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Abstract: Electronic waste is a growing waste stream globally. With 54.6 million tons generated in
2019 worldwide and with an estimated value of USD 57 billion, it is often referred to as an urban
mine. Printed circuit boards (PCBs) are a major component of electronic waste and are increasingly
considered as a secondary resource for value recovery due to their high precious and base metals
content. PCBs are highly heterogeneous and can vary significantly in composition depending on the
original function. Currently, there are no standard methods for the characterisation of PCBs that could
provide information relevant to value recovery operations. In this study, two pre-treatments, smelting
and ashing of PCB samples, were investigated to determine the effect on PCB characterisation. In
addition, to determine the effect of particle size and element-specific effects on the characterisation of
PCBs, samples were processed using four different analytical methods. These included multi-acid
digestion followed by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis,
nitric acid digestion followed by X-ray fluorescence (XRF) analysis, multi-acid digestion followed by
fusion digestion and analysis using ICP-OES, and microwave-assisted multi-acid digestion followed
by ICP-OES analysis. In addition, a mixed-metal standard was created to serve as a reference material
to determine the accuracy of the various analytical methods. Smelting and ashing were examined as
potential pre-treatments before analytical characterisation. Smelting was found to reduce the accuracy
of further analysis due to the volatilisation of some metal species at high temperatures. Ashing was
found to be a viable pre-treatment. Of the four analytical methods, microwave-assisted multi-acid
digestion offered the most precision and accuracy. It was found that the selection of analytical
methods can significantly affect the accuracy of the observed metal content of PCBs, highlighting the
need for a standardised method and the use of certified reference material.

Keywords: analytical methods; ashing; electronic waste; mixed-metal standard; acid digestion; smelting

1. Introduction

The consumption of electric and electronic equipment (EEE) is growing worldwide.
This is fuelled by rapid advancement in technology, increased disposable income, and
growing dependence on technology [1]. The production of EEE is estimated to have
increased 8% in the year 2018 [2]. When EEE reaches the end of its life and is no longer
repairable, it becomes electronic waste (e-waste). E-waste is one of the fastest-growing
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waste streams globally [2]. In 2019, 53.6 million tons (Mt) of e-waste were generated
worldwide. This is expected to increase to 74.7 Mt by the year 2030 [2].

The majority of e-waste globally remains unrecycled or not formally tracked, with only
17.4% formally collected and recycled [2]. Current recycling strategies are not sufficient to
support the processing of the increasingly larger amount of e-waste, with an increase of
9.2 Mt of e-waste generated globally per annum since 2014 but only a 1.8 Mt increase in
the amount recycled globally per annum since 2014 [2,3]. This is of particular concern in
the context of a circular economy. E-waste is comprised of a range of valuable materials
that can be recycled, including metals, plastics, and glass [4]. As such, this waste stream is
often referred to as an urban mine [5]. The combined total value of all e-waste generated
in 2019 was estimated to be USD 57 billion. The most valuable component of e-waste is
typically printed circuit boards (PCBs). PCBs only account for 3—6% of the total volume
of e-waste globally; however, PCBs are highly valuable due to the high precious and base
metals content [1].

In addition to the economic value of e-waste, the environmental impact needs to
be considered. The impact of e-waste on the environment can be significant if the waste
is not properly managed [6]. PCBs, in particular, contain many hazardous substances,
including heavy metals such as lead, mercury, and arsenic, in addition to persistent organic
pollutants (POP) and brominated flame retardants (BFR) [6,7]. Improper management of e-
waste, e.g., through open burning [8], dust released during mechanical treatment [9], crude
recycling processes [10], open disposal [6], as well as illegal dumping [11], can cause air,
soil, and water contamination and bioaccumulation of contaminants in the food chain [6,12].
The human health effects of this contamination have also been documented [7]. Therefore,
enforcement of proper e-waste management is essential to minimise environmental and
health impacts.

Due to their high precious and base metal content, and hence their high value, PCBs are
often the focus for e-waste recycling. However, PCBs are generally highly heterogeneous
stemming from the diverse functions of the original equipment. PCBs are composed
of a mixture of metals (40%), plastics (30%), and ceramics (30%) and can contain over
60 different elements [4,13]. Typically, PCBs are divided into low-grade (<100 ppm Au),
medium-grade (100-400 ppm Au), and high-grade (>400 ppm Au) boards [14].

The heterogeneous composition of PCBs makes them a complex material to charac-
terise. Typical PCBs consist of three parts: (1) a non-conducting substrate or laminate
usually consisting of plastic or ceramic [15]; (2) a conducting substrate printed on or in-
side the laminate, which usually consists of highly conductive metals such as copper and
gold [15]; and (3) various components such as chips, connectors, and capacitors, which
adhere to the surface of the PCBs. [15]. PCBs can be classified as single-sided, double-sided,
or multi-layered. The thickness of PCBs can range from 0.2 to 7 mm [15]. The conductive
layer can also vary in thickness and typically ranges from 7.5 to 175 um. The soldering
and epoxy can vary significantly depending on the manufacturer, as can the components
that are attached to the boards [15]. These components are often closely integrated with
resins and epoxy, and discreet separation can be difficult [15]. Given the complexity of the
material, it is therefore expected that the composition of PCBs varies significantly depend-
ing on the function, the manufacturer, and even the date of manufacturing. The typical
composition of metals in PCBs is shown in Table 1. As such, it is critical to extensively
characterise the PCBs in order to quantify the composition of the boards accurately. This
will allow the quantification of metal flows in metal extraction processes, calculating any
loss in metals and the extraction yields. This is essential to evaluate the efficiency of metal
extraction processes and their potential for large-scale implementation.

Although a notable number of studies on PCBs have been conducted (Table 2), there
is no set standard for the accurate characterisation of the material. Different methodolo-
gies have been investigated for characterising metals composition in PCB waste, with the
majority relying on acid digestion to solubilise the metals present (Table 2). Noteworthily,
little research has been conducted to determine the optimal method for e-waste characteri-
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sation [16-21]. Even fewer studies have attempted to create a reference material (RM) to
determine the accuracy of the employed analytical methods [19,22]. Often the method with
the highest yield is considered the best, but this does not consider the precision of the meth-
ods [16,18]. Therefore, this study compared the precision of a variety of analytical methods
(AM) for characterising the metal content of PCB samples. The study also evaluated ashing
and smelting as possible pre-treatments prior to acid digestion (Figure 1). In addition, a
mixed-metal standard (MMS) was used to investigate the accuracy of the methods used.

Table 1. Range of metal composition of PCBs in the literature (adapted from [1,2,4,15]).

Element Composition (%) Element Composition (ppm)
Cu 6-40 Au 250-2050
Fe 1.2-8 Ag 110-4500
Al 0.3-7.2 Pd 50-4000
Sn 1-6.3 Pt 5-30
Pb 1-4.2 Co 1-4000
Ni 0.0024-5.4 - -
Zn 0.04-2.2 - -
Sb 0.1-0.4 - -

Table 2. Various analytical methods employed in the literature for e-waste characterisation and the corresponding elemental

content of the e-waste.

Sample Analytical Method Elemental Content (%)
Type of Particle Size
(um Unless Sample Digestion Analysis .
PCB Otherwise Size (g) Method Instrument Cu Al Ni Zn Sn Fe Reference
Specified)
ES! —14/+20 mesh 1 AR? AAS?3 19.1 1.38 0.04 0.81 - 0.002 [23]
ES —14/+20 mesh 1 HNO; AAS 287 - 043 0.46 - 0.002 [23]
4
1;)45]3 37-150 1 AR ICP-OES ® 6.65 3.13 0.38 0.36 - 1.46 [24]
[I)\é% 10004000 - AR ICP-OES 20.3-33.9 - 4.8-091 32-14 6.2-3.2 - [25]
Wet
TV PCB 250 - chemical - 11.2 0.3 0.02 0.15 - 0.004 [26]
analysis
Dry
PCB 2000 - ashing + - 3.38 - 0.41 2.19 1.26 16.1 [27]
AR
ES 4000-10000 - AR - 24.8 25 - - - 0.18 [28]
ES <1000 1 AR - 20.3 48 32 6.2 - [29]
ES <1000 - AR ICP-OES 20.3 43 43 [30]
ES <750 3 AR AAS 215 - 0.24 1.4 3.4 24 [31]
ES 50-150 1 AR AAS 85 0.71 2.0 8.0 0.00068 8.3 [32]
ES 100-120 1 AR AAS 8.9 0.75 2.0 8.2 0.00065 8 [33]
ES 80 - AR - 9 0.75 2.1 8.4 - 8 [34]
ES 105 - AR ICP-MS ¢ 13.05 2.285 2.075 2.035 - 1.83 [35]
ES 100-200 - AR AAS 12.6 1.4 24 5.6 - 12 [36]
ES 100-200 - - - 12.6 1.4 24 5.6 - 12 [37]
MmP ICP-MS
PCB 250 - - ICP-OFS 3.27 22 19 - - 1.4 [38]
PCB 75-1000 - dﬁve\it ICP-MS 209 - 0.014 159 - - [(39]
PCB 147-208 1 AR ICP-MS 28.0 0.07 0.41 - 0.51 [40]
PCB ICP-OES )
dust 500 - HNO;3 ICP-MS 8 237 15 26 23 - [41]
HNO;,
ES 40 mesh 1 HCI, HF ICP-OES 23.1 2.6 0.192 1.7 1.8 0.81 [42]
and HzOz
ES - 1 AR AAS 30 4.5 38 4.59 - 6.01 [43]
H,S04 ’ ’ ’ ' -
ES 500-1000 - - - 40.2 - - - 4.5 0.44 [44]
ES 100-200 2 AR AAS 12.6 1.4 24 5.6 - 12 [36]
ES 500 - - - 25.1 - 0.002 0.04 - 0.66 [45]
PCB 350 - - ICP-OES 9.0 - 0.01 0.21 - - [46]
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Table 2. Cont.
Sample Analytical Method Elemental Content (%)
Type of Particle Size
(um Unless Sample Digestion Analysis .
rCB Otherwise Size (g) Method Instrument Cu Al Ni Zn Sn Fe Reference
Specified)
PCB 3000 - - ICP-OES 2.94 - 0.01 0.19 - - [46]
HNO;,
ES 80 mesh 0.1 HCl, HF ICP-OES 11.6 2.01 - - - - [47]
and HzOz
ES 20-40 mesh 0.5 AR ICP-OES 25.5 6.3 .53 6.18 3.31 3.17 [48]

1 ES: electronic scrap, 2 AR: aqua regia, > AAS: atomic absorption spectrometry, * MP: mobile phone, > ICP-OES: inductively coupled
plasma optical emission spectroscopy, ® ICP-MS: inductively coupled plasma mass spectrometry.
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Figure 1. Flowsheet for sample processing and analytical methods examined.

2. Materials and Methods
2.1. Printed Circuit Board Preparation

Shredded (2 cm) high-grade PCBs removed from electronic equipment were supplied
by MRI e-cycle solutions. The PCBs were ground using a LM1-M ring mill (LabTechnics
Australia, Victoria, Australia) and sieved to three size fractions: <365 um, 365-500 um, and
500-750 pm using a Retch AS200 control sieve shaker. Each size fraction was weighed to
determine the relative mass of each size fraction. Each size fraction was then individually
subsampled using a RSD.30L.12.13/8751 rotary sample divider (Wallerby Mining Products,
New South wales, Australia) to obtain representative samples for elemental analysis.

2.2. Mixed-Metal Standards (MMS)

Mixed-metal standards were created using analytical-grade elemental metal powders.
The following chemicals were sourced from Sigma Aldrich: iron 12310-500G-R, copper
266086-500G, zinc 324930 10G, nickel 266981-500G, tin 14509-250G-R, and aluminium
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653608. These powders were weighed using an analytical balance, and the weights were
recorded to three decimal places before mixing the metal powders into composite samples
and submitting for analysis.

2.3. Analytical Methods

Three replicate samples of each PCB size fraction were subjected to each of the analyti-
cal methods used for determining element contents (Table 3). The total elemental content
for the entire batch of PCBs was calculated using the Equations (1) and (2) considering the
total mass of each size fraction:

TMelement = Mg X C1/100) + Mg x C2/100) + Mg x C3/100) 1)

TCelement = TMelement/ TMtotal (2)

where TMgjement is the total mass (kg) of the element for all particle sizes; Mg, My, and
Mgs are the masses (kg) of size fractions 1 (<365 um), 2 (365-500 pm), and 3 (500-750 pm),
respectively; and Cq, Cp, and Cj are the contents (%) of the element in size fractions 1,
2, and 3, respectively. TC is the total content (%) for the element for the batch of PCBs
processed. TMqq1 is the total mass (kg) of the batch of PCBs processed.

Table 3. Experimental conditions for the methods used for PCB characterisation.

Temperature Pressure of

SI:;lalle Pre- Analytical Islzrsnspflgr Acid of Acid Acid Fusion Analytical
P Processing  Process . . Digestion Digestion Digestion Digestion  Instrument
Mass (g) Digestion (g) "
Q) (bar)

2.5-3 Ashing 1! 0.2-0.3 HNO3 100 1 Yes XRF
25-3 Ashing 22 0.1 Aqu;;egla' 200 1 Yes ICP-OES
50 Smelting 1 0.2-0.3 HNO; 100 1 Yes XRF
50 Smelting 2 0.1 Aqu;;egla' 200 1 Yes ICP-OES

Aqua regia,
1 None 33 0.1 H,S0y, 100 1 Yes ICP-OES
H,O;
Aqua regia,
0.2 None 44 0.2 . HE, 180 30 No ICP-OES
microwave
digestion

1 X-ray fluorescence of ashed /smelted samples, > ICP-OES analysis of ashed /smelted samples, ® acid digestion and direct fusion digestion
followed by ICP-OES, # microwave-assisted acid digestion followed by ICP-OES.

2.3.1. Ashing

Ashing of the milled PCB waste was conducted in open ceramic dishes, in air, in a
Modutemp SC1268 VMO muffle furnace. Samples of 2.5-3 g of PCBs or 3.37 g of MMS
were slowly heated to 500 °C and held at 500 °C for 4 h before slowly cooling to ambient
temperature for weighing. Ashed material was slightly “sintered” post ashing and was
broken up using a mortar and pestle before sub-sampling for chemical analysis. The loss
on ignition (LOI) was calculated using Equation (3):

LOI = (msample — Myghed) X 100%/ Mgample 3)

where mgample is the sample mass (g) before ashing, and mygpeq is the sample mass (g) after
ashing. The element content in the original sample (Coriginal sample) Was calculated using
Equation (4):

Coriginal sample = Celement ashed X (100 — LOI)/100 4
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where Celement ashed 15 the content of the element (%) in the ashed sample as determined
by X-ray fluorescence (XRF) or inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis. MMS samples were processed using the same method.

2.3.2. Smelting

Smelting of the milled PCB samples was conducted in a Modu-Temp SC1268 VMO
muffle furnace. Samples of 50 g of milled PCBs or 54.04 g of MMS were fused with 50 g of
borax (Gitz Green, batch ID: 1116010C) (Nay[B4O5(OH)4]-8H,0) in alumina (for e-waste)
or graphite (for mixed-metal standards) crucibles using a muffle furnace at 1350 °C for 3 h.
A graphite crucible was used for MMS because alumina crucibles melted in the first PCB
sample smelting trial due to overheating. The metal phase was separated from the slag by
screening at 106 um either directly to produce metallic prills or by re-melting the coarse
>106 pm fraction to produce a metallic button. The metal (>106 um) and slag (<106 pm)
phases were then weighed, with the metal phase forming 44.89-75.3% of the total mass and
the slag phase forming 55.10-24.67% of the total mass, depending on the fraction size. Each
phase was analysed separately for elemental composition. The contents of each phase and
the masses of the recovered phases were used to calculate the metal content of the original
PCB samples. The element content for the original sample (Cyriginal sample) Was calculated
using Equations (5)-(8):

mp = (mmetal phase recovered X Cl)/ 100 (5)

myp = (mslag phase recovered X CZ)/loo (6)
Melement total = M1 + My @)

Coriginal sample = (Mejement total X 100)/ Mgample 8)

where m; and m; are the masses (g) of the element in the metal phase and the slag phase,
respectively; Mpetal phase recovered AN Mglag phase recovered are the masses (g) of the metal and
slag the phases recovered from smelting, respectively; C; and C, are the contents (%) of
the element in the metal phase and the slag phase, respectively, as determined by XRF or
ICP-OES; Melement total 1S the total mass (g) of the element in the sample; and mgampe is the
mass (g) of the sample used for smelting. MMS samples were processed using the same
method. The LOI for smelting was calculated using Equations (9) and (10):

Minput = Msample + (Mporax x 0.528) 9

LOI = (minput — Mgmelted) X 100/ Mjnput (10)

where mjnpy is the total mass (g) submitted for smelting; mgample is the mass (g) of the PCB
sample submitted; my,q,,y is the mass (g) of the borax added to the PCB sample; and mgpyejteq
is the mass (g) of the sample recorded after smelting. The mass of the borax was multiplied
by 0.528 to account for the loss of water from the mass of borax (Nay[B4O5(OH)4]-8H,0)
during the smelting process.

2.3.3. Analytical Method 1: (AM1) X-ray Fluorescence (XRF) for Ashed and
Smelted Samples

Subsamples of ashed PCB and MMS residues (0.2-0.3 g) or smelted PCB and MMS
phases (0.4-0.5 g for slag phases and 0.1-0.15 g for metal phases) were treated with ~5 mL
of concentrated nitric acid and 1 mL of Milli-Q water in a water bath at 100 °C with
sonication (35 kHz, Transsonic 780/H, Germany) of 2-3 bursts of 15 min to ensure mixing
for 1-2 h until no reaction could be observed (effervescence). The reacted material was
transferred to Pt-ware and dried at 80 °C on a hot plate. Thereafter, 5 g at a 12:22 mass
ratio of lithium-tetraborate-to-lithium-metaborate flux was added to the dried material in
a crucible and fused by heating at ~1000 °C, swirling over an oxy-propane burner until
a homogenous melt was achieved. The melt was poured into a heated Pt mould and
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then cooled to make a 30 mm glass disk for X-ray fluorescence (XRF). The XRF analysis
was conducted using a Bruker S8 Tiger 4 kW WD-XRF to determine the metal content of
the sample.

2.3.4. Analytical Method 2 (AM2): Inductively Coupled Plasma (ICP) Optical Emission
Spectrometry (OES) for Ashed and Smelted Samples

Subsamples of the ashed PCB and MMS residues or smelted PCB and MMS phases
(0.1 g) were weighed with an analytical balance and digested in Teflon beakers with aqua-
regia made from 2 mL of concentrated nitric acid, 6 mL of concentrated hydrochloric
acid, and 10 mL of 48% hydrofluoric acid at 200 °C for several hours to fume off the
hydrofluoric acid. After taking to near dryness, the solutions were diluted to 100 mL
volume using 5% nitric acid. Where required, all samples were filtered (Millipore 0.45 pm
HVLP polyvinylidene fluoride membrane filters) to collect any undigested sample or
residue that was formed. The filtrate solutions were diluted appropriately for analysis by
Agilent 730 ICP-OES for elements of interest. The residues were fused in 1 g of lithium
borate flux with a 12:22 mass ratio of lithium tetraborate to lithium metaborate by heating at
~1000 °C and swirling over an oxy-propane burner until a homogenous melt was achieved.
The melt was then cooled before digestion in a Pyrex beaker in 5 mL of concentrated (37%)
hydrochloric acid and 80 mL of Milli-Q. The solution volume was adjusted to 100 mL
with Milli-Q for analysis by ICP-OES on an Agilent 730 ICP-OES. Lithium borate matrix-
matched calibration standards were used for the analysis of minor elements by ICP-OES.
The metal contents from the filtrates and digests of the fused residues were combined to
determine the metal content of the sample.

2.3.5. Analytical Method 3 (AM3): Piranha, Aqua Regia Digestion and Direct Fusion
Digestion Followed by ICP-OES

PCB and MMS subsamples were digested in a piranha solution made with 30 mL
of 98% sulfuric acid and 10 mL of 30% hydrogen peroxide for 1 h at 100 °C while being
stirred using a magnetic stir bar. After 1 h, aqua regia made with 35 mL of concentrated
HClI and 15 mL of concentrated HNO3; was added, and samples were digested for another
hour at 100 °C. Following this, samples were filtered using 0.1 um Isopore polycarbonate
filters. The resulting filtrate was diluted to 250 mL using ultrapure water. The filters were
placed in a platinum crucible and placed in a furnace at 1000 °C for 10 min to ash the
filters. Following this, 3 g of sodium tetraborate flux was added, and samples were further
digested in the furnace at 1000 °C for 1 h. The whole crucibles were placed in 75 mL of
5% nitric acid and shaken overnight to solubilise the samples. This solution was diluted to
100 mL with ultrapure water. Both the acid digest solution and the fusion digest solution
were diluted to 1:10 using 0.2% nitric acid and were analysed using a Thermo Scientific
ICAP 7600 Duo ICP-OES. The elemental content of the original sample (Coriginal sample) Was
calculated using Equations (11)—(14):

mg = Cl X Vl X D1 (11)

mp = C2 X V2 X Dz (12)

Mypta] = M + M (13)

Coriginal sample = (mtotal X 100)/ Mgample (14)

where m; and mj; are the total masses (g) of the element from acid digestion and fusion
digestion, respectively; C; and C; are the content (%) of the element measured for the acid
digest and the fusion digest, respectively; V; and V; are the volumes (mL) to which the
acid digest and fusion digest solutions were diluted, respectively; D; and D, were the
dilution factors for the acid digest and the fusion digest, respectively; and my, is the total
mass (g) of the element in the sample.
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2.3.6. Analytical Method 4 (AM4): High-Temperature and -Pressure Acid Digestion
Followed by ICP-OES

PCB subsamples were digested using 1 mL of 48% HF, 5 mL of 36% HCl, and 2 mL of
70% HNOj3 in an Anton Parr MW3000 microwave digestion system at a temperature of
180 °C and at 30 bar pressure for 20 min. Following the digestion, samples were diluted
and analysed using a Perkin Elmer Optima 7300DV ICP-OES. MMS samples were analysed
using the same method without any subsampling.

2.3.7. Scanning Electron Microscopy (SEM) Energy Dispersive Spectrometry (EDS)
Analysis of PCB Particles

SEM-EDS was conducted by AXT, Australia, on a subsample of the smallest PCB size
fraction. The sample was mixed with graphite before being set in a resin block and polished
using a semi-automated system, Hexamatic by Struers. The resin block was prepared using
EpoFix resin from Struers and was analysed using a Vega3 Tescan.

2.4. Statistical Analysis

The statistical significances of the results were determined using analysis of variance
(ANOVA) with replication with differences considered significant at p values <0.05. All
statistical analyses were conducted on Microsoft Excel using the Analytical Tool Pack.
The relative standard deviation (RSD) for the individual elements was calculated using
Equation (15):

RSDelement = (SDelement X 100)/ averageelement (15)

where RSDgjement is the RSD is the specific element; SDgjement is the standard deviation of
the individual element; and averageciement is the average content for the element across the
three replicates.

3. Result and Discussion

The elemental content of three particle size fractions of PCBs as determined using
various AMs is shown in Figure 2 and Table 3. Each of the three fractions was tested
in triplicate to determine the variability of the results. In doing so, it was possible to
determine the effect particle size has on detected metal content as well as the advantages
and limitations of the different processing methods.

3.1. Metal Content of PCB Samples

The content of Cu, Al, Fe, Sn, Ni, and Zn in the PCB samples as analysed with various
methods are shown in Figure 2. In general, Cu was the dominant metal in the PCBs, with
content varying from 12.18 to 58.93% depending on the particle size and the method used.
The contents of Al, Fe, Sn, Ni, and Zn in the various particle sizes varied in the ranges of
1.97-14.1%, 0.13-3.17%, 0.05-1.57%, 0.22-0.97%, and 0.005-0.94%, respectively, depending
on the methods used (Figure 2).

3.2. Effect of Particle Size on Metal Content

To determine the effect of particle size on the detected metal content, three different
size fractions were selected and characterised using all four AMs (Figure 2). Significant
variation (p < 0.05) was found between size fractions for all metals except for magnesium
and sodium. Analysis of smelted PCB phases with AM1 and AM2 showed high magnesium
and sodium contents throughout all three particle sizes, and no significant variation
(p > 0.05) was detected between different particle sizes. No other analytical methods
showed notable magnesium or sodium contents.
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Figure 2. The content of (A) Cu, (B) Al, (C) Fe, (D) Sn, (E) Ni, and (F) Zn in the three PCB size fractions as determined by

various analytical methods. Error bars show standard deviations between three replicate samples.
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In this study, RSD was determined to evaluate the variability of the metal contents
between size fractions. Generally, the <365 pm fraction had the lowest RSD, and the RSD
increased with increasing particle size (Figure 3). This was consistent with Gy’s theory of
sampling, in which smaller sized fractions are more homogenous compared to large-size
fractions of equivalent mass and hence are more representative of the original material [49].
There are numerous factors that contribute to this reduced variability. The reduced particle
size and increased sample mass will increase the likelihood of selecting a homogenous
sample. In addition, by reducing the particle size and increasing the surface-to-volume
ratio, the metals are more likely to be exposed to leaching agents, thereby increasing the
efficiency of metals leaching, or dissolution from the PCB particles is solubilised. Touze
(2020) investigated the relationship between particle size and sample mass to measure
the metal content in PCBs and showed that the same principle applies to PCBs [50]. They
found that the largest sample mass (5 g) and the lowest particle size (200 um) resulted in the
lowest variability in the samples. This variability significantly (p < 0.05) increased as particle
size increased and sample size decreased. However, in the present study, metal contents
detected after smelting deviated from this trend. For smelted PCB samples, the smallest
particle size demonstrated a large RSD for both AM1 and AM2. This was contradictory to
Gy’s sampling theory, given that smelting also used the largest sampling mass (50 g), and
the high-temperature processing should reduce the encapsulation of metals with plastics
that are combusted during the process [51]. However, as discussed later, there are other
chemical processes that can affect the accuracy and precision of the methods.

For other AM, there were specific metals that had a high RSD in the smaller particle
sizes (Figure 3). Typically, these metals were Sn and Ni. This is likely due to the hetero-
geneous composition of PCBs and the unique physical properties of the material. PCBs
typically consist of different layers of plastic, metal, and fibre-glass-enforced resin with
various components soldered onto the top layer. This results in a highly variable and
diverse composition with up to 60 different elements, both pure elements as well as alloys,
in unique combinations. Due to the spatial positioning and concentration of these metals,
as well as the physical properties, lumps of pure metal can exist even after extensive size
reduction. These “nuggets” reduce the homogeneity of the sample and can result in larger
RSD even in a considerably small sized fraction.

One method to achieve a more homogeneous sample is to further reduce the particle
size of the material. However, PCBs have a limit on how effectively size reduction can
occur. The smallest size that PCBs can typically be reduced to without extensive treatment
is 250 um [50]. This is largely due to the physical properties of the particles, with plastics
being more brittle and metals typically being more ductile and malleable. The plastic
content also typically increases with the reduction in the size of the fragment, as observed
in this study (Figure 4). Smelting and ashing allowed the calculation of organic material
content through loss on ignition (LOI) as the organic components were combusted. The
largest LOI was detected in the smallest particle sizes (Figure 4).

3.3. Effect of PCB Sample Pre-Processing
3.3.1. Smelting

E-waste samples were fused with borax in alumina crucibles in a muffle furnace at
1350 °C. Following smelting, the metal phase was separated from slag, and both phases
were subsampled for both XRF (AM1) and ICP-OES (AM2) analysis. Sample pre-processing
using smelting was chosen as it allowed for a larger sample size (50 g) and the removal of
any combustible organic substances such as BFR and plastics during the high-temperature
processing. The resulting ceramics and metals were separated after the smelting process by
screening the sample based on size. This was done to simplify the acid digestion step by
reducing the amount of metal bound to ceramics, plastics, and silicates [16].
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Figure 3. The RSD of PCB metal contents as determined by (A) ashing and AM1, (B) ashing and AM2, (C) smelting and
AM]1, (D) smelting and AM2, (E) AM3, and (F) AM4 for each particle size fraction. Error bars show standard deviations

between three replicate samples.
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Figure 4. Organic content of PCB samples as calculated based on loss on ignition (LOI) during smelt-
ing and ashing pre-treatments. Error bars show standard deviations between three replicate samples.

In accordance with Gy’s theory of sampling, the larger sample size should reduce the
variability in the results [52]. Typical PCB characterisation processes have used 0.1-3 g PCBs
(Table 1), which, depending on the particle size, could still not be representative [52,53].
However, surprisingly, the smelting processes provided the largest variation in metal
content among all the methods investigated (Figure 3).

Specific metals showed significant variation (p < 0.05) in metal content after smelting as
compared to other methods used. These included copper, zinc, aluminium, tin, sodium, and
magnesium. The zinc content for samples analysed using smelting showed significantly
(p < 0.05) lower content compared to other processing methods (Figure 2). This was due to
the vaporisation of zinc during the smelting process. When temperatures exceeded 920 °C
in atmospheric pressure, the carbon present in PCBs can be oxidised to form CO (reaction
16), which in turn reacts with zinc oxide to generate volatile zinc that can be lost as a gas
(reaction 17) [54]:

2C +02(g) — ZCO(g) + heat (16)

(ZnO) +CO(g) — Zn(g) + COZ(g) (17)

At an industrial scale, this occurs during the black copper smelting process, which
can be adapted to recycle and extract precious metals from PCBs [55]. The volatilised zinc
can then be recovered by capturing the gas and condensing it in a baghouse filter [55]. To
ensure a more accurate determination of zinc content in PCBs using smelting, it is advisable
that the fumes from the furnace be collected in the baghouse filter and analysed using
ICP-OES [56].

The content of aluminium and sodium in the PCB samples appeared significantly
(p < 0.05) higher when processed using smelting as compared to other methods. The
apparent sodium content was 12.16%, 8.80%, and 10.34% for the particle sizes <365 um,
365-500 pm, and >750 um, respectively, when analysed using AM1 after smelting and
11.16%. 8.47%, and 9.74 % for the particle sizes <365 pm, 365-500 um, and >750 um,
respectively, when analysed using AM2 after smelting. There was no significant difference
(p > 0.05) between particle sizes or between AM1 and AM?2 used for the smelted samples.
The high sodium content detected after smelting was partially due to the use of borax
(sodium borate) and represented a large percentage of the total mass present in smelted
phases. Even when factoring in the mass of sodium present in the borax, the detected
sodium content was still significantly higher (p < 0.05). As such, smelting with borax is
not appropriate to determine the sodium content in PCB samples. Since sodium is not
commonly tested for PCBs, this is not likely to be a major concern.
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The increased aluminium content can be attributed to the use of alumina crucibles.
Alumina crucibles are composed of Al,O, [57]. These crucibles are rated for use up
to 1500 °C [57,58]. However, they are not considered optimal when determining the
aluminium content in samples [56,58]. The crucibles lost weight during the smelting
process, indicating that some of the crucible material may have dissolved into the samples,
which could increase the detected content of aluminium in the samples. An alternative
would be to use graphite or porcelain crucibles for smelting [56,58]. These crucibles are
still stable at high temperatures and will not become solubilised during the smelting
process [58].

The magnesium content of the smelted samples (7.18-10.33%) was significantly higher
(p < 0.05) compared to other methods (data not shown). Magnesium is not a common com-
ponent in PCBs, as was observed across other methods used, which showed a percentage
content of Mg ranging 0.03-0.28%. A similar range has also been previously reported for
other methods [50] However, after smelting, the magnesium content was 7.88%, 10.33%,
and 7.18% for the <365 pm, 365-500 pm, and 500-750 pum fractions, respectively, when anal-
ysed using smelted AM1 (Supplementary Figure S1). There was no significant difference
(p > 0.05) in the Mg between particle sizes of smelted PCB phases analysed with AM1 and
AM2. Some material used for fusion digestion can contain trace amounts of magnesium,
and the influence of this on the final composition is usually accounted for by testing blank
samples, which contain fuse material without the sample. However, for this AM, the borax
used was 99.9% pure; therefore, the magnesium that may be present as an impurity in
borax cannot explain the high Mg content detected in the samples. Hence, it is not known
why the large magnesium content was recorded in the smelted samples.

Smelting PCB samples resulted in the highest copper content for both AM1 and AM2
compared to all other AMs. However, smelting also had the largest RSD for copper. This
large variation in metal content in samples from smelting can be a result of the non-metallic
composition of PCBs. One common component of PCBs is BER [59]. BFR are used to inhibit
combustion reactions and reduce the flammability of PCBs [60]. The most commonly used
BER is tetrabromobisphenol A (TBBPA) [60]. It is used in over 70% of all electronic and
electrical equipment worldwide [61]. The rapid decomposing of TBBPA during thermal
processing has been well characterised [59,62,63]. During the thermal decomposition of
TBBPA, a range of phenol-based products are formed, but the most common product
is HBr [61]. Although the decomposition of TBBPA starts at 180 °C, it is not significant
when the temperature is below 270 °C [63]. However, when the temperature is increased
to 320 °C, over 90% of TBBPA are decomposed, with full decomposition occurring at
500 °C [61].

This is of particular importance in high-temperature processing for PCB character-
isation because the resulting HBr from TBBPA decomposition reacts with metal species
according to reaction 18 [61]:

4M(s,l) + 4HBI‘(g) — 4MBl‘(s,1) + 2H, (18)

where M is the metal species present in PCBs. The resulting MBr is rapidly volatilised at
high temperatures according to reaction 19 [61]:

MBI‘(S’I) — MBI‘(g) (19)

This reaction can have significant effects on the detected metal content of PCBs.
Oleszek (2013) documented the reactions of HBr with copper, silver, and gold [61]. When
HBr was in excess, up to 50% of copper and silver were lost due to the volatilisation of
MBr at temperatures of 600-1000 °C [61]. Gold was documented to be resistant to HBr,
and no mass was lost in the samples. This mobilisation of copper and silver, when reacted
with HBr, would contribute to the large RSD detected for smelted samples, despite a large
initial sample mass. Currently, the formation of other metal bromide species (MBr) is not
well characterised, and hence more research is warranted. To increase the accuracy of PCB
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characterisation with smelting, it is necessary to recover the fumes in a baghouse filter [56]
or collect the condensation of MBr using quartz wool as described in Oleszek (2013) [61].

The possible loss of some metals upon reacting with HBr may account for the large
RSD value of the smallest-sized fraction processed using smelting (Figure 3). The plastic
content of the smallest-sized fraction was larger compared to the other-size fractions
(Figure 4). Since it is the plastics in PCBs that contain the majority of BFR, the concentration
of BFR would likely be largest in the smallest-sized fraction [61]. This would increase the
presence of HBr during smelting, which would react with the metals present in the sample
at the temperatures used.

Despite the large sample mass used and the combustion of plastics prior to elemental
analysis, there was still significant variation in the metal content of the smelted samples.
Contributing to this variability was the volatilisation of zinc as well as the mobilisation of
metals due to the formation of HBr from BFR. The smelted samples analysed with AM1 and
AM2 had the largest RSDs of any of the methods used and, as such, the lowest precision.
The precision could be improved by collecting any volatilised metals in a baghouse filter
for subsequent analysis using ICP-OES [56] as well as by conducting the process at a
temperature below 900 °C to prevent the volatilisation of zinc [54]. This could make
smelting a more viable method to characterise PCBs.

3.3.2. Ashing

Ashing is an alternative means of sample pre-treatment accomplished by heating the
sample in a crucible at standard atmospheric conditions [64]. This is typically done in an
enclosed muffle furnace and results in the evaporation of volatile material, the oxidation of
non-volatile residue, and the combustion of organic matter [65]. Ashing can be followed
with acid digestion to solubilise any residue before characterisation.

Ashing was chosen as an alternative high-temperature processing method to smelting
to characterise PCB samples. Ashing was done at a lower temperature, 500 °C, without the
addition of borax to combust any organics in the sample. The most common plastics in
PCBs are acrylonitrile-butadiene-styrene (ABS) and high-impact polystyrene (HIPS) [66].
These plastics have boiling points of 145.2 °C and 430 °C, respectively [67]. At the ashing
temperature of 500 °C, all plastics should be combusted. In addition, at 500 °C, TBBPA will
have fully decomposed, forming HBr [61]. However, unlike the temperature at which smelt-
ing was conducted, the formation of MBr should be minimal, as a notable formation only
occurs at temperatures above 600 °C [61]. As such, ashing may allow the decomposition of
pollutants and the combustion of plastics without the associated loss of metals.

In this study, ashing was followed with acid digestion to solubilise any remaining
material. Any residue that remained from the acid digestion was filtered and fused.
When compared to other methods, with the exception of those pretreated with smelting,
a significant difference (p < 0.05) in copper and tin content was detected after ashing
(Figure 2). After ashing, an insoluble iron and copper residue was seen in crucibles. This
residue sample was resuspended using 5% nitric acid and analysed using ICP-OES. The
masses of these residues were minimal, representing between 0.02 to 0.25% of the total
sample mass, which would have minimal effect on the final content analysis. The RSD
of copper in the ashed samples was also relatively low in the smallest-sized fraction at
3.9%. This increased to a larger 11.7% in the largest-sized fraction (Figure 3). This variation
could be a result of the heterogeneous composition of PCBs. When samples were analysed
using SEM-EDS, distinct nuggets of copper and tin were detected despite the grinding of
the samples for the preparation of the sample to form the resin block for SEM analysis
(Figure 5) (Table 4). A similar observation was reported by researchers, who recorded
large RSD for nickel (10%) and zinc (35%) even when using a sample mass of 5 g and
16 replicates [50]. This was attributed to the nugget effect of these metals. A comparable
effect was observed for iron and cobalt in previous work [50]. Despite the large RSD for
iron and nickel in the present study, no significant differences were found between AMs
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for these elements. When the particle size was reduced, the RSD notably decreased as well
(Figure 2).

Figure 5. Scanning electron microscopy (SEM) images showing specific locations of the resin block (A-C) used for deter-

mining elemental composition of PCBs for <365 um fraction size with energy-dispersive X-ray spectroscopy (EDS) analysis

as shown in Table 4. Details on the specific spectral peaks at these locations can be found in Supplementary Figures S1-S3.

Table 4. The content of the most-dominant elements in PCB samples by weight at specific loca-
tions of the scanning electron microscopy (SEM) images as determined by energy-dispersive X-ray
spectroscopy (EDS).

SEM SEM- Element Content by Weight (%)
Image I},ﬂ?s C O Al Si Ca Fe Cu Sn Ba Br
oint

1 2.5 0.1 0 0 0 21 953 0 0 0
2 1.1 0 0 0 0 0 22 948 0 0

A 3 49 438 371 8.3 0.4 0.5 1.3 0 3.5 0
4 11.1  39.6 77 238 162 03 0.7 0 0 0
1 1.1 0 0 0 0 0 193 946 0 0

B 2 1.0 433 40 9.3 0 0.43 14 0 3.9 0
3 2.5 0.1 0 0 04 023 0951 0 0 0
1 45 20.8 8.3 0 0 0 0 0 0 25.7

C 2 2.7 0 0 0 0 0 97.3 0 0 0
3 72 399 85 244 171 0 1.5 0 0 0

There was a significant variation (p < 0.05) in the detected tin content of PCBs between
AM]1 after ashing and the other AMs. The tin content for AM?2 after ashing was consistently
low across all particle sizes. When processed by ashing, tin had a large RSD in even the
<365 um fraction at a content of 12.27% when analysed using AM2 after ashing (Figure 3).
The RSD increased to 62% for the 500-750 um fraction (Figure 3). The low tin content
was not observed in AM1 after ashing, which had a higher tin content than AM2. No
significant variation (p > 0.05) was observed between AM1 after ashing and AM3 or AM4
for tin. Complete digestion and solubilisation should have occurred using AM2 for ashed
samples [68]. There have been reports of metals not solubilising during the wet digestion
process if large amounts of silicates are present [69]. However, the use of HF acid is
typically sufficient to digest any silicates and prevent this from occurring [69]. It is possible
that the sample was still heterogenous after ashing, considering that the SEM-EDS results
showed that distinct nuggets of tin were present in the sample after grinding with no
further pre-treatment (Figure 5). Additional steps to homogenise the sample after ashing
might need to be taken in addition to increasing the sample mass for digestion [50].

Based on the literature, the ashing of samples at 500 °C prior to acid digestion can
remove BFR without causing the volatilisation of metals [61]. The temperature at which ash-
ing occurred was sufficient to combust the most-common plastics found within PCBs [67].
The encapsulation of plastics by metals has been shown to affect the solubilisation of
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metals in acid [16]. After pretreating PCBs by ashing, subsequent acid digestion would be
more effective and could help reduce the variability in sample characterisation. This was
reflected in the low RSDs for most of the base metals examined (Figure 3), when compared
to smelting. Based on these results, ashing can be advantageous as a pre-treatment in
characterising PCBs.

3.4. ICP-OES vs. XRF Analysis for Ashed and Smelted Samples

After ashing and smelting, subsamples were digested and then analysed using both
XRF (AM1) and ICP-OES (AM2). The analysis of PCB samples by acid digestion followed
by ICP-OES analysis is common (Table 2). As well as being common, the analysis of ashed
PCBs using XRF has also been shown to be precise [70]. However, due to heterogeneity,
PCBs are a difficult material to characterise precisely. As such, both ICP-OES and XRF
were used to determine if the results were comparable and to identify any limitations in
the techniques.

Before analysis using any technique, a bulk substance must be homogenised and riffled
to enable a representative sub-sample, and this is challenging for PCBs. The sample size for
ICP-OES analysis is typically 100 mg [71], so if the sample is not completely homogenous
or representative of the bulk, the results will be variable. For accurate analysis by ICP-OES,
the representative subsample must be fully digested, without loss or contamination, to
produce a clear solution with the elements of interest. These elements must be stable and
remain solubilised long enough for analysis to be completed. To avoid contamination of
the sample, the digestion process must be done using clean labware, high-purity acids,
and water. With a mixture of metals known to exist in e-waste, the combination of nitric,
hydrochloric, and hydrofluoric acids was determined to be an appropriate agent for the
digestion method without loss of sample or contamination [68].

Previous work has shown that a combination of aqua regia and HF digestion is
the most-effective acid digestion [16], resulting in the highest yield of metals. Metals in
PCBs are bound to silicates, carbonates, and organic matter as well as Fe-Mn oxides [16].
Depending on the source of PCBs, the ratio at which metals are bound to these components
can vary. Different acids are needed to extract these components completely. Aqua regia
is effective in removing carbonate and Fe-Mn-oxide-bound metals, as well as organic
matter [16]. HF is effective at digesting silicates, producing silicon tetrafluoride [16]. PCBs
contain high levels of silicates, which can hinder the leaching process by encapsulating the
metal present [16]. HF digestion also assists in keeping metals in solution and has been
shown to result in higher leaching yields for copper, aluminium, and zinc when used in
conjunction with other acids such as aqua regia [16]. By fuming off the solution at 200 °C,
the hazards and analytical issues associated with the use of HF, such as matrix miss-match,
are removed, enabling analysis with standard ICP-OES protocols.

Ideally, single-step digestion will get all elements into a solution. However, due to
refractory material or to the chemistry of the elements present, incomplete digestion can
occur, resulting in the formation of a residue. This was observed after acid digestion of
both ashed and smelted samples despite the use of aqua regia and HF.

To accurately determine the content of metals in the sample, the solids were carefully
filtered, quantitatively collected, and fused using lithium borate flux. This allowed any
insoluble metals to be analysed. ICP-OES analysis of the flux solution showed that only
aluminium and tin were present in significant quantities (data not shown). Both elements
have been reported to be soluble in aqua regia when present individually [68]. However, it
is not clear if the presence of other components such as silicates, organics, and ceramics
present in PCBs affected the solubility of these elements. This constitutes one of the
difficulties in characterising PCBs.

Combining the results of the flux solution with the results from the initial filtrate
analysis, a total metal content could be calculated. Given the low RSDs for these samples,
the sample digestion process for ICP-OES was effective. However, the additional steps
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required may increase the likelihood of introducing errors to the analysis, compromising
the accuracy of the analysis if not done fully quantitatively; so, great care must be taken.

When preparing samples for XRF analysis, similar care was taken to ensure an accurate
analysis. Clean glassware for acid digestion and platinum-ware for fusion digestion were
used to ensure that no contamination was present. Significant variation (p < 0.05) between
ICP-OES and XRF for copper and tin in ashed samples was recorded. It is possible that this
was due to the heterogeneity of PCBs, as discussed earlier. Decreasing particle size, as well
as increasing sample mass, would help reduce this variability [50].

Both ashed AM1 and AM2 provided a high level of precision, with average RSDs of
4.03% and 6.18%, respectively, in the smallest-sized fraction for the six metals analysed.
This indicated that both methods were suitable for the characterisation of PCBs. However,
despite the use of both aqua regia and HF prior to analysis using ICP-OES, incomplete
digestion was still observed, resulting in a residue. This residue required fusion digestion
to achieve complete digestion. This multiple-step approach increased the risk for error due
to the possible loss of samples during the process. In contrast, the processing of samples
for XRF was simpler, requiring only nitric acid digestion and fusion digestion. By adding
the flux to the dried sample directly and using the entire sample to form a glass disk, there
was a reduced risk of sample underrepresentation due to precipitating out of the solution.
This is an advantage over ICP-OES analysis, which requires multiple steps. Since it might
be necessary to have a large number of samples for the accurate characterisation of PCBs
due to its heterogeneity, XRF might offer an advantage to reduce any potential error.

3.5. Piranha Digestion Followed by Fusion Digestion

The stepwise use of multiple acids for digestion was also investigated. One of the
most commonly used acids for digestion of PCBs for analysis is aqua regia (Table 2). Aqua
regia is a strong acid that readily solubilises most metals, including gold and platinum [68].
However, PCBs are complex in composition and contain organics and silicon that can
encapsulate metals, preventing the leaching of these fragments [68]. It was suggested
that some plastics in PCBs can be resistant to aqua regia digestion, preventing the com-
plete solubilisation of metals [72]. Nonetheless, studies have shown that the digestion of
PCBs with aqua regia can be improved by the addition of other leaching agents such as
concentrated sulfuric acid and concentrated hydrogen peroxide [16,73,74]. To facilitate
a complete digestion of the sample, aqua regia digestion was combined with the use of
piranha solution, which is composed of sulfuric acid and hydrogen peroxide. The mix
of sulfuric acid and hydrogen peroxide reacts rapidly to form peroxymonosulfuric acid
(also known as Caro’s acid), which rapidly carbonises organics [75-77]. It is routinely used
to etch PCBs during certain manufacturing processes and has the additional benefit of
decreasing hydrophobicity of PCBs, thereby facilitating the leaching [78,79].

The rapid digestion of metals was recorded during the Piranha digestion of the tested
PCB samples. Samples exhibited a rapid change in colour as the metals became solubilised
during the first 30 min. A distinct brown oil residue was observed on the surface of
the liquid during the digestion process. This was likely a result of the liberation of the
non-metallic fraction of PCBs, which typically contains phenol-based products from the
POPs in PCBs [80,81]. Since the digestion was conducted at a temperature of 100 °C,
minimal decomposition of BFR would have occurred and should not have interfered with
the analysis of the metal content [61].

Despite the use of strong acids and oxidising agents, some amount of residue was still
recorded from filtering the digested solution. The metals present in PCBs should be soluble
in the acids used, suggesting that the other components of the material, such as the silicates,
plastics, and ceramics, might be preventing complete digestion [16]. As such, the residue
was fused with the X-ray flux at 1100 °C to achieve complete digestion. The fused residues
were solubilised in 5% nitric acid before analysis with ICP-OES. The analysis showed that
the residue remaining after acid digestion still contained tin and aluminium. This was
similar to the results from AM2 after ashing, where tin and aluminium were not completely
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digested by the acids. The total metal content of the PCB samples was determined by
considering the mass of metals in the nitric acid digest from the fused residue and the mass
of metals in the Piranha digest.

Using a combination of multiple acids and fusion digestions ensured that the entire
sample mass was digested. The resulting data had mostly low RSDs, which increased with
an increase in particle size (Figure 3). An exception to this were tin and nickel, which had
RSDs of 15% and 40.2%, respectively, in the smallest-sized fraction. It is not uncommon for
PCB samples to have large variations in these metals, even when using large sample sizes
and multiple replicates [53]. This could be a result of the nugget effect described previously.
When compared to the other methods, except for smelting, significant differences (p < 0.05)
were only recorded for copper and tin between methods. AMS3 resulted in the lowest
copper content and the second-lowest tin content across all three particle sizes. Both copper
and tin should be fully digested after acid and fusion digestion and should remain soluble
in the used acids.

Using multiple acid digestions followed by fusion digestion is an effective method
to characterise PCBs. The approach resulted in complete digestion of the entire sample
without any pre-processing such as ashing and smelting. However, this process is still an
open digestion and hence vulnerable to the loss of the sample during the digestion process.
Further, it involves multiple steps, which increases the risk of errors. For example, the
hydrogen peroxide added to the sample during acid digestion is volatile, and the resulting
reaction results in a sudden release of gas, which can cause the loss of the sample if care
is not taken. Given the low sample mass, this could significantly affect the final content
analysis. These limitations can be overcome with increased sample mass and a number of
replicates, along with good lab practice. This AM3 resulted in an average RSD of 11.77% in
the <365 pm fraction for the six metals examined, which was somewhat larger than those
recorded for AM1 (4.03%) and AM2 (6.18%) after ashing yet lower than the values recorded
for AM1 (46.87%) and AM2 (61.73%) after smelting.

3.6. Pressure- and Microwave-Assisted Acid Digestion

The use of multiple acid digestions was found to be effective in solubilising metals
from PCB samples [16,18,20,21]. These wet digestion methods are commonly conducted
under ambient open conditions using a heat source such as a hot plate or heating mantle,
and, typically, Teflon coated magnetic stir bars are used for agitation. Microwave-assisted
acid digestion offers an alternative to open digestion. It provides the advantage of con-
ducting the digestion in a closed system under high pressure and temperature. This not
only decreases the duration to achieve complete digestion, but the increased pressure
has been shown to be more effective in digesting PCB samples, resulting in significantly
higher yields of base metals [16,18,20,21]. As such, microwave-assisted high-pressure
digestion was investigated as an alternative analytical method (AM4) to characterise the
PCB samples.

A combination of aqua regia and HF was chosen for this AM4. This combination
has been shown to be effective in dissolving PCB samples [16]. The acid digestion was
conducted at 180 °C at 30 bar pressure (29.6 atm) for 20 min. A high concentration of HCl
was used to ensure that no precipitation of metals occurred. Using this process, no residue
was observed after digestion, indicating that complete digestion was achieved. This is the
only acid digestion process that resulted in no residue formation after digestion. Generally,
the RSD for this method was also the lowest compared to the other AMs investigated
(Figure 3). Nonetheless, the highest RSD was recorded for aluminium in the largest-sized
fraction (29.95%). The smallest-sized fraction had the lowest RSDs, with Sn having the
highest RSD for a fraction of that size at 8.64%. The low RSD was surprising, as large sample
sizes and a large number of replicates are usually required to achieve such low RSDs [50].
The low RSDs could be attributed to the complete digestion achieved by this method, which
ensured that no metals remained bound to plastics and silicates preventing solubilisation.
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Although complete digestion of the sample was also achieved by other tested ap-
proaches, this usually required additional steps, including filtration of the residue followed
by fusion digestion. These additional steps can introduce variability in the analysis due to
handling errors. By using a microwave-based closed heating and pressure system, com-
plete digestion was achieved in a single step, reducing the likelihood of handling errors.
The results suggested that only copper and tin showed significant differences (p < 0.05)
between methods when data for smelting were excluded. This could be attributed to
the heterogeneous composition of PCBs. Additional experimentation with larger sample
masses and additional replicates is required to test if these approaches could reduce the
impact of the heterogeneity of PCB samples. The use of a microwave-based heating and
pressure system improved multiple acid digestion of all PCB size fractions. This is in
accordance with previously reported results [16]. AM4 had an average RSD of 3.04% for
the <365 um fraction for the six metals examined. This was the lowest of all the AMs tested,
indicating that AM4 had the highest precision of all the AMs examined.

3.7. Use of Mixed-Metal Standards

Due to the high heterogeneity of PCBs, it is difficult to compare results from various
publications and obtain reliable composition results for PCBs. Previous studies have
used various types of PCBs, sample masses, and digestion processes as well as analytical
instruments (Table 2). Currently, there is no standard protocol to reliably determine the
elemental content of PCBs. A large hurdle is the lack of certified reference materials
(RMs) [19,22]. RMs can be used to ensure the accuracy of results for method validation,
determination of heterogeneity of sample material, and quality control [22].

The need for reliable RM has increasingly been recognised [19,20,53]. However, the
production and use of RMs for PCBs are difficult due to the variability of the plastics,
ceramics, and metals content in PCBs. A recent study has developed a standard waste
PCB material to determine the accuracy of various analytical methods and to determine
the optimal conditions for the characterisation of PCBs [19,22]. This was one of the first
studies to use waste PCB material to create a RM. However, there is still a high degree of
uncertainty for some of the metals of interest (14.08 + —5.67% mass of Cu). Bundesanstalt
tiir Material-Forschung und-Priifung (BAM), a material research institute in Germany, has
previously offered a commercial RM, ERM-EZ505, manufactured with electronic scrap
melted with pyrite, with low variability (<0.11% for Cu) [20]. However, this RM only
contains Cu and Ni-base metals and still requires a large sample size of 5 g. This RM
has since been replaced with BAM-M505a, which has a lower level of uncertainty (0.04%
for copper) but still lacks the complexity of PCB samples arising from the composition of
plastics, silicates, and ceramics, and it lacks other important metals such as zinc, aluminium,
and iron [82].

To further evaluate the precision and accuracy of the analytical processes investigated
in this study, a mixed-metal standard (MMS) was specially formulated and created. A
mixture of known masses of analytical-grade pure metal powders was analysed using
the same AMs as used for the PCB sample characterisation. The MMS samples used for
analysis had a similar total mass as the analysed PCB samples (Table 5). As the mass of
each element present in the MMS was known, it was possible to calculate the deviation
from the actual MMS contents and thus determine the accuracy of the analytical methods.
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Table 5. The expected average content of MMS based on the mass of sample analysed and the
detected content based on various analytical methods.

Analytical Average Elemental Content (%)
Parameter
Method Cu Al Fe Sn Ni Zn
Smelting AM1 25921 22233 18527  14.809  11.111 7.407
Smelting AM2 25921 22233 18527  14.809  11.111 7.407
Expected .
content Ashing AM1 25996 22404 18563  14.404  11.156 7.477

from MMS Ashing AM2 25.996 22.404 18.563 14.404 11.156 7.477
AM3 25.470 21.940 18.116 14.506 11.338 7.541

AM4 25.953 22.228 18.494 14.824 11.032 7.470

Smelting AM1 ~ 23.052 16.030 17.452 13.467 9.364 0.915

Smelting AM2  26.124 15.940 17.854 11.196 10.988 0.963

Detected »
content for Ashing AM1 20.105 21.341 17.434 13.602 10.320 5.321
MMS Ashing AM2 28.344 19.586 16.384 9.664 10.077 6.371
AM3 26.856 21.281 18.664 16.465 11.925 7.802
AM4 27.220 19.233 18.750 15.100 11.433 8.543

Smelting AM1 ~ —11.071 -27.897 -5804 —9.061 —15722 —87.645
Smelting AM2 ~ 0.759  —28312 -3.646 —24402 -1.114 —87.004
Deviation Ashing AM1 ~ —22.647 —4759 —6.087 —5273 —7.499 —28.855
from MMS Ashing AM2 8936  —12.548 —11.709 —32545 —9.627 —14.813
AM3 4175  —-1973 3200  13.676  7.863  2.209
AM4 4882  —13474  0.403 1908  3.650  14.363

The metal contents of the MMS as analysed using the various methods are shown in
Figure 6. MMS samples pretreated with smelting demonstrated a large loss of zinc due
to the high-temperature processing used. AM1 for smelted MMS showed a significant
deviation (p < 0.05) from the expected MMS content for tin, zinc, nickel, and aluminium.
AM2 for smelted MMS showed a significant deviation (p < 0.05) from the expected MMS
content for tin, zinc, and aluminium. All samples for AM1 after smelting had more than a
5% deviation from the expected MMS content, which demonstrates the lack of accuracy for
the method. AM2 for smelted MMS had a deviation above 5% from the expected MMS
content for aluminium, tin, and zinc, demonstrating the lack of accuracy for these metals.
All the metals analysed using AM1 and AM?2 after smelting reported a loss of mass except
for copper in AM2 after smelting. Based on these results, smelting can reduce the accuracy
of analytical results for PCBs.

Ashed samples analysed by XRF and ICP-OES also demonstrated a large loss of
mass for all metals except for copper with AM2 (Figure 6). AM1 after ashing showed a
significant deviation (p < 0.05) from the expected MMS content for all metals except for
tin and aluminium. AM?2 after ashing showed a significant deviation (p < 0.05) from the
expected MMS content for all metals except for nickel and copper. All metals analysed with
AM1 and AM2 after ashing had more than a 5% deviation from the expected MMS content,
except for aluminium in AM2. This indicates that ashing samples may reduce the accuracy
of analytical results for PCBs. It remains unclear why there was such a large deviation
from the expected metal contents. The temperature at which ashing occurred should not
volatilise any metals, and the digestion method used should be sufficient to digest the
metals. No residue was reported for any of these samples. One contributing factor could
be the multiple steps involved for samples submitted for analysis using ICP-OES and XRF.
Possibly, some of the material was lost during the extensive processing of the samples due
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to handling errors. Given the small sample masses (3.375 g) that were submitted for ashing,
this error could result in a large loss of sample.
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Figure 6. The elemental content (A) and the relative standard deviation (RSD) (B) of the mixed-metal
standard (MMS) and the deviation of detected results from the expected content (C). Error bars show
the standard deviation of triplicate samples.

In contrast to samples that were pre-processed using ashing or smelting and analysed
using AM1 and AM2, the AM3 showed a lower deviation from the expected MMS contents
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(Figure 6). For AM3, there was significant variation from the expected content (p < 0.05) for
all metals except iron and zinc. However, the deviation from the expected MMS content
was lower than detected for pre-processed samples, with tin and nickel having the highest
deviations at 13.67% and 7.86%, respectively. The RSD for results from AM3 was also lower
compared to AM1 and AM2 after ashing or smelting. However, the RSD from AM3 was
still higher than what has been recorded in previous studies [82]. However, the deviation
from the expected MMS content for copper was lower than reported for other previously
tested analytical methods [19]. The reduced deviation from the actual content of the MMS
for AM3 indicates that this method is more accurate compared to pre-treatment using
ashing or smelting followed by ICP-OES or XRE.

AM4 also had a lower deviation from the MMS compared to AM1 and AM2 after
ashing or smelting (Figure 6). There was a significant difference (p < 0.05) from the expected
MMS content for all metals except tin and iron. However, all metals had a <5% deviation
from the expected MMS content except for zinc and aluminium, which had deviations
of 14.36% and —13.47%, respectively. Although the deviations from the expected MMS
content were in the same range as reported previously [19], the deviations were still
larger compared to that of BAM-M505a, which was certified using a range of analytical
instruments from multiple laboratories. However, among the evaluated methods, AM4
had the lowest deviation from the expected MMS content, indicating that this AM had the
highest degree of accuracy.

By using MMS samples for the same AMs as PCB samples, it was possible to compare
the accuracy of the AMs. MMS samples pretreated using smelting and ashing showed
a large deviation from the expected metal content. Samples without any pre-processing
showed less deviation from the expected MMS content and hence a higher degree of
accuracy. The MMS could be further customised to mimic PCB waste by adding plastics,
glass, and ceramics to the material. Metals have been shown to be encapsulated and
bound to plastics, glass, and ceramics, which can inhibit the solubilisation of these metals.
The MMS used in this study did not have this limitation, and hence metals were directly
exposed to leaching agents, reducing the complexity of the analytical process. Future work
should investigate the possibility of including plastics, glass, and ceramics components in
the RM. An alternative possibility could also be to include an internal standard within the
waste PCB samples that could be tracked throughout the process to determine the accuracy
of the AMs. Recent work has demonstrated the need for accurate and reliable RMs. This
could facilitate the cross-study comparison of results and could potentially help to develop
a standard protocol for the characterisation of PCBs. Despite the importance of using RM,
only a few studies have used such material for PCB characterisation [19,20,22]. Further
research is required to create accurate RMs that would be readily accessible.

3.8. Variation in PCB Value Based on Analytical Methods

It is important to develop accurate and precise AMs for the quantification of metal
content in PCBs to enable the determination of metal inputs and flows in PCB processing.
At a research level, the initial quantification of metals in PCB samples is critical, as this
is often used to determine the metal yield of various processes. If the initial content is
overestimated, the process could be reporting an underestimated yield. If the content is
underestimated, the reported yield might be overestimated.

When processing shredded PCBs with a ring mill followed by sieving, a range of
particle sizes were recovered. The percent mass of the three size fractions of the PCBs were
67.19% <365 pm, 17.68% 365-500 pum, and 15.11% 500-750 pum. Figure 7 shows the total
content of the selected metals in the PCBs considering the metal contents of the three-size
fractions. The difference between the total elemental content based on the AM complicates
the comparison of PCB compositions in the literature. It is therefore important to not only
standardise an AM but also create a suitable RM to compare different analytical methods.



Metals 2021, 11, 1935 23 of 27

60 1

50 A

w e
o o

[
o

Elemental content (%)

10

Cu Al Fe Sn Ni Zn

M Smelted AM 1 m Smelted AM 2 Ashed AM 1 AshedAM2 mAM3 mAM4

Figure 7. The total content of selected metals in the PCBs considering the metal contents of the three size fractions.

Knowing the precise metals composition of PCBs is crucial for calculating the value of
the feedstock. PCBs can be classified as high grade, medium grade, or low grade based on
the metal content [14]. The suppliers of waste PCBs are typically paid based on the metal
value of the PCB waste. The variation in the metal content based on the AM can cause a
large change in the total value of the PCBs (Figure 8). This variation in the value of the
waste PCBs can be notable when considering the large processing capacity of some of the
PCB processing facilities.
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Figure 8. The different values of PCBs based on the AM used. PCB value was calculated based on the current market price
for Cu [83], Al [84], Fe [85], Sn [86], Ni [87], and Zn [88] and the metal content of these elements in the PCB samples.

4. Conclusions

The accurate characterisation of waste PCB samples is of critical importance. The
plastic, ceramic, and metal content of PCBs can notably vary in different particle sizes.
Smaller particles sizes are more homogenous and hence typically result in lower RSDs
when analysing metal content when compared to larger particle sizes. However, there is a
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limit on the size reduction achievable, and smaller particles have a larger plastic content,
which can change the behaviour of the waste PCB samples.

Following particle screening, pre-treatment of the waste PCBs is an option. Smelting
allowed for larger sample sizes, and analysis showed larger content for metals such as
copper; however, the volatilisation of zinc at the smelting temperature and the formation
of MBr species from BER resulted in large RSDs, making the results less precise and more
unreliable. Ashing provided an alternative that combusted the organic material present
without causing the volatilisation of metal species. The precision for AM1 and AM2 after
ashing was higher compared to smelting, and, as such, ashing can be a more-effective
pre-treatment. The most precise analytical method examined in this study was AM4, which
had the lowest RSD. This method can be further enhanced by increasing the sample mass
and increasing the number of replicates.

The use of a MMS as a RM was investigated to compare the accuracy of the methods
used. An accurate RM would allow for cross-study comparison and provide additional
validation of AMs. Based on these results, AM4 had the highest degree of accuracy among
the tested methods. Additional research is required to create a suitable RM that represents
the complexity of waste PCB material.

This study highlighted the importance of understanding the composition of PCBs. The
selection of an appropriate AM can allow for a comprehensive understanding of the feed
material and its value and can enable the accurate tracking of metal species throughout the
metal extraction process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/met11121935/s1, Supplementary Figures S1-53: Scanning electron microscopy (SEM) im-
ages showing specific locations of the resin blocks (A-C) and the resulting specific spectral peaks at
the specific locations after EDS analysis used in determining elemental composition of PCB for the
<365 um fraction size.
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