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The hydrometallurgical treatment, compared to other recycling processes, is of great interest due to its higher effi-
ciency and better economy. In hydrometallurgy, popular agents used in the leaching processes of e-waste include
inorganic acids, ammonia, chlorides, thiourea, thiosulphates. Organic acids are also becoming more and more pop-
ular. The article presents an overview of possible paths of the metal recovery from e-waste with the use of various
organic acids. The results of own research on the leaching of printed circuit boards with the use of organic acids
including citric acid, oxalic acid, acetic acid, formic acid, malic acid, lactic acid are also presented.
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INTRODUCTION

Continuous technological progress has been ob-
served for a long time, resulting in a con-stantly grow-
ing number of e-waste. Discarded printed circuit boards
(PCBs) that are part of most electronic devices, incl.
mobile phones and computers contain many metals, in
particular large amounts of copper [1]. Taking into ac-
count the growing demand for technological devices in
industrialized and developing countries, the priority is
the real need to recycle metals instead of extracting
them from ores [2]. Therefore, new and effective ways
of treating this waste and the re-use of recovered metals
are increasingly being sought. The interest in the hydro-
metallurgical treatment of waste electronic equipment
has increased in recent years due to its advantages [3].
Leaching electronic waste does not require the use of
complicated and expensive devices. The main problem
of hydrometallurgical processes is the high consump-
tion of chemicals that require further management [4].
Therefore, in recent years, research into the recovery of
valuable metals from waste has also focused on the use
of more environmentally friendly leaching liquids,
namely organic acids.

Organic acids are considered to be leaching media
that do not pollute the environment; they are ecological
and efficient, and can be used for the selective leaching of

M. Lisiniska, M. Saternus, T. Wojtal: Silesian University of Technology,
Faculty of Material Science, Katowice, Poland

B. Gajda: Czestochowa University of Technology, Czestochowa, Po-
land

S. Brozova: VSB - Technical University of Ostrava, Ostrava, Czech
Republic

M. Rzelewska-Piekut: Poznan University of Technology, Institute of
Chemical Technology and Engineering, Poznan, Poland
Corresponding author: magdalena.lisinska@polsl.pl.

METALURGIJA 61 (2022) 3-4, 609-612

metals [5-6]. Organic acids are biodegradable and the
waste generated in the leaching stage is easy to handle
[6-7]. Although some organic acids are more expensive
than inorganic acids, their use is still cost effective [8].
Organic acids are used to recover metals from electronic
waste, but research in this area is in the initial phase of
experiments and the number of publications is limited.
Possible mechanisms of metal dissolution are pre-
sented in works [9-10]. Organic acids dissolve metals
by supplying protons and ligands. They can dissolve the
metallic fractions of e-wastes by acidification and com-
plexation. Organic acid dissociates to donate H* for
proton-promoted dissolution process [9-10].

RCOOH +H,0 = RCOO~ +H,0" (1)

The reduction of protons generates hydrogen (Reac-
tion 2) and oxidizes the metal (Reaction 3) [9-10]:

2H,0" +2¢ - H, +2H,0 (2)
M — M* +2e” (3)

In a complexation mechanism, the ligands from or-
ganic acids, for example citrate (Cit) from citric acid,
forms stable complexes with metals present in PCBs
powder. The complexation reaction can increase the
solubility of metals in solution [9-10]:

nRCOO™ +M+1nH,0" —
(RCOO), M +nH,0 +%H2 4)

where: M - metal; R - organic substituent group.

This article presents an overview of research on the
recovery of metals from used printed circuit boards
with the use of organic acids and own research.
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REVIEW OF RESEARCH USING
ORGANIC ACIDS

The following organic acids were used to recovery
metals from PCBs and other electronic waste: citric
acid (C,H,0,) [9-14], oxalic acid (C,H,0,) [9, 12-13],
gluconic acid (C,H,,0,) [13], malic acid (C,H,0,) [9],
lactic acid (C,H,O,) [9]. In order to increase the leach-
ing efficiency, an additional oxidant was also used:
H,0, [9,14].

Das et al. [13] described the leaching of PCBs from
cell phones using inorganic acids, organic acids and
bases to select the best leaching agent for each metal
present in PCBs. The paper also presents the use of glu-
conic acid. For organic acid leaching (C,H,O,, C.H,,O,
and C,H,0,), the PCBs sample and the leaching agent
are mixed with a stirrer at 80 °C for 4-5 h. Among all the
tested organic acids, it was observed that C.H,O, has a
greater ability to extract Pb (1,01 %), Ni (0,73 %), Cu
(1,66 %) and Zn (0,28 %). C,H,0, has the highest abil-
ity to extract Fe (0,31 %).

Saidan et al. [9] presented the results of PCBs leach-
ing, where organic acids were used - C.H,O,, C,H.O,,
C,H,0,, C,H,0, and inorganic acid - H,SO,. Leaching
attempts in this study focused on dissolving metallic
copper. A sample with a diameter of 0,35 to 0,72 mm
was tested and it contained 34 % Cu, 1,3 % Sn, 0,75 %
Pb, 5,2 % Al and 2,8 % Fe. The experiments were car-
ried out at a temp. of 70 to 90 °C for 360 min. After 6 h
of leaching at 90 °C, pH = 2, a copper yield of 16,5 %
in citric acid, 11 % in malic acid, 4,5 % in oxalic acid,
12 % in lactic acid and 3 % in sulfuric acid was achieved.
By extending the leaching time to 33 h, pH = 1,7, a cop-
per yield of 94 % in citric acid was achieved.

Jadhav et al. [10] showed that the combination of
organic acid and H,O, was as effective in the leaching
of PCBs as the use of inorganic acids. The research ma-
terial in this work were pieces of PCBs from used com-
puters, with dimensions of 4 x 4 cm. C.H,O, with a con-
centration of 0,5-2 M was used as the leaching liquid, as
well as an additional oxidant - H,0, with a concentra-
tion of 1,45-7,28 %. The experiments were carried out
at temp. 30 to 60 °C for 4 h, under static conditions or
with agitation of 150 rpm. It has been found that the
presence of both C,H,O, and H,0O, together is essential
for the leaching of metals. This work presents the mech-
anism of metal dissolution with the use of organic acid
and H,0O,. Total recovery of metals (Cu, Zn, Sn, Ni, Pb,
Fe, Al, Ag, Pd, Au) was achieved by leaching one piece
of PCBs in 100 ml of 1 M citric acid and 5,83 % H,0O,
at 30 °C, within 4 h, under static conditions. The use of
large pieces of PCBs simplified the metal leaching pro-
cess compared to using a finer fraction of this material.

Jadhav et al. [14] developed a two-stage PCBs bi-
oleaching process using Aspergillus niger. The research
material was ground into a fine fraction of 0,299 mm.
The PCBs powder was also pre-treated with sodium hy-
droxide. In the first stage of the research, Aspergillus

610

I M. LISINSKA et al.: THE EFFECT OF ORGANIC ACIDS AS LEACHING AGENTS. .. |

niger fungi were grown to produce organic acid. After
10 days, Aspergillus niger had produced citric acid. In
the second step, the culture supernatant without fungal
cells was harvested and used for the metal leaching pro-
cess. This helps to avoid fungal toxicity and increase
the efficiency of the metal leaching process. The beaker
was incubated in a static incubator at temp. 30 °C. The
leach efficiency was increased by adding H,0, to (0,10
M) C.,H,O.. The best results were obtained with 3,18 %
H,O,. This resulted in a reduction in the process time
from 24 to 2 h with an increase in temp. from 30 to
80 °C and total leaching of all metals (Cu, Mg, Ti, Mn,
Zn, Sn, Ni, As, Sr, Cd, Co, Ag, Al, Si, Pb, Fe, Pd, Au).

Kolencik M. et al. [12] evaluated the effectiveness
of a one-stage e-waste bioleaching process with the use
of Aspergillus niger and leaching with oxalic acid and
citric acid. The e-waste used in this study consisted of
powdered parts from desktops and mobile phones. Prior
to (bio)leaching, the e-waste sample was sterilized in a
hot air oven at 60 °C for 24 h. The bioleaching perfor-
mance was compared to a 42 day leach with 0,05 M
C,H,0, and 0,05 M CH,O, at a solid solution ratio of
0,3 g/80ml, performed under the same conditions as the
bioleaching experiment. The best metal leaching effi-
ciency was achieved using 0,05 M C.,H,O, which
leached about 67,4 % Cu, 91,4 % Pb, 70,8 % Cd and
92 % Zn from e-waste. Similar results were obtained in
[11], where citric acid was also used. While the effi-
ciency of leaching Cu from e-waste was comparable to
that of fungus, the chemical leaching of Pb, Zn and Cd
was significantly higher with the use of 0,05 M C.H,O..
However, the acid extraction using 0,05 M C,H,0, was
much lower. C,H,0, was able to leach only 1,8 % Zn,
38,9 % Cd, 7,4 % Pb and 13,3 % Cu.

Wiecka et al. [15] used organic acid as a leaching
agents in the first step of leaching of spent automotive
converters in order to reduces the amount of non-pre-
cious metals (Fe ions, Mg(ll), Zn(Il)) leached in the
second stage. For platinum group metals (PGM) leach-
ing, it is necessary to use more stringent leach solutions.

EXPERIMANTAL METHODOLOGY

Printed circuit boards from used cell phones were
used as research material. They were dismantled manu-
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Figure 1 Scheme of leaching stand
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ally, individual elements of the phone were separated
from the PCBs. The plates were then cut into smaller
pieces and ground in a Retsch SK100 hammer mill to
obtain a fine fraction (4-0,045 mm). Figure 1 presents
the test stand. The conducted research is shown in the
Figure 2.

Mobile phones Printed circuit
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Figure 2 Scheme of the conducted research with organic
acids

The material prepared in this way was subjected to
leaching in 0,5 M organic acids - C.HO,, CH, O

6 87 2274
CH,COOH, CH,0,, C,H.O,, C,H,O, Tests were carried

out for a constant ratio of soIids? tcg5 Iiauids (S/L=1/4),
at ambient temperature (315 K). The trend was moni-
tored for 4 h. The metal content (Cu, Zn, Sn, Al) was
determined by microwave plasma atomic emission

spectroscopy (Agilent MP-AES 4200).

RESULTS OF RESEARCH

The results showed poor leaching of the copper with
all the acids used. Therefore, the results are not shown
in the chart. The highest obtained result was 0,04 %
(0,03 g/dm?®) for Cu with the use of malic acid after 4 h
of the experiment. Better results were obtained for Sn,
which is shown in Figure 3. Citric acid turned out to be
the best. When using citric acid, 26 % (1,16 g/dmq) of
tin was obtained after 3 h of the experiment and 23 %
(1,32 g/dm?®) after 4 h of the experiment. It is hard to
explain the slight decrease of 3 %. A slightly lower re-
sult of 17 % (0,81 g/dm®) was obtained after 4 h with
malic acid. When oxalic acid is used, the leaching in-
creases up to 2 h. After 2 h of the experiment, the result
was 18 % (0,68 g/dm?), in the following hours a slight
decrease was observed. After 4 h of the experiment,
13 % (0,65 g/dm?®) of tin was obtained. For malic acid
and lactic acid, the longer the leaching time, the greater
the degree of Sn leaching. For acetic acid and formic
acid, results were below 1 % tin, which are not shown in
the graph.

The effect of time on Zn leaching is observed. An
increase in Zn leaching is observed after 0,5 h. The
highest results, over 0,1 g/dm?, were obtained with cit-
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Figure 3 Tin concentration obtained after leaching of PCBs
waste in organic acid solution during 4 hour

ric acid, acetic acid, formic acid and lactic acid, where
the leaching degree was 9,64 %, 10,43 %, respectively,
10,90 %, 11,42 %. The results for Zn are shown in Fig-
ure 4. Most of the experiments and the acids used
showed a decrease in Zn leaching after 2 h. Only in the
case of malic acid a slight decrease occurs only after
3 h. It is difficult to explain this situation. Using oxalic
acid, no more than 2 % Zn was obtained during the en-
tire experiment.

After one hour of experiment, a sudden increase in
Al leaching is observed in oxalic acid. The best result
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Figure 4 Zinc concentration obtained after leaching of PCB
waste in organic acid solution during 4 hour
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Figure 5 Aluminium concentration obtained after leaching of
PCBs waste in organic acid solution during 4 hour
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after 4 h of the experiment for Al was 22 % (2,24 g/dm?®)
with this acid. When using other acids, the results for Al
did not exceed 3 % (0,3 g/dm?). The results for Al are
shown in Figure 5.

CONCLUSIONS

The positive results of using organic acids as a
leaching agent in the recovery of metals from electronic
waste reported in the literature suggest that organic ac-
ids can be substitutes for inorganic acids in hydrometal-
lurgical processes. The recovery of metals from elec-
tronic waste using these acids is also still limited. In
own research, organic acids were used to recover metals
from printed circuit boards from used cell phones, but
the acids themselves, without additional oxidants,
showed poor leaching properties. The results showed
that of the acids used, citric acid and malic acid are the
best agents for the leaching of Sn (23 % and 17 %). Ox-
alic acid, up to 2 h of research, also had effect on tin
leaching (18 %), but after 2 h there was a slight decrease
(13 %). All acids (citric acid, acetic acid, formic acid
and lactic acid), except oxalic acid, have little effect on
Zn leaching (9,64 %, 10,43 %, 10,90 %, 11,42 %). In
turn, this acid is the only one that has effect on Al leach-
ing (22 %).

Further experiments with organic acids and addi-
tional oxidants (e.g. H,O, or O,) and other process pa-
rameters are needed to allow recovery of Cu and other
metals.
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