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Abstract

Circular economy approaches aim to close material cycles along the value chain. As such it can be a
long-term strategy to mitigate the risks of critical raw material (CRM) supply. Tantalum, with a
current end-of-life recycling rate of less than 1%, has been intermittently discussed as critical. Even
though the specificity of tantalum applications and high mass fractions of tantalum in relevant
components provide good boundary conditions, recycling barriers hinder the successful
implementation of recycling technologies. With this case study, we identify potentials and barriers

for implementing the recovery of CRM, using the example of tantalum.

To this end, information about visually identifiable tantalum capacitors (VICs) and printed circuit
boards (PCBs) in various equipment types was obtained via disassembly campaigns for mobile
phones, smartphones, tablets, notebooks, desktop PCs, flat screen monitors, servers, etc. and the

chemical analyses of resulting fractions.

Results show great differences in the application of tantalum in various equipment types. Due to this,
the tantalum potential of put-on-market (POM) or of Waste Electric and Electronic Equipment
(WEEE) devices differs between products and regions. Worldwide, the highest POM tantalum flows
originate from desktop computers, but in Germany they originate from notebooks. A focus on

particular products leads to higher yields in recycling and supports circular economy approaches.

Recycling of tantalum from WEEE is generally possible. But an accurate separation of tantalum from
PCBs is not feasible solely by separation of VICs. This process also leads to the loss of silver.
Furthermore, this study reveals potential miniaturization trends, decreasing the use of VICs, with an
anticipated substitution of tantalum with niobium. These barriers impede long-term recycling

strategies for tantalum aimed at establishing a circular economy.
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Introduction

Economical and technical recycling barriers are key factors affecting the criticality of commodities in
our economic system (European Commission 2010, 2014; Hatayama and Tahara 2014; Graedel and
Reck 2016). In this context, circular economy can be seen as a strategy and policy to reduce related

risks.

In 2010, in a report on Critical Materials for the EU, the European Commission defined tantalum as
one of 14 critical elements, both in terms of economic importance and security of supply. Tantalum
was listed due to the fact that it is primarily produced in politically unstable areas (European
Commission 2010). In a revision of this report tantalum was removed from the list as no longer to be
considered a highly critical material (European Commission 2014), though other studies still consider
it to be so (Hatayama and Tahara 2014). In either case, tantalum has high economic importance due
to its use in almost every complex electronic product in the information and communications sector
in the form of tantalum capacitors (Chancerel et al. 2013; Cunningham 2001), resistors, or thin film
Ta(Si)N barrier layers for preventing interaction in integrated circuits (ICs) (Fitzpatrick et al. 2015).
Rising sales of these products, such as mobile phones, tablets, and notebooks, lead to a higher

demand for tantalum.

Although such tantalum-containing Waste Electric and Electronic Equipment (WEEE) devices are
collected for recycling purposes, a circular economy has not been established for this material.
Recycling rates for tantalum are very low, at less than 1% (UNEP 2013). State of the art recycling
processes for printed circuit boards (PCBs) are based on pyrometallurgical approaches that focus on
the recovery of copper and precious metals (Chancerel et al. 2009, 2010). Integrated processes
allow the recovery of additional elements such as Pb, As, In, Te, etc. However, tantalum ends up in
the slag, where it is oxidized. Due to low tantalum grades in the slag, recovery is hindered by high
energy demands and high costs (UNEP 2013). Recycling options have been established only for new

tantalum capacitor scrap and concentrated slags (H.C. Starck 2011), with recycling rates claimed to
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be approximately 20-30% (Schwela 2010). In order to move towards long-term sustainability of
tantalum, end-of-life recycling should also be improved. The relatively high concentration of
tantalum in end-uses such as electric and electronic equipment (EEE) could help incentivize increased
recycling. Nevertheless, to enable a circular economy of tantalum from WEEE, existing recycling
infrastructure needs to be adapted. The generation of tantalum concentrates prior to the smelter
process allows them to be fed into existing recycling processes for the production of tantalum scrap
and prevents tantalum from being lost. The diversely applied Ta-capacitors with a tantalum grade of
40% - 50% are potentially recoverable after a manual or mechanical separation (H.C. Starck 2011).
Therefore, liberation and recovery options for tantalum capacitors on PCBs need to be investigated

in order to reveal recycling strategies and to match future prospects to close material loops.
With this article, we

a) provide fundamental information to enable recovery strategies for tantalum from end-of-life
capacitors,
b) assess the technical feasibility of the separation processes for relevant products, and

¢) identify recycling barriers related to expected tantalum flows in various product categories.

The article comprises a systematic approach to identify losses and develop strategies to close
material cycles for critical raw materials (CRMs). Lessons learned from this case study may enhance

the recycling of other elements with low recycling rates as well support circular economy strategies.

Background

Tantalum is a transition metal with properties very similar to niobium. It is resistant to corrosion by
acids at ambient temperatures due to the thin film of tantalum oxide that coats the metal. Tantalum
is used broadly for components in the electronics sector, in chemicals (for example, as an
anticorrosive agent or as an additive in optical lenses), as a carbide in cutting tools and in various
metal alloys. About half of the tantalum consumed each year is used in the electronics sector. Here,

major applications are powders and wires for tantalum capacitors. (Wickens 2004; Schwela 2010)

Page 4 of 34



Tantalum capacitors

Tantalum capacitors consist of a fireproof and mostly inert epoxy resin cover containing SiO, and a
tantalum rich anode. This anode is based on sintered tantalum with tantalum oxide covering the
surface and is connected with a tantalum wire to the cathode material through silver connectors (see

illustrations in supporting information section S1 and section S2). The porous structure of the

sintered tantalum anode is impregnated with an MnO; electrolyte and surrounded by a graphite
layer. In addition to ca. 48% - 49% tantalum, the capacitors contain carbon, silicon, manganese, and

silver in large quantities. (Rotter et al. 2013; Spitczok von Brisinski et al. 2014)

Global tantalum flows

In the following, data collected by the T.I.C. (Tantalum-Niobium International Study Center) between
2002 and 2012 has been summarized (supporting information — section S3). T.I.C represents the
major share of actors in the tantalum supply chain, including mining companies, trading, processing,
manufacturing, and recycling. For tantalum shipments in particular, the study center claims a very
high coverage of the market. The data shows increasing tantalum flows up until 2008 and a doubling
of the flows over this time span, from 1,400 Mg per year to almost 3,000 Mg per year. From 2009 on
a drop is noticeable, possibly related to the economic crisis. After a short recovery in 2010 and 2011,
the amount of total tantalum shipments dropped again to 2,000 Mg per year, most likely because of
sharp increases in the price of tantalum. (Schwela 2010; Buckingham et al. 2014; Tantalum-Niobium

International Study Center 2013a, 2013b, 2011)

In general, the flows of tantalum powder and tantalum wires for tantalum capacitors have the
highest share of all shipments in the years between 2002 and 2012. The proportion has dropped
from about 45% before 2006 to under 30% from 2011 on. The total amount of shipments related to
capacitors peaked in the years 2004 to 2008, to about 1,000 Mg per year, before decreasing back to

the 2002 level of about 600 Mg per year.
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A general trend towards miniaturization and the use of less tantalum per capacitor can be observed
from the sales data of tantalum grade powder and tantalum wires, as the ratio of tantalum powder
per tantalum wire decreases. Only one wire is used per capacitor unit. This may hamper the

implementation of a recycling process for tantalum from waste capacitors.

Beyond this discussion of primary tantalum, the recycling potential of WEEE devices has to be
considered. The legitimacy of circular economy approaches is based on economically feasible
recycling processes and the contribution of secondary raw materials to the production of new goods.
This demands sufficient end-of-life tantalum masses which are available for recycling purposes.
Chancerel et al., 2015 estimate the metal potential and distribution for relevant products put-on-
market (POM) in Germany for two reference years. For the year 2007 259 Mg and for the year 2012

22411 Mg tantalum were calculated for various WEEE products.

State-of-the-art recycling

Circular economy approaches are usually limited due to low WEEE collection rates or missing
recovery technologies. Recycling represents a process chain, involving various processes and actors.
Recycling of tantalum from WEEE is not practiced yet, but first approaches were investigated and
tested. The overall recycling procedure for tantalum capacitors consists of three main steps after the
collection and liberation of the PCBs: Firstly, the identification, liberation and separation of the
tantalum capacitors. Secondly, mechanical processing to remove contaminants like polymers, etc.
Third and final step: metallurgical processing in order to generate a tantalum concentrate. This
material may be subsequently processed so that it can be used as a secondary raw material in new

products (Cymorek 2015; Stenzel 2016).

Identification, liberation and separation of tantalum capacitors

The liberation and separation of tantalum capacitors is usually done by manually removing the visibly

identifiable components. This requires significant labor input and is currently carried out only by
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cross-funded sheltered workshops for test purposes (Rotter et al. 2016b), since high labor costs

make this approach non-cost-effective.

Various approaches for mechanical processing have been developed with a view to automating the
process. Some of these approaches involve crushing the PCBs and the separation of the capacitors
through sieving and classification by mass and magnetism (Oki 2013; Kwon et al. 2016). Other
approaches involve liberation via underwater explosion, and these show promising results (Fujita et

al. 2014). The tantalum capacitors are then sorted with an eddy-current and a gravity separator.

Hayashi and Oki, 2014 have investigated the separation of the different compounds after their
detachment from the PCBs and have invented a pneumatic technique that enables high separation

efficiencies for tantalum capacitors.

Even robotic approaches are being tested at some research institutions, for some of the more

common standardized PCBs (Kreibe and Forster 2016).

Recycling and tantalum recovery from WEEE capacitor scrap

Most established recycling processes for tantalum capacitors apply acid leaching to separate
tantalum from all other parts like electrolyte or coating material. Specifically, the MnO; content is
transferred into water-soluble MnCl, using an HCl treatment (Wang et al. 2009; Smokovich 2009).

The silver content is thereby recovered from the waste slag.

Mineta and Okabe, 2005 have developed a recycling process by adapting the processes of primary
production. Here, total oxidation of the capacitor scrap is followed by a magnetic separation of iron
and nickel containing materials. After the addition of water, the process involves two sieving steps
and a pulverizing process. Leaching agent HNOjs is then used to remove all compounds except
tantalum and tantalum oxides. A second approach was developed recently by Spitczok von Brisinski
et al., 2014. In this process, an ionic liquid composed of di-alkyl imidazolium halides and AlCls is used

to dissolve all components of the capacitor except the tantalum anode. Unfortunately, this approach
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is only applicable to through-hole capacitors, because surface-mounted device capacitors show no

reaction.

Fujita et al., 2014 suggest a direct and easy treatment of the tantalum capacitors with heat and a
subsequent size screening. The different heat stabilities of the applied materials lead to a sequential
separation. The result is a tantalum powder with a Ta grade of 16%. A total recovery rate of 70% is

claimed by the authors.

A completely different and older approach is given by Stumpf and Seyfart, 1979. Here, capacitors are
dissolved in molten aluminum and the remaining tantalum is separated. Other materials like silver

can also be recovered.

All the studies presented describe initial approaches for the identification, liberation, separation, and
concentration of tantalum from capacitors applied to PCBs. But full recovery is not possible yet. In
particular, identification and separation are challenging. Therefore, this study focuses on the outputs
of manual separation, which represents the safest methodology. Particularly worthwhile equipment

types for successful recycling will also be evaluated.

Materials and Methods

Disassembly trials

In this study, a total of over 600 WEEE components belonging to mobile phones, smartphones,
tablets, notebooks, desktop PCs, hard disk drives, flat screen monitors, and servers were investigated
with disassembly trials regarding their capacitor content. The devices were chosen according to an
expected high tantalum capacitor content and a high share of new EEE put-on-market (Chancerel et
al. 2013, 2015). A complete overview of a total of ten component types is supplied in the supporting

information section S5.

The tantalum capacitors were visually identified by shape, color, and coding. A crucial characteristic

for identification is the dash on the surface of the capacitor, indicating the plus and minus
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connectors. Example photos of the most common surface-mounted yellow and black tantalum

capacitors are shown in the supporting information section S2.

As capacitors were removed after a visual evaluation of each PCB, the term “visually identifiable

tantalum capacitor” (VIC) for the separated target fraction will be used.

For each device, a recycling-oriented product characterization was carried out (Chancerel and Rotter
2009; Rotter et al. 2013). The product masses, the number of PCBs, PCB masses, the number of VICs
per PCB, and the VIC masses were determined by both weighing and counting. Furthermore, the year
of production was assessed for each single device. This was done either by accessing the production

date on the unit or PCB with imprints or via the product names or model number of the PCB.

The devices investigated were classified into UNU-Keys, as developed by the United Nations

Universities, Institute for the Advanced Study of Sustainability (Baldé et al. 2015).

Chemical analyses

In order to assess both element specific separation and the selectivity of VIC removal trials the
elemental compositions of the VICs and the PCBs after capacitor removal were analyzed chemically.
This allowed the precision of capacitor separation to be assessed. The remaining tantalum content
on the PCB and the transferred precious or other metals connected to a capacitor separation were
guantified. The chemical composition of VIC and PCB was assessed using the methodologies

described in the following paragraphs.

After VIC removal, the PCBs of all devices per equipment type investigated were merged into one
mixed sample in order to obtain a maximum sample size for a wet-chemical analysis. This was also
carried out for the VIC sample, which consists of all VIC taken from all equipment types. The chemical
analysis took place in two different laboratories. As the sample sizes for smartphones and tablets
were too small for laboratory 1, their PCBs were analyzed in laboratory 2. Supporting information

section S6 shows all sample sizes and the laboratory responsible for the relevant measurements.
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Each PCB sample and the mixed VIC sample processed by laboratory 1 underwent a shredding
process with dust capture, followed by a fire-assay procedure (collection of Pb), followed by analysis
with ICP-AES (inductively coupled plasma - atomic emission spectroscopy), ICP-MS (inductively
coupled plasma - mass spectrometry) and XRF (X-ray fluorescence). In addition to determining

tantalum content, 35 more elements were analyzed, such as the precious metals Au, Ag, Pt and Pd.

The two PCB samples processed by laboratory 2 were first prepared using a shredding process that
generated two fractions of different grain sizes. The coarse material consisted of hard metals, which
were not shreddable, and was separated prior to the milling step. It was then transferred to a liquid
phase by an open aqua regia digestion. The other, finer, material was milled and processed in both a
fluxing digestion after an incineration of volatile organic compounds at 550° C and a microwave
assisted digestion with aqua regia. The measurements were carried out with an ICP-OES and ICP-MS.

In total, the mass fractions of 54 elements were determined.

In addition, the loss of ignition for all samples was determined.

Data processing

In order to calculate the specific transferred masses of target metals with separated VICs and with

the PCB residue, equations (1), (2) and (3) were used.

Mumetal;,PCB residue [g] = mass fraCtionmetali,PCBresidue [%] - Mpcpresiaue9] (1)
Muetayviclg] = mass fractionmerar,vic[%] - myicl9] (2)
mmetali,PCB [g] = mmetali,PCB residue [g] + mmetali,VIC [g] (3)
With:

Mmetal i, PCB residue = total mass of metal; (load) to be calculated in the PCB residue after VIC removal in g
mass fractioNmetal i, pcs residue = Mass fraction of metal; in the analyzed PCB residue in %

Mpcaresidue = total mass of PCB residue analyzed after VIC removal in g

Mmetali, vic = total mass of metal; (load) to be calculated in the separated VIC in g

mass fractionmetali, vic = mass fraction of metal; in VIC analyzed in %
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myic = total mass of VIC analyzed in g

Mmetali, pce = total mass of metal; (load) to be calculated in the PCB including the VIC in g

Selectivity is defined by the concentration of focus materials in a desired output by a separation
process. Therefore, removal of the VICs transfers the whole tantalum content of a PCB into a
separated fraction. In contrast, other materials like precious metals are supposed to stay on the PCB.
In this study, selectivity for each precious metal and tantalum was calculated according to equations

(4) and (5).

Mmetal,vicld]

SeleCtiVitymetali;tbs (%) = @

Mumetal;,PCBypgigye+VICII]

Mmetal;,VIC [g]

(5)

selectivitymetatsnens[%] = 1 = Mmetal;,PcelY]
P

With:
selectivitymetal i,tbs = Selectivity of metal;, which is meant to be separated with a removal of VIC in %

selectiVitymetal intbs = Selectivity of metal;, which is not meant to be separated with a removal of VIC in %

Following this analysis, the total tantalum content of the PCB and the tantalum content potentially
recoverable through a removal of the tantalum capacitors is calculated using the average amount of

tantalum capacitors for each device and the average tantalum content.

Analysis of the recycling and POM potential

Recycling potentials of relevant devices put-on-market (POM) and WEEE devices collected for
recycling purposes were assessed. Based on available data, system boundaries were chosen for
Germany and worldwide for the year 2013. For this analysis literature and data from statistical
institutions have been reviewed. To assess the linked tantalum masses, sub-calculations were

executed following supporting information section S7.

Calculations are based on the average equipment data of PCB masses, the share of PCB and tantalum

capacitors in the related equipment, the mass fraction of tantalum in the tantalum capacitors,
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market data on relevant sold equipment types in Germany and worldwide, and data about collected

WEEE devices in Germany.

Error propagation

All calculations in this study have been carried out using corresponding uncertainties with
appropriate error propagations. Measurement uncertainties were assessed through the chemical
analyses carried out on the VIC and PCB samples. On this basis, the chemical compositions and the

selectivity of tantalum were calculated.

Calculations and error propagations for the recycling and POM potential of tantalum relate to a
consecutive structure (cf. supporting information section S7). Here, necessary information originates

from the chemical analyses or disassembly studies with corresponding uncertainties.

Correlations between the parameters mass per device, mass per PCB and mass of VIC per PCB have
been assessed. Distributions were modeled as normal and mathematically independent. A Gaussian

error propagation, partially simplified with Goodman's expression, was used.

Analysis of recycling barriers

A circular economy for all CRM is desirable, but material or product properties and general boundary
conditions influence the need for recovery, as well as economic and technical feasibility. In order to
evaluate potential opportunities and risks for the recycling of tantalum from VICs, an analysis of
barriers and drivers, which support or limit the recycling of tantalum from VICs, was carried out
following Rotter et al. (2015, 2016a). Here, all boundary conditions regarding product related
properties, available and used technology for liberation, separation and refining of the material as
well as economic parameters were considered. A full presentation of the elements investigated is

given in the supporting information section S4.

The factors identified were categorized in a modified SWOT (strengths, weaknesses, opportunities,
and threats) matrix. While a normal SWOT analysis differentiates between internal and external

impacts, a consistent classification of recycling barriers and drivers to the SWOT groups is not
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possible. Barriers to tantalum recycling may give rise to opportunities and have a positive

environmental or economic impact and drivers may lead to unwanted side effects.

Results

PCB and VIC content in different device categories

The mass fractions and total masses of tantalum in different equipment types were analyzed and the
elemental mass fractions of a combined VIC sample and combined PCB samples per equipment type

investigated after VIC removal were determined.

Figure 1 shows PCB masses per device, VIC masses per device and mass fractions of VICs applied on
PCBs, taking the example of mobile phones and laptops. For each data set a histogram and a boxplot
have been produced. The boxplots consist of a median, an interquartile range (IQR) between 25%
and 50% and whiskers within 1.5 times of IQR. Depending on the data, whiskers can also end with
the last value between the quartile and 1.5 IQR. Furthermore, outliers are marked with dots. The

results for smartphones, tablets, desktop PCs, servers, graphic cards, hard disk drives (HDD), and flat
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screen monitors are summarized in the supporting information section S8.

Mobile phones (n=59); UNU=306-01
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Figure 1: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device (middle)
and VIC mass fraction per PCB (right) for mobile phones and notebooks. With interquartile range (25/75 %); whiskers 1.5

IQR; asterisk = extremum; circle = outlier.

The amounts of tantalum and the weight of the assembled PCBs vary significantly. The values of the
VIC mass per device and per PCB are generally lower for mobile phones than for notebooks. The
distribution of VIC mass per device and VIC mass per PCB is strongly shifted to small values for mobile

phones, while values are more evenly distributed for notebooks.

This leads to a more sophisticated data processing and statistical evaluation. For non-normal
(Gaussian) distributions, expectation values, uncertainties, etc. have to be determined through
distribution fittings and the application of appropriate calculation models for each equipment type

(Korf 2016).

In general, the highest number of VICs is found on the main PCBs of notebooks and on the PCBs from

server devices, which showed the highest median with about 30 VICs per PCB. In the samples
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investigated, VICs were found on a high fraction of PCBs, whereas a larger fraction of PCBs from
other equipment held no VICs. The average number of VICs is also low for these devices.
Smartphones and tablets contain the lowest amounts of VICs (median = 1). A total overview of the

number of VICs per device type is shown in the supporting information section S9.

Assessment of VIC composition

All VICs separated from the equipment types investigated were analyzed as a mixed sample in order
to obtain an overall mass fraction for tantalum, precious metals, and other substances. Figure 2
shows the results of the chemical analyses of the VIC sample. The depicted values represent the

average mass fraction per element and the related uncertainty given by the measurement

100.00 -

10.00
1.00
0.10
0.01
0.00 *
Ta

Figure 2: Elemental composition of visually identifiable tantalum capacitors (VIC) (LOI: Loss on ignition. Unaccounted: Share

Metals determined
85%

uncertainty. Full analysis results are attached in the supporting information section S10.
Unaccounted
8%

Loss of Ignition
I I |

Si Cu Fe Ag Mn Ni Sn Mg Sb Zn Ca Ba Pb Ti Pd Au Bi

Mass fraction [%]

of elements not determined in the analyses; error bars show measurement uncertainty)

The inset in Figure 2 shows the amount of metals determined in the analyses in relation to the total
mass of the sample. In addition to loss of ignition (LOI), the total fraction of identified contents was
nearly 92%. The LOI is most probably caused by the shell of the capacitors, which is composed of a

fire-proof resin, and on the graphite material in the core of the capacitor.
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The average tantalum content is 48.5+0.5%, a figure in line with the 40% - 50% cited by the
Tantalum-Niobium International Study Center (T.I.C.), whose data is based on a rough estimation
using the number of tantalum capacitors sold and the amount of tantalum grade powder (Schwela
2010). Other studies also show results in the same range (Spitczok von Brisinski et al. 2014; Kwon et

al. 2016). This verifies the quality of VIC separation and can be used for further calculations.

In addition to tantalum, major contents are silicon, aluminum, copper, iron, manganese, nickel, and a
surprisingly high content of silver with a mass fraction of 3.2£0.04%. Hence, considering their scarcity
and market value, target elements for possible recycling are manganese, silver, and tantalum. Silicon,
copper, iron, nickel, and aluminum contents are comparably low and not suitable for a single metal

or mixed metal recycling process.

Assessment of separation trials

The removal of VICs does not transfer the total content of tantalum available on PCBs to a separate
stream. Apparently, depending on their properties, not all applied tantalum capacitors can be
identified. Furthermore, use of Ta in other components on a PCB is possible. Therefore, chemical
analyses for the separated VICs and the remaining PCBs have been carried out (cf. supporting

information section S10 and section S11).

Figure 3 shows the resulting tantalum mass fraction per PCB and product type differentiated by the
origin of the tantalum. The variations in results are much higher for g per product and are depicted in

a logarithmic scale.
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Figure 3: Average tantalum content per mass printed circuit board (PCB) [A] and product [B]. Error bars show standard

deviation

Across almost all devices investigated most tantalum was found in the VICs. Depending on the

equipment type, different uncertainties for the separation of tantalum are given.

PCBs from notebooks display the highest overall tantalum content determined in PCBs (PCB including
VICs) of almost 8 g/kg PCB. Furthermore, high levels can also be found in HDDs, servers, and mobile
phones. HDDs contain the highest overall Ta content. Here, the PCB residues still have a tantalum

load of 3 g/kg PCByesiaue. Therefore, the total content is over 8 g/kg PCB including VICs.

In smartphones and desktop PC mainboards, levels of Ta in PCB residues are higher than in the
separated VICs. In contrast, very low overall Ta content was found in smartphones, with 1.5 g/kg

PCB, and in PC mainboards and flat screen monitors, with 1.6 g/kg PCB. These figures are based on a
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considerably fluctuating tantalum content per unit, as the mass share of the PCB to the related unit

varies, as does the number and mass of applied VICs.

The results show a good correlation with results from other studies. Fujita et al., 2014 determined
about 1 g/kg PCB for desktop PCs. PCBs from various sources have only minor tantalum
concentrations, with about 0.2 g/kg PCB (Xuefeng Wen et al. 2005). In comparison, general tantalum
grades of coltan range between 0.1 and 0.5 g/kg and are much lower than for the PCBs investigated

in this study, but correlate well with a mixed PCB input (USGS 2013).

The tantalum content in g can be calculated relative to the assembled PCB (g Ta per PCB), and also to
the whole device (g Ta per device). With this information, the relevance of processing particular
equipment types in order to separate the applied VICs can be compared. Highest contents were
found in servers with 4-5 g/unit, followed by notebooks with ca. 1 g/unit. The tantalum content per
unit of the very small PCBs in mobile phones, smartphones, tablets, HDDs, and flat screen monitors

was low. Particularly in smartphones and tablets, many fewer VICs are applied.

The overall mass fraction of identified capacitors and hence the total quality of the removal process
was investigated. For this, the load of one metal in the VIC and the load of the same metal in the PCB
were added together to find total load. The single loads from the two fractions were calculated as a
share of this total value. The results are depicted in Figure 4. Here, the contrast in selectivity of
tantalum and precious metals (gold, silver, and palladium) for the equipment types investigated is

shown.
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Figure 4: Comparison of the selectivity and retention of tantalum, silver, gold, and palladium (error bars show standard

deviation)

The chemical determination of smartphones and tablets was carried out by a different laboratory
from the one used for the analyses of the other equipment types. Therefore, other uncertainties

related to the methodologies used influenced the results.

The tantalum content in the VIC fraction for tablets, mobile phones, notebooks, and servers is very
high, which means a good visual identification of applied capacitors. In contrast, the tantalum load in
the separated VICs compared to the load in the PCB residues is very low with under 50% for flat
screen monitors, under 40% for smartphones and just under 20% for desktop PCs. This data reveals a

very low visual identification and separation quota of Ta bearing components.

In most of the devices investigated a high percentage of the silver applied in the tantalum capacitors
is removed. The example notebook shows that up to ca. 50% of silver can be removed via VIC
separation. The lowest mass fraction of silver removed is encountered in desktop PCs and

smartphones, for which the mass fraction of separated tantalum is also very low.
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As expected, the separated mass fractions of other precious metals like gold and palladium are low

and show that these elements are mainly applied in the residual PCB.

Time trend in the application of tantalum

In order to devise a trend over time of applied tantalum in the equipment types investigated, the
mass fractions of VICs were compared to the data gathered on recycling-oriented product
characterization. Figure 5 shows a comparison by year of manufacture of the total VIC masses

separated from the PCBs per single device investigated.
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Figure 5: Mass of capacitors per printed circuit board (PCB) of mobile phones, smartphones, tablets, hard disk drives, graphic

cards and mainboards from desktop PCs, and notebooks compared by date of manufacture

In general, the total mass of VICs applied decreases over time. This applies to notebooks as well,
although an increase in total VIC mass was seen between 1993 and 1999. This may be attributed to
the development of computing capacity and an increasing miniaturization of the devices. However,
less data is available for these years which may result in an incomplete representation of the total

mass of VICs applied.
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A stronger trend is shown for mobile phones, hard disk drives, desktop PCs, and graphic cards. Here,

a generally decreasing trend in capacitor mass per PCB and unit is visible.

Smartphones and tablets represent a very young generation of mobile devices. Since these
equipment types are still in the market saturation phase (particularly tablets), figures are available
only for the years between 2007 and 2014. In the case of tablets, data is available for only three
years. Development in product technology may be less over this short time span. Therefore,

variations in VIC content are also low.

Selectivity tantalum and silver

The surprisingly high content of silver in tantalum capacitors was investigated in more detail, in order
to check the impact of the removal of VICs on the recycling efficiency of silver, applying established
processes on the entire PCB. The results of a comparison of the selectivity of tantalum and silver
through VIC removal are shown in Figure 4 and covered in more detail in supporting information

section S13.

It is obvious that selective removal of tantalum is not possible for all the equipment types
investigated. Silver is always applied in tantalum capacitors and is therefore removed with the VICs.
The mass fraction of the silver removed compared to the total content of silver is dependent on the
PCB of the equipment type investigated and on the number and weight of applied tantalum

capacitors.

The trend of silver separation alongside VIC removal is positive. In other words, the higher the
amount of VIC separation, the higher the amount of silver removal. Therefore, regular removal of
VICs for purposes of tantalum recycling would lead unavoidably to a loss of silver. Interviews with
tantalum producers, who also recycle new scrap, reveal that recycling of both tantalum and silver is

not yet possible or economic (Marwede et al. 2015; H.C. Starck 2011) .
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A good example of this is notebooks. Here, a high selectivity of tantalum meets a relatively low
selectivity of silver with only 50%. This means that a large percentage of the total silver available is

transferred to the VIC fraction.

This has to be taken into account in any development of recycling processes as capacitor removal
may interfere with the operating efficiency of established PCB recycling processes. The establishment
of a recycling infrastructure for tantalum from capacitors requires the development of side-by-side

recovery processes for tantalum and silver.

Recycling potential

In addition to the technical demands for the recycling of tantalum bearing capacitors, sufficient
material input must be available for recycling purposes. Recycling potential based on the mass
fractions of tantalum in the equipment types investigated was calculated. For this, the return flows of
relevant equipment types collected in Germany for recycling purposes was investigated for the year
2013. The results reveal a total of 61 Mg of collected tantalum capacitors and subsequently 31 Mg

of tantalum.

In contrast, the put-on-market (POM) data differs. This is important for developing a circular
economy as secondary tantalum will be able to meet the production needs of new electric and
electronic goods. In Germany in 2013, the POM figures were 39+7 Mg tantalum capacitors and 1913

Mg tantalum.

Worldwide POM figures for 2013 were 2,800£500 Mg of tantalum capacitors and subsequently

1,300+250 Mg of tantalum.

Figure 6 shows the differentiated collection and POM data for tantalum masses obtained through VIC
separation in each equipment type investigated (results for PCB residues and PCBs including VICs are

provided in the supporting information section S14 and section S15. The calculation for the data

extrapolation is also depicted in section 512.)
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Figure 6: Total tantalum potential through visually identifiable tantalum capacitor (VIC) separation in POM devices

(Germany / worldwide) versus WEEE devices collected for recycling purposes in Germany

The highest tantalum collection potential among tantalum bearing devices is found in mobile phones.
Although tantalum content in this device type is average for the equipment types investigated, high
collection rates lead to high availability of tantalum masses. Mobile phones constitute an exception
as POM tantalum masses are generally lower than those of WEEE. This is because of a shift in
technology. The market for mobile phones is shrinking while the market for smartphones is
increasing and significant quantities of smartphones are not yet being collected. As a result, the gap
between tantalum masses for POM and for collection is high. This also applies to tablets. Therefore,
smartphones and tablets, as well as HDDs from notebooks, have the lowest potential for tantalum

collection.

Tantalum masses linked to POM devices in Germany and worldwide have almost the same
distribution. Highest potentials are connected to notebooks and desktop PCs. The lowest potentials

are calculated for servers and associated HDDs as well as smartphones and tablets.

This data applies only for the year 2013. Depending on market shifts, the potentials can change

significantly.
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The POM and returned tantalum flows are closely connected to the composition of sold or collected
equipment types with accordingly different loads of tantalum. In order to compare this distribution,
Figure 6 also shows the relevant shares for tantalum POM and collected in 2013 in Germany and
POM worldwide. This data is based only on tantalum flows through VICs. The distribution for PCB

residues and PCB including VIC are shown in the supporting information sections S14 and S15.

Due to high sales of notebooks in Germany in 2013 (~5 million devices), the share of tantalum POM is
dominated by this type of equipment. Although sales of smartphones are much higher (~22 million
devices), the contribution of these tantalum flows is only about 1.2 % due to the low number of
applied VICs. In contrast, the tantalum flows collected for recycling purposes are dominated by

mobile phones. Background data is given in the supporting information section S12.

The tantalum load from PCB residues is partially higher than in the separated VICs. This applies, for
example, to smartphones and desktop PCs. For HDDs and flat screen monitors the ratio of tantalum
in PCB residue and VICs is almost the same. Therefore, tantalum flows related to PCBs and VICs in
POM and WEEE must be distinguished from each other. A comparison of all equipment types

investigated, except for graphic cards, is shown in supporting information section S16.

Discussion

Comparison with theoretical estimates on literature basis

The data generated reveals high variations in the use of tantalum in the equipment types
investigated. Here, a comparison with given literature data is useful. For validation, a comparison of
POM data was carried out. Chancerel et al. (2015) summed up the information from various sources
in order to calculate the POM tantalum flows for various equipment types. The data is given as a
range. As the data in this study is calculated with standard deviations, the comparison is only

indirectly possible (cf. Table 1).
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Furthermore, the global tantalum POM for similar devices was compared to the capacitor-grade
tantalum powder shipments (cf. supporting information section S3). This raw material represents a
high-grade powder specifically formulated for the production of tantalum capacitors.

Table 1: Comparison of total tantalum flows [printed circuit board (PCB) including visually identifiable tantalum capacitors

(VIC)] per equipment type through put on market (POM) devices in Germany and worldwide as well as shipments of

tantalum powder for capacitors

Tantalum flows Germany POM Flows worldwide
Values N k Fl POM POM T
inM Mobile Smart- Desktop oteboo at 0 0 a
g Tablet (all back- screen devices devices powder
phone phone PC s .
lighting) monitor total total for caps
2007 2-9¢ 0.1-0.6* 0-0? 2-121 3.5-17% 0.5-2.5¢ 25491 9203
2012 0.1-1* 0.6-6* 0.2-1.5? 0.7-7* 2.3-231 0.1-0.41 22+11° 500°
2013 0.6+0.32  0.6%0.22 0.5%0.2> 6.4+1.8? 11+2.62 0.8+0.32 19432 1,300+250? 540°

Note: data tantalum flows based on Chancerel et al. (2015), 2own data, and 3Tantalum-Niobium International
Study Center (2011, 2013b, 2013a, 2016) for primary raw materials in the form of Ta powder for capacitors

The literature data for POM devices in Germany refers to the years from 2007 to 2012. A more
reasonable comparison for the data in this study would be the year 2012, although there might be a
continuing trend of increasing or decreasing flows related to particular equipment types. Except for
flat screen monitors, the actual data from 2013 complies with the literature data. The generated data

specifies the information available on various levels.

There is a noticeable negative trend to the total tantalum POM with comparable devices in Germany.
An opposite trend is drawn by the total shipments of tantalum powder for capacitors. The peak
period for shipments was between 2006 and 2008, with over 900 Mg per year. This dropped by half
in 2009, but shipments show an average increase since then. The most up to date values available

are for 2014, with 635 Mg (cf. supporting information section S3).

Tantalum recycling and processing

Industrial scale tantalum recycling is usually based on input material with high purity such as

production scrap. This material has to be processed and cleaned using mechanical and
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hydrometallurgical approaches in order to separate the tantalum from undesired materials like
plastics or even niobium (H.C. Starck 2009, 2011). As these processes are complex and costly, usually
only post-industrial scrap is used. Recycling of tantalum in separated VICs is not feasible with current
recovery strategies (Rotter et al. 2016b). A restructuring of the processes might be necessary. Based
on data presented in this study, the first economically feasible approaches can be derived.

Corresponding concepts which can handle capacitors from WEEE products have been shown.

Furthermore, current recycling processes cannot recover the applied silver in the capacitors. This
should be considered when setting up new systems for the recovery of tantalum from VICs. The
recyclability of precious metals depends on the processes used and could be implemented with

changes in the recycling system.

Analysis of recycling barriers

Low retail prices of metals combined with technically demanding processes impede the development
of circular economy approaches for CRM. Tantalum in particular shows the importance of CRM in
modern EEE products, but also the challenges for their recycling. Table 2 lists the results obtained

from the recycling barriers analysis.

Table 2: Analysis of recycling barriers for tantalum in visually identifiable tantalum capacitors (VIC)

Strength Weaknesses
Available
» . Currently, relevant
2 | Simple recovery No K . X Currently, no
= i . Less used devices are Reduction of applied tantalum .
S | design strategies . conta- . - . recycling
2 . i u iniaturizati
materials collected in through miniaturization and less
° of Ta for X minants . . . channels
a in caps X insufficient numbers of used capacitors .
o caps tantalum applied . available
o . quantities
exist
Energy and
No X
i X chemicals
i Capacitors have separation X i Unsteady
Recycling . High labor consumption for . .
o X Substitution = only a few, but technology distribution  Material
® conflic . ) . costs for ermal an )
flict ts f th land
[ . of Ta with mainly the available i in relevant value
< with manual chemical i
(] i Nb same through . : equipment low
silver e separation processing
characteristics complex . . types
. . increasing for low
identification i
grade input

VICs analyzed consist almost half of tantalum. Plastics, silicon, copper, iron and silver represent other

major materials. This simple design facilitates recycling processes. Usually, VICs on PCBs are directed
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to copper smelters with subsequent precious metals refining. Recovery of tantalum in this process is
not feasible. But VICs contribute to this process due to copper and silver contents. A prior separation
is crucial for the recovery of tantalum, but would lower the value of the PCB and lower slightly the
overall efficiency of the refining process. Economically feasible technologies for the identification and
separation of VICs are not yet available. Recovery processes for tantalum in VICs do exist, but are

related to high energy and chemicals input.

Investigated WEEE products showed an uneven distribution of VICs. Therefore, a focus on particular
products leads to higher yields in recycling. However, the use of VICs seems to be decreasing.
Miniaturization of tantalum capacitors will further reduce total tantalum loads and value. Moreover,
due to its criticality, initial approaches have been made to substitute tantalum with niobium. This

might reduce the need for a circular economy for tantalum in a long-term perspective.

Conclusion

Tantalum capacitors analyzed in this study comprise only visually identifiable capacitors, classified by
known characteristics. Removal of these VICs does not separate the total tantalum content. For flat
screen monitors and hard disk drives, the separation rate is under 60%. For smartphones and
desktop PCs, the ratio is much lower. Therefore, a reliable separation of all tantalum with VICs is not

possible.

With separation of VICs, up to 50% of total silver content is also removed. This is because of the
design of the VICs and the application of silver connectors. This implies a major recycling conflict as

either only tantalum or only silver can be recovered with current recycling technologies.

In order to obtain sufficient input masses for tantalum recycling, relevant equipment types have to
be identified and bundled. The highest potential of tantalum per unit was found in notebooks and
servers with over 1 g Ta. In contrast, the highest potential in PCBs is in hard disk drives (over

8 g/kg PCB), notebooks, and mobile phones. The smartphones and tablets investigated have the

lowest quantities and are not suitable for an economically driven recycling of tantalum.
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Depending on market shares and collection rates of particular equipment types, what comprises a
fruitful source of Ta can shift. Because of the availability of collected WEEE devices in Germany in

2013, mobile phones and desktop PCs provide the highest tantalum loads.

The findings of this study show generally low shares of tantalum in PCBs from modern IT devices.
Major loads are related to tantalum based capacitors, which are applied in EEE in a variety of forms
and represent the major application of tantalum in the electronics sector. A recycling of tantalum
from these components is possible. But the methodologies discussed do not represent a long-term
strategy, as an accurate separation of tantalum from PCBs is not possible by separation of VICs alone,
a process which involves the loss of precious metals. Furthermore, a potential trend for
miniaturization and a decrease in applied capacitors and tantalum masses was revealed in this study.
Recycling strategies need to be adapted accordingly in the future in order to establish a circular

economy for tantalum.
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Section S1: Design of a typical tantalum capacitor

Silver Graphite

MnO2 electrolyt

TaO
Sintered Tantalum

antalum wire anode

Cathode terminal

Anode terminal

Figure S1: Design of a typical tantalum capacitor (Chancerel et al. 2013)

Section S2: Example pictures of Tantalum capacitors

Figure S2: Example pictures of Tantalum capacitors (typical length of 2 mm to 7 mm)
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Section S3: Tantalum shipments and price development between

2002 and 2012

The worldwide tantalum capacitor consumption has dropped from a maximum in 2006 of 2,6x10%°
units to 1,4x10%° units in 2012 (Schwela 2010). Different estimations of the tantalum content per
capacitor have been conducted. Market calculations of the tantalum content in capacitors by the
Tantalum-Niobium International Study Center (T.I.C.) estimate the Tantalum powder content between
30 and 40 mg/capacitor. (Spitczok von Brisinski et al. 2014) have measured tantalum, manganese,
silver, and tin contents in two different types of capacitors via ICP-AES (Inductively coupled plasma -
atomic emission spectroscopy) analyses. The determined tantalum content varies from about 45 mass-
% in surface-mounted device capacitors to about 15 mass-% in through-hole capacitors.

Figure S3 shows the global shipments for tantalum as raw material for various applications. The
indicated price applies for the tantalum content in the raw materials only. Current price from 2015:

236,91 $/kg (USGS 2016a, 2016b; infoMine 2016)
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Figure S3: Tantalum shipments and price development between 2002 and 2012 (based on: (Schwela 2010; Buckingham et al.
2014; Tantalum-Niobium International Study Center 2013a, 2013b, 2011, 2016; USGS 2016a; infoMine 2016), Price

conversion based on: (USGS 2016b))
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Section S4: Barrier analysis for the recycling of a target material

Table S4: Basis elements for a barrier analysis to be investigated

Product design Material composition

2 .
£ . Recycling
L2 . Available Dissipation conflict with ) .
S Change in P Complexity of Recycling
8 g product through other ) . .
S © product . . material conflicts with
S . information or product valuable or L )
Q design ) : composition =~ contaminants

labeling design relevant

materials

Collection of end-of-life devices

. . Trends on collection rates
Collection rates of relevant devices

Pre-processing End-processing

Mechanical Availability of

Complexity of End-refining channels

Recycling chain related
analysis

liberation of identification metallureical Separability after 1ab|
target and sorting . .g liberation avatiabie
. liberation
materials technology
Economy

Energy consumption and waste water/residues

Financial drivers for the recovery of target )
production

material

Economy
related
analysis
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Section S5: Overview of investigated devices and subunits with
production years 1993-2014

The investigated devices were classified according to the international standardized Harmonized
Commodity Description and Coding System, shortly known as the Harmonized System (HS) of the
World Customs Organization. For a better categorization, the UNU-Keys, developed by the United
Nations Universities, Institute for the Advanced Study of Sustainability, were added (Baldé et al. 2015).

Table S5: Overview of investigated devices and subunits with production years 1993-2014

Notebook Desktop PC
. Flat
Mobile Smart-
Phone hone Tablet - - - Screen Server
p Main Sec. HDD Main Graphic | nonitor
PCB PCB PCB Card

UNU key
(Parental 0306-01 = 0306-02  303-02 0303 0303 0301 0302 0302 0309 0307
device)
HS key
(Parental 851712 | 851712 847130 @ 847130 847130 847170 847141 = 847141 852851 847149
device)
Number of
devices
disassembled 59 26 16 63 128 99 90 56 70 14
in total
Production 1998- 2007- 2010- 1998- 1996- 1995- .
years 2011 2014 2015 1993-2010 2008 2010 2012 OGTEETERS

Note: Mobile phones comprise phones without touch screens; smartphones with touch screens. The PCB obtained from
notebooks were classified into main PCB, containing the central processing unit (CPU), and secondary PCB, comprising all
other contained PCB (on average a ratio of 1 : 1.1 (primary : secondary) PCB was found). Hard disk drives (HDD) comprise
storage devices used in household applications covering both internal and external devices, but excluding solid state drives

Section S6: Overview on sample sizes and laboratories for chemical

analyses
Table S6: Chemically analyzed printed circuit boards (PCB) and visually identifiable tantalum capacitors (VIC)

Sample lr:::s Smartphone = Tablet = Laptop De;l;’:cop HDD TFT Server VIC
UNU key 0306-01 0306-02 303-02 0303 0302 0301 0309 0307 =
Total
sample 1 0.5 0.6 18.7 10.4 1.5 9.7 3.8 0.4
mass [kg]
Number of
units 47 26 16 57 16 46 70 6 3142
analyzed
chemically
Laboratory 1 2 2 1 1 1 1 1 1
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Section S7: Sub-levels for the calculation of the tantalum masses
based on relevant devices POM and collected for recycling purposes

Table S7: Sub-levels for the calculation of the tantalum masses put on market (POM) and end of life (EOL)

Number
equipment
put-on-
market
[pieces]

Market
data from
literature
research

Sub-levels of calculation

Needed information

Masses
equipment
collected
for
recycling
purposes
[Mg]
Disassembly
trials

Sub-levels of calculation

Needed information

Put-on-market

Mass Masses Tantalum
equipment printed capacitor
put-on- circuit mass POM
market boards [Mg]
[Mg] POM [Mg]
Disassembly = Disassembly = Disassembly
trials trials trials
Collected for recycling purposes
Number Masses Tantalum
equipment collected capacitor
collected printed mass
for circuit collected
recycling boards [Mg] [(Mg]
purposes
[pieces]
Collection = Disassembly Disassembly
data from trials trials
literature
research
and own
studies

Tantalum
mass
POM

through

VIC [Mg]

Chemical
analyses
of
capacitors

Tantalum
mass
collected
through
VIC [Mg]

Chemical
analyses
of
capacitors

Tantalum
mass
POM

through

PCB [Mg]

Chemical
analyses
of PCB

Tantalum
mass
collected
through
PCB [Mg]

Chemical
analyses
of PCB

Based on: own studies and (Cemix 2013; Statista 2015a, 2015b; Stiftung elektro-altgerate register 2015)
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Section S8: PCB and VIC content

Smartphones (n=26); UNU=306-02

4 1 \ |
—— ] [ | ' :
T T i i T T T T T T T T T
5 10 15 20 25 30 .00 .05 10 15 .20 0 2 4 6 8 10
0 0 0
15 157 157
> > >
) ) o
c c e
E 3 104 $
3 10 3 10 2 107
o 2 2
w w w
5 57 57
0 - 0 j 0
0 5 10 15 20 25 30 .00 .05 .10 A5 .20 0 2 4 6 8 10
PCB mass in [g] VIC mass per PCB in [g] VIC mass fraction in [mgig]

Figure S8-1: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for smartphones. With interquartile range (25/75 %); whiskers 1.5 IQR;
asterisk = extremum; circle = outlier.

Tablets (n=16); UNU=306-02
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Figure S8-2: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for tablets. With interquartile range (25/75 %); whiskers 1.5 IQR; asterisk =
extremum; circle = outlier.

Notebooks secondary PCB (n=128); UNU=303
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Figure S8-3: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for the secondary PCB from notebooks. With interquartile range (25/75 %);
whiskers 1.5 IQR; asterisk = extremum; circle = outlier.
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Graphic cards (n=56); UNU=302
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Figure S8-4: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for graphic cards. With interquartile range (25/75 %); whiskers 1.5 IQR;

asterisk = extremumy; circle = outlier.

Hard disk drives 3.5" (n=99); UNU=301
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Figure S8-5: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for hard disk drives. With interquartile range (25/75 %); whiskers 1.5 IQR;

asterisk = extremumy; circle = outlier.

Mainboard from desktop PC (n=90); UNU=302
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Figure S8-6: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for desktop PC. With interquartile range (25/75 %); whiskers 1.5 IQR; asterisk

= extremum); circle = outlier.
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Server mainboard (n=14); UNU=307
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Figure S8-7: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for server. With interquartile range (25/75 %); whiskers 1.5 IQR; asterisk =
extremum; circle = outlier.

Flat screen monitor (n=70); UNU=309
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Figure S8-8: Printed circuit board (PCB) mass per device (left), visually identifiable tantalum capacitors (VIC) per device
(middle) and VIC mass fraction per PCB (right) for flat screen monitors. With interquartile range (25/75 %); whiskers 1.5 IQR;
asterisk = extremumy; circle = outlier.
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Section S9 Identifiable tantalum capacitors per unit
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Figure S9: Number of visually identifiable tantalum capacitors (VIC) per unit, depicted as boxplots with interquartile range
(25/75 %), whiskers 1.5 IQR, asterisk = extremum, circle = outlier.
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Section S10: Elemental composition of visual identifiable tantalum

capacitors

Table S10: Chemical composition of analyzed visually identifiable tantalum capacitors (VIC) from investigated equipment

types
Tantalum capacitors from selected PCB's

ppm Average StDev
Ag 32,066 417
Au 15 0
Pt <2
Pd 61 2
Pb 1,327 133
Cu 38,630 1,159
Bi 1 0
Ni 21,720 652
Co <0.0525
As <0.0525
Sb 5,316 532
Sn 6,981 698
Zn 2,854 285
Fe 38,050 1,142
Te <0.0525
Cd <0.0525
Mn 31,860 956
Ge <0.1
Mg 5,381 269
Al 21,122 1,056
Ca 2,389 119
Si 156,310 7,816
Ba 1,397 70
Ti 630 31
Ta 484,500 4,845
Be <0.00105
Ga <0.1
Zr <0.1051
La <0.2239
Ce <0.0856
Pr <0.0525
Nd <0.0525
Eu <0.26
Tb <0.0525
Dy <0.525
Sm <0.0525
LOI 7.0%
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ITIon

PCB residue compos

Chemical composition of analyzed residual printed circuit boards (PCB) without visually identifiable tantalum

Section S11

Table S11

capacitors (VIC)
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Detailed calculation of Tantalum in devices POM and

devices collected for recycling purposes

Section S12

Table S12-1: Tantalum potential calculation for mobile phones, smartphones, tablets, notebooks, desktop PCs and servers
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Tantalum potential calculation for flat screen monitors, graphic cards, hard disk drives (HDD) from notebooks,

desktop PCs, servers and HDDs with various o

Table S12-2
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Note: The calculation bases on the calculation method shown in S7. For the calculation worldwide and
Germany, starting point are the put-on-market devices (Gartner 2015; Statista 2015a, 2015b; Gartner
2016; Western Digital 2016; Jon Peddie Research 2016; IDC 2016) and (Cemix 2013). Data for collection
of end-of-life in Germany bases on (stiftung elektro-altgerate register 2015). All further calculations
use data from disassembly trials conducted explicitly for this study, for other studies on the topic of
strategically important metals (Ueberschaar et al. 2016) or generally within the work packages of the
UPgrade project (Rotter et al. 2016).

Section S13 Selectivity for silver and gold vs. tantalum related to a
removal of tantalum capacitors
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Figure S13: Selectivity for silver and gold vs. tantalum related to a removal of tantalum capacitors
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Section S14: Tantalum flows and distribution from PCB residues after

VIC removal put-on-market and collected in Germany and worldwide
in 2013
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Figure S14-1: Tantalum from printed circuit boards (PCB) [with removed visually identifiable tantalum capacitors (VIC)] put-
on-market and collected in Germany and worldwide in 2013
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Figure S14-2: Distribution of tantalum flows through printed circuit boards (PCB) [with removed visually identifiable
tantalum capacitors (VIC)] in EEE put-on-market and WEEE collected for recycling purposes
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Section S15: Tantalum flows and distribution from PCB with VIC put-
on-market and collected in Germany and worldwide in 2013
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Figure S15-1: Tantalum from printed circuit boards (PCB) including visually identifiable tantalum capacitors (VIC) put-on-
market and collected in Germany and worldwide in 2013
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Figure S15-2: Distribution of tantalum flows through printed circuit boards (PCB) including visually identifiable tantalum
capacitors (VIC) in EEE put-on-market and WEEE collected for recycling purposes
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Section S16: Comparison of tantalum contribution from tantalum
capacitors and PCB residues

Figure S16 shows the tantalum flows put on market (POM) and collected coming from printed circuit
boards (PCB) and visually identifiable tantalum capacitors (VIC).

PCB PCB

0.8 Mg 513 Mg
21% 28%

PCB
49 Mg
21%

TRAREE555555555
ROt

Collection Germany 2013 POM worldwide 2013

Figure S16: Share of printed circuit board (PCB) residues and visually identifiable tantalum capacitors (VIC) on the total
tantalum flows put on market (POM) and collection in Germany and POM worldwide in 2013
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