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ABSTRACT

A wide range of published scientific articles on metal content in printed circuit boards
show that it is necessary to determine the content of individual metals. The aim of this
paper is to show how metal content varies according to the type and age of waste
electrical and electronic equipment collected in the Republic of Croatia. Samples of cell
phones, TV sets, and computers are collected. The metal content is determined for
electronic components and printed circuit board base plates separately for different grain
sizes (1-4 mm, 0.5-1 mm, 0.1-0.5 mm and < 0.1 mm). The results show that electronic
components form a larger part of printed circuit board mass fraction depending on the
equipment age and type. Generally, electronic components do have a higher mass
fraction for most metals (like: aluminium, copper, nickel, zinc, gold, and silver in most
cases) in comparison to printed circuit board base plates, but for certain metals (like: lead,
tin) the opposite applies. The electronic components of larger grain sizes (1-4 mm and
0.5-1 mm) contain more aluminium, copper, and zinc, and less lead, while the smaller
grain size fractions are richer in gold. The bare boards base plates of larger grain sizes
contain more copper, lead and tin, while the smallest grain size class (< 0.1 mm) contains
more aluminium and gold. No clear trends are noticed in the case of silver and lead.
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INTRODUCTION

Waste Electrical and Electronic Equipment (WEEE) is one of the fastest growing
waste types [1]: with three times higher growth than municipal solid waste [2].
Electrical and Electronic Equipment (EEE) industry consumes 30% of annual silver (Ag)
production (6,000 t), 12% of gold (Au) (300 t), 15% of bismuth (Bi) (900 t), 19% of
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cobalt (Co) (11,000 t), 30% of copper (Cu) (4,500,000 t), 14% of palladium (Pd) (33 t),
50% of antimony (Sb) (65,000 t) and 33% of tin (Sn) (90,000 t) manufacture [3]. A large
quantity of WEEE is traded illegally, and in 2011 only the legal trade of WEEE was
estimated at 52 billion USD [4]. Common discarding of waste in landfills or open spaces,
is highly damaging to the environment [5]. Despite the efforts to limit illegal waste
streams by a legal framework, approximately 70% of WEEE in the world is discarded in
China [6], together with Waste Printed Circuit Boards (WPCBs). WPCBs form an
integral part of Electrical and Electronic (EE) equipment and account for 3-7% [7, 8] of
its mass. The average annual increase in Printed Circuit Boards (PCB) production is 8.7%
[9]. More than 1,000 substances [10] and up to 54 different metals [11], are present in
PCBs but the separation of valuable metals, particularly Au and Cu, is generally the main
goal of their end-of-life treatment. Treating WPCBs is a particularly complex process due
to the dynamics of their development, use of new materials with the aim of reducing
components and a more rational use of raw materials. PCB waste treatment requires a
huge amount of human work, together with methods and chemicals that are potentially
hazardous for the environment [12]. When an electronic product is disposed of and its
recovery is carried out by manual separation, it is mostly PCBs that are separated as they
represent the only fraction of WEEE whose recovery is economically justified [13].
There is a range of methods used for a PCB recovery. However, despite that, up to 30% of
metals are not recovered with the treatment methods used in China [14].

WEEE management system should be based on a material flow management [15],
wherein WEEE is not a type of waste but an anthropogenic stock of materials [16].
Currently, there is a general trend towards recycling [17], that is, a recovery of valuable
materials from PCBs, and disposal of the remaining part [18]. PCBs are treated using
pyrometallurgical, hydrometallurgical or mechanical processes [19]. The most frequent
reason for a WPCBs treatment is the separation of Au and Cu. The indirect benefit of a
WPCB recovery is achieved by saving energy necessary to produce metals from primary
raw materials, with simultaneous reduction of emissions into the air and toxicity of
residues. In the available literature, there is little information on the proportion of metals in
certain classes of crushed samples of WPCBs [20]. A list for prioritizing metal recovery for
end-of-life PCBs was composed by Wang and Gaustad [21] considering the market value
of metals, ecotoxicity and the possibility of energy saving through recovery treatments.

The published results on the metal content in WPCBs presented in Table 1 show very
diverse data [22].

Table 1. Contents of nine metals in WPCBs according to the results published so far in literature
given above

Standard

Metal Number of data Mean® (X) [%] Min. share Max. share Deviation” Coefficient of Variation™ Sha{e in

[%] [%] (CV) [%] ores” [%]
(SD) [%]

Al 40 4.06 0.26 13.50 3.00 73.87 30.00
Cu 52 19.10 3.00 37.81 9.17 48.01 0.50-3.00
Ni 41 0.95 0.00 5.35 1.02 107.05 0.70-2.00
Pb 43 2.84 0.80 15.48 3.48 122.62 0.30-7.50
Sn 35 3.25 0.62 8.83 1.90 58.38 0.20-0.85
Zn 37 1.50 0.04 5.92 1.30 86.88 1.70-6.40

Ag 47 0.1027 0.0000 0.3800 0.1098 106.9579 0.0005

Au 47 0.0290 0.0000 0.1500 0.0357 123.2660 0.0005
Pd 28 0.0186 0.0010 0.0680 0.0178 96.0849 no data

“ Supplemented data from [23]

The starting point for defining any waste treatment method is knowing specific waste
composition and waste quantities, because selected treatment technology depends on it.
This paper presents data on the content of essential metals in WPCBs collected in a
typical developing country that are necessary for the exploitation of valuable metals and
for the reduction of the toxicity of the residue. The differences in the determined metal
content, among other reasons, can be attributed to the age of the equipment, as well as to
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the time when testing was carried out and to the sampling area. The age of the equipment
(i.e. the age of WPCBs for the observed period) was determined by the time when testing
was carried out and by the life span of EEE as a particular feature of economic and social
circumstances in an observed area/country. That means that the age and life span of EEE
in developed and developing countries differ substantially. Therefore, a high dispersion
among the published data in Table 1 was not surprising. Several authors analysed only
certain types of WPCBs (non-uniform sampling), while the others used PCB samples
directly from the production process, or from similar situations.

The research presented in this paper determines the metal content of WPCBs in
everyday devices we most frequently use such as cell phones, TV sets, and computers
both for electronic components and bare WPCB base plates. The research also considers
the metal content in relation to different grain sizes, i.e.: -4 mm, 0.5-1 mm, 0.1-0.5 mm
and < 0.1 mm. WPCB samples were collected in the Republic of Croatia, a new EU
member, as an example of a typical transition country.

Figure 1 shows that the global economic crisis, which started in 2008, had its effect on
the Republic of Croatia, since a decreased quantity of EEE was traded on the market
during that period. On the other hand, during the first several years of the crisis, a
significant progress was made in the collection of WEEE, followed by several years of
stagnation and a slight decline. The collection of WEEE increased in 2015 again.
The annual amount of WEEE collected increased four times during the observed period
(2008-2015), from approximately 1.3 to 5.5 kg/per capita. It can also be noticed that
almost all the waste collected was treated (recycled). Approximately 50,490 t of EEE was
traded on the Croatian market in 2016, compared to 38,815 t (76.87%) of WEEE which
was collected. WPCBs were separated and sorted manually to recover metals like Cu and
Al, and the remaining part was sent for further treatment.
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Figure 1. WEEE management in the Republic of Croatia [24]

The selection of samples was adapted to the European WPCBs market, and the
grinding methods and obtained classes, into which samples are divided for a more
detailed testing, were adapted to the improvement of the existing WPCBs processing
technology in the Republic of Croatia.

MATERIALS AND METHODS

The subject of the research presented in the paper are WPCBs from WEEE collected
in the Republic of Croatia. Sampling was carried out in cooperation with Spectra Media
Ltd, the only company authorised for the treatment of the 2™ to 10" category of WEEE in
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the Republic of Croatia. Seven samples of WPCBs separated from WEEE of different
age were selected from bags containing manually separated and sorted WPCBs.

The average mass of an individual sample was 28 kg.

A so-called CPorp label was used for PCBs from Cell Phones (CP) of an older
generation and a defined CPngw label for a newer generation (smartphones manufactured
after 2008). Another Corp label was used for PCBs separated from computers with a
Pentium 4 processor or older (i.e. single-core) processors, while in addition a Cxgw label
was used for the PCBs from computers with newer processors. The PCBs from TV sets
were divided into three categories. The first category had a CRT label that was used for
PCBs from older models of TV sets with a Cathode Ray Tube (CRT). The other two
categories of PCBs were from newer models of TV sets with Liquid Crystal
Display (LCD) technology. The category marked with LCDcsp was used for PCBs used
for computer signal processing, and a category labelled with LCDsg referred to PCBs
used for signal reception.

Testing procedure

The testing procedure is presented in a schematic diagram displayed in Figure 2, and
further described in detail in the following text. The electronic components of WPCBs
were dismantled manually from base plates using hot air in all the samples except WPCBs
from cell phones (CP samples). It was not possible to dismantle the electronic components
from CPoLp and CPnew samples because these compact and exceedingly small parts were
intensively integrated into the base plate. In that way, for each group of samples (except for
CP samples), one sample of electronic components and one sample of (bare) base plate of
the WPCBs were obtained. A suffix “E” was added in brackets to all the sample labels that
consisted of separated electronic components: CoLp(E), Cnew(E), CRT(E), LCDcsp(E) and
LCDsr(E), and to the remaining bare base plates, a suffix “B” was added in brackets:
CPoLp(B), CPnew(B), CRT(B), LCDcsp(B) and LCDsr(B).

The obtained samples were cut into plates of approximately 5 X 5 cm by using tin snips.
The samples were homogenized and a mass of approximately 7 kg was separated from
each sample by quartering. The reduced samples were shredded in a hammer crusher to a
grain size smaller than 12 mm. Then they were quartered again to a mass of approximately
2 kg and shredded in a second step in a hammer crusher to a grain size smaller than 4 mm,
as shown in Figure 2.

Collecting Dismantling PCBs _>| . | Samples: CoLp, Cxew, CRT,
WEEE ™ from WEEE Sampling PCBs | ! LCDesr and LCDs

Samples: CPoLp, CPnew

Classification by

Dismantling EC from
PCB base plate

Digestion 'in l@—]| sieving to grain sizes
; dquaregia 1-4,0.5-1, 0.1-0.5 and

< 0.1 mm

Determining metal
content

., —on

Figure 2. Schematic diagram of the carried research
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Since WPCBs were derived from different equipment with different construction, as
well as different physical and mechanical properties, granulometric composition was
expected to vary too. Therefore, after the second shredding step, the samples were
quartered to a mass of approximately 200 g, and their granulometric composition was
determined by dry sieving. The remaining part was sorted, using a laboratory sieve
shaker that separated it into four grain sizes (i.e. 1-4 mm, 0.5-1 mm, 0.1-0.5 mm and
< 0.1 mm) and then quartered it to a mass of approximately 50 g. The samples prepared in
this way were dissolved in aqua regia (nitric acid:hydrochloric acid) (HNO3:HCI = 1:3)
and their metal content was determined using an Atomic Absorption Spectrometer (AAS)
Perkin Elmer A Analyst 800, that is in the way many authors reported [25].

RESULTS AND DISCUSSION

Mass fractions of electronic components in WPCB samples were 55.71% (Corp),
59.95% (Cngw), 85.77% (CRT), 64.97% (LCDsr) and 50.85% for (LCDcsp). These mass
fractions of the electronic components were significantly higher than the data on metal
content in the WPBCs published in research articles [26]. This was because the electronic
components contained a large share of non-metals such as plastic, glass and ceramics.
Within the aforementioned values, larger content of electronic components in the
WPCBs in older models of TV sets (CRT samples) could be singled out as a result of an
older technology with larger electronic components.

Granulometric composition of the shredded electronic components and bare waste
printed circuit board base plates

The efficiency of the shredding process with hammer crushers is presented by the
granulometric grain size distribution curves shown in Figure 3 and Figure 4. Based on the
results, it was noticed that base plate shredding was more efficient than electronic
component shredding. The diagram in Figure 3 indicates that the shredding of cell phone
electronic components, CPoLp(E) and CPnew(E), was the most efficient, while the
shredding of the electronic components in the case of older models of TV sets [CRT(E)]
and computers of older generations [Corp(E)] was more difficult. Therefore, it can be
generally concluded that the shredding efficiency of electronic components of older
equipment with larger components was lower than in the case of other (new) equipment.
Unlike electronic components, bare WPCBs base plates had a very similar granulometric
size distribution after shredding (Figure 4), except for the samples of older models of TV
sets, like CRT(B). The result can be associated with the fact that composite materials
consisting of paper cloth and phenolic resin (FR2) were in the WPCBs base plates of
older TV sets, while composite materials consisting of woven glass fibre and epoxy resin
(FR2) were used in the new equipment.
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Figure 3. Grain size distribution curve of shredded electronic components separated from the PCBs
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Figure 4. Grain size distribution of shredded bare PCB base plates

Mass fractions of metals in waste printed circuit boards, electronic components and
bare waste printed circuit boards base plates

Metal content in the equipment integrated in WPCBs, depending on the type of
WEEE, is shown in Table 2. The listed values were obtained by multiplying the metal
content in the electronic components and bare WPCBs base plates with their mass
fractions. As a result, in Table 2 the highest content of precious metals can be found in the
WPCBs from equipment of higher technological level (i.e. cell phones, particularly those
of newer generations). The lowest content of precious metals was present in the WPCBs
of TV sets (CRT). Regarding the content of individual precious metals, it was observed
that, depending on the type of equipment, the content of Au varied significantly, from
62.90 g/t (LCDsr) to as much as 1,071.96 g/t (CPxew). On the other hand, the content of
Ag was almost uniform and it did not depend significantly on the type of equipment
(approximately 220 to 330 g/t, except for Corp that contained 171.05 g/t).
Palladium content was the lowest and was mostly present in the WPCBs of newer cell
phones (CPnew with 61.70 g/t) and was not present at all in some WPCBs (i.e. CPoLp,
CRT). Therefore, in regard to precious metal content, most of the value was present in the
WPCBs of newer cell phones (CPnew: Au content of 1,071.35 g/t, Ag of 320.10 g/t and
Pd of 61.70 g/t). The lowest value was in the WPCBs from TV sets of older generations
(CRT): Au content of 63.86 g/t, Ag content of 223.81 g/t and no Pd (0 g/t). In addition to
precious metals, the content of a selected group of several non-ferrous metals [Al, Cu,
nickel (N1), Pb, Sn, zinc (Zn)] was determined too. For example, aluminium (Al) content
ranged from 22.81 kg/t (CPoLp) to 76.47 kg/t (LCDsgr). Compared to other non-ferrous
metals, Cu had the highest content, ranging from 84.08 kg/t (CRT) to 428.46 kg/t
(CPnew). The content of Ni, Pb, and Sn mostly ranged from 9 kg/t to approximately
30 kg/t. Regardless of whether the results were taken from already published papers or
measured during this research, all WPBCs contained Au, Ag, and Cu with mass fractions
several times higher than in ores [6, 27]. The metal content of WPCBs collected in the
Republic of Croatia in most cases corresponded to a wide range of published results from
Table 1, and fitted recently published comparable results [28].

Table 3 presents the content of different metals in the electronic components and bare
WPCB base plates of WEEE in parallel. It is evident that the metal content of Al, Cu, Ni,
and Zn was higher in the electronic components, while the bare base plates had a higher
content of Pb and Sn. In the case of precious metals, the investigated electronic
components, in relation to the WPCBs, contained several times higher content of Au, in
general a slightly higher content of Ag and a lower content of Pd, except for the CoLp (E)
sample. Based on the above findings, it could be observed that when separated electronic
components were compared with bare WPCB base plates, the metals were mainly
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concentrated in the electronic components, but also bare WPCB base plates had a
sufficiently high metal content to justify its further treatment. In addition to this, further
treatment was also justified because WPCBs contained metals that are classified as
hazardous substances.

Table 2. Metal content found in WPCBs depending on the type of WEEE

Sample Non-ferrous metal content [kg/t] Precious metal content [g/t]
type Al Cu Ni Pb Sn Zn py Ag Au Pd
CPoip 2281 29372 2761 17.78 1792 13.80 393.65 33147 723.96 0.00
CPnew 2948 42846 31.34 7.32 2639 938 53239 320.10 1,071.35 61.70

CoLp 40.17 179.53 494 16.02 2424 14.62 279.52 171.05 125.30 31.49
Cnew 4338 26146 8.99 1745 23.04 38.00 392.32 330.22 147.30 5.98
CRT 48.41 84.08 1422 1323 833 14.64 18291 223.81 63.86 0.00
LCDcsp 4298 26490 8.69 1297 848 11.63 349.66 321.43 143.76 7.53
LCDsg 7647 190.20 8.99 1424 10.87 18.39 319.17 225.34 62.90 25.99

" Total content of non-ferrous metals in the investigated WPCBs

Table 3. Metal content in separated electronic components and bare WPCB base plates of

different WEEE
Sample Mass Non-ferrous metal content [kg/t] Precious metal content
tvpe fraction [e/t]
P [%] Al Cu Ni Pb Sn Zn Ag Au Pd

CoLp(E) 55.71 46.43 20144 579 1252 1844 2558 18499 19721 49.17
Con(B) 44.29 3229 15197 3.88 2043 3153 083 15353 3486 9.25
Cnew(E) 59.95 4799 304.87 11.44 1283 11.45 60.88 340.11 229.17 2.72
Cnew(B) 40.05 3648 19648 533 2436 4038 3.74 31540 2475 10.87
CRT(E) 85.77 5402 89.16 1428 12.16 6.89 16.67 238.52 70.76 0.00
CRT(B) 14.23 14.64 5352 13.84 19.67 17.01 245 13520 2225 0.00
LCDcsp(E)  50.85 63.15 33133 1030 11.03 7.56 20.17 350.04 262.19 5.88
LCDcsp(B)  49.15 2212 196.16 7.03 14.99 943 2.80 291.83 21.23 9.22
LCDsr(E) 6497 101.53 196.57 9.08 1230 829 27.63 215.06 87.79 18.37
LCDsr(B)  35.03 30.00 17840 882 17.85 15.66 126 24441 16.75 40.14

Mass fraction of metals in relation to their grain size

To observe the relationship between grain size and metal content, the shredded
samples were sieved into four grain size fractions (1-4 mm, 0.5-1 mm, 0.1-0.5 mm and
< 0.1 mm), and metal content was determined for each size separately, both for separated
electronic components (Table 4), and bare PCB base plates (Table 5). Although the
obtained results varied significantly for different metals, type of equipment and grain
size, certain relationships could be detected.

For instance, the Al content in electronic components increased with the increase in
grain size and it was the highest in the largest grain size (1-4 mm). The metal content in
bare WPCB base plates and integral WPCBs of cell phones (CPoLp and CPnew) was
generally the highest in the smallest size fraction (< 0.1 mm). Copper was mostly present
in larger particles, with the highest content in grain class of 0.5-1 mm in most cases.
The lowest Cu content occurred in the smallest grains (< 0.1 mm), except for CRTs.
This was confirmed for both electronic components as well as WPCB base plates.
Therefore, it may be noticed that Cu content decreased with the decrease in the grain size
of the investigated samples. Ni content was generally uniform, with no observed
enrichment in a grain size, although it should be mentioned that the highest content was
present in the largest grains (1-4 mm) in the case of integral cell phone WPCBs.
Regarding Pb content, it was found to be the lowest in the largest grains (1-4 mm) of the
shredded electronic components. However, in the case of shredded bare WPCB base
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plates, its concentration was significantly higher in larger grain sizes (1-4 and 0.5-1 mm)
than in smaller ones (0.1-0.5 and < 0.1 mm). The Sn content in electronic components
was the lowest for the largest grain size (1-4 mm) in most cases, and the highest for the
grain size of 0.5-1 mm. For WPCB base plates, the metal content was generally higher for
the grains of a larger size (1-4 and 0.5-1 mm), and lower for the smaller ones.
For instance, Zn content in electronic components in most cases was higher for larger
grain sizes and lower in smaller ones, but it was impossible to define any significant
trends for WPCB base plates.

Regarding precious metals, Au was mostly present in the smallest grains, both for
electronic components as well as WPCB base plates. Integral WPCBs of cell phones
(CPoLp and CPngew) were the only exception, in which the highest Au content occurred in
the largest grain size fraction. Trends were not observed for the two other metals tested
(i.e., Ag and Pd). It could only be stated, that in the case of Ag in the electronic
components from older equipment [CoLp(E) and CRT(E)], the lowest content seemed to
be present in the largest grains (1-4 mm).

Pd content was below the Detection Limit (DL) in many grain sizes, both for
electronic components and PCB base plates, while its content was detectable in grains of
0.5-1 mm found in CPnew and CoLp(E) samples.

Table 4. Determined metal content in individual test samples of electronic components

Sample GFa“‘ Fraction Non-ferrous metal content per sample [kg/t] Precious metal content
type size  content . per sample [g/t]
[mm] [%] Al Cu Ni Pb Sn Zn Ag Au Pd
4-1 38.27 2136 265.50 3584 1496 14.19 21.94 320.00 1,087.50 <DL
CPorp 1-0.5 1920 15.51 504.00 28.18 16.64 14.08 10.86 317.50 648.50 <DL
0.5-0.1 31.47 22.13 27820 18.00 19.12 19.71 7.64 300.00 399.00 <DL
<0.1 11.06 4246 70.50 2548 25.72 32.39 8.28 485.00 521.50 <DL
4-1 41.03 29.46 333.00 43.26 2.84 14.14 17.64 330.00 1,726.00 <DL
CPrgw 1-0.5 2028 27.84 686.70 29.86 10.62 31.19 4.14 320.00 727.00 304.3
0.5-0.1 30.27 27.61 48750 2098 11.36 44.23 3.02 320.00 501.00 <DL
<0.1 842 40.25 59.60 14.12 6.72 1046 4.66 272.50 761.00 <DL
4-1 73.47 5092 17895 440 8.64 856 23.12 152.50 154.40 20.11
Con(E) 1-0.5  13.02 29.02 39930 10.94 27.82 70.50 37.80 285.00 254.15 264.25
0.5-0.1 9.60 4458 169.15 8.38 21.20 25.52 30.08 267.50 23595 <DL
<0.1 391 2455 4450 8.28 13.14 13.27 20.18 260.00 717.50 <DL
4-1 57.69 5125 387.20 11.42 7.72 3.09 65.00 330.00 221.15 <DL
Crew(E) 1-0.5 17.53 4043 32620 12.32 26.74 39.59 88.05 387.50 143.85 0.45
0.5-0.1 1521 47.31 117.00 8.56 1570 10.39 36.94 347.50 185.60 17.35
<0.1 9.57 4330 68.00 1448 13.64 12.00 24.36 302.50 503.00 <DL
4-1 7555 6038 49.75 14.16 1130 5.63 13.38 185.00 54.85 <DL
CRT(E) 1-0.5 1038 44.27 256.00 13.90 15.72 14.11 25.60 350.00 91.70 <DL
0.5-0.1 10.55 28.38 194.75 1420 14.00 6.65 28.40 325.00 101.40 <DL
<0.1 3.52  23.04 126.55 18.28 14.58 13.36 25.68 312.50 258.80 <DL
4-1 66.32 67.48 291.00 1044 940 4.56 19.88 355.00 306.05 5.71
LCDesH(E) 1-0.5 12.05 64.53 49190 11.06 19.40 25.85 26.96 367.50 150.30 <DL
0.5-0.1 11.27 51.76 50820 9.76 12.12 7.63 14.88 327.50 99.30 <DL
<0.1 1036 46.23 21045 9.06 10.50 5.39 19.86 322.50 288.70 20.24
4-1 61.08 106.80 202.45 8.66 11.06 8.47 28.78 207.50 72.65 29.13
1-0.5 13.89 102.50 300.70 10.78 13.72 15.01 26.34 220.00 92.80 <DL
LCDsr(E)

0.5-0.1 1633 9845 164.25 9.38 1422 3.59 30.68 232.50 96.55 <DL
<0.1 870 68.75 49.60 8.70 15.14 5.10 15.86 227.50 169.70 6.62

< DL = below detection limit

Considering the fact that the largest grain size (1-4 mm after shredding) had the
highest mass fraction (from 38.30% to 75.55%) in relation to other grain sizes, it could be
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observed that the largest quantity of metals from electronic components could be
recovered by treating large size (1-4 mm) grains. When bare base plates were taken into
consideration, it was obvious that the smallest grain size (of < 0.1 mm) had the lowest
mass fraction, and that the mass fraction of a larger grain size (of 0.5-1 mm) was
approximately 20%. The highest mass fraction in the shredded PCB base plates was
present both in the largest grain size: 1-4 mm (from 25.66% to 49.50%), and in the
smallest grain size of 0.1-0.5 mm (from 25.52% to 43.04%), respectively.

Table 5. Metal content in the individual tested samples of bare WPCB base plates

Grain Fraction Precious metal content
. Non-ferrous metal content per sample [kg/t]
size  content per sample [g/t]

type [mm] [%] Al __Cu___Ni__Pb_ Sn_ 7Zn Ag Au_Pd
41 2566 2300 232.00 414 33.66 6535 0.4 140.00 47.25 <DL
105 19.11 30.62 290.00 444 41.12 6850 092 23500 42.05 40.35

Sample

CowB) (501 4304 3573 8267 362 696 312 070 12500 2235 <DL

<0.1 12,19 4228 1190 334 7.68 271 132 15500 41.65 12.63

4-1 3044 3476 257.60 548 39.48 7837 6.44 26250 19.95 12.48

Crew(B) 1-0.5 2234 3323 30047 5.60 36.72 62.61 4.56 365.00 22.70 3.20

NEW 0.5-0.1 3343 3587 14867 532 920 6.6 1.62 32750 21.55 19.02

<0.1 1379 47.02 9.13 456 7.70 347 1.60 322.50 46.40 <DL

4-1 4950 490 6747 14.04 3240 28.85 190 157.50 17.53 <DL

CRT(B) 1-05 18.82 797 5533 13.66 9.78 7.64 120 9500 19.60 <DL

0.5-0.1 2552 3024 3363 1370 572 3.08 3.88 115.00 2420 <DL

<0.1 6.16 48.67 1825 1334 534 828 480 162.50 60.15 <DL

4-1 3534 1874 26820 7.14 1496 17.63 2.44 32750 12.60 3.89

1-0.5 2129 2227 269.67 6.74 2430 1075 4.70 385.00 28.90 36.87
LCDcsp(B)

0.5-0.1 3032 1796 136.00 7.16 1036 2.43 1.82 20500 9.05 <DL
<0.1 13.05 40.66 21.00 6.88 10.64 1.37 298 245.00 60.35 <DL
4-1 29.67 18.31 282.00 9.44 23.54 29.04 048 270.00 14.60 66.27
LCDsx(B) 1-0.5 1956 17.17 310.00 9.16 22.00 20.56 1.54 240.00 13.53 15.97
0.5-0.1 37.85 4330 8550 858 1334 6.84 1.82 27250 17.50 45.85

<0.1 1292 37.28 1330 7.62 11.68 3.36 098 110.00 24.38 <DL

< DL = below detection limit

Influence of product age on metal content

When mass fractions of metals in WPCBs from newer and older WEEE were
compared, the relationship between mass fraction and age (the development of
technology) became evident. Figure 5 presents the mass fraction ratio of individual
metals determined in newer and older waste PCBs from three different types
of equipment.

The figure shows that Au, Sn, Cu, Al and Ni were more frequently used in the
WPCBs of newer cell phones (CPngew), while Zn and Pb content was less frequently used.

When the ratios of mass fractions of metals in the WPCBs from computers were
compared, an increase in the use of Zn, Ag, Ni, Cu and Au could be observed, while the
use of Al, Pb, and Sn remained at almost the same level. The use of Pd in newer
computers significantly decreased when compared to older models.

Data on the metal content in LCD TV sets represented an arithmetic mean of a metal
content in LCDcspand LCDsg. If the data obtained for TV sets are considered, one can
observe a significant increase in the use of Cu, Au, Ag, Al and Sn, but Ni was used less
frequently, while Pb and Zn mostly remained at the same level. The reason for a
negligible decrease of Zn and Pb content in newer equipment was due to the fact that the
share of WEEE treated in the Republic of Croatia according to the RoHS Directive was
small, and changes may be expected in the future when products begin to reach their
end-of-life.
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Figure 5. Metal mass fraction ratio in waste PCBs in relation to equipment age and type

CONCLUSIONS

The research presented in this paper shows that the mass of electronic components in
WEEE represented a larger part than the mass of integral WPCBs, and that the mass
fraction of electronic components depended significantly on the age and type of WEEE.
Depending on the type of equipment, the mass fraction of electronic components ranged
from 50.85% (LCDcsp) to 85.77% in the case of older TV sets (CRT).

Based on the granulometric particle size distribution of samples determined after a
two-step shredding, it was observed that the efficiency of WPCB base plates shredding
was higher than for electronic component shredding. The shredded WPCB base plates
from different WEEE had similar particle size distributions. In the case of electronic
components, it was easier to shred the components from cell phones and more difficult to
shred those from older TV sets.

The comparison of the determined metal content in separated electronic components
and WPCB base plates showed that a higher metal content (Al, Cu, Ni, Zn, Au, and Ag in
most cases) could be found in electronic components rather than in bare WPCB base
plates. The opposite was true for certain metals, i.e. Pb, which had a higher content in
WPCB base plates than in electronic components. Moreover, in the case of some metals
(e.g. Pd and partly true for Ag), the metal content depended on the type of equipment.

The research on the relationship between metal content and grains of various size
showed uneven results. The shredded electronic components of larger grain sizes
(1-4 mm and 0.5-1 mm) contained more Al, Cu and Zn but the least amount of Pb.
The smaller grain sizes of electronic components, on the other hand, contained more Au.
The larger grain sizes of shredded PCB base plates contained more Cu, Pb and Sn, but
grains of the smallest size (< 0.1 mm) contained more Al and Au. The content of Ni was
rather uniform, and it could be concluded that its concentration generally did not relate to
any grain size. No trends were noticed for Ag and Pd also.

Considering that, after shredding of the electronic components, the largest grain size
(1-4 mm) also had the largest mass fraction when compared to the other three grain sizes
fractions. Thus, its treatment will result in the highest metal recovery. After the shredding
of WPCB base plates, grains of 1-4 mm and of 0.1-0.5 mm had the largest mass fractions,
respectively.

The conducted research also indicates certain trends in the use of metals in PCBs
depending on the product’s age. It can be concluded that an increase in the use of Al, Cu,
and Ag occurred in most of the new equipment. Metals such as Sn and Pb were used
almost equally in all the equipment, regardless of the product’s age. A significant
increase of Pd in newer TV sets was observed, as well as a significant decrease of Pd in
newer computers.
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Our research showed that WPCBs contained several strategic metals in

concentrations several times higher than in ores. The separation of electronic components
from WPCB base plates by segregation resulted in a higher concentration of metals in
those components. Nevertheless, in bare WPCB base plates there were enough metals left
for further treatment from an economic point of view, as well as from an environmental
point of view, which means less waste toxicity.

NOMENCLATURE
Abbreviations
AAS Atomic Absorption Spectrometer
Cnew Computers Newer Generation Processors (computers with processor
Pentium 5 or newer)
CoLp Computers Older Generation (computers with Pentium 4 processor or older)
CP Cell Phones
CPnew Cell Phones New Generation (smartphones manufactured after 2008)
CPoLp Cell Phones Older Generation
CRT Cathode Ray Tube
CvV Coefficient of Variation
EE Electrical and Electronic
EEE Electrical and Electronic Equipment
FR2 Flame Resistant 2 (PCB base plate made of phenolic resin bonded paper)
FR4 Flame Resistant 4 (PCB base plate made of woven fiberglass cloth with an

epoxy resin binder)

LCD Liquid Crystal Display
LCDcsp  Liquid Crystal Display Computer Signal Processing Unit
LCDsr Liquid Crystal Display Computer Signal Reception Unit

PCB Printed Circuit Board

SD Standard Deviation

TV Television

USD United States Dollar

WEEE Waste Electrical and Electronic Equipment

X Mean
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