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Toward improved printed circuit board recycling, recent development and research favours a strategy based on first

dismantling WPCBs followed by efficiently sorting electronic components (ECs). This allows obtaining various fractions: (i)

bare boards; (ii) solder; (iii) ECs sorted in elementally enriched subfractions. The goal is for each fraction, or subfraction,

to have the simplest elemental composition possible, making them easier to reuse directly or recycle, and making it now

possible to recover valuable metalssuch as Ti, GaBa, Ta, Nb, W, Lanthanides.
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1. Introduction

The recycling of waste printed circuit boards (WPCBs) depends on both an informal sector focused on precious metals

recovery using highly polluting approaches, and industrial processes based on the pyrometallurgy of centralized waste,

treated in depreciated smelters to make use of the calorific value of the WPCB’s 30 wt% epoxy resins . Overall, only ~30

w% of the WPCBs’ mass is truly recycled . The rest is transformed into fumes or ends up mixed in the bottom or fly

ashes. A more sustainable approach would require alternate processes that: (i) allow for improved elemental recovery; (ii)

are more “green”; (iii) do not require centralizing waste over a wide geographic area, as waste transportation is becoming

an increasing issue, which implies that new processes must be deployable for small waste volumes or geographic zones;

(iv) avoid burning epoxy resins that can release toxic gases .

The PCB dismantling research effort is currently little considered in the USA but is very vibrant in the European Union and

parts of Asia. It pushes for: (i) increased recovery yields; (ii) reduced CO 2 footprints; (iii) processes that are adapted to

small volumes and reduced capacity to export waste and landfilling. Indeed, for many countries, options are currently

limited as many cannot afford to build pyrometallurgy plants, exporting waste PCBs is becoming increasingly difficult, and

landfilling is very costly due to the hazardous nature of such wastes. Some countries, such as Japan, show a real effort in

improving the treatment and the importation of hazardous waste from developing countries . Under the implementation

of the Basel convention, the Japanese government wants to promote and develop the official recycling route to prevent

illegal exports and treatments leading to environmental pollution.

It is anticipated that the dismantling approach will create new business models where, for example, the factory is brought

to the waste instead of the waste to the factory, which is enabled by the containerization of processes.

2. Electronic Component Sorting

By simply using sets of sieves, components can be sorted by size. The purpose of sieving is also to separate components

from dust, scrap and other compounds of the disassembly step. For example, if the disassembly involves heat, sieving

may remove dust and ashes from the waste stream. Afterwards, magnetic separation, which takes advantage of the

ferromagnetic properties of some elements such as Fe, Co and Nickel and some rare-earth alloys (Nd, Dy, Sm, and Gd),

can separate magnetic components from the waste stream, for example, inductance coils, which usually have an iron

core. Finally, dense medium separation can be carried out by assessing the floatability of the components in a liquid

(typically water). If the component is denser than the liquid, it sinks; if it is of similar density, it stays in suspension; if it is

less dense, it floats.

Combined with this approach, other physical separation methods could be of interest, such as Corona discharge or gravity

shaking, which are not yet reported to have been used with disassembled components, except for plastic parts .

As an alternative approach, some researchers performed text recognition on PCB components . Their analysis is

thorough, but it is unclear how well text information can help component sorting. They further suggested using text

information in combination with other methods, but this approach might not be compatible with many of the dismantling

approaches that can destroy the marking by heat or chemical attack.
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Furthermore, XRF only yields elemental analysis without spatial information. For sorting, any conveyor elemental mapping

is obviously impossible. In this regard, X-ray imaging might be of interest. In the latter case, the X-ray beam is projected

onto the components and an X-ray transmitted image of the component is obtained from an X-ray camera placed on the

other end. X-ray images yield two types of information. On the one hand, the X-ray image can be analysed to identify

patterns present in the internal structure of the components. On the other, the absorption strength yields information about

the atomic weight of the elements present in the component, or of its thickness. Despite this, there is currently no scientific

literature on X-ray imaging being applied to electronic waste, probably because this method cannot differentiate a thick

light element from a thin heavy one, which both give a similar absorption.

3. Recycling at the Electronic Components Level: Processes and
Opportunities

Niobium capacitors are gaining market shares due to their lower price and good reliability compared to tantalum

capacitors. Hence, the niobium capacitors’ market has seen its value double in the past five years and is expecting to

keep growing as new opportunities for their use emerge .

For this reason, chemical processes to recover niobium are being developed. Montero et al. present a column process

that is based on the leaching of crushed PCBs by a sodium cyanide solution of 4 g/L concentration . This process,

besides recovering niobium, also enables the recovery of gold, silver and copper and is said to be economically viable,

with a 27% financial yield over 10 years, representing a net present value of USD 105,926. However, the high toxicity of

cyanide raises important environmental concerns and there are still doubts if this process will constitute a real opportunity

in the future. More environmentally friendly processes still need to be developed.

The recovery of REEs from whole WPCBs has been proven feasible but is challenging since their overall concentration is

fairly low (in the tens of ppm), and recovering them requires high CAPEX equipment, such as smelters and large electron

beam apparatus, as well as OPEX . Such approaches can only be made profitable in large centralized operations. It

therefore does not appear to be adapted for smaller communities nor for the development of sustainable processes. The

dismantling/sorting approach seems here again perfectly adapted to increase REE concentration in the ore of urban

mines. This is especially true because physical methods that use early grinding tend to break the magnet’s protective

packaging, leading to the deterioration of REE based magnets into magnetic powder that is attracted by magnetic

machinery parts, where it quickly oxidizes and cannot to be retrieved .

If, however, more purification or elemental separation must be performed, additional process steps are required such as:

(i) chlorination using safer agents such as NH 4Cl ; (ii) advanced leaching 

; (iii) or even bioleaching using bacteria which avoids the use of strong acids ; (iv) hydrometallurgy (solid–liquid or

liquid–liquid extraction) ; as well as (v) electrodeposition at the reduction step, including in ionic

liquids  and molten salts , with their wide electrochemical stability .

References

1. Hadi, P.; Xu, M.; Lin, C.S.K.; Hui, C.-W.; McKay, G. Waste printed circuit board recycling techniques and product
utilization. J. Hazard. Mater. 2015, 283, 234–243.

2. Wu, Z.; Yuan, W.; Li, J.; Wang, X.; Liu, L.; Wang, J. A critical review on the recycling of copper and precious metals
from waste printed circuit boards using hydrometallurgy. Front. Environ. Sci. Eng. 2017, 11, 8.

3. Guo, J.; Luo, X.; Tan, S.; Ogunseitan, O.A.; Xu, Z. Thermal degradation and pollutant emission from waste printed
circuit boards mounted with electronic components. J. Hazard. Mater. 2020, 382, 121038.

4. Umeda, T. Japan’s Recent Policy and Implementation of the Basel Convention; Industrial and Hazardous Waste
Management Division, Environment Regeneration and Resource Circulation Bureau, Ministry of the Environment
Japan: Tokyo, Japan, 2018.

5. Hayashi, N.; Oki, T. Effect of orifice introduction on floating characteristics of cuboid particles simulating tantalum
capacitors in pneumatic separation column. Mater. Trans. 2014, 55, 952–957.

6. Li, J.; Zhou, Q.; Xu, Z. Real-time monitoring system for improving corona electrostatic separation in the process of
recovering waste printed circuit boards. Waste Manag. Res. 2014, 32, 1227–1234.

7. Li, W.; Neullens, S.; Breier, M.; Bosling, M.; Pretz, T.; Merhof, D. Text recognition for information retrieval in images of
printed circuit boards. In Proceedings of the IECON 2014-40th Annual Conference of the IEEE Industrial Electronics
Society, Dallas, TX, USA, 29 October–1 November 2014; pp. 3487–3493.

[10][11]

[11]

[12]

[13][14][15]

[16][17] [18][19][20][21][22][23][24][25][26][27][28][29][30][31]

[32] [33]

[34][35][36][37][38][39][40][41][42]

[43][44][45][46][47][48][49][50][51] [52][53][54][55][56][57] [58]



8. Nava-Dueñas, C.F.; Gonzalez-Navarro, F.F. OCR for unreadable damaged characters on PCBs using principal
component analysis and bayesian discriminant functions. In Proceedings of the 2015 International Conference on
Computational Science and Computational Intelligence (CSCI), Las Vegas, NV, USA, 7–9 December 2015; pp. 535–
538.

9. Lin, C.-H.; Wang, S.-H.; Lin, C.-J. Using convolutional neural networks for character verification on integrated circuit
components of printed circuit boards. Appl. Intell. 2019, 49, 4022–4032.

10. Industry Arc. Niobium Capacitor Market—Forecast (2021—2026); Industry Arc.: Hyderabad, India, 2021.

11. Montero, R.; Guevara, A.; dela Torre, E. Recovery of gold, silver, copper and niobium from printed circuit boards using
leaching column technique. J. Earth Sci. Eng. 2012, 2, 590.

12. Khanna, R.; Ellamparuthy, G.; Cayumil, R.; Mishra, S.K.; Mukherjee, P.S. Concentration of rare earth elements during
high temperature pyrolysis of waste printed circuit boards. Waste Manag. 2018, 78, 602–610.

13. Bandara, H.M.D.; Darcy, J.W.; Apelian, D.; Emmert, M.H. Value Analysis of Neodymium Content in Shredder Feed:
Toward Enabling the Feasibility of Rare Earth Magnet Recycling. Environ. Sci. Technol. 2014, 48, 6553–6560.

14. Darcy, J.W.; Bandara, H.M.D.; Mishra, B.; Blanplain, B.; Apelian, D.; Emmert, M.H. Challenges in Recycling End-of-Life
Rare Earth Magnets. Jom 2013, 65, 1381–1382.

15. Nlebedim, I.C.; King, A.H. Addressing Criticality in Rare Earth Elements via Permanent Magnets Recycling. Jom 2018,
70, 115–123.

16. Lorenz, T.; Bertau, M. Recycling of rare earth elements from FeNdB-Magnets via solid-state chlorination. J. Clean.
Prod. 2019, 215, 131–143.

17. Lorenz, T.; Bertau, M. Recycling of rare earth elements from SmCo5-Magnets via solid-state chlorination. J. Clean.
Prod. 2020, 246, 118980.

18. Onal, M.A.R.; Borra, C.R.; Guo, M.; Blanpain, B.; Van Gerven, T. Recycling of NdFeB Magnets Using Sulfation,
Selective Roasting, and Water Leaching. J. Sustain. Metall. 2015, 1, 199–215.

19. Bogart, J.A.; Cole, B.E.; Boreen, M.A.; Lippincott, C.A.; Manor, B.C.; Carroll, P.J.; Schelter, E.J. Accomplishing simple,
solubility-based separations of rare earth elements with complexes bearing size-sensitive molecular apertures. Proc.
Natl. Acad. Sci. USA 2016, 113, 14887–14892.

20. Polyakov, E.G.; Sibilev, A.S. Recycling rare-earth-metal waste using hydrometallurgical methods. Theor. Found. Chem.
Eng. 2016, 50, 607–612.

21. Gergoric, M.; Ekberg, C.; Foreman, M.R.S.; Steenari, B.M.; Retegan, T. Characterization and Leaching of Neodymium
Magnet Waste and Solvent Extraction of the Rare-Earth Elements Using TODGA. J. Sustain. Metall. 2017, 3, 638–645.

22. Hopfe, S.; Flemming, K.; Lehmann, F.; Mockel, R.; Kutschke, S.; Pollmann, K. Leaching of rare earth elements from
fluorescent powder using the tea fungus Kombucha. Waste Manag. 2017, 62, 211–221.

23. Sahoo, K.; Nayak, A.K.; Ghosh, M.K.; Sarangi, K. Preparation of Sm2O3 and Co3O4 from SmCo magnet swarf by
hydrometallurgical processing in chloride media. J. Rare Earths 2018, 36, 725–732.

24. Venkatesan, P.; Vander Hoogerstraete, T.; Binnemans, K.; Sun, Z.; Sietsma, J.; Yang, Y.X. Selective Extraction of Rare-
Earth Elements from NdFeB Magnets by a Room-Temperature Electrolysis Pretreatment Step. ACS Sustain. Chem.
Eng. 2018, 6, 9375–9382.

25. Gergoric, M.; Barrier, A.; Retegan, T. Recovery of Rare-Earth Elements from Neodymium Magnet Waste Using
Glycolic, Maleic, and Ascorbic Acids Followed by Solvent Extraction. J. Sustain. Metall. 2019, 5, 85–96.

26. Liu, F.P.; Peng, C.; Wilson, B.P.; Lundstrom, M. Oxalic Acid Recovery from High Iron Oxalate Waste Solution by a
Combination of Ultrasound-Assisted Conversion and Cooling Crystallization. ACS Sustain. Chem. Eng. 2019, 7,
17372–17378.

27. Sethurajan, M.; van Hullebusch, E.D.; Fontana, D.; Akcil, A.; Deveci, H.; Batinic, B.; Leal, J.P.; Gasche, T.A.; Kucuker,
M.A.; Kuchta, K.; et al. Recent advances on hydrometallurgical recovery of critical and precious elements from end of
life electronic wastes—A review. Crit. Rev. Environ. Sci. Technol. 2019, 49, 212–275.

28. Liu, F.P.; Porvali, A.; Halli, P.; Wilson, B.P.; Lundstrom, M. Comparison of Different Leaching Media and Their Effect on
REEs Recovery from Spent Nd-Fe-B Magnets. Jom 2020, 72, 806–815.

29. Onal, M.A.R.; Riano, S.; Binnemans, K. Alkali baking and solvometallurgical leaching of NdFeB magnets.
Hydrometallurgy 2020, 191, 105213.

30. Reisdorfer, G.; Bertuol, D.A.; Tanabe, E.H. Extraction of neodymium from hard disk drives using supercritical CO2 with
organic acids solutions acting as cosolvents. J. CO2 Util. 2020, 35, 277–287.



31. Sarfo, P.; Frasz, T.; Das, A.; Young, C. Hydrometallurgical Recovery and Process Optimization of Rare Earth Fluorides
from Recycled Magnets. Minerals 2020, 10, 340.

32. Van Loy, S.; Onal, M.A.R.; Binnemans, K.; Van Gerven, T. Recovery of valuable metals from NdFeB magnets by
mechanochemically assisted ferric sulfate leaching. Hydrometallurgy 2020, 191, 105154.

33. Auerbach, R.; Bokelmann, K.; Stauber, R.; Gutfleisch, O.; Schnell, S.; Ratering, S. Critical raw materials—Advanced
recycling technologies and processes: Recycling of rare earth metals out of end of life magnets by bioleaching with
various bacteria as an example of an intelligent recycling strategy. Miner. Eng. 2019, 134, 104–117.

34. El Maangar, A.; Theisen, J.; Penisson, C.; Zemb, T.; Gabriel, J.-C.P. A microfluidic study of synergic liquid–liquid
extraction of rare earth elements. Phys. Chem. Chem. Phys. 2020, 22, 5449–5462.

35. Richard, L.; Lecorre, C. Method for Isolating Rare Earths and/or Adjacent Metal Element(S) Contained in the Magnetic
Phase of Permanent Magnets. U.S. Patent U.S. 10,167,532B2, 21 October 2013.

36. Špadina, M.; Bohinc, K.; Zemb, T.; Dufrêche, J.-F. A colloidal model of prediction of the extraction of rare earths
assisted by acidic extractant. Langmuir 2019, 35, 57.

37. Duvail, M.; Arleth, L.; Zemb, T.; Dufreche, J.F. Predicting for thermodynamic instabilities in water/oil/surfactant
microemulsions: A mesoscopic modelling approach. J. Chem. Phys. 2014, 140, 11.

38. Duhamet, J.; Mohwald, H.; Pleines, M.; Zemb, T. Self-Regulated Ion Permeation through Extraction Membranes.
Langmuir 2017, 33, 9873–9879.

39. Spadina, M.; Bohinc, K.; Zemb, T.; Dufreche, J.F. Multicomponent Model for the Prediction of Nuclear Waste/Rare-
Earth Extraction Processes. Langmuir 2018, 34, 10434–10447.

40. Bouali, S.; Leybros, A.; Toquer, G.; Leydier, A.; Grandjean, A.; Zemb, T. Amidophosphonate ligands as cerium
extractants in supercritical CO2. J. Supercrit. Fluids 2019, 149, 64–69.

41. Zemb, T.; Gabriel, J.-C.P. Final Report Summary ERC 320915: REE-CYCLE (Rare Earth Element Recycling with Low
Harmful Emissions; European Union: Brussels, Belgium, 2019.

42. Theisen, J.; Penisson, C.; Rey, J.; Zemb, T.; Duhamet, J.; Gabriel, J.C.P. Effects of porous media on extraction kinetics:
Is the membrane really a limiting factor? J. Membr. Sci. 2019, 586, 318–325.

43. Matsumiya, M.; Kondo, H.; Kurachi, A.; Tsunashima, K.; Kodama, S. Separation of Iron Group Metal and Recovery of
Neodymium Metal by Electrodeposition in Ionic Liquids. J. Jpn. Inst. Met. 2011, 75, 607–612.

44. Ishii, M.; Matsumiya, M.; Kawakami, S. Development of recycling process for rare earth magnets by electrodeposition
using ionic liquids media. In Molten Salts and Ionic Liquids 18; Reichert, W.M., Mantz, R.A., Trulove, P.C., Ispas, A.,
Fox, D.M., Mizuhata, M., DeLong, H.C., Bund, A., Eds.; Electrochemical Soc Inc.: Pennington, NJ, USA, 2012; Volume
50, pp. 549–560.

45. Matsumiya, M.; Kikuchi, Y.; Yamada, T.; Kawakami, S. Extraction of rare earth ions by tri-n-
butylphosphate/phosphonium ionic liquids and the feasibility of recovery by direct electrodepositiori. Sep. Purif.
Technol. 2014, 130, 91–101.

46. Matsumiya, M. Electrodeposition of Rare Earth Metal in Ionic Liquids. In Application of Ionic Liquids on Rare Earth
Green Separation and Utilization; Chen, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 117–153.

47. Matsumiya, M.; Yamada, T.; Kikuchi, Y.; Kawakami, S. Removal of Iron and Boron by Solvent Extraction with Ionic
Liquids and Recovery of Neodymium Metal by Direct Electrodeposition. Solvent Extr. Ion. Exch. 2016, 34, 522–534.

48. Ota, H.; Matsumiya, M.; Sasaya, N.; Nishihata, K.; Tsunashima, K. Investigation of electrodeposition behavior for Nd(III)
in P-2225 TFSA ionic liquid by EQCM methods with elevated temperatures. Electrochim. Acta 2016, 222, 20–26.

49. Sasaya, N.; Matsumiya, M.; Murakami, S.; Nishihata, K.; Tsunashima, K. Investigation into applicability of EQCM
methods at elevated temperature for ionic liquids. Electrochim. Acta 2016, 194, 304–309.

50. Matsumiya, M. Purification of Rare Earth Amide Salts by Hydrometallurgy and Electrodeposition of Rare Earth Metals
Using Ionic Liquids; Intech Europe: Rijeka, Croatia, 2017; pp. 213–234.

51. Xu, X.; Sturm, S.; Zavasnik, J.; Rozman, K.Z. Electrodeposition of a Rare-Earth Iron Alloy from an Ionic-Liquid
Electrolyte. ChemElectroChem 2019, 6, 2860–2869.

52. Numata, H.; Akatsuka, H.; Matsuura, H. Optimization of a Molten Salt Electrolytic Bath Geometry for Rare Earth Metal
Recovery using a Finite Element Method. Z. Naturfors. Sect. A-J. Phys. Sci. 2013, 68, 48–58.

53. Rayaprolu, S.; Chidambaram, D. Electrochemical Deposition of Terbium from Molten Salts. In Emerging Materials and
Processes for Energy Conversion and Storage; Fukunaka, Y., Johnson, C.S., Vereecken, P.M., Deligianni, H., Nguyen,
T.V., Eds.; Electrochemical Soc Inc.: Pennington, NJ, USA, 2014; Volume 58, pp. 51–66.



54. Fukumoto, M.; Sato, Y.; Hara, M. Recovery of Dy from a Mixture of Nd, Fe, B and Dy by Electrolysis in Molten LiCl.
Mater. Trans. 2016, 57, 1327–1331.

55. Kamimoto, Y.; Itoh, T.; Yoshimura, G.; Kuroda, K.; Hagio, T.; Ichino, R. Electrodeposition of rare-earth elements from
neodymium magnets using molten salt electrolysis. J. Mater. Cycles Waste 2018, 20, 1918–1922.

56. Ohl, J. Challenges in electrolysis of neodymium in chloride melts at 500 A degrees C. J. Appl. Electrochem. 2018, 48,
765–772.

57. Watanabe, Y.; Norikawa, Y.; Yasuda, K.; Nohira, T. Electrochemical Dy-Alloying Behaviors of Inconel and Hastelloy in
Molten LiF-CaF2-DyF. Mater. Trans. 2019, 60, 379–385.

58. Rai, V.; Liu, D.; Xia, D.; Jayaraman, Y.; Gabriel, J.-C.P. Electrochemical Approaches for the Recovery of Metals from
Electronic Waste: A Critical Review. Recycling 2021, 6, 53.

Retrieved from https://encyclopedia.pub/entry/history/show/35823


