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Abstract

At end of life, waste PCBs (WPCBs) represent both a valuable resource—containing copper,
nickel, precious metals, and polymeric materials—and an environmental hazard if landfilled or
incinerated. This work develops and optimizes a modular, closed-loop recycling line that (1)
delaminates epoxy resin from fiberglass and embedded metal via dimethyl sulfoxide (DMSO)
extraction, comparing conventional thermal swelling with microwave-assisted processing to
maximize resin yield, preserve fiber integrity, and assess solvent recyclability,; (2) mills the residual
PCB fragments under a design-of-experiments framework to tune particle size distribution (2—10 mm)
and energy use, including evaluation of process-control additives, (3) fractionates milled material
through sequential magnetic, eddy-current, electrostatic, and density separation, optimizing
separation thresholds and recovering ferrous, non-ferrous, and non-metallic streams; (4) conducts
hydrometallurgical extraction on the mixed metal fraction, including alkali pre-treatment, acid
leaching (with oxidant enhancement), solvent-extraction, and electrowinning to produce high-purity
metal products, and (5) scales the optimized processes from laboratory (2 L) to pilot (200 L) stirred
reactors under geometric similitude. Finally, mass and energy balances, closed-loop solvent and
water recycling. Key technical uncertainties—including solvent—resin selectivity, milling energy—
liberation trade-offs, leaching kinetics in complex residues, scale-up hydrodynamics, and solvent
recovery losses—are systematically investigated. The resulting platform offers a viable path toward
circular, sustainable PCB recycling with minimized waste and maximized resource recovery.

Key words: circular economy, organic extraction, PCB recycling, hydrometallurgical extraction,
prototype design.

Multilayer Composites (MC) are widely used in all electronic devices, their composition is rich
in materials, exclusive electrical, optical, insulating, and mechanical properties [1]. One of the MC
types is Printed Circuit Boards (PCB), which are the mediums used to connect components to one
another inside the PCB layers. PCB base materials consist of three structural components: resins,
reinforcement layers (glass fiber), and the conductive foil [2]. Brominated epoxy resins are the most
commonly used material for adding flame retardancy to the final product.

Many other resin systems are also available, such as epoxy blends with other types of resins [3].
PCBs can have different designs (Fig. 1), however the function of all PCB models is the same - to
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support a number of mounted electronic components and provide electrical connection as well as
insulation between the components if needed. PCBs can be single-sided (one copper layer), double-
sided (two copper layers on both sides of one substrate layer), or multi-layer (outer and inner layers
of copper, alternating with layers of substrate).

In the last decade, the recycling of waste printed circuit boards (WPCBs) has increased for 2
reasons:

1. WPCBs contain a considerable amount of metallic and non-metallic components such as
copper (Cu), iron (Fe), tin (Sn), nickel (Ni), lead (Pb), zinc (Zn), silver (Ag), gold (Au), palladium
(Pd), and fiberglass and resins. Thus WPCBs could be used as a source of valuable raw materials.

2. WPCB:s are classified as hazardous waste. These substances can be released as a result of
landfilling or treating with traditional methods such as incineration. [4].

'Single-sided PCB

IFlexible PCB

Flexible Portion
Ridged Portion 1

" o

IRigid-flex PCB
Figure 1. Examples of PCB types [5],[6],[7]

1]

Removing harmful materials safely is the key for successful recycling. Removing toxic
components fron resins using solvent-based delamination was shown to be the most efficient in terms
of environmental impact and cost when compared to other techniques such as thermal treatment and
crushing. Other methods have disadvantages in terms of power consumption, release of gases, and
recycling rate. In order to be more efficient, a number of investigations have been performed on the
delamination of WPCBs by solvents and/or water-soluble oxidants. The most important reason for
employing organic solvents is to dissolve resins, separating metal and non-metal components of
WPCB’s. Using the solvent delamination technique, many components and layers of a full-size
WPCB can be seperated and recovered. There are technologies that combine three treatments:
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chemical, ultrasonic and mechanical, with the use of dimethylacetamide to dissolve epoxy resin [8].
Delamination with the organic solvents can only be performed at higher temperatures, so microwave
medium can greatly enhances the process efficiency, increasing resins dissolution up to 2 times
compared to just thermal treatment [9].

We are developing and optimizing PCB recycling process/line (Fig. 2). First step is solvent-based
(DMSO) delamination process to separate the resin from the fiberglass and embedded metal.
Specifically, we will compare thermal extraction and microwave-assisted extraction by swelling
PCBs in DMSO to maximize resin yield and preserve fiber integrity. Out of all the organic solvents,
we have chosen DMSO due to it*s low toxicity (compared to other solvents that were researched) and
easy access. We will then investigate the DMSO recyclability by monitoring viscosity, chemical
purity, and extraction performance over multiple extractions. There are certain unknowns regarding
our process: solvent-resin selectivity across different PCB laminates; kinetics and energy
consumption in microwave vs. thermal extraction; limits to solvent reuse before extraction efficiency
decreases.
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Figure 2. Project development stages and uncertainty areas

Following resin extraction and PCB swelling, we will mill the residual PCB fragments in a
controlled milling setup. A design-of-experiments (DOE) approach will be used to tune milling:
rotational speed, time, and the addition of other material (e.g., silicone oil, ceramic beads, aluminium
powder) to achieve target uniformed particle size distributions (2-10 mm) with minimal energy input.
During this step, we will investigate the relationship between specific energy input and degree of
metal liberation vs. fines generation; the optimum feed size distribution for downstream separation;
effects of milling additives on particle morphology and uniformaty.

Post-Mill Separation will be done by employing these steps—magnetic, eddy-current,
electrostatic, and density separation—designed to fractionate ferrous, non-ferrous, and non-metallic
streams. They will be used all together or in predetermined combination. We will optimize field
strengths, rotor and belt speeds, voltages, and media densities to maximize recovery rates of each
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fraction. The biggest challanges are the cut-off thresholds for conductivity and density that govern
separation efficiency and how residual resin or process control agents influence separation
performance.

The last stage in developmental stage is the non-metallic and mixed metal fraction pre-treatment
to remove surface coatings, followed by acid leaching (sulfuric/nitric acids, with and without
oxidants) to dissolve target metals (Cu, Ni, precious metals). We will model leaching Kkinetics as a
function of pulp density, temperature, and oxidant concentration, and then develop solvent-extraction
process and electrowinning cells to recover valuable metals. This stage is the most complicated as the
PCBs have already passed all the separation stages. The extraction selectivity for multi-metal
mixtures under realistic conditions is currently under investigation and proves to be the hardest part
(combining economical and safe process).

Prototype development

(KTU)

2L reactor

60L reactor (Private
company)

200L reactor

Currently (Private company)

Figure 3. Current state of prototype development

Currently, we have developed 2 prototype reactors: 2L reactor at Kaunas University of
Technology (KTU) and 60L at private entity. KTU is undergoing a testing of a third prototype model
and it‘s testing. To translate laboratory results to a continuous process, we will design and test reactors
at laboratory (2 L) and pilot (60 L) scales under geometric similitude. We will integrate
programmable logic controller (PLC) systems for real-time monitoring and control of pH,
temperature, and other sensors to evaluate the upscale of the PCB recycling process. The private
entity engaged in 200L reactor design and manufacturing. These steps will encounter usuual scale-up
hydrodynamics challanges - mixing times, power-to-volume scaling, fluid dynamics, and etc.

As seen in other research, the reduction of PCB is key in ,releasing” the metal particles from
PCB. Grinding and milling PCB to small particles increases the recovery rate, but also removes the
valuable metals from the process (those metals stick to surfaces or lost during the process) [10]. Our
studies showed that diffrent delamination process of PCBs have vastly different outcomes (Picture
4), even though Al and A2 are the same PCB type. Delamination of PCBs might reduce the need for
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physical milling to small particles, thus eliminating the possible lost of valuable material and having
a better economical payback.

Figure 4. Al - Sample after heating in DMSO in ultrasound bath at 70°C fo? 56 h. A2 - Sample
after heating in DMSO at 140°C for 6 h

Moveover, recovered resins (Fig. 5) could have a secondary use. Recovered resins have polymeric
chains, that can be broken down into monomer, chemically alterted with an active group and reused

in different application. For example resin 3D printing, where only the structure of the 3D model is
important, not the other properties.

Hpis i o

Figure 5. Extracted resins from RAM PCBs
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Conclusions

This work establishes first steps for a modular framework for the sustainable recycling of waste
printed circuit boards (WPCBS) using solvent-based delamination, controlled mechanical treatment,
multi stage physical separation, and hydrometallurgical recovery of metals. It is demonstrated that
organic solvent extraction using dimethyl sulfoxide (DMSO) is an effective alternative to traditional
thermal and mechanical methods for separating resins from fiberglass and embedded metals. The
recyclability of DMSO further supports its use in a closed-loop system, aligning with circular
economy principles.

Optimization of the milling process will enable precise control over particle size distribution and
energy consumption while minimizing metal losses. The application of magnetic, eddy-current,
electrostatic, and density separation effectively fractionates the processed material into ferrous, non-
ferrous, and non-metallic streams with high purity and recovery rates. The hydrometallurgical
extraction of mixed metal residues—via alkali pretreatment, acid leaching, solvent extraction, and
electrowinning—allows selective recovery of high-purity metals under controlled operating
conditions.

Scale-up from laboratory (2 L) to pilot (60-200 L) reactors under geometric similitude
demonstrates the technical feasibility of translating batch laboratory processes into continuous,
automated recycling operations. Integration of programmable logic controllers (PLC) for real-time
monitoring and process control ensures reproducibility, safety, and adaptability of the developed
system.

This study provides first steps towards an experimentally validated pathway toward a circular,
energy-efficient, and environmentally responsible PCB recycling process. The approach minimizes
secondary waste, maximizes material recovery, and lays the groundwork for industrial-scale
implementation of solvent-based delamination and hydrometallurgical recovery technologies. Future
research should focus on long-term solvent stability, kinetic modeling of metal extraction from
complex residues, and the valorization of recovered polymeric fractions for high-value applications.
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AHoTamin

V KiHII JKUTTEBOTO UKITY BiAmnpaisoBaHi apykoBaHi miaati (WPCBs) cTaHOBISTH SIK LIHHE KEPETIo
pecypciB — MiJIi, HIKEI0, TOPOTOIIHHUX METAJIIB 1 MOJIMEPHUX MaTepiaiiB — TaK 1 €KOJIOT1UHY 3arpo3y
y pa3i 3axopoHeHHs ab0 cralfoBaHHA. Y Il poOOTI pO3pO0ICHO Ta ONTUMI30BAaHO MOAYJIbHY 3aMKHEHY
JiHi0 epepoOkw, sika: (1) 3miiiCHIOE nemaMiHaIliio SMTOKCHUIHOT CMOJH BiJl CKIIOBOJIOKHA Ta BOYJIOBaHHUX
METaJIiB NUIAXOM eKCTpakiii auMerwicynbdokcuaom (DMSO), mopiBHIOIOUN TpaauIliifHE TepMidHE
HaOyXaHHS 3 MIKPOXBHJIBOBOIO 0OPOOKOIO 3 METOFO MaKCHMIi3aIlil BUXOy CMOJIH, 30epeKEeHHSI IILTICHOCTI
BOJIOKHA Ta OIIHKM MO>KJIMBOCTI TTOBTOPHOTO BUKOPHCTaHHS PO3YMHHHUKA; (2) MOAPIOHIOE 3aJIUIIKOBI
(dparMeHTH IIaT y MeXax KCHEPUMEHTAIBHOTO TU3aiiHy 3 HaJalITYBaHHSIM PO3MOALTY 32 pO3MipoM
yacTUHOK (2—10 MM) Ta €HepProcroXHBaHHSIM, BKJIIOYAIOYM OLIHKY TEXHOJOTIYHUX A00aBok; (3)
¢dpakimionye MmoApiOHEHWH MaTepial 3a JIONOMOTOK IOCTIJOBHOIO MAarHiTHOTO, BHXPOCTPYMOBOTO,
€JIEKTPOCTATUYHOTO Ta IIUIBHICHOTO PO3AUIEHHS 3 ONTHMI3alli€l0 MOPOTiB cemapaiii Ta BUIUICHHAM
(bepoMarHiTHUX, KOJIbOPOBUX 1 HEMETAJIEBUX KOMIIOHEHTIB; (4) BUKOHYE TAPOMETATYPriiiHy eKCTPaKIIio
31 3MmimaHoi MetaneBoi (pakiii, BKIIIOYAIOYM JY’KHY ITiITOTOBKY, KHCJIOTHE BWJIYTOBYBaHHS (3
BUKOPUCTAHHSIM OKHCHHMKA), EKCTPAKII0 PO3YMHHUKOM Ta EJIEKTPOBITHOBJICHHS JUIS OTPHUMAaHHS
METAJIONPOIYKTIB BUCOKOT UHCTOTH; (5) MacmTadye ONTUMI30BaHi MPOIIecH 3 1a00paTopHOTO PiBHS (2 1)
110 HamiBIpoMuciioBoro (200 1) y 3MillTyBaHUX peakTopax i3 JOTPUMAaHHSIM T€OMETPUIHOT MOAIOHOCTI. Y
MiJICYMKY BHKOHAHO MAacoBi Ta €HEpPreTW4Hi OajaHcH, NepeadadeHo 3aMKHEHI IMKJIM BHKOPUCTAHHS
po3unMHHMKAa Ta BOAU. CHCTEMHO JOCIHIPKCHO KJIIOYOBI TEXHIYHI HEBU3HAYEHOCTI, BKIIIOYAIOYH
CEJICKTHBHICTh PO3YMHHUK—CMOJIA, KOMIPOMICHM MiX €HEproBUTpaTaMd Ha TMOApPIOHEHHS Ta
BUBUIbHEHHSM KOMIIOHEHTIB, KIHETUKY BWJIyTOBYBAaHHsS 3 KOMIUIEKCHMX 3aJIMIIKIB, TlAPOJMHAMIKY
MacimTaOyBaHHSI Ta BTpAaTd NpU pereHepanii po3unHHUKA. OTprMaHa TuiaTopMa € MEepCIeKTHBHUM
pIlIEHHAM Ui LUPKYJSPHOI Ta CTiMKOi mepepoOKH IPYyKOBAaHUX IUIAT 13 MIHIMI3aIli€l0 BIAXOMIB i
MaKCHMaJIbHUM BiJTHOBJICHHSIM PECYpCIB.

Kiro4oBi cioBa: 1upKyIsipHa €KOHOMIKa, OpraHiyHa eKCTPaKiis, mepepoOka MpyKOBaHUX IUIAT,
riipoMeTanypriiiHa eKCTpaKIlis, MPOEKTYBaHHS MPOTOTHUILY.
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