
Systematic conceptual design
strategies for the recovery of
metals from E-waste

Samarth D. Palav, Ana I. Torres* and Lorenz T. Biegler

Department of Chemical Engineering - Carnegie Mellon University, Pittsburgh, PA, United States

As the consumption of electronics increases worldwide, significant strain is posed
on both the availability of mineral resources and the accumulation of waste due
to their disposal. Recovering valuable minerals from e-waste can potentially
alleviate both. This paper discusses the systematic design of processes for the
recycling of waste printed circuit boards (WPCB). After reviewing the relevant
processing steps, the generation of processing superstructures is explained. Next,
a formulation of the optimization problem is presented to identify the best
processing pathway, and the use of process simulators to specify
optimization-relevant parameters. These ideas are described in detail via a
WPCB to metals case study.
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1 Introduction

Technological industries that produce electronic devices have seen steady growth in
recent years. This growth translates into both an increase in the demand for minerals and an
increase in electronic waste (e-waste) when the products reach the end of their lives. E-waste
disposal is a major global issue. According to Statista (Statista, 2024a), “More than
50 million metric tons of e-waste are generated globally every year, averaging some 7 kg
of e-waste per capita.”. E-waste disposal is also not evenly distributed worldwide, with
developed nations accounting for the majority of the waste generation. The United States of
America average 21 kg/person-year while European countries fluctuate between 19 kg/
person-year (Spain) and 26 kg/person-year (Norway) (Statista, 2024b). Based on this same
reference, China’s generation is estimated to be 7 kg/person-year. While high-income
nations do recycle part of the generated waste, they are net exporters (Baldé et al., 2022).
Meanwhile, nations in Africa, Central and South America, and Southern and Southeast Asia
are net receivers of these used electronics and e-waste, which causes a burden that damages
human health and the environment (Baldé et al., 2022).

E-waste is defined as “discarded products with a battery or electrical plug” (U. N.
University, 2024), so many products fall in this category. This article focuses on a particular
class of e-waste: Waste Printed Circuit Boards (WPCB). Printed Circuit Boards (PCB) are
used across a wide range of industries, from computers, cell phones, and house appliances to
navigation systems and medical devices. PCBs consist of rigid, generally plastic, boards
where electronic components in a circuit are mounted and connected (see Figure 1). All
electronics contain PCBs in amounts ranging from 0.054% weight in refrigerators to 25% in
remote controllers (Priya and Hait, 2018). Recycling of WPCBs is attractive as they contain
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precious metals like gold, silver, copper, and palladium in
concentrations that are usually higher than that of mineral ores
(Bizzo et al., 2014), see Table 1.

Several industries already process WPCBs; (Kaya, 2019);
includes some commercial examples as follows:

• Müller-Guttenbrunn Group (MGG), Austria: Non-ferrous
metals are separated from the e-waste using eddy current
separators (ECS) or sieving for pure metal concentration and
finally smelted to recover copper and pure metals. MGG treats
80 Kt of e-waste yearly. MGG recovers approximately
850,000 t of metals with a recovery of 85%. (M.-G.
Group, 2024).

• Alberich, Spain: Waste from Electrical and Electronic
Equipment (WEEE) is fed into a super pre-chopper and
then a ring shredder. Electro-magnetic band magnets are
used to remove ferrous metals, after which a two-stage
eddy current separator is used to remove nonferrous
metals. The output fractions comprise various nonferrous
metals, ferrous metals, dust, refining materials like copper,
and organic fractions containing plastics and resin.
(Alberich, 2024).

• Aurubis, Germany: Copper and electric/electronic scrap and
residues are first crushed and then processed via pyrolysis in
the Lünen or Hamburg facilities. According to their webpage
(Aurubis, 2024) “Copper, nickel, tin, lead, and the precious

metals contained in the raw materials are enriched in an alloy
with a copper content of about 80%”. Then, copper is further
enriched to 95%. Tin and lead are processed into an alloy and
finally refined in copper cathodes until 99% purity. Gold and
silver are enriched in the anode.

• Mint Innovation, New Zealand: Waste material is milled to a
sand-like consistency and mixed with a proprietary leaching
solution to dissolve the metals. The mixture is then passed
through a filter press to separate solids from liquids.
Electrolysis is used to recover the copper from the liquid
phase. Gold, silver and palladium are left in the solid residue
cake. A second leaching step dissolves the former minerals.
Microbes are added to the liquid phase to selectively collect the
gold. The gold-coated microbes are filtered out, forming a
paste that is calcined and refined into gold (M. Innovation,
2024a; M. Innovation, 2024b).

The processing of WPCBs has also attracted academic
research. The use of mechanical scraping is suggested in (Li
and Xu, 2010), combined with corona electrostatics as an
environmentally friendly technology used to recover
resources and products from WPCB. Froth flotation is
discussed in (Vidyadhar and Das, 2013) as a promising
technology to reject plastics from the pulverized product.
The pulverized PCB powder was investigated by varying the
operating variables such as pulp density, frother dosage, air flow
rate, and impeller speed in froth flotation. Varying these
parameters, they found optimum values of variables for
maximizing the yield and grade. The authors also established
that the removal of substantial plastics from the pulp was
achievable with a residence time of 1 min, which resulted in
a metal yield of 76% and recovery of 95%. The separation of
species through air classification was analyzed in (Eswaraiah
et al., 2008). This method is a relatively clean mechanical
separation method that can achieve a reasonable separation
of metals and plastics from WPCBs. In (Yokoyama and Iji,
1997) an automatic part removal apparatus is described, which
successfully removes through-hole devices as well as surface
mounted devices from WPCBs with almost no damage to the
electrical components. This method heats PCBs above the
melting point of solder (about 180°C) and removes
components through impact, shear, and vibration. Results
showed final solder removal to total 96% w/w.

Despite the increasing number of publications on WPCBs
recycling, and the inferred positive economic potential (from the
company webpages), process systems engineering studies on this
topic are scarce. The aim of this paper is to discuss the capabilities of
optimization-based conceptual design to tackle the recovery of
metals from e-waste problem and to demonstrate these
capabilities with a basic case study.

This paper is organized as follows: Section 2 discusses the steps
involved in processing WPCBs; Section 3 covers the development of
superstructures and their mathematical modeling to find optimal
WPCBs processing pathways. The section ends by describing how to
use commercial simulators to obtain data required for the
mentioned optimization step. Finally, in Section 4 we present the
implementation and solution of a problem for finding the pathway
that maximizes the revenues.

FIGURE 1
A printed circuit board. ⓒ raimond spekking/CC BY-sa 4.0 (via
wikimedia commons).

TABLE 1 Metal content in ores and PCBs (Printed Circuit Boards). Data from
(Bizzo et al., 2014).

Metal Ore (%) PCBs (%)

Copper 0.5–3.0 12–20

Zinc 1.7–6.4 0.1–2.7

Tin 0.2–0.85 1.1–4.8

Lead 0.3–7.5 1.3–3.9

Iron 30–60 0.1–11.4

Nickel 0.7–2.0 0.3–1.6

Gold 0.0005 0.0029–0.112

Silver 0.0005 0.01–0.52
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2 Processing of WPCB’s

PCBs generally contain 40% of metallic components and 60% of
non-metallic components; the latter is roughly equally divided
between organic resins and ceramics (Khaliq et al., 2014). The
objective of recycling is to recover the metallic components that
are more valuable. As reported in (Priya andHait, 2018) PCBs have a
large variation in terms of their elemental metal composition.
Establishing the best sequence for extraction and separation of
individual metallic components is the main process design
objective. The following steps are used to recover the minerals
from WPCBs.

1. Disassembly of the PCB from the equipment: This involves
recovering the PCB from the electronic device. The operation
can be achieved by either using manual labor or automatic
crushing techniques. Manual labor is, in principle, more
expensive but allows for reusing some of the still
functioning parts. Automatic crushing techniques are not
generally used as they result in higher losses of pure metals
in the form of dust, but may be adequate for smaller
electronics.

2. Disassembly of the electronic components (ECs) from the PCB:
ECs are connected to the PCB by soldering, riveting/bolting,
foaming, or painting. PCBs are designed for durability of
30 years (Wileman et al., 2021), but by the end of their use,
most ECs have been used for less than 2.2 years (Chen et al.,
2013a). Hence, many of the ECs inWPCBs are still useable and
can be recycled this way. The bare WPCB, together with the
ECs that, for some reason, are not recycled or damaged, are the
ones processed for metal recovery. This disassembly step
requires desoldering and dislodging of the ECs from the
matrix. Desoldering can be carried out by thermal or
chemical treatments. Chemical treatments are associated
with waste acids, alkaline liquid, and sludge which causes
secondary pollution. Hence, thermal treatment processes are
preferred. Contributions discussing different desoldering
technologies can be found in (Duan et al., 2011) (general
recommendations for temperature setting), as well as air
heated desoldering (Wang et al., 2016) (use of industrial
waste heat (Chen et al., 2013b)) and the use of ionic liquids
in desoldering (Zeng et al., 2013). Commercial PCB
desoldering units can also be found in the market (Expert,
2024). Dislodging of the ECs from the WPCB and recovery of
the solder can be done by (mechanical) sweeping or centrifugal
separation methods (Kaya, 2019).

3. Size reduction: Once the working ECs have been separated
from the PCBs, efficient recovery of metals from the bare
WPCB requires size reduction techniques aimed at improving
the efficiency of downstream extraction steps. Size reduction
techniques can be divided into two categories: 1) Dry size
reduction and 2) Wet size reduction. Dry size reduction
involves the use of shredders, blade or hammer mill
pulverizers, or granulators. Literature specific to size
reduction of ECs in WPCBs can be found in (Pan et al.,
2007; Gao et al., 2008; Lee et al., 2012; Wang and Xu, 2015;
Kaya, 2019). Wet size reduction is done with similar
equipment but with the addition of a water inlet. The

particles resulting from size reduction are now in the form
of a slurry that is carried out through sieve tubes. The benefits
of using this technique include avoiding dust and excessive
temperature during crushing. However, this produces a large
amount of wastewater containing particulate matter that
requires careful treatment prior to disposal. References for
these operations can be found in (Pan et al., 2007; Duan et al.,
2009; Kaya, 2019).

Size reduction operations also have to be performed in tandem
to reach the particle size desired for downstream processes.
According to (Wang and Xu, 2015), 96%–99% metals are
liberated when the size of the WPCB is approximately 5 mm;
and most are liberated when the size is 2–5 mm. According to
(Lee et al., 2012), reducing it further diminishes its returns.
Shredding techniques reduce the size to a minimum of 3 mm;
pulverized WPCB in the order of 1 mm in size are generally
mentioned in the references described in the Introduction.

4. Sorting and separation: After size reduction, bare WPCBs are
processed to separate the non-metallic fraction (NMF) from
the metallic fraction (MF) as well as the metals themselves.
Separation can be accomplished by a combination of the
following means.
(a) Gravity Separation: This is based on the specific gravity

differences between the metallic and non-metallic (resin
and fiber) fractions and a fluid (air, water). The
Concentration Criterion (CC) defined as measures the
ease of the separation; if CC > 2.5 then separation is
easy. References for CC based on material and fluid
density can be found in (Sarvar et al., 2015).

CC � ρmetal − ρfluid
ρresin,fibers − ρfluid

(1)

(b) Magnetic Separation: This operation separates magnetic
from non-magnetic particles, and can be done in several
tandems by using magnetic fields of different strengths.

(c) Electrostatic Separation: separates conductive and
nonconductive/nonferrous materials according to their
conductivity/resistivity differences (Kaya, 2019). The main
types of electrostatic separators are Corona electrostatic
separators and eddy current separators (ECS). These are
applied only after removal of ferrous material.

(d) Froth Flotation: This operation separates hydrophobic from
hydrophilic materials. It basically removes the hydrophobic
plastics from the crushed, bare WPCB from the metallic
particles. The problem with froth flotation process is that
the crushed product should be of size 1 mm for effective
separation. Vidyadhar indicates the crushed product of
1 mm size has a recovery of 97.2% but the grade of
metal is merely 31.8% (Vidyadhar and Das, 2013).

(e) Supergravity: This operation combines a heating furnace
with a centrifuge. It requires prior removal of the non-
metallic fraction of theWPCBs, and it is used to separate the
tin and alloy solder and copper and zinc from the rest of the
metallic fraction (Meng et al., 2018). Hence this step removes
the need to desolder theWPCB beforehand. The principle of
this method is to create a supergravity field using a
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centrifugal apparatus with a heating furnace and
counterweight fixed to a motor. Supergravity separation is
accomplished in two different tanks, a separation tank and a
counterweight tank which keeps the apparatus stable. The
melting point of lead and tin is 410 C whereas for copper it is
1300 C. Once the non-metallic fraction is removed using one
of the previous methods, a heated centrifugal apparatus can
be used to remove the lead and tin alloy (solder) in 5 min.
Then theWPCB is reheated to 650–1300 C for 30 min before
the centrifugal device is rotated. After 10 min the device is
shut down, and the blister Cu is quenched in water. Refined
Cu can be obtained by electrolysis and the remaining residue
can be extracted using hydrometallurgical processes.
Approximately 54.41% lead and 41.94% tin are recovered
during the first separation. 93.52% copper is recovered and
90.96% zinc is recovered after the reheating stage (Wang
et al., 2016).

(f) Hydrometallurgy (leaching): This operation involves the use
of solvents to selectively dissolve and extract the metals as
cations. Reagents including sulfuric acid, hydrogen peroxide,
thiosulfate and aqua regia are used in tandem to exploit
differences in solubility of the different metallic salts.

5. Electrolysis: This operation is used as a final step to reduce the
metallic salts to metal. As it is required by all processing
options for WPCBs and incurs the same CAPEX and OPEX
costs for each option, we do not include this step in this study.

3 Application of PSE tools to WPCB
processing

3.1 Development of superstructures for
pathway selection

Given the many possible and interlinked options, identifying the
best WPCB processing pathway can be challenging. Superstructure

optimization approaches are ideally suited to tackle this problem.
Based on a selection of the processing steps described in Section 2 we
developed the superstructure shown in Figure 2. At this point, it is
worth mentioning that data for modeling these processes are very
scarce; the superstructure corresponds to those processing options
for which we found data. Other processing options, once available,
could also be added to the superstructure.

The rationale is as follows: the superstructure is divided into five
stages that coincide with the processing steps discussed above. The
processing pathway contains one (or more) of the alternative
options in each stage. Based on the practices and
recommendations described in Section 2, we consider only
manual disassembly of the PCB from the equipment and
automatic desoldering of the electronic components. While other
options could be included, three streams are obtained after these two
operations in any case. The first contains the solder Sn/Pb, the
second the electronic components, and the third comprises bare
WPCBs from where metals are to be recovered. The latter must be
reduced in size for efficient recovery of metals. Based on data
availability, a sequence consisting of shredding (which leads to
particles between 5 and 20 mm) and pulverization step (leading
to particles up to 1 mm) is proposed. This is shown in the upper
graphic in Figure 2.

Following these “mandatory” steps, Figure 2 shows several
options for the first separation step. The first option is to use air
gravity to separate metals and non-metals based on their specific
gravity. Non-metals are lighter and, hence, float on the top of the
separator, whereas the heavier metals are left in the recovery zone at
the bottom. The non-metals are removed from the separator as dust,
and the metals are sent to other processes for further recovery. The
recovery grade of the non-iron metals is almost complete using this
technique. This option has as a drawback the selective loss of iron
and copper. To counter this drawback, magnetic/electrostatic
separation can be used beforehand to remove the ferromagnetic
material. This leads to the second option, in which ferromagnetic
materials are separated first by the application of a magnetic force.

FIGURE 2
Superstructure of processing options.
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The stream containing the non-ferrous materials is now subject to
air gravity separation, where the remaining metals are separated
from the non-metallic dust. A third alternative is to use eddy current
separators (ECS) after the magnetic separation. ECS separates
metals like Cu, Al, Zn, Au, and Ag from the non-metals.

All these three pathways lead to a mix of non-ferrous metals
containing copper, zinc, gold, and silver, which can now be
recovered individually. Given the economic importance of copper
(and its more developed recycling industry), copper may be
selectively recovered first via supergravity separation. Then, the
rest of the metals are recovered via a tandem of leaching processes.

We note that supergravity separation has the drawback that
some of the gold and silver melt to form alloys with copper, and the
rest stay with the remaining metallic residue. While the copper-
silver-gold alloys may be treated with electrolysis or other
hydrometallurgical processes to further separate them, the fact
that valuable gold and silver are split into two streams is not
desirable. An alternative is to skip the supergravity separation
step and separate the copper also via leaching. Finally,
electrolysis processes are applied to recover the metals in their
reduced form. This is beyond the scope of this study.

3.2 Mathematical model of the
superstructure

The superstructure in Figure 2 can be represented as a network,
and the optimal pathway can be found via mathematical
programming. Here, we develop the equations required to
formulate the optimization problem starting from the stream
labeled “Bare WPCBs 1 mm”. These equations are constrained by
using the split fraction approach described in (Biegler et al., 1997).
We also assume we know all the properties of these streams.

Figure 3 shows the notation to be used. The sorting and
separation of the metals stage is further divided into four sub-
stages indexed by j; index i denotes alternative technologies at each
substage j; the index s indicates a stream flowing in or out of
technology (i, j), index k denotes the components. Flows are
represented by variable f; fin

i,j,s is the total flow entering
technology i of stage j through stream s and fin

i,j,s,k represents the

flow of just component k; outlet flowrates are distinguished by the
superscript out. By definition.

fin
i,j,s � ∑

k

fin
i,j,s,k ∀i, j, s (2)

fout
i,j,s � ∑

k

fout
i,j,s,k ∀i, j, s (3)

Inlet and outlet flows for each technology (i, j) are related through a
(known) split fraction αi,j,s,k which can be defined as:

fout
i,j,s,k � αi,j,s,kf

in
i,j,a,kkey ∀i, j, s, k (4)

where αi,j,s,k relates the outlet flow for a component k with respect to
a key component in the key stream entering technology (i, j).

The choice of key component and key stream is arbitrary and
may change for different components. A reasonable choice is the
limiting reactant as the key component and the stream that contains
it in the largest amount as the key stream.

All other inlet streams, for example, solvents, can be similarly
expressed in terms of the key stream via a (known) split
fraction βi,j,s,k:

fin
i,j,s,k � βi,j,s,kf

in
i,j,a ∀i, j, s, k s ≠ a (5)

or in terms of a key component of the key stream:

fin
i,j,s,k � βi,j,s,kf

in
i,j,a,kkey ∀i, j, s, k s ≠ a (6)

Both αi,j,s,k and βi,j,s,k are parameters of the problem obtained from
literature or from process simulations as explained in the next section.

There are several ways to derive the equations that represent the
possible connections between the technologies. A simple one is to
first consider the connections as mixer/splitters and write the mass
balances for them:

f0,k � fin
1,1,a,k + fin

2,1,a,k (7)
fout
1,1,a,k + fout

2,1,a,k � fin
1,2,a,k (8)

fout
2,1,a,k � fin

2,2,a,k (9)
fout
1,2,a,k + fout

2,2,a,k � fin
1,3,a,k + fin

2,3,a,k (10)
fout
1,3,a,k + fout

2,3,a,k � fin
1,4,a,k (11)

FIGURE 3
Superstructure of processing options - Notation for mathematical modeling.
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Then, define a binary variable yij for each technology (i, j) such
that yij = 1 if the technology is in the optimal pathway and yij = 0
otherwise. Binary variables yij and the corresponding continuous
variables are related through big-M constraints:

fin
i,j,a ≤Myi,j (12)

Finally, to guarantee that at least one technology is selected at each
stage, we write

∑
i

yi,j ≤ 1 (13)

In this study, we choose product revenues and operating costs to be
optimized, with the objective function expressed as:

ϕ � ∑
k�Cu,Zn,Fe,Ni,Au,Ag

Revenuesk −∑
j

∑
i

OPEXi,j. (14)

Here, OPEXi,j is a decision variable that depends on the flowrate to
unit (i, j) and can be expressed as a function of the flowrate of the key
stream a to the unit. This is given by:

OPEXi,j � ϕo fin
i,j,a( ) (15)

and Revenuesk are the revenues obtained from selling the
individual metals.

Revenuesk � ∑
k�Cu,Zn,Fe,Ni,Au,Ag

ϕr fout
1,4,a,k( ) (16)

FIGURE 4
Common schematic of hydrometallurgical process.

TABLE 2 WPCB composition at the inlet of the superstructure in Figure 2
(composition of stream x0).

Material % (w/w)

Copper (Cu) 20.0

Gold (Au) 0.1

Silver (Ag) 0.2

Zinc (Zn) 1.0

Aluminum (Al) 2.0

Iron (Fe) 8.4

Nickel (Ni) 2.0

Non-Metals 66.3

TABLE 3 Split fractions for magnetic separation, air gravity, eddy current separator and supergravity.

Component (k)

Cu Au Ag Zn Al Fe Ni Non metals References

α(1, 1, a, k) 1 1 1 1 1 1 1 1 —

α(2, 1, a, k) 1 1 1 1 1 0.171 0.171 1 Hanafi et al. (2012)

α(2, 1, b, k) 0 0 0 0 0 0.829 0.829 0 Hanafi et al. (2012)

α(1, 2, a, k) 0.75 1 1 1 1 1 1 1 Kaya (2019)

α(1, 2, b, k) 0.25 0 0 0 0 0 0 0 Kaya (2019)

α(2, 2, a, k) 1 1 1 1 1 1 1 0 Hester and Harrison (2009)

α(2, 2, b, k) 0 0 0 0 0 0 0 1 Hester and Harrison (2009)

α(1, 3, a, k) 1 1 1 1 1 1 1 1 —

α(2, 3, a, k) 0 1 1 1 1 1 1 1 Meng et al. (2018)

α(2, 3, b, k) 1 0 0 0 0 0 0 0 Meng et al. (2018)
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Big-M constraints are used to account for OPEXi,j only if unit (i, j) is
selected for the optimal pathway.

0≤OPEXi,j ≤Myi,j (17)
We also note that while CAPEX terms can easily be included in this
objective function, they were omitted in this study due to a lack of

minimum reliable data. The resulting optimization problem is
written as:

max
x,OPEX,y

Eq. 14

s.t. Eqs. 2 − 13
Eqs. 15 − 17

3.3 Process simulation to define parameters
in the optimization model

Eqs 4, 6 require knowledge of the split fractions αi,j,s,k and βi,j,s,k,
which can be obtained from literature sources or, better yet, from
process simulations. To exemplify this, we will describe the steps to
find αi,j,s,k and βi,j,s,k for a hydrometallurgy process representative of
sub-stage j = 4 in Figure 3.

As mentioned above, hydrometallurgy processes require
selective dissolution and precipitation of the metals, which is
generally done in tandems of batch reactions. We simulated part
of a hydrometallurgy process used in the recovery of copper, zinc,
nickel, gold, and silver.

The process is schematized in Figure 4. The first step (reactor
R1) is a leaching step where a solvent composed of 2 M sulfuric acid
and 0.2 M hydrogen peroxide (stream Solvent 1) is used as the
oxidizing agent for the metals remaining in stream fin

1,4,a (Metallic
residue 0). Under these conditions, copper, zinc, nickel, iron, tin and
lead (if not removed previously) form their respective sulfates when
reacted with the leaching solution:

Cu + 2H+SO−2
4 +H2O2 ⇋ Cu+2 + SO−2

4 + 2H2O
Zn + 2H+SO−2

4 +H2O2 ⇋ Zn+2 + SO−2
4 + 2H2O

Ni + 2H+SO−2
4 +H2O2 ⇋ Ni+2 + SO−2

4 + 2H2O
Pb + 2H+SO−2

4 +H2O2 ⇋ Pb+2 + SO−2
4 + 2H2O

Sn + 2H+SO−2
4 +H2O2 ⇋ Sn+2 + SO−2

4 + 2H2O
Fe + 2H+SO−2

4 +H2O2 ⇋ Fe+2 + SO−2
4 + 2H2O

The slurry obtained after the reaction contains the metals that do not
dissolve in the previous mixture, such as silver, gold, and palladium,
in the solid phase. A horizontal filter is added to separate the liquid
from the solid phase. The liquid phase (Solution dissolved metals 1) is
further treated until ready for electrolysis to obtain pure metals. The
solid residue (Metallic residue 1) is sent to the second reaction step
(reactor R2) where a 0.2M Ammonium thiosulfate, 0.02M copper
sulfate, and 0.4M ammonia leaching solution (Solvent 2) dissolves
silver and gold:

Ag + 5S2O
−2
3 + Cu NH3( )2+4 ⇋ Ag S2O3( )−32 + Cu S2O3( )−52 + 4NH3

Au + 5S2O
−2
3 + Cu NH3( )2+4 ⇋ Au S2O3( )−32 + Cu S2O3( )−52 + 4NH3

After this step, the solution (Solution dissolved metals 2) contains a
mixture of gold and silver thiosulfate, while the solid residue
(Metallic residue 2) may contain palladium (if present in the
WPCB). If recovery of palladium is desired, the previous solid
residue can be further solubilized by dissolving it in aqua regia:

Pd + 3HCl +HNO3 ⇋ PdCl2 +NOCl + 2H2O

This particular step is not considered in this study, as only trace
amounts of palladium are generally present.

TABLE 4 Split fractions for hydrometallurgy.

Compound (k) β1,4,b,k α1,4,a,k

H2O 70.9 0.98 (xin
1,4,b,H2O

)

H2O2 0.59 0.14 (xin
1,4,b,H2O2

)

H2SO4 5.8E-9 60.2 (xin1,4,b,H2SO4
)

H+ 0.17 0.77 (xin1,4,b,H+ )

HSO−
4 14.7 1.01 (xin1,4,b,HSO−

4
)

SO−2
4 0.92 0.26 (xin

1,4,b,SO−2
4
)

Cu+2 0.95 (xin1,4,a,Cu)

Zn+2 0.95 (xin1,4,a,Zn)

Al+3 0.97 (xin1,4,a,Al)

Fe+2 0.92 (xin1,4,a,Fe)

Ni+2 0.92 (xin1,4,a,Ni)

Cu 6E-4 (xin
1,4,a,Cu)

Au 3E-2 (xin1,4,a,Au)

Ag 3E-2 (xin1,4,a,Ag)

Zn 6E-4 (xin
1,4,a,Zn)

Al 0.97 (xin1,4,a,Al)

Fe 1.5E-3 (xin
1,4,a,Fe)

Ni 1.5E-3 (xin
1,4,a,Ni)

TABLE 5 Fractional conversion and separation (filter) data used in Aspen
simulations. Data extracted from (Oh et al., 2003): R1 batch reactor at 85°C
achieving 98% recovery of copper and zinc after 8 h and 95% recovery of
nickel and iron in 12 h; R2 batch reactor achieving 100% recovery of silver
in 24 hs, and 95% recovery of gold in 48 hs.

Reactors (fractional conversions)

k R1 R2

Cu 0.98

Zn 0.98

Ni 0.95

Fe 0.95

Au 0.95

Ag 0.99

Filters (ratios) F1 F2

solids/(solids outlet) 0.97 0.97

liquids/(liquid outlet) 0.97 0.95
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The tandem of reactors and filters can be implemented in a
commercial simulator. The choice of model depends on the available
data, for example, conversion rates vs. kinetic data. By comparing
Figures 3, 4, it is clear that streamMetallic residue 0 should be chosen
as the key inlet stream for stage j = 4, fin

1,4,a; Solvent 1 is then fin
1,4,b

and Solvent 2 is fin
1,4,c.

3.4 Completing the split fraction models

We now complete the models discussed above with process data,
starting with theWPCB streamwith the composition shown in Table 2.

For magnetic separation, air gravity, eddy current separator, and
supergravity, αi,j,s,k values are taken from literature and are referred
to as key components. For all these cases a proper key component
has the same component in the key stream. For example, as shown in
(Hanafi et al., 2012), the magnetic separator splits 87.9% of the
incoming iron and nickel into the ferromagnetic material stream.
Thus,α2,1,2,Fe = 0.879, α2,1,1,Fe = 0.171 and Eq. (4) are written as:

xout
2,1,b,Fe � 0.879xin

2,1,a,Fe (18)
xout
2,1,a,Fe � 0.171xin

2,1,a,Fe (19)

The complete set of αi,j,s,k values used in the optimization
problem is shown in Table 3.

For the hydrometallurgical extraction step, we generate the data for α
and β from Aspen Plus simulations. As mentioned above, Solvent 1 is a
2M H2SO4 and 0.2M H2O2 solution in water. Using the e-NRTL
package to properly account for acid dissociation and considering a
requirement of 36.5 L solvent/lbWPCB, the values shown in Table 4 are
obtained for β1,4,b,k. α1,4,a,k (Solution dissolved metals 1) are also obtained
from the simulations, assuming the values in Table 5 for the reactors’
fractional conversions and filter specifications. Notice that, in this case,
we define β1,4,b,k (components for the solvent) in terms of the total flow

TABLE 6 Power Requirements assumed for calculation of OPEX.

Process Power required (KW) Feed constraint (lbs)

Air Gravity Separation 1 4,000–4,500

Magnetic Separation 1.8 50000–70000

Eddy Currents Separator 8.8 77000–88000

Supergravity 50 4,000–5,000

TABLE 7 Solvent costs assumed for the calculation of OPEX.

Solvent Cost ($/ton)

H2SO4 350

H2O2 780

H2O 34

NH4OH 550

CuSO4 1750

(NH4)2S2O3 500

TABLE 8 Average recovery grade of each metal with its price.

Metal/Material Avg. Recovery grade (%) Price ($/lb)

Copper 90.6 3.80

Zinc 95.2 1.48

Iron 92 0.06

Nickel 92 13.25

Silver 98 369.76

Gold 98 27500

FIGURE 5
Maximum profit pathway for the WPCB recycling process.

TABLE 9 Objective function values for different processing pathways.
Mag = Magnetic separation, AG = Air gravity separation, ECS = Eddy
currents separator, SG = Supergravity separation, Hydro =
Hydrometallurgy operation. The optimal solution is highlighted in bold
text.

Pathway Objective value ($/day)

AG + Hydro 81039

AG + SG + Hydro 90310

Mag + ECS + Hydro 82584

Mag + AG + Hydro 84944

Mag + ECS + SG + Hydro 87085

Mag + AG + SG + Hydro 91162
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of the inlet stream (xin
1,4,a), whereas for α1,4,b,k it is more convenient to

define it in terms of a key component. Values for α1,4,b,k (Solution
dissolved metals 2) and α1,4,c,k (Metallic residue 2) are obtained in a
similar way.

Note that in the previous derivation, we have assumed constant
values for the split fractions αi,j,s,k and βi,j,s,k. This assumption stems
from the currently available data. However, non-constant αi,j,s,k and
βi,j,s,k values that vary with processing conditions could be derived if
rigorous kinetic or separation data are available.

4 Optimization implementation
and results

Based on themodeling steps in the previous section, we now present
the implementation and solution of an optimization model for an
e-waste recycling process with a capacity of 8,000 lbs/day of WPCBs.
The mandatory processes start with desoldering the electronic
components and removal of Pb and Sn. The remaining bare WPCBs
need first to be shredded. For OPEX calculations, we assume that a four-
shaft shredder with a total power requirement of 80 kW crushes the
material into approximately 5 mm pieces. A pulverization step to crush
the feed to 1 mm pieces is considered after the shredder. For OPEX
calculations, a power requirement of 110 kW is assumed for this last
crusher. Consequently, 4,000 lbs/day of 1 mmbareWPCBmakes up the
feed for the pathway operations presented in Figure 3.

Using the power requirements in Table 6 and the solvent costs in
Table 7 to calculate the OPEX, and the prices in Table 8 to calculate
the revenues, an MILP problem formulation (with 798 variables)
was implemented in GAMS (v37.1) to choose the process pathway
that leads to maximum profit. The CPLEX (v20.1.0.1) solver in
GAMS provides an efficient solution to this problem within only
0.1 CPUs on a MacBook Pro with an 8-core CPU and Apple
M2 chip. We note that if non-constant values for αi,j,s,k and βi,j,s,k
are considered, the problem will become a Mixed Integer Non-
Linear Program (MINLP). In that case, piecewise linear
approximations could be derived to preserve the linearity of the
problem. Otherwise, a MINLP solver such as BARON (Sahinidis,
1996) or Gurobi (Gurobi Optimization and LLC, 2023) could be
used to solve the MINLP.

The optimum (largest profit) pathway considers magnetic
separation followed by air gravity, supergravity and
hydrometallurgy; this is shown in Figure 5. We also investigated
the profits of the other possible pathways. The resulting profits for
each possible process pathway are shown in Table 9, with the
optimal pathway shown in the last row.

From Table 10, we see that the recovery of metals is similar
for any chosen pathway. The key differences in OPEX are due to
power requirements of individual processes, as shown in Table 6
as well as the operating requirements for hydrometallurgy. Each
pathway requires hydrometallurgical processing, but solvent
requirements may be considerably different, as shown
in Table 11.

We note that the optimal pathway shows that supergravity is an
effective way to recover copper and other precious metals. This can
also be seen in the second and fifth competing pathways, where
supergravity separation (in the second and fifth) provides a
significant improvement over pathways without these steps.
Similarly, we note that magnetic separation is favored as iron
and nickel are removed earlier in the flowsheet.

Other features of the optimal pathway include:

• Magnetic separation followed by air gravity separation ensures
maximum recovery of iron and nickel, thus eliminating the
cost of their electrolysis.

• The air gravity method leads to a loss of approximately 25%
Cu, but other factors, such as less solvent and no electrolysis to

TABLE 10 Recovery of metals using different pathways.

Pathway Metals (lbs/day)

Copper Zinc Iron Nickel Silver Gold

AG + Hydro 570 38 309 74 22.4 3.5

AG + SG + Hydro 600 38 309 74 21 3.4

Mag + ECS + Hydro 760 38 278 66.32 23 3.5

Mag + AG + Hydro 570 38 278 66 212 3.5

Mag + ECS + SG + Hydro 800 38 278 66 21 3.4

Mag + AG + SG + Hydro 600 38 278 66 21 3.4

Mag, Magnetic separation, AG, Air gravity separation, ECS, Eddy currents separator, SG, Supergravity separation, Hydro, Hydrometallurgy operation. The optimal solution is highlighted in

bold text.

TABLE 11 Solvent required for each individual pathway.

Pathway Solvent 1 (L/day) Solvent 2 (L/day)

AG + Hydro 91793 4,695

AG + SG + Hydro 43984 4,479

Mag + ECS + Hydro 91793 4,696

Mag + AG + Hydro 70040 4,561

Mag + ECS + SG + Hydro 9,753 4,480

Mag + AG + SG + Hydro 9,753 4,480

Mag, Magnetic separation, AG, Air gravity separation, ECS, Eddy currents separator, SG,

Supergravity separation, Hydro, Hydrometallurgy operation. The optimal solution is

highlighted in bold text.
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separate Fe and Ni, make it the best option after magnetic
separation.

• Using supergravity separation ensures a much lower feed for
hydrometallurgy treatment, as we have already recovered Fe
and Ni from magnetic separation and Cu from supergravity.

5 Conclusion

Printed circuit boards (PCBs) are significant consumers of
mineral resources, and are major producers of e-waste, which
often contains higher mineral contents than in mineral ores.
Recycling from e-waste is therefore an essential topic to limit
disposal problems and to maintain sustainable mineral sources.
While e-waste recycling processes have seen considerable
research and commercialization, there are few research studies
that apply process systems engineering methods to synthesize
optimal e-waste recycling systems. This paper deals with the
development and demonstration of an optimization-based
strategy for the conceptual design of metals recovery from
e-waste. The paper first introduces the e-waste recycling problem,
provides a brief summary of current industrial practice, and
summarizes several academic studies on e-waste recycling. This
background illustrates qualitative performance trade-offs in various
e-waste processing steps, which motivate the development of
optimization models. These models are further informed by
discussing the major steps involved in processing waste
PCBs (WPCBs).

To formalize the conceptual design problem, these processing
steps are organized into a superstructure of flowsheeting options,
which are quantified through the development of mathematical
models, constraints and decision variables that lead to optimization
formulations. These models are populated with process data drawn
from the literature as well as from process simulations. The resulting
models are formulated as mixed integer linear programs (MILPs),
and the study develops and presents an MILP case study that
determines an optimal process within a basic superstructure of
process options. Solution of the MILP requires negligible
computation (< 0.1 CPU s) and yields an optimal process that
has a 12% higher profit than the straightforward process of air
gravity separation of nonmetallics followed by hydrometallurgy
processing for metal recovery. This higher profit is due to the
inclusion of magnetic separation (to recover nickel and ferrous
metals) and supergravity separations (to recovery copper), thus
reducing the load on the hydrometallurgy processing step.

Our systematic conceptual design approach and optimization
results also highlight a number of directions for future research. An
important next step will be to develop and include more detailed
process models that provide improved accuracy in process
performance. These models will also allow additional decision
variables and specifications for the processing units, in order to
provide more flexible and more efficient operation. Also needed is

the inclusion of accurate capital cost models for advanced recovery
processes. Finally, our goal is to expand the scope of superstructure
optimization models to include front-end size reduction processes,
back-end electrolysis operations, and advanced process
technologies overall.
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