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Abstract

Waste Printed Circuit Boards (WPCBs) are integral components of virtually all electrical and
electronic equipment (EEE), forming the structural backbone of the electronics industry. Classified
into single-sided, double-sided, multilayer, rigid, and flexible boards, WPCBs are composed of
various electronic components including semiconductors, transistors, and capacitors, which
complicates their recycling due to diverse material compositions. Approximately 40% of PCB mass
is metallic, 30% plastic, and 30% organic material, with metals predominantly constituted by copper.
The recycling process involves multiple stages, including shredding and separation to extract
valuable metals and electronic components. Shredding, employing technologies like hammer mills,
is critical for effective metal recovery. Advanced methods, such as infrared heater-based automatic
removal systems, have been developed for efficient electronic component separation, ensuring
minimal environmental impact.

Mechanical and physical processing techniques focus on the extraction of valuable metals like
gold, silver, palladium, and copper while recognizing the potential of the non-metallic fraction.
Chemical processing using inorganic acids, such as nitric and sulfuric acid, along with oxidative
leaching agents, has proven effective for metal recovery. Innovative methods, including the use of
aqua regia for gold leaching, have demonstrated high recovery rates. This comprehensive approach
to WPCB recycling underscores the importance of integrating mechanical, physical, and chemical
processes to achieve sustainable, efficient, and environmentally friendly recycling outcomes.

Keywords: recycling, WPCB, mechanical treatment, chemical treatment, circular economy.

General characteristics of WPCB

WPCBs (Waste Printed Circuit Boards) are found in virtually all electrical and electronic
equipment (EEE), forming the backbone of the electronics industry. Printed circuit boards can be
classified in various ways based on their different characteristics: single-sided, double-sided,
multilayer, rigid, and flexible boards [11].

Electronic components form the circuit structure (Picture 1); these are the components that are
part of any interconnected electrical or electronic circuit. The electronic components on the board
depend on its application, which may include semiconductors (integrated circuit chips), transistors,
diodes, capacitors, resistors, connectors, etc. [2]. Various configurations of integrated circuits are
possible; changing the encapsulation mode alters their assembly. Different components have different
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material compositions, which complicates WPCB recycling [2]. Approximately 40% of the PCB mass
is composed of metals, 30% plastics, and 30% organic material [4].

Picture 1. EC structure. (source: Marques et al., 2013)

The composition of WPCBs, excluding electronic mounting component materials, is about 28%
by mass metal (mostly copper) and 72% by mass non-metallic materials [10]. There is an acceptable
degree of imperfection in specific characteristics of printed circuit boards that can be determined
based on the intended final use. For this reason, three general classes have been established based on
functional reliability and performance:

Class 1: General electronic products such as computers and peripherals.

Class 2: Electronic products intended for servicing, such as mobile phones.

Class 3: High-reliability electronic products, including equipment and products where continuous
operation or operation on demand is critical.

Primary WPCB Processing

The recycling process of waste printed circuit boards (WPCBs) involves several stages (Picture
2), including shredding and separation, to extract valuable metals and electronic components (EC)
from the baseboards and substrates. These steps are crucial for achieving efficient recycling and
environmental sustainability.

Shredding is a critical step in removing metals from the baseboards of PCB waste. The choice of
shredding technology impacts both the energy consumption of the equipment and the efficiency of
selective metal recovery. WPCBs consist of resin and metal parts, such as copper wires and
connectors, which are hard and resistant. A hammer mill, which applies shear force, is suitable for
shredding PCB waste. A two-stage shredding method is employed to achieve optimal fragmentation.
A high-speed cutting machine is used as a rough crusher, where the rotor and stator cutters generate
a cutting action to break down PCB boards into small pieces. Subsequently, a specially designed
hammer mill with high-speed hammer heads is used to scrape and mill the materials. This shredding
process ensures the removal of metals from the baseboards and reduces wire wrapping around tool
tips [9]. The hammer mill screen hole diameter was 1 mm to achieve a high level of metal removal.
The parameters of the cutting machine were: circular speed diameter of 1440 rpm and rotor radius of
0.25 m, while the hammer mill crusher parameters were: circular speed diameter of 2000 rpm and
rotor radius of 0.2 m [9].

Beyond shredding, the removal of EC from PCB substrates is a vital stage in the recycling process.
Traditional methods such as thermal melting and manual separations are used, but they are not
suitable for large-scale recycling and cause environmental pollution. To address this, researchers have
developed innovative methods. For instance, an automatic removal production line, heated using an
infrared heater, achieves a high EC separation efficiency of 94% [12]. In this process, WPCBs are
fed into a separation module, and the solders are heated to melting temperature using an infrared
heater. Then, rotating steel brush rods are used to remove the EC from the WPCBs. Another method
involves using a mill, but its separation efficiency is about 75% [8]. An environmentally friendly and
automatic EC separation system has been developed, using electric heating pipes (EHPS) custom-
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made for an EC automatic disassembly machine (ECs-ADM). This system also includes exhaust gas
purification equipment, allowing for zero pollutant emissions. It has been shown that heating solders
with an infrared heater increases separation efficiency but also produces toxic substances, thus
necessitating the use of exhaust gas purification equipment for safety. The use of heat for EC
disassembly has been proven to be more effective compared to mechanical methods, while also
ensuring safety [15].
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Picture 2. E-waste recycling flowchart using various methods (source: Akcil et al., 2015 [1])

Chemical Processing

Nowadays, significant attention is given to efforts to extract valuable metals (gold, silver,
palladium, and copper) from waste printed circuit boards (PCBs). Various extraction processes, such
as leaching, mechanical processing, and hydrometallurgical methods, have been studied for metal
recovery [6]. There are also many review articles focusing on metal recovery and reuse [5]. While
the emphasis is on metal recovery, the non-metallic fraction (NMF) constitutes about 70% of the total
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weight of PCB waste. Recognizing the value-added potential of the NMF, recent separation
technologies have begun to consider this significant portion in their designs and operations [3].

Chemical Processing Numerous alternative solvents, including inorganic acids/oxidizing reactive
systems, have been extensively studied in the investigation of metal leaching from E-waste.
Examining the use of various inorganic acids and oxidants for metal recovery, it was found that nitrate
and chloride solutions ensure the highest recovery of copper (Cu) and gold (Au). A pyrolysis stage
before leaching is also recommended to enhance metal regeneration [13]. An accelerated leaching of
gold from computer circuit boards was observed, using a combination of nitric acid (HNO3) and
hydrochloric acid (HCI) as a leaching solution [14]. Gold leaching in the studies is carried out in three
stages. Initially, nitric acid leaching was performed on separate computer chips from PCBs, carefully
examining the acid concentration, temperature, fiber density, and leaching time. Later, computer
chips and granulated epoxy resins are mechanically crushed and rinsed using optimal parameters. The
remaining computer chips obtained after the second leaching stage are processed in the third stage
with aqua regia to recover gold and silver [ 14]. Chemical reactions of gold leaching using Aqua Regia
are described in equations (1) - (3):

2HNO; + 6HCl » 2NO + 4H,0 + 3Cl, (1)
2Au + 9HCl + 3HNO; — 2AuCl; + 3NOCl+ 6H,0 (2)
3HCl + HNO; - Cl, + NOCl + 2H,0  (3)

One of the processes of precious metal recovery from electronic waste containing plastic involves
burning E-waste at 400-500 °C for 8-12 hours, followed by washing with hydrochloric acid (HCI)
and sulfuric acid (H2SO4) at 90 °C to extract the metal. The washing mass is then separated by
liquid/solid particle separation and analyzed. The amount of silver in the obtained semi-solid ratios
is dissolved in diluted nitric acid (HNOs3) at 60 °C, and the amount of gold and palladium is extracted
using HCI and NaClQO3, thus the recovery of precious metals reaches 92% [16]. Kinoshita et al. [7]
investigated the dissolution of copper (Cu) and nickel (Ni) from waste circuit boards using nitric acid
(HNO3), with regeneration exceeding 90%. They purified the solution by the solvent extraction
method. Although nitric acid exhibited oxidative properties that facilitated the recovery of metals
soluble in a nitrate medium, such as copper (Cu) and silver (Ag), it is considered an expensive process
compared to other acids. On the other hand, sulfuric acid (H2SOs) is considered a more economical
alternative, especially when used in conjunction with additive reagents such as hydrogen peroxide
(H20.), oxygen (O), and iron ions (Fe*"). Birloaga et al., (2014) investigated two chemical leaching
systems for the recovery of non-precious and precious metals from waste printed circuit boards
(WPCB). Sulfuric acid (H2SO4) with hydrogen peroxide (H>0>) was used for the first group of metals,
and thiourea (CS(NH2),) with iron ions (Fe*") in a sulfuric acid medium for the second group. The
effect of hydrogen peroxide volume on sulfuric acid concentration and temperature was evaluated in
the oxidative leaching process. The selected optimal conditions for copper (Cu) extraction were 2M
H>SO04 (98% m / t), 5% H20,, 25 °C, 1/10 (S / L) ratio and 200 rpm. Thiourea acid leaching was
performed with solid filtrate obtained after three oxidative leaching stages, using 20 g/L CS(NH>)z,
6 g/L Fe*" and 0.5 M H>SOs. The resulting solution contained 40 g/l of zinc (Zn), representing 95%
of the metal, with impurities consisting of aluminum (Al) (4%) and small amounts of iron (Fe), nickel
(Ni) and tin (Sn). The resulting cement contained mostly copper (Cu), with a purity of about 87%.

Scope of application and implementation:

1. wPCB preparation and separation for size reduction (milling) for different types of wPCBs.

2. wPCB content analysis in different fractions.

3. Optimization of wPCB size for chemical treatment.
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4. Chemical processing optimization.
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Picture 3. wPCB preparation and size reduction by milling

Conclusions:

Waste printed circuit boards (WPCBs) are an integral part of electronic and electrical equipment,
characterized by a diverse range of materials and components. The recycling process of WPCBs
involves several critical stages, from shredding to the chemical extraction of valuable metals. The
composition of WPCBs poses both challenges and opportunities for recycling efforts. Effective
shredding and separation techniques are essential for the efficient recovery of metals and electronic
components, with advanced methods such as infrared heating and environmentally friendly
disassembly systems enhancing the process.

Chemical processing plays a crucial role in recovering precious metals from WPCBs. Various
leaching processes, involving inorganic acids and oxidizing agents, have demonstrated significant
efficacy in metal recovery.

The ongoing development and implementation of efficient recycling technologies highlight the
potential for significant advancements in the management of electronic waste. By optimizing
processes such as size reduction, chemical treatment, and separation, the recycling industry can
effectively address the environmental and economic challenges posed by WPCBs. This
comprehensive approach not only mitigates the environmental impact of electronic waste but also
maximizes the recovery of valuable resources, fostering a more sustainable future for the electronics
industry.

Handbook of the XXIV International Science Conference 173
«Ecology. Human. Society» (June 5 2024, Kyiv, Ukraine)



Marepianun XXIV MixkHapoaHoi HAyKOBO-NIPAKTHYHOI KOHpepeHuii
«Exouoris. Jlronmuaa. Cycninibero» (5 yepBus 2024 p., m. KuiB, Ykpaina)

References

1. Akcil, A, Erust, C., Gahan, C. S., Ozgun, M., Sahin, M., & Tuncuk, A. (2015). Precious metal
recovery from waste printed circuit boards using cyanide and non-cyanide lixiviants—a review. Waste
management, 45, 258-271.

2. Berbardes, A., Bohlinger, 1., Rodriguez, D., Milbrandt, H., & Wuth, W. (1997). Recycling of
printed circuit boards by melting with oxidising/reducing top blowing process. EPD Congress 1997,
363-375.

3. Cui, J.,, & Forssberg, E. (2003). Mechanical recycling of waste electric and electronic
equipment: a review. Journal of hazardous materials, 99(3), 243-263.

4. He, W, Li, G., Ma, X., Wang, H., Huang, J., Xu, M., & Huang, C. (2006). WEEE recovery
strategies and the WEEE treatment status in China. Journal of hazardous materials, 136(3), 502-512.

5. Huang, K., Guo, J., & Xu, Z. (2009). Recycling of waste printed circuit boards: A review of
current technologies and treatment status in China. Journal of hazardous materials, 164(2-3), 399—
408.

6. Yang, J., Wu, Y., & Li, J. (2012). Recovery of ultrafine copper particles from metal
components of waste printed circuit boards. Hydrometallurgy, 121, 1-6.

7. Kinoshita, T., Akita, S., Kobayashi, N., Nii, S., Kawaizumi, F., & Takahashi, K. (2003). Metal
recovery from non-mounted printed wiring boards via hydrometallurgical processing.
Hydrometallurgy, 69(1-3), 73-79.

8. Lee, J.,Kim, Y., & Lee, J. (2012). Disassembly and physical separation of electric/electronic
components layered in printed circuit boards (PCB). Journal of hazardous materials, 241, 387-394.

9. LiJ., Ly, H., Guo,J., Xu, Z., & Zhou, Y. (2007). Recycle technology for recovering resources
and products from waste printed circuit boards. Environmental science & technology, 41(6), 1995—
2000.

10. Li, J., Shrivastava, P., Gao, Z., & Zhang, H.-C. (2004). Printed circuit board recycling: a state-
of-the-art survey. IEEE transactions on electronics packaging manufacturing, 27(1), 33-42.

11. Nakahara, H., & Coombs, C. F. (2001). Types of printed wiring boards. Printed Circuits
Handbook, 115-128.

12. Park, S., Kim, S., Han, Y., & Park, J. (2015). Apparatus for electronic component disassembly
from printed circuit board assembly in e-wastes. International Journal of Mineral Processing, 144,
11-15.

13. Quinet, P., Proost, J., & Van Lierde, A. (2005). Recovery of precious metals from electronic
scrap by hydrometallurgical processing routes. Mining, Metallurgy & Exploration, 22, 17-22.

14. Sheng, P. P., & Etsell, T. H. (2007). Recovery of gold from computer circuit board scrap using
aqua regia. Waste management & research, 25(4), 380-383.

15. Wang, J., Guo, J., & Xu, Z. (2016). An environmentally friendly technology of disassembling
electronic components from waste printed circuit boards. Waste management, 53, 218-224.

16. Zhou, P., Zheng, Z., & Tie, J. (2005). Technological process for extracting gold, silver and
palladium from electronic industry waste. Chinese Patent, CN1603432A4 (C22B 11/00).

174 Handbook of the XXIV International Science Conference
«Ecology. Human. Society» (June 5, 2024, Kyiv, Ukraine)



Marepianun XXIV MixkHapoaHoi HAyKOBO-NPAKTHYHOI KOHpepeHuii
«Exouoris. Jlrogmaa. Cycninibero» (5 yepBus 2024 p., m. KuiB, Ykpaina)

PO3POBKA TEXHOJIOT'Ti PO3JALIEHHA BATATOIIAPOBUX KOMITO3UTIB

I'imic MUTAYCKAC

UAB “Ipsas ir Ko”, JIutBa
https://orcid.org/0009-0009-5382-5253
I'inmapac IEHA®AC

Kaynacekuii TexHiuHuil yHiBepcuTeT, JInTBa

https://orcid.org/0000-0002-6834-1026
DOI: https://doi.org/10.20535/EHS2710-3315.2024.306206

Kuarouosi cioBa: nepepoora, WPCB, mexaniuna oopobka, Ximiuna 00pobKa, eKOHOMIKA 3AMKHEHUX
YUKILIB.

AHoTanis

BinmpanpoBani npykoBani miata (WPCB) € HeBin'eMHUMH KOMIOHEHTAMU TPAKTHYHO BCHOTO
eJIEKTPUYHOTO Ta enekrponHoro oonaananus (EEO), popMytoun cTpykTypHY OCHOBY €JI€KTPOHHOI
npomucioBocTi. KiacugikyioTbcs Ha OZHOCTOPOHHI, JBOCTOPOHHI, 0araTomiapoBi, *OPCTKiI Ta
THYYKi TUIaTH, APYKOBaHI IJIaTH CKJIAJAIOTHCS 3 PI3HUX EJIEKTPOHHUX KOMIIOHEHTIB, BKIIOYAIOUU
HaMIBOPOBIIHUKY, TPAH3UCTOPH Ta KOHJEHCATOPH, IO YCKJIATHIOE IXHIO MEepepoOKy depes
pi3HOMaHITHHH ckiaa MatepianiB. [Ipubmauzno 40% Macu IpyKoBaHHX IUIAT CKIaatoTh MeTaiu, 30%
- mnactuk 1 30% - opraHiyHi Marepiajiy, NMPUYOMY Cepea MeTaliB nepeBaxkae Minb. Ilpouec
nepepoOKH BKIIOYAE KiJIbKA €TalliB, 30KpeMa MOJPiOHEHHS Ta PO3JAITICHHS Ui BUIIYYEHHS IIHHUX
METaJliB Ta EJIEKTPOHHUX KOMIOHEHTIB. [lonpiOHEHHS i3 3aCTOCYBaHHSIM TaKHX TEXHOJIOTIH, SIK
MOJIOTKOBI MJIMHHM, Ma€ BHpilllaJbHE 3HAUYCHHS M e()EeKTUBHOTO BWIyYEHHS MeTanmiB. Jlns
e(eKTHUBHOTO BiIOKPEMJICHHS €JIEKTPOHHUX KOMIIOHEHTIB OyiM po3po0IieHi mepeoBi MeToIu, Taki
K aBTOMAaTH4YHI CHCTEMHU BUAAJCHHS Ha OCHOBI iH()payepBOHOIO HarpiBaya, M0 3a0e3MeuylOTh
MiHIMaJbHUH BIUIMB HA HABKOJIMIITHE CEPEIOBUIIIE.

MexaniuHi Ta (i3U4YHI METOIU MEepepoOKH 30CEpe/KEH] Ha BHIIYYCHHI LIHHUX METaJiB, TAKUX 5K
30JI0TO, CpibJ0, Manafiii i Migb, BU3HAIOUM IPU I[bOMY MOTEHLIan HeMeTaneBoi (paxiii. XiMiuHa
00poOka 3 BUKOPUCTAHHSM HEOPraHIYHMX KHUCJIOT, TaKUX SK a30THA Ta CipyaHa, pa3oM 3
OKHCIIOBAILHUMHU BWJIYTOBYBayaMH JIOBeJla CBOIO €(EeKTUBHICTH M BUJIYYCHHS MeETaiB.
IHHOBamiiiHI MeTOQM, 30KpeMa BUKOPUCTAHHS akKBapedi Uil BWJIYTOBYBaHHS  30J10Ta,
MIPOJIEMOHCTPYBAIM BHCOKI MOKAa3HUKH BUIy4YeHHS. Takuii KOMIUIEKCHHN MIAXiA 10 TepepoOKu
WPCB migkpeciroe BaxJIMBICTh IHTErpamii MexaHiyHUX, (PI3MUHUX 1 XIMIYHHX TPOLECIB Ui
JOCSITHEHHS CTIMKUX, €()eKTUBHUX 1 €KOJIOT1YHO YUCTUX PE3YIIbTATIB EPEPOOKH.
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