
THEMATIC SECTION: GREEN MANUFACTURING

Measurement of Gold and Other Metals in Electronic
and Automotive Waste Using Gamma Activation Analysis

James Tickner1 • Ravindra Rajarao2 • Bojan Lovric1 • Brianna Ganly1,2 •

Veena Sahajwalla2

Published online: 17 March 2016

� The Minerals, Metals & Materials Society (TMS) 2016

Abstract CSIRO is developing the method of gamma

activation analysis (GAA) for the rapid, non-destructive

analysis of gold and other metals in mineral ores. Samples

are irradiated with high-energy X-rays produced using a

linear electron accelerator, resulting in activation of target

elements. The gamma-rays emitted during the decays of

the radioactive products of these activation reactions can be

analyzed to determine the sample composition. Both the

incident X-rays and emitted gamma-rays are sufficiently

penetrating to allow large, heterogeneous samples to be

analyzed directly without sampling or pre-treatment. We

have recently conducted a preliminary study to investigate

the application of the GAA method to the analysis of bulk

electronic and automotive waste materials supplied by the

SMaRT Centre at the University of New South Wales. The

electronic waste gold contents vary from 80 to more than

800 parts-per-million (ppm), and silver contents range from

250–350 ppm; no gold or silver is observed in the auto-

motive waste material. Consequently, the metal value of

these waste materials is highly variable and can reach up to

US$30,000 per tonne. Qualitative analysis demonstrates

that the GAA method is capable of detecting a range of

other economically and environmentally important

elements in these samples, including copper, bromine, tin,

lead, and tantalum. The speed and simplicity of the GAA

method make it well suited to rapid waste characterization.
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Introduction

Electronic or e-waste is an umbrella term covering dis-

carded electrical and electronic equipment that has reached

the end of its life cycle, cannot be reused, and has ceased to

be of any value to its owner. In 2014, around 41.8 million

metric tonnes of e-waste was produced worldwide, with

468,000 metric tonnes produced in Australia alone. The

amount of e-waste being produced around the world is

expected to grow by 4–5 % each year up to 2018 [1].

E-waste is the fastest growing form of waste in Australia,

with the rate of production currently increasing 3 times

more quickly than any other waste type [2].

E-waste covers an extensive range of products from

large white goods through to small personal electronic

devices. A wide variety of e-waste products results in an

extremely heterogeneous physical composition. E-waste

can contain many metals in differing concentrations that

can be recyclable, hazardous, or precious [3]. The most

common metals by weight fraction include iron, copper,

aluminum, nickel, zinc, and tin. Hazardous substances in

e-waste include lead, mercury, arsenic, cadmium, and

beryllium, among others. Precious metals such as gold,

silver, and palladium are also found in small quantities,

generally parts-per-million levels, but may constitute a

significant fraction of the recycling value. Motives for
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recycling e-waste include reducing landfill volumes, pre-

venting the leaching of toxic substances such as lead and

mercury into the environment, and the recovery of valuable

resources.

The value of e-waste can vary greatly depending on its

metal content. Hagelüken and Buchert [4] and Hagelüken

[5] determined average metal contents of e-waste derived

from mobile phones, computer circuit boards, and televi-

sion circuit boards. Using current (Sep. 2015) metal prices

sourced from the metalprices.com website, we have cal-

culated both the overall metal values of these different

e-waste streams and the contributions from individual

elements. These results are shown in Table 1.

It is immediately apparent that the metal value of

e-waste is dominated by the precious metal content, espe-

cially gold and palladium. Only in materials relatively

deficient in precious metals does copper make a significant

contribution. The value of the other metals is generally

low. As the precious metal content of different e-waste

streams is so variable, the overall metal value also varies

by more than a factor of 10.

Printed circuit boards (PCBs) form an important com-

ponent of e-waste. PCBs typically comprise non-metals

(plastics, epoxy, resins, and glasses) and metals (mainly

copper, tin, iron, lead, and nickel, with parts-per-million

concentrations of precious metals). Several of these metals

may be present at significantly higher levels than conven-

tional ore deposits, making PCBs a particularly interesting

resource for recycling. Table 2 shows the comparison of

typical concentrations of some metals found in PCBs with

levels in commercial ores, with data taken from Bizzo et al.

[6] and Viet et al. [7]. Concentrations of copper and gold

are typically one and two orders of magnitude higher,

respectively, in PCBs than in ore deposits.

When vehicles are recycled, approximately 75 % of

material is separated, including lubricants, tyres, metals,

and plastics. The remaining fraction is mechanically

processed to produce ASR, a complex and highly hetero-

geneous mixture comprising plastics, rubber and elas-

tomers, textiles, and metals and glass. The waste may also

contain toxic and hazardous materials including chlorine

and sulfur compounds, contaminated oil, polyvinyl chlo-

ride (PVC), and toxic metals. One study found that ASR

samples contained up to 2930 ppm of copper, 550 ppm of

nickel, 10,200 ppm of lead, and 13,200 ppm of zinc,

making it unsuitable for some landfills [8].

A method capable of accurately analyzing the metal

content of waste samples would find widespread applica-

tion, both for valuing waste prior to recycling and verifying

levels of hazardous metals before final disposal. The

heterogeneous nature of e-waste and ASR, and the need for

automated analysis of large numbers of samples to support

industrial-scale recycling present particular challenges.

Rapidly and accurately assaying high-value elements in

bulk samples is also important for the minerals industry.

The method of gamma activation analysis (GAA) has been

recognized as one solution [9–11] to this problem. A

complement to the more commonly used neutron activation

analysis, GAA involves irradiating samples with a high-

energy X-ray beam to induce nuclear reactions in target

Table 1 Average compositions

of e-waste samples taken from

[4, 5] and contributions to total

metal value (US$) calculated

using Sep. 2015 prices

Element Mobile phone e-waste Computer e-waste Television e-waste

Wt% Value % Wt% Value % Wt% Value %

Copper 12.8 3.0 20.0 6.9 10.0 23.2

Aluminum – – 5.0 0.5 10.0 6.9

Iron 6.5 0.1 7.0 0.2 28.0 4.8

Lead 0.6 \0.1 1.5 0.2 1.0 0.7

Nickel 1.5 0.7 1.0 0.6 0.3 1.3

Tin 1.0 0.7 2.9 2.6 1.4 9.0

Silver 0.363 7.6 0.1 2.8 0.028 5.8

Gold 0.0347 54.3 0.025 53.2 0.0017 26.3

Palladium 0.0151 33.5 0.011 33.0 0.0010 22.0

Total value per tonne $23,000 $16,900 $2300

Table 2 Comparison of metal content of typical ores and printed

circuit board (PCB) waste taken from [6, 7]; concentrations are in %

unless indicated otherwise

Metal Typical ore (%) PCBs (%)

Copper 0.5–3.0 12.0–29.0

Zinc 1.7–6.4 0.1–2.7

Tin 0.2–0.85 1.1–4.8

Lead 0.3–7.5 1.3–3.9

Iron 30–60 0.1–11.4

Nickel 0.7–2.0 0.3–1.6

Gold \5 ppm 29–1120 ppm

Silver \500 ppm 100–5200 ppm
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elements. This induced radioactivity can be measured and

related back to the elemental composition of the sample

being analyzed.

Our work [12] has focused on improving the sensitivity

and accuracy of the GAA method, particularly for the

analysis of trace elements such as gold. In this preliminary

study, we explore the application of the GAA technique to

the analysis of gold, silver, and other elements in waste

materials.

We particularly concentrate on activation reactions with

very short half-lives that allow analysis to be completed in

a few minutes. A secondary advantage of using short half-

life reactions is that residual activity of samples after

analysis is very low. For example, surface dose rates are

generally unmeasurable above natural background about

1 hour after the measurement process is completed, and

calculated radioisotope levels are below recommended

clearance levels [13].

Electronic and Automotive Waste Samples

Electronic waste primarily consists of PCBs, solder, and

electronic components. PCBs comprise a substrate material

with copper layers on one or both surfaces, etched to form

conductive tracks. Electronic components may be mounted

on one or both sides of the board. Multi-layer boards are

also commonly encountered, which include additional

internal copper conducting layers to facilitate more com-

plex circuit layouts.

Substrates for circuit board construction comprise a

stiffening material bonded with a resin; fire retardants, often

bromine-based, may also be added. Older, lower-cost sub-

strate materials use cellulose-paper as the stiffening material

and a phenolic or epoxy resin. The most commonly used

substrate material, known as FR4, is a fiber-glass epoxy-

resin composite. The electronic components mounted onto

the circuit boards are made from a wide range of materials,

including many metals and ceramics. Precious metals

commonly used in the fabrication of these components

include gold, silver, the platinum group elements (including

platinum, palladium, ruthenium, rhodium, and iridium), and

tantalum. The solder used to connect components to the

circuit board may contain significant concentrations of lead,

tin, copper, silver, bismuth, indium, zinc, and antinomy.

The electronic waste samples used for this study were

sourced from the recycling unit of the University of New

South Wales in Sydney, Australia. Three samples of ran-

domly selected PCBs from discarded computer monitors

and processing units were chosen.

Sample (a) was taken from a cathode ray tube (CRT)

monitor. This was a single-sided, paper/resin laminate

PCB. The entire board was shredded using a knife mill into

approximately 5 mm pieces. Sample (b) was taken from a

PCB inside a flat-panel LCD monitor. It was a double-sided

board with a polymer substrate. Sample (c) was taken from

a computer motherboard; it had a multi-layer, fiber-glass-

based construction. Samples 2 and 3 were found to be too

hard to shred using the knife mill, so the boards were

manually broken into pieces measuring about 10 mm.

The fourth sample chosen for testing was automotive

shredded residue (ASR), sourced from OneSteel Recycling

based in Newcastle, NSW, Australia. The material received

had a particle top size of approximately 5 mm and was

measured as received.

Figure 1 shows the electronic waste and ASR samples in

the form in which they were analyzed.

Sample Measurements Using Gamma Activation
Analysis

The Gamma Activation Analysis (GAA) Method

The GAA process involves irradiating samples with an

intense, high-energy X-ray beam. The maximum energy of

the beam may vary from a few to a few tens of MeV. The

beam is produced by accelerating electrons onto a metal

target, resulting in the production of Bremsstrahlung pho-

tons with energies ranging up to the electron beam energy.

X-rays of sufficient energy can induce a variety of nuclear

reactions in target elements in the sample. If the isotopes

produced in these reactions are radioactive, their decay

products can be measured and counted to determine the

composition of the sample.

As the threshold energy varies from reaction to reaction,

and the radioisotope products have a wide range of half-

lives, there is considerable flexibility to ‘tune’ the GAA

method for different elements by selecting the energy of

the incident electron beam, and the durations of the irra-

diation and measurement periods.

The two most important classes of X-ray-induced

nuclear reactions are isomer formation and neutron emis-

sion. In the former case, a nucleus is resonantly excited

from its ground state to an excited state. Normally, these

excited nuclear states decay very quickly, with half-lives of

nanoseconds or less. However, states with large spin dif-

ferences from the ground state can have half-lives ranging

from fractions of a second to many years. A neutron

emission reaction can occur when an X-ray with energy

above the neutron binding energy is absorbed by the target

nucleus. The excited nucleus can then emit a neutron,

potentially resulting in a radioactive daughter isotope.

After a period of irradiation, the sample is transferred to

a measurement station comprising one or more detectors.

These detectors are used to count gamma-rays emitted by
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the decays of radioactive nuclei in the sample. Different

radioactive nuclei emit gamma-rays with specific energies,

providing a characteristic elemental signature.

If a sample contains m grams of a particular isotope,

then the number of detected gamma-rays resulting from

activation and subsequent decay of that isotope is given by

Nc ¼
mNA

M
� r
E0

ET

r Eð Þ/ Eð ÞdE � 1
r
� 1� e�rtið Þe�rtcð1� e�rtmÞ

� pcpd;
ð1Þ

where NA is Avogadro’s number, M is the relative atomic

mass of the isotope in question, the integral over incident

X-ray energy E runs from the reaction threshold energy ET

to the maximum X-ray energy E0, and r Eð Þ and / Eð Þ are,
respectively, the reaction cross section and average X-ray

flux inside the sample volume. The radioisotope decay rate

r is given by ln 2ð Þ=t1=2; where t1/2 is the isotope half-life.

Parameters ti, tc, and tm are, respectively, the durations of

the irradiation, cooling or transfer, and measurement peri-

ods. Finally, pc and pd are the probabilities of gamma-ray

emission and detection.

Measurement Details

The GAA measurements were carried out at a facility in

Ottawa, Canada, operated by Mevex Corp., a manufacturer

of high-energy, high-power electron accelerators used for

industrial irradiation and sterilization.

The electron linear accelerator (LINAC) used in this

work is operable to produce an electron beam with energies

between 6.5 and 13 MeV, with a maximum beam power of

4.5 kW. The LINAC is housed in a massive steel shield to

protect both operators and sensitive electronic equipment

from the prodigious levels of radiation produced. An

aperture in the shield allows entry and egress of samples,

which are automatically transferred using a computer-

controlled pneumatic piston. A shielded detector station is

positioned immediately outside the shield, comprising an

80-mm-diameter, 30-mm-thick high-resolution hyper-pure

germanium ‘BEGe’ detector manufactured by Canberra.

Signals from the detector are processed using a CAEN

digital shaping amplifier which records the energy and

arrival time of every gamma-ray.

For elements giving rise to short-lived activated prod-

ucts, it is convenient to repeatedly cycle the sample

between irradiation and measurement positions, accumu-

lating the resulting gamma-ray spectra to improve mea-

surement precision.

Natural gold, which consists entirely of the isotope
197Au, has a convenient isomeric state at 409 keV. This

state has a 7.73-s half-life and emits a 279-keV gamma-ray

in 70 % of all decays. Together with a substantial activa-

tion cross section, this combination of factors makes GAA

a particularly sensitive measurement technique for gold.

Fig. 1 Photographs of

electronic and automotive waste

samples used for gamma

activation analysis tests
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Both naturally occurring isotopes of silver, 107Ag and
109Ag, have isomeric states with half-lives shorter than one

minute, producing gamma-rays with energies of 93 and

88 keV, respectively. Other elements with convenient,

short-lived isomeric states include bromine, barium, and

yttrium.

For analysis, the samples were loaded into transparent

plastic jars with a diameter of 80 mm and a height of

65 mm. Samples remain in these jars throughout the irra-

diation and measurement process. The sample size is pri-

marily limited by the diameter of the gamma-ray detector

used. Measurement of larger objects, for example dis-

carded computer equipment, would require the use of an

array of detectors to provide complete coverage.

Measurements were conducted at two different accel-

erator energy settings. An energy of 8.5 MeV is convenient

for exciting isomeric states. As the neutron-emission

thresholds of most common elements are above 8.5 MeV,

activation of the sample is minimized, improving sensi-

tivity for trace constituents such as gold and silver. Sam-

ples were irradiated and measured for 20 s, with a transfer

time of about 1.5 s. Five irradiation/measurement cycles

were performed for each sample.

A second irradiation was conducted at an electron beam

energy of approximately 12.5 MeV. This energy is suffi-

cient to induce neutron emission from a wide range of

elements, including copper, antinomy, lead, and tin. Sam-

ples were irradiated for 5 s and measured for 20 s, with 6

irradiation/measurement cycles used. Approximately,

30 min after the high-energy irradiation process, samples

were remeasured for a further 10 min. This latter mea-

surement allows weaker decays from longer-lived isotopes

to be measured without interference from intense, short

half-life products that dominate immediately after

irradiation.

Figure 2 shows the plot of the gamma-ray energy

spectra measured using activation energies of 8.5,

12.5 MeV (immediate), and 12.5 MeV (delayed) for elec-

tronic waste sample (a). Prominent gamma-ray emission

lines arising from elements in the sample are labeled. Other

lines in the spectra arise from elements in the structures

used to support and transport the sample container.

Composition Analysis

Qualitative analysis—that is, identification of the presence

of elements in the samples—is carried out straightforwardly

by identification of prominent gamma-ray emission lines in

the measured activation spectra. The ENSDF [14] library

tabulates half-lives, nuclear level diagrams, and gamma-ray

emission energies and probabilities for more than 3000

nuclei. The high resolution of the BEGe detector used in this

experiment, typically 1–2 keV over the energy range of

interest, makes it straightforward to identify the isotopes

responsible.

In cases where more than one isotope can give rise to a

particular gamma-ray emission line, determination of the

decay half-life using the recorded time-stamp information

can assist in identification. An important example is the

511 keV positron annihilation line, which is produced by

all positron-emitting isotopes.

Quantitative analysis is carried out using Eq. 1, which

relates the number of detected gamma-rays to the mass of a

given isotope in the sample. Considering the factors

appearing on the right-hand side of this equation, the

nuclear mass, half-life, and gamma-ray emission proba-

bilities are generally well known, and the irradiation,

cooling, and measurement times can be straightforwardly

measured. The cross sections for neutron-emission reac-

tions are known in many cases [15], but cross sections for

isomeric excitation reactions are in general poorly under-

stood. Accurate calculation of the X-ray flux emitted by the

source is difficult, as it depends on several hard-to-measure

parameters such as the spread in electron beam energy.

Finally, the gamma-ray detection probability is a function

of the sample geometry, mass, and composition.

To overcome these sources of uncertainty, we use a

hybrid simulation/empirical calibration method. First, a

detailed simulation of the irradiation and measurement

process is carried out using the EGSnrc Monte Carlo code

[16], following the method described in [17]. The Monte

Carlo approach tracks individual X-rays and gamma-rays

through a detailed, 3-dimensional model of the analyzer,

which includes the radiation source, sample, detector sys-

tems, and shielding and support structures. Gamma-rays

depositing energy in the simulated detector volumes are

recorded, building up a predicted spectrum that can be

compared with experiment.

The model is used to calculate relative activation and

detection responses for different elements, which enable

corrections for variations in sample geometry and density

to be made. When the activation measurements were car-

ried out, a number of reference samples were also mea-

sured containing known levels of gold and silver. In the

second step of the calibration, measured responses of these

known samples are used to determine the overall normal-

ization, effectively correcting for the uncertainties in the

reaction cross section and X-ray flux.

Unfortunately, we did not have reference samples

available with known concentrations of the other elements

observed in the waste materials, which precludes a quan-

titative analysis. Inclusion of suitable reference materials is

planned for a future round of measurements.

Table 3 summarizes the elements qualitatively detected

in each of the four samples, along with the quantitative

results for gold and silver. Statistical errors are indicated at
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one-standard deviation level; 3-standard deviation detec-

tion limits (DLs) are shown where elements are unde-

tectable. Systematic errors arising from uncertainties in the

Monte Carlo correction and calibration procedures are

conservatively estimated to be 5 % relative for gold and

10 % relative for silver.

Discussion

All three electronic waste samples are found to have sig-

nificant concentrations of gold and silver. The gold content

of sample (c) at over 800 ppm is particularly large; at the

current (Sep. 2015) price of US$1100 per ounce, the gold

Fig. 2 Measured gamma-ray

spectra with 8.5 MeV activation

energy, 12.5 MeV activation

energy and 12.5 MeV activation

energy with 30-min cooling

time. Isotopes in the samples

responsible for prominent

emission lines are labeled

Table 3 Composition information measured for four waste samples

Sample Origin Mass (g) Elements observed Au level (ppm) Ag level (ppm)

E-waste (a) CRT monitor PCB 105.4 Ag, Au, Ba, Br, Cu, Pb, Sn, Sb, Ta 217 ± 2 247 ± 16

E-waste (b) LCD monitor PCB 149.8 Ag, Au, Ba, Br, Cu, Nd, Pb, Sn, Sb, Sr, Y 80 ± 1 300 ± 15

E-waste (c) Computer PCB 58.9 Ag, Ag, Ba, Br, Cu, Sn, Y 825 ± 6 345 ± 26

Automotive waste OneSteel recycling 147.9 Ba, Cu Below DL (0.15 ppm) Below DL (16 ppm)
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content of this material would be worth approximately

US$30,000 per tonne. Silver contents of all three materials

are also appreciable, but its much lower price makes the

silver value correspondingly less. Other elements detected

in one or more of the samples include barium, tantalum,

yttrium, neodymium, and strontium. It should be noted that

the sensitivity of the GAA method varies significantly from

element to element.

The electronic waste samples (a) and (b) contain

appreciable levels of lead and antimony, most likely pre-

sent in the solder used to attach the electronic components.

These elements are undetectable in waste sample (c),

suggesting the use of a lead-free tin-silver-copper solder

alloy or similar.

All three samples contain significant concentrations of

bromine, most likely present as brominated flame retar-

dants in the PCB substrate. We have previously demon-

strated that the bromine content of FR4 circuit board

substrate, for example, is approximately 5 % (unpublished

study).

In contrast to the electronic waste samples, the ASR

sample shows minimal activation at either 8.5 or

12.5 MeV. The only elements producing a significant sig-

nal are copper and barium. This is consistent with the waste

mainly comprising plastic, glass, steel, and other materials

formed from low atomic number elements, which have

activation thresholds above the 12.5 MeV energy used in

our experiments.

Conclusions

We have demonstrated that gamma activation analysis

provides a powerful tool for analyzing both valuable and

hazardous elements in waste materials. The advantages of

GAA include the following:

• True, bulk analysis of large and heterogeneous samples

• Rapid measurement, with no sample preparation

required, and results available in a few minutes

• Excellent sensitivity for economically and environmen-

tally important elements, including gold, silver, copper,

tin, bromine, and lead.

The use of Monte Carlo-based radiation transport

modeling allows calibration information to be readily

transferred between different sample types, facilitating

calibration of a GAA system using commercially available

standards.

We are currently working to establish a commercial

GAA facility in Australia for routine analysis of gold, sil-

ver, copper, and other elements in mineral ores. Such a

facility would be equally applicable for valuing the metal

content of samples of waste materials, and for monitoring

processing and extraction operations.
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