-
Inghwwbu Jwpnip, ng Swhuuwwmwp W EuGpguwwpnyniuwytbn Uunp gnpdpupwgltbph Jwynidp
PCB-Utphg UGwnwnubph wpnnibwdbn yepwlywuqudwl hwdwp hwnuwwbu Yupunp B Wu
wnGuwuyjntuhg YGuuwwnmwppwineéndp hwdwnpynd £ npwtu Unp fununnduwihg dninbgnid®
tnwpptp Gpypnpnwywu hndpbphg W pwthnuubphg UGnwnuEph Ynpquwl hwdwn: YELuwwnwnp-
pwinddwl thnpébpu hpwywuwgyt| Gu Leptospirillum ferriphilum CC-h Yppwndwdp hGnbjw|
nwppGpwyubpny. PCB-UEpU wyblwgytb) GU pwywnbphwy Ynpinnipwih Ubpdniddwl hbn Jhw-
dwdwuwy, Yniinnipwih wokgnudhg 24 W 48 d hGnn® ynuéh yepwywugudwl wpnynibwybunnt-
rInLtup pwpépwglbint bywwnwyny: Unwgdwéd nydjwiubphg Ywpbih £ Ggpuywgub), np wnuéh
ynpguwl hwdwp (wdwgnuyl wwpptpwyp PCB-Utph wybiwgnudu £ L. ferriphillum CC-p
UEpwnyUwl htn Jhwdwdwluwy: ®npéh wyju nwpptpwynd Uywwnytb £ wynudh nmwppwinuddwu
wnwybiwagniu wpwagniejntup (0,120 g/ d): Cun npnud wynuéh nwppwintddwl wdGlwpwpén
wpwagnipintup W ynpqwé wnudh wnwybjwagnylu pwlwynipintup nhinygbp U wwywpwhujniup
2.5% hunnipjwl (PD) nbwpntu:

Swwaqpn nwwinwpunwly (SSS - PCB) — Y&liuwwnwppwynidned — Leptospirillum ferriphilum —
wnléh 4ynpgnid
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IMeyarnsie mrater (III1) B ocHOBHOM 00pabaTHIBAIOTCS HMHPOMETALIYPIHEH U H3B-
JIeYeHUs LeHHBIX MeTayuioB. OJHAKO NHUPOMETAILTYPTHS SBISIETCS BBICOKOHEPTOEMKHM IIpO-
LECCOM M H3-3a MpHUCYTCTBHUA miacTMacc B [II1 BbI3BIBaeT BBIAENCHHE TOKCHYHBIX COEIMHEHMH.
ITosToMy pa3paboTka SKOTOTHUECKH YHCTBIX, SKOHOMHYHBIX M 3HEProd((eKTUBHBIX HOBBIX
npoueccoB 3¢ pekTHBHOrO U3BIedeHns: MetaiuioB u3 111 umeer ocoboe 3HadeHue. C 3TOit TOUKH
3peHuss OHOBBINIETaYNBAHUE PACCMATPUBACTCSl KaK HOBBIM MEPCHEKTHBHBIN MOIX0J K MOOH-
JIM3aIMN METAJUIOB M3 Pa3IMYHOTO BTOPUYHOTO CHIPHS M OTXOHOB. DKCHEPUMEHTHI 110 OHOBBIIIE-
JaYUBaHHIO OpoBOAMIM ¢ npuMeHenueM Leptospirillum ferriphilum CC B crenyromux pexumax:
[I1 moGaBis OJHOBPEMEHHO C HMHOKYJIATOM, depe3 24 u 48 9acoB KyJIbTUBHPOBAHUS IS
MIOBBIIICHUS 3()(EKTUBHOCTH U3BJICUCHUS MeU. V3 TIOJTy4eHHBIX JaHHBIX MOKHO CIEaTh BEIBOJ,
YTO ONTHMAJIBHBIM YCIOBHEM M3BIICUECHHS MEIH SIBJISETCS MIOCTAHOBKA OMbITa, koraa [T BHocmn
onHoBpemenHo ¢ uHOKyssuuen L. ferriphillum CC. Ilpu stom pexume 3KcriepuMeHTa HAGIIIO-
Jajach MakcuManbHas ckopocTh pactBopenuss meau (0,120 r/m u). Ilpmuem, Gonee BbIcokas
CKOPOCTh PACTBOPEHUSI U HaMOOIbIIEE KOJNMYECTBO M3BIECUECHHS MeAW Habmomamuchk npu 2,5%

I,

Ieuamuwie naamet (I111) — 6uosviyenauusanue — Leptospirillum ferriphilum —
uzeneuenue meou

The Waste Electronic and electrical equipments (WEEE) constitutes the 8% of
the total municipal waste, and it continues to increase by 4-5 % every year [9]. There are
four main sources of WEEE: small/large home appliances, hospital medical equipment,
office machines, and industrial equipment/machines.

The PCBs are the main part of WEEE, and constitute the 3-5% of the WEEE
amount [5, 13]. PCBs are composed by 20 % Cu, 5 % Al, 1% Ni, 1.5 % Pb, 2 % Zn, 3 %
Sn (w/w) with 250 ppm Au, 1000 ppm Ag and 110 Pd [1, 5, 9, 10, 13]. Recycling of
PCBs is of both environmental and economic importance. The disposal of PCBs can
result in release of potentially toxic elements into water and soil, causing food chain
toxicity risks [14]. On the other hand PCBs could be secondary source for valuable
metals: Cu, Zn, Al, Ni, Au etc.

PCBs are mainly treated by pyrometallurgy to recover valuable metals but some
of them such as aluminum, iron and precious metals, are lost in the slag during this
operation [4]. Besides, pyrometallurgy is high energy-cost process. Moreover, the
presence of plastics in PCBs causes the emission of toxic dioxins and other compounds.
Therefore, the development of cost- and energy-efficient new processes for efficient
metal recovery from PCBs is of particular important.

From this point of view biohydrometallurgy is very promising technology. Well-
known commercial application of biohydrometallurgy to process mineral ores is
bioleaching [3]. In comparison with conventional pyrometallurgy, this biological
approach is more cost efficient, simpler and environmentally friendly. Bioleaching is
based on the ability of microorganisms, bacteria or fungi, to produce leaching agents. In
particular, acidophilic autotrophic microorganisms can oxidize metal sulfides (direct
mechanism) [6] and ferrous iron to ferric iron, a strong oxidative agent or elemental
sulfur to sulfuric acid thus producing leaching agents (indirect mechanism) [11]. So,
compared to chemical treatment, in case of bioleaching the necessary reagents for metal
recovery are biologically produced that implies obvious advantages both for the process
economics and environmental impact in terms of carbon emissions.

In fact, bioleaching today is considered as a novel approach for metal
mobilization from various secondary raw materials and wastes. In the literature, some
studies deal with the use of bioleaching for the treatment of spent PCBs by acidophilic
microorganisms [2, 7, 8]. The use of such microorganisms, which are mainly iron and
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sulfur-oxidizing bacteria, allows the extraction of various metals such as Cu, Ni and Zn.
Although the mechanisms are not completely known, the following main reactions may
occur:

nl:e3+ + MO chemical nl:e2+ + M (1)

4Fez+ + 02 + 4H* biological 4Fe3++ 2H20 (2)

The published literature data have revealed that leaching of PCBs is inhibited by
metal ions released. Therefore, the toxicity of metal ions is considered as a key factor
which limits pulp density and leaching efficiency [2]. To overcome such issues,
staggering the production of the lixiviant and addition of the materials in a two-step
process has been suggested.

The aim of this work is to carry out comparative studies of one-stage and two-
stage processes of treatment of PCB, representing direct and indirect bioleaching
mechanisms, in terms of effectiveness of recovery of copper.

Materials and methods. Preparation of PCBs. In this work the multi-layer printed circuit
boards originating mainly from discarded laptops were used. The PCB samples were cut by
scissors into pieces (1.5 x 1 cm) which were further used in the experiments. Before bioleaching,
the existing passive layer (green solder mask) of the PCBs was removed by boiling the fragmented
PCBs in 10 % NaOH for 15 minutes. Afterwards, the samples were thoroughly washed with
distilled water, dried and preserved for bioleaching. Pretreatment of PCBs before bioleaching can
be described by the following scheme (fig.1).

PC

Mechanical
) . shredding . -
PCB’s collection After chemical pretreatment (boiling

in NaOH solution for 15 minutes)
S .

_,»I ;:\

Fig. 1. View of shredded PCBs after: dismantling and components removal (a),
being cut (b) and chemical pretreatment (c)

Culture growth and lixiviant preparation. Leptosprillum ferriphilum CC (OMZ272948)
was grown at 40°C in a MAC medium containing 44.2 g/L. FeSO4 X 7H20. For bioleaching of
PCBs culture liquid obtained after cultivation of L. ferriphilum CC in MAC medium for 4-5 days
was used as lixiviant. Cells number was determined by direct counting under a microscope (Optica
B-810, Italy) using a Thoma Chamber. The initial cell number for L. ferriphilum CC was 2.5 x 107
cells/mL.

Bioleaching. Bioleaching of PCBs was performed using iron oxidizing bacteria L.
ferriphilum CC in the following modes:

PCBs were added:
simultaneously with inoculation (direct mechanism),
after 24 hours of cultivation of L. ferriphilum CC,
after 48 hours of cultivation of L. ferriphilum CC.

Bioleaching experiments were performed in 250 mL Erlenmeyer flasks placed on an
orbital shaker-incubator (Biosan, Latvia) run at 170 rpm and temperature of 40°C. Tests were
performed at pulp densities (PD) of 5, 10, 15% PCBs with pH of the lixiviant adjusted to 1.5 using
a 10 N H2SO.a.
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Chemical analysis. Copper concentration in leaching solution after bioleaching was
determined by atomic absorption spectrometry (AAS). Concentrations of Fe3* and Fe** were
determined by the complexometric method with EDTA. The calculation of metal recovery has
followed equation 1.

MR (%) = L0 g

mxCMs
where MR is metal recovery, %
CMI — concentration of leached metal in the pregnant leaching solution (PLS), %
CMs — metal concentration in the input solid, %
m — mass of used PCBs, g
100 — volume of the leachate inside the flasks, mL.

The redox potential was measured with an oxidation/reduction potentials (ORP) electrode
met BNC-connector (Pt/Ag/AgCl) of Hi2211-01 Benchtop pH/mV Meter (SevenExcellece,
Mettler Toledo). pH was determined with a Hi2211-01 Benchtop pH/mV Meter equipped with an
Ag/AgCI electrode.

All experiments were performed in triplicate. The data presented here are the average
values from the repeated experiments with 2% variation.

Results and Discussion. Bioleaching of PCBs was performed using iron
oxidizing bacteria L. ferriphilum CC, isolated in Armenia from bioleaching pulp of
copper concentrate [12].

Addition of PCB to flasks, containing 7.1g/L Fe?* simultaneously with inoculum
of L. ferriphilum CC (version 1) resulted in 86,7, 38.0 and 0.1 % copper bioleaching for
48 hours at 2.5, 5.0, and 7.5 % pulp density (PD), respectively. For 72 h copper recovery
from PCBs increased up to 100, 56 and 1.15 % at PD of 2.5, 5.0, and 7.5 %,
respectively. During 96 hours copper recovery from PCBs reached to 86.4% and 5.0 %
at PD of 5.0, and 7.5 %, respectively (fig 2).

10 - 120 -
—h—2.50% m2.50% m5,0% m7.50%
g ] —m-50% 100 -
7.50% 80
= 67 N
)] . 60
- 4] g
3 40
2 1 20
0 — 0 -
1} 24 48 72 96 Hours 0 24 48 72 96 168 Hours

Fig. 2. Bioleaching of copper from PCBs by iron oxidizing bacteria. PCBs were added simultaneously with
inoculation of L. ferriphilum (Fe?* - 7.1g/L, initial pH 1.5, Eh- 420mV, t - 37°C, 170 rpm)

During bioleaching of PCBs pH of the solution increased from 1.5 to pH 2.4, 2.5
and 3.1 at 2.5, 5.0 and 7.5% of PD. Respectively. Oxidation reduction potential (ORP) of
leaching solution decreased from 420 mV to 357, 350 and 341 mV at 2.5, 5.0 and 7.5 %
PD, respectively. At 7.5% PD, ORP decreases to 290 mV for 120 hours of PCBs treating
process.

Addition of PCB in flasks after 24 hours cultivation of L. ferriphilum CC (version
2) resulted in 36.2, 8.6 and 2.68 % of copper dissolution for 48 h at 2.5, 5.0 and 7.5 %
PD, respectively. For 72 hours copper bioleaching increased up to 54.5, 20.7 and 5.0 %
at 2.5, 5.0, and 7.5 % of solid concentrations, respectively and only within 144 h, copper
bioextraction reached significant values of 100, 93 and 64 % respectively (fig.3).
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Maximum rates of copper extraction were 0.12, 0.096 and 0.007g/l h at 2.5, 5.0
and 7.5 PD, respectively.

—8=2.50% 5% —8=7.50% m250% ®5% m7.50%

Cu, g/LL
—
T N

0 24 48 72 Hours 0 24 48 72 144 Hours

Fig. 3. PCBs were added after 24 hours of cultivation of L. ferriphilum CC
(Fe?* - 7.1g/L, pH 1.5, Eh- 420mV, t - 37°C, 170 rpm)

During bioleaching of copper pH of the leaching medium increased from 1.5 to
pH 2.0-2.2 and changes in medium properties occur as the result of oxidation of ferrous
iron to ferric iron by bacteria according to reaction:

2FeSO4 + 1/20, + H,SOs — Fep (504)3 + H,0

Thus, oxidation of ferrous iron is an acid consumption process and resulted in
increase of pH of the medium.

The ORP of the medium is determined by the ratio of Fe®'/ Fe**. As copper
dissolves, the potential of the medium decreases from 420 mV to 336-360 mV
depending on PD, which can be explained by the reaction:

Fez (SO4)3 + Cu® ——5 2FeSO, + CuSO,

14 b 120 -

12 m2.50% m5.00% m7.50% 100 =2.50% m5.00% m7.50%
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I 5 60 4
5 - : ¥ 40
= g I

4 1 s

2 20 A

0 0 T .

0 24 48 120 Hours 0 24 48 120 Hours

Fig. 4. PCBs were added after 48 hours of cultivation of L. ferriphilum CC
(Fe?* - 7.1g/L, pH 1.5, Eh- 420mV, t - 37°C, 170 rpm)

The addition of PCBs after 48 h of cultivation of L. ferriphilum CC (version 3)
for the next 48 hours led to dissolution of 67.4, 10 and 39% copper at 2.5, 5.0 and 7.5%
PD, respectively. Copper bioleaching reached 100, 54.5 and 89.5% within 120 h at 2.5,
5.0, and 7.5% PD, respectively (fig.4).
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It is obvious that compared to the first version, in this version significantly
increase in the extraction of copper observed at 5.0 and 7.5% of PD (fig.4).
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Fig.5. Comparative bioleaching of copper during 48 hours at different modes of setting
up the experiment: a) Immediately, b) after 24 h c) after 48 h of cultivation of L.
ferriphilum (Fe* - 7.1g/L, pH 1.5, Eh- 420mV, t - 37°C, 170 rpm)
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Fig. 6. Bioleaching of copper during 72 h with different modes of setting up the experiment:
a) Immediately, b) after 24 h of cultivation of L. ferriphilum,
(Fe?" - 7.1g/L, pH 1.5, Eh- 420mV, t - 37°C, 170 rpm)

Thus summarizing data obtained for 48 (fig.5) and 72 (Fig.6) hours of
bioleaching of copper from PCBs at different mode of setting experiment it can be
concluded that optimal condition for copper extraction is observed at the set of
experiment when PCBs are added simultaneously with inoculation of L. ferriphillum CC.
The maximum rate of dissolution of copper (0.120 g/L h) in this mode was higher
compared with version 2 (0.096g/l h) and version 3 (0.007 g/L h). At this set of
experiment both the higher dissolution rate and larger amount of copper is observed at
2.5% of PD.

Funding: This research was funded by the Science Committee of the Republic of
Armenia, in the frames of the research project no 21T-1F124.
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