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A B S T R A C T

In this research, we have investigated 45 mobile phones manufactured between 1998 and 2021. After disman
tling, the resulting Printed Circuit Boards (PCBs) have been mechanically processed and homogenised. From each 
PCB, three sample pellets were created and analysed with a portable X-Ray Fluorescence (pXRF). In addition, a 
post-hoc calibration was performed to correct element and sample-specific biases. This approach allowed us to 
analyse a large sample size and to identify element mass value trends over time. The results for precious metals 
show an average annual decrease -2.49 mg/PCB for Ag, -1.14 mg/PCB for Au, and -0.13 mg/PCB for Pd. By 
contrast, the concentrations of Cu and Ni were increasing, but due to the decreasing mass of PCBs, the overall 
trends remained constant. Ultimately, the applied methodological approach was effective for analysing large 
number of samples and provided unique insights into the material trends across different generations of mobile 
phones.

1. Introduction

Mobile cellular subscriptions have sharply increased from 91 million 
in 1995 to 8.9 billion in 2023, corresponding to approx. 1.1 mobile 
cellular subscription per person worldwide (ITU, 2024; Worldometers, 
2025). Each mobile cellular subscription requires at least one func
tioning mobile phone for use. While the average mass of smartphones 
varies by model, this can be simplified by estimating the average mass of 
a smartphone to be around 140 g (Bonov, 2018). As these devices sup
porting the 8.9 billion mobile subscriptions become obsolete, they are 
expected to generate approx. 1.22 million tonnes of electronic waste. 
The sheer volume of this waste stream and its complex material 
composition can lead to harmful effects on human health and pose a 
significant environmental burden due to improper disposal and recy
cling practices (Cesaro et al., 2019; Owusu-Sekyere et al., 2024; Vaccari 
et al., 2019).

The functional versatility of a mobile phone is mirrored in the ma
terial complexity of its components, such as camera, touch-screen 
display, battery, and others. The Printed Circuit Board (PCB) 

represents the core component for operating the different functions of a 
mobile phone and has the most complex material composition compared 
to all other components. The metal fraction of PCBs consists of base 
metals, e.g., copper (Cu), iron (Fe), nickel (Ni), tin (Sn), and zinc (Zn), 
precious metals, e.g., silver (Ag), gold (Au), palladium (Pd), rare and 
critical metals, e.g., indium (In), gallium (Ga), and germanium (Ge), and 
toxic heavy metals, e.g., lead (Pb), mercury (Hg), cadmium (Cd), and 
arsenic (As) (Bookhagen et al., 2018; Holgersson et al., 2018; Kasper 
et al., 2011; Oguchi et al., 2011). The economic value of base and 
precious metals is the main driving force behind the development of PCB 
recycling technology (Liu et al., 2023). On the other hand, the toxic 
heavy metals and organic pollutants pose the significant health and 
environmental risks resulting from inadequate, informal recycling 
practices (D’Adamo et al., 2019).

Different models and manufacturers contribute to the compositional 
variability of PCBs in mobile phones. Currently, no standardized 
methods exist for their characterization to effectively support value re
covery operations (Van Yken et al., 2021). At the laboratory scale, the 
elemental composition of a sample can be determined by dissolving the 
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material in highly potent acids, such as aqua regia, before applying 
spectroscopic techniques such as atomic absorption spectroscopy (AAS) 
or inductively coupled plasma atomic emission spectroscopy (ICP-OES). 
The digestion of PCBs can be slow and challenging, with potential in
consistencies from material inhomogeneity, incomplete digestion, or 
analyte loss through volatilization or precipitation (Lancaster et al., 
2024).

Among the bulk-representative analytical methods, neutron-based 
techniques such as instrumental neutron activation analysis (INAA), 
in-beam neutron activation analysis (in-beam NAA) and prompt-gamma 
neutron activation analysis (PGAA) are effective for determining the 
elemental composition of PCBs (Buczkó et al., 2024). These highly 
sensitive techniques enable the simultaneous detection of elements in 
complex samples without the need for digestion. However, despite their 
potential, the high cost per analysis and the limited number of labora
tories equipped with these instruments remain a challenge (Buczkó 
et al., 2024). In addition, X-ray fluorescence spectroscopy (XRF) serves 
as a non-destructive technique for elemental analysis of PCBs, with 
portable versions (pXRF) enhancing accessibility for field applications. 
Although it has limited sampling depth and is not suitable for coarser 
samples, semi-quantitative results can still be obtained by calibrating 
the XRF using a fundamental-parameter calibration (Lancaster et al., 
2024).

As shown above, the PCB is a complex recyclable material stream 
that presents different recycling challenges due to its composition. Over 
the last 25 years, many patents have been published on PCB recycling, 
ranging from dismantling, shredding and milling, hydrometallurgical 
and pyrometallurgical processes (Rocchetti et al., 2018). Despite the 
different research approaches, only pyrometallurgical processes have 
been established on an industrial scale. An overview of leading global 
recycling processing companies is provided in Table 1. However, the 
recycling processes described in the table cannot process 100 % waste 
PCB input material, without pre-treatment or specialized furnaces, but 
require integration of waste PCBs into the copper converter/smelter 
process. A detailed description of the integrated copper processing can 
be found in (Pawlek, 1983). Although the general recycling concept is 
the same, the recovered valuable metals differ significantly depending 
on the company’s specific recycling chain and more precise and faster 
analysis methods could help improve recycling efficiencies. An overview 
of leading metallurgical WEEE recycling companies is shown in Table 1.

Even though a number of scientific publications have been published 
regarding the material composition screening of PCBs using XRF 
methodology (Gómez et al., 2023; Ippolito et al., 2021; Korf et al., 2019; 
Otsuki et al., 2020), to the best of our knowledge, no XRF analytical 
protocol is available that offers methodological improvement to 

enhance the reliability of XRF metal content analyses. In this research, a 
precise manual dismantling procedure was performed to obtain a 
comprehensive insight into mobile phone components and their change 
in mass over time. In the next step, PCBs were mechanically pulverised, 
homogenised, and screened for material composition using pXRF. A 
novel post hoc calibration for pXRF, as described by Jandric et al. 
(2024), combined with the generation of method-specific sample pellets, 
significantly improved the accuracy of pXRF analysis. This approach 
enabled the analysis of a large sample set and consequently a detailed 
trends analysis of PCB material composition.

2. Experimental

2.1. Description of the sample set

A sample set encompassing 45 different used mobile phones was 
randomly collected at a charity hub of second-hand shops in Vienna, 
Austria. The sampled mobile phones were organised according to the 
manufacturer, model, and first release date and then labelled with a 
specific sample ID. The mobile phone sample set was categorised into 
two groups: feature phones (n = 18) and smartphones (n = 27). Feature 
phones are defined as mobile phones operated mainly by physical key
boards without third-party applications. Smartphones are defined as 
mobile phones operated by touchscreens and possessing developed 
internet access capabilities in combination with third-party applica
tions. A complete list of sampled mobile phones is shown in Table S 1, 
Supplementary Material.

2.2. Manual dismantling

Each mobile phone was manually dismantled using a mobile phone 
repair toolkit. Dismantling process started with opening the back cover 
casing and removing the mobile phone battery. Next, screwdrivers and 
spudger were used to open the front casing and mainframe. The feature 
phone components are assembled by mechanical clips and screws and 
connected by insulated and non-insulated copper wires, which makes 
their dismantling and classification significantly simpler compared to 
the smartphones. Smartphone components, primarily the battery and 
touchscreen display, are often glued to other components or the main
frame. Consequently, the dismantling of smartphones requires using a 
hot air heat gun and suction cups to achieve complete separation 
without damaging the components.

The final step of the dismantling process consisted of the dismantling 
of components and parts from the mobile phone PCB, which included 
disconnecting of insulated and non-insulated copper wires, removal of 
all larger steel parts and screws, and dismantling of the camera, speaker, 
vibration and other modules. The result represents the mobile phone 
PCB without further components and materials. This discriminatory 
definition of what constitutes a mobile phone PCB follows the same 
principle as determined by Bookhagen et al. (2018), since it enables the 
direct comparison between different mobile phone models. The result
ing components have been classified into 15 categories and weighed 
with A&D FA-200 laboratory scale (A&D Ltd., Tokyo,Japan).

2.3. PCB sample preparation for pXRF analysis

The mobile phone PCBs resulting from the manual dismantling were 
handled separately as individual samples for mechanical preparation for 
material composition analysis with portable X-Ray Fluorescence (pXRF). 
Mechanical preparation started with cutting a PCB into 2–4 cm large 
pieces with pliers for metal. Afterward, the PCB fragments were 
shredded in the Retsch SM 2000 mill (Retsch GmbH, Haan, Germany) to 
a particle size <10 mm. In the last step, the shredded PCB were milled in 
the centrifugal mill Retsch ZM 200 (Retsch GmbH, Haan, Germany) to a 
particle size <500 μm. The resulting PCB powder was homogenised by 
shaking and stirring within the 100 mL HDPE wide-neck jars with screw 

Table 1 
Overview of leading metallurgical WEEE recycling companies.

Industrial 
process

Metals recovered Integration in Copper 
route (PCB Quota 
[%])

Source

Umicore Ag, Au, Pt, Od, Rh, Ir, 
Ru, Pb, Cu, Ni, Sb, Se, 
In, Te, As

Smelter (6,4%) (Hagelüken, 
2006)

Glencore Cu, Au, Ag, Pt, Pd, Se, 
Te, Ni

Smelter (N/A*) (Themelis et al., 
1972) 
(Khaliq et al., 
2014)

LS-Nikko 
Copper

Cu, Au, Ag, Se, Te, Pd, 
Pt, Ni, Bi

Smelter (N/A*) (Oh et al., 2012)

Aurubis AG Cu, Ni, Sn, Pb, PGM, 
Au, Ag, Zn, Sb

Smelter (15 – 20%) (Nolte, 2018)

Boliden Au, Ag, Se, PGM, Cu, 
Ni

Kaldo Reactor 
(100%), Converter

(Lennartsson 
et al., 2018)

DOWA 
Japan

Au, Ag, Cu, Pb, Bi, Se, 
Te, In, Ga, Sb, PGM, 
Zn Sn, Ni

Smelter (up to 100 % 
with pretreatment)

(DOWA, 2024) 
(Naka, 2006)

* No Data Available.
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caps. In the next step, three random samples with an average mass of ~1 
g were taken from milled PCB using stainless steel laboratory spoon and 
pressed into sample pellets using hydraulic press. The press applied a 
force of around 10 tons (~98 kN), which was sufficient to produce stable 
PCB sample pellets without the need for additional fixing reagents.

2.4. XRF analysis and post hoc calibration

To analyse the material composition of mobile phone PCBs with 
pXRF in this study, we followed the methodology and post hoc cali
brations principle published in Jandric et al. (2024). The sample pellets, 
three per mobile phone, prepared from milled PCBs were analysed by 
pXRF Niton XL3t Ultra Handheld XRF Analyser (Thermo Scientific 
Portable Analytical Instruments Inc., Tewksbury, USA) in a Niton 
430–032 Mobile Test Stand Assembly. The sample pellets were 
measured in triplicates on both sides (six measurements total per pellet) 
for 100 s using the ‘Environmental mode’ program of the pXRF device, in 
filter configuration 60 s (main), 20 s (low), and 20 s (high).

This approach allows for a more accurate and reliable determination 
of the material composition of mobile phone PCBs. For the pXRF post 
hoc calibration, calibration aliquots have been created by combining the 
Certified Reference Material (CRM) BAM-M505a ‘Electronic Scrap’ 
(Bundesanstalt für Materialforschung und -prüfung, Germany) with 
virgin polyoxymethylene (POM). The concentrations, uncertainty, and 
coefficient of variance (CV) of the CRM provided by the producer are 
available in Table S 2, Supplementary Material. The summary of pre
cision and reliability of conducted post hoc calibrations for elements 
contained in the CRM are shown in Tables S3 and S4, Supplementary 
Material.

2.5. Calculation of element concentrations, mass values, and trends for 
calibrated and uncalibrated elements

Results of pXRF material composition analysis were assessed to 
determine both element concentration and mass value in mobile phone 
PCBs. Element concentration refers to the mass fraction of an element, 
expressed as ppm (mg/kg) for calibrated elements and as arbitrary units 
(a.u.) for pXRF meta-concentrations for uncalibrated elements. Mass 
value refers to the absolute mass of an element per individual PCB, 
expressed as milligrams per PCB (mg/PCB) for calibrated elements and 
as arbitrary units per PCB (a.u./PCB) for uncalibrated elements.

For each pellet, the arithmetic mean element concentration (in ppm 
or a.u.) was calculated from the six pXRF measurements. The mean 
concentration (in ppm or a.u.) of the three pellet means was then 
calculated for each PCB. For calibrated elements, this was multiplied by 
the PCB mass (in g) and divided by 1000 to obtain the mass value in 
milligrams per PCB (mg per PCB). For uncalibrated elements, the mean 
concentration (a.u.) was multiplied by the PCB mass (g) to obtain the 
mass value (a.u. per PCB). The element mass value for each of the 45 
mobile phone PCBs was calculated using following Eq. (1): 

QX,k =

(
1
m

)

×

(
1
n

)

×

(
∑m

i=1

∑n

j=1
Xi,j,k

)

×

(
mPCBk

1000

)

(1) 

Where

QX,k = Quantity of element X in the kth PCB (mg/PCB)
Xi,j,k = pXRF measurement of element X for pellet I, measurement j, on PCB k 

in ppm (mg/kg)
mPCBk = Mass of the kth PCB (g)
k = PCB index (1 to 45)
i = Pellet index (1 to 3)
j = pXRF Measurement index (1 to 6)
m = Number of pellets per PCB (m = 3)
n = Number of pXRF measurements per pellet (n = 6)

2.6. Uncertainty calculations

Uncertainty calculations of element concentrations for calibrated 
elements were calculated following the Guide to the Expression of Un
certainty in Measurement JCGM 100:2008 (JCGM, 2010). The uncer
tainty calculations were performed separately to obtain analytical, 
sampling, calibration, and a combined uncertainty of the first three.

The analytical uncertainty (uanalytical) is calculated to quantify the 
uncertainty arising from variations in the pXRF measurement process, 
such as instrument noise, sample positioning, and similar measurement 
process related variations. It is calculated as the pooled standard devi
ation (SDwithin) of the 6 measurements for each of the 3 pellets per 
mobile phone PCB, divided by the square root of the total number of 
measurements using the following Eq. (2) per JCGM 100:2008 (JCGM, 
2010). The results of analytical uncertainty (uanalytical) calculations for 
calibrated and uncalibrated elements are shown in Tables S 17 and S 18, 
Supplementary Material. 

uanalytical =
SDwithin
̅̅̅̅̅̅
18

√ (2) 

Where

uanalytical = Analytical uncertainty
SDwithin =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(n1 − 1)s2
1 + (n2 − 1)s2

2 + (n3 − 1)s2
3

n1 + n2 + n3 − 3

√

si = Standard deviation of 6 measurements for pellet i (i = 1, 2, 3)
ni = Measurements per pellet (df = 5, total df = 15)

The sampling uncertainty (usampling) was calculated to quantify the 
mean concentration uncertainty of an element based on the variability 
between the sample pellets for each mobile phone PCBs. The observed 
variability arises from heterogeneity of element dispersion in the pulv
erised PCB sample pellets. It was calculated as the standard deviation of 
the three pellet medians divided by the square root of the number of 
pellets, using the Eq. (3) per JCGM 100:2008 (JCGM, 2010). The results 
of sampling uncertainty (usampling) calculations for calibrated and un
calibrated elements are shown in Tables S 19 and S 20, Supplementary 
Material. 

usampling =
SD(w1,w2,w3)

̅̅̅
3

√ (3) 

Where

usampling = Sampling uncertainty
SD = Standard deviation
wi = Mean pellet concentration of six measurements

The calibration uncertainty (ucalibration) quantifies the variability in 
median concentration values arising from the calibration curve used to 
convert pXRF signals to concentration for individual elements. The un
certainty arises due to the goodness-of-fit of linear regression models, 
limitations of the calibration slope, intercept, and residual variability of 
other calibration parameters. It is calculated for the element’s mean 
concentrations for each sample pellet following the Eq. (4) per JCGM 
100:2008 (JCGM, 2010). Uncalibrated elements do not have a model fit 
to contribute to the calibration uncertainty and are therefore excluded 
from this calculation. The results of calibration uncertainty (ucalibration) 
calculations are shown in Table S 21, Supplementary Material. 

ucalibration =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

sres
̅̅̅̅̅̅̅ncal

√

)2

+ (ua × xi)
2
+ u2

b

√

(4) 
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Where

ucalibration = Calibration uncertainty
sres = Residual standard error (ppm)
ncal = Number of calibration points
ua = Slope standard error (ppm/% Certified Reference Material)
xi = Predictor value (%Certified Reference Material)
ub = Intercept standard error (ppm)

Subsequently, the previous three types, i.e., analytical, sampling, and 
calibration uncertainty, have integrated under the combined uncer
tainty (ucombined) to quantify the total uncertainty in the mean concen
tration of an element per mobile phone PCB. The separately calculated 
uncertainties are assumed to be independent as they arise from distinct 
sources, i.e., measurement noise, sample heterogeneity, and calibration 
regressions. The combined uncertainty is calculated as the square root of 
the sum of squared uncertainties following the Eq. (5) per JCGM 
100:2008 (JCGM, 2010): 

ucombined =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2

analytical + u2
sampling + u2

calibration

√
(5) 

The mass value uncertainty (umass) was calculated to quantify the 
uncertainty in the absolute mass (in mg) of an element in a given mobile 
phone PCB, based on the element concentration (in ppm) and PCB mass 
(in g). Since the divergence in PCB mass was negligible due to low 
divergence of the laboratory scale, simplified approach using the com
bined uncertainty from concentrations was used following the Eq. (6)
per JCGM 100:2008 (JCGM, 2010): 

umass =
ucombined × m

1000
(6) 

Where

umass = Mass value uncertainty
ucombined = Combined uncertainty from element concentration (ppm)
m = Mass of individual PCB (g)

2.7. Data analysis and statistical methods

The datasets consisting of total masses of mobile phones, masses of 
individual components, and material composition between individual 
PCBs have a generally non-normal right-skewed distribution. For this 
reason, the median was chosen over the arithmetic mean as a more 
accurate representation of central tendencies, and non-parametric tests 
have been applied for comparisons between feature phones and smart
phones. Consequently, Kruskal-Wallis tests were used to test the differ
ence in median mass of components and element concentrations 
between feature phones and smartphones. Spearman’s rank correlation 
coefficient was applied to test the correlation between relative element 
concentrations in mobile phone PCBs.

A trend analysis was conducted to assess the changes in the mass of 
mobile phone components, changes in the mass value of calibrated el
ements, and changes in composition trends of uncalibrated elements, in 
relative terms between pXRF meta-concentrations between different 
PCBs. Linear regression was employed for this analysis, with the year of 
manufacture as the predictor variable and the respective element con
centrations as response variables. In addition, power analysis was con
ducted to determine whether the sample size consisting of 45 mobile 
phone PCBs manufactured between 1998 and 2020 is sufficient to detect 
trends in respective element concentration changes over time. The 
specific conditions of the sample size test included the null hypothesis 
(H0): the slope of element content is zero, and alternative hypothesis 
(H1): the element content changes over time, at the significance level α =
0.05 for two-tailed test and desired statistical power 1–β = 80 %.

The sample size analysis assessed the number of mobile phone PCBs 
required to detect a significant linear regression slope (β1) for trends in 

element mass values (mg per PCB) over time, residual standard devia
tion in mg/PCB (σy), and standard deviation of the predictor (σx, years) 
which represents the variability in the year of manufacture across the 45 
PCBs. The sample size sufficiency was assessed using the following Eq. 
(7): 

n =

(
Z1− α/2 + Z1− β

)2
× σ2

y

β2
1 × σ2

x
(7) 

Where

α = 0.05 (two-tailed)
Z1-α/2 = 1. 959,964
Z1-β = 0. 8416,212
σx = 6.431457
n = Number of individual mobile phone PCBs (n = 45)

3. Results

3.1. Comparison of mobile phone components

The total mass of mobile phones was slightly decreasing until 
approximately 2008–2010, but since the transition to smartphones, the 
trend has reversed and the total mass has been steadily increasing since 
then. Fig. 1 shows the total mass distribution and chronological break
down of the year of manufacture. A full list of components resulting from 
manual dismantling is available in Table S 5, Supplementary Material. 
The results of manual dismantling show that the mass of components in 
feature phones was more evenly distributed across different categories. 
In contrast, only four out of fifteen components, i.e., the battery (35.56 
± 10.83 g), display (33.15 ± 7.18 g), mainframe (24.69 ± 12.45 g), and 
casing (17.38 ± 12.94 g), account for 83 % of the total mass of median 
smartphone (see Fig. S 1, Supplementary Material).

Overall, several notable trends in mobile phone components have 
been observed. Keyboards have been phased out as a component with 
touch screens filling in as a replacement. In addition, newer smart
phones first manufactured since 2017, contain two new components: a 
Taptic engine and a Qi-charging module. Taptic engine provides haptic 
feedback technology, allowing devices to create “tactile sensations that 
mimic physical buttons. It is made of copper wire coils, magnets, and 
springs (Kim et al., 2022). The Qi-charging module enables wireless 
battery charging through an oscillating electromagnetic field and is 
primarily made up of copper wire coils that transmit energy to the 
battery (Elmannai et al., 2023).

Over time, PCBs have become significantly lighter (see Fig. 2) and 
more compact with a higher number and density of mounted integrated 
circuits, capacitors, and similar PCB components. In addition, processing 
chips have become larger, while the area and number of gold-plated 
connectors have been greatly reduced or eliminated. The results of the 
Kruskal-Wallis tests comparing the median mass of all components from 
feature phones and smartphones are shown in Table S 6, Supplementary 
Material. The linear regression models testing the change in compo
nents’ mass over time is shown in Table S 7, Supplementary Material.

3.2. Element concentrations in mobile phone PCBs

Element concentrations analysis for feature phones and smartphones 
compares mass fractions (in ppm) of specific elements between indi
vidual PCBs. The results of element concentration comparisons are 
limited to the extent of elements present in the Certified Reference 
Material (CRM). The results show significant increase in total median 
metal concentration from 369,111 ppm (37 mass %) in feature phone 
PCBs to 677,954 ppm (68 mass %) in smartphone PCBs (see Fig. S 2, 
Supplementary Material). In addition, Cu, Ni, and Sn, constitute sub
stantial share of all screened elements ranging from 35 mass % of feature 
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phone PCBs up to 65 mass % of smartphone PCBs. All other elements, 
including precious and critical elements, make both in feature phones 
and smartphones <1 mass % of PCB.

Important to note that Fe, Zn, and Mg are elements that are also 
present in relatively high concentrations in mobile phone PCBs, but 
these are not considered in this part of the analyses as they are not part 
of the CRM. The post hoc calibration adjusted element composition (in 
ppm) for individual mobile phone PCBs is shown in Table S 8, Supple
mentary Material. Median differences in element concentrations in PCBs 
between feature phones and smartphones were tested using Kruskal 
Wallis tests (Table S 9, Supplementary Material). The results show the 
most significant change in element concentration was with Cu, whose 
concentration increased by 86 % from a median of ~320,000 ppm in 
feature phones to a median of ~ 595,000 ppm in smartphones. Simi
larly, the concentration of Ni increased by 103 % from ~ 28,000 ppm in 
feature phone PBCs to ~ 57,000 ppm in smartphone PCBs.

The median concentration of elements Pb, Au, Pd, As, and Cd 
decreased significantly. The median concentration of Au decreased from 
1,244 ppm in feature phone PBCs to 428 ppm in smartphone PCBs, while 
the median concentration of Pd decreased from 101 ppm in feature 
phone PBCs to 24 ppm in smartphone PCBs. Boxplot summary of 
element concentrations (in ppm) comparison between feature phones 

and smartphones for calibrated elements are shown in Fig. 3, while 
Kruskal-Wallis test result summaries are shown in Table S 9, Supple
mentary Material.

Spearman’s rank correlation coefficient tests were conducted to test 
the relationship between different element concentrations within the 
same type of PCBs, i.e., feature phones and smartphones separately. The 
results for feature phone PCBs revealed the strongest positive correla
tions: lead (Pb) with arsenic (As) at 0.72, lead (Pb) with palladium (Pd) 
at 0.61, and palladium (Pd) with silver (Ag) also at 0.61. The most 
significant negative correlations in feature phone PCBs were observed 
between copper (Cu) and cadmium (Cd) at − 0.50, and between chro
mium (Cr) and Pd at − 0.52. The test results for smartphones indicate 
strong positive correlations between several elements: tin (Sn) and 
palladium (Pd) show a correlation of 0.87 and Sn and silver (Ag) have a 
correlation of 0.72. There were no clear negative correlations between 
element concentrations in smartphone PCBs (see Fig S 3, Table S 10 and 
Table S 11, Supplementary Material).

3.3. Mass values of elements in mobile phone PCBs

To identify and analyse trends in elemental content in PCBs over 
time, the element concentrations (in ppm) have been multiplied by the 

Fig. 1. (A) Comparison of mass distribution per mobile phone before dismantling between feature phones (n = 18) and smartphones (n = 27) and (B) Total mass 
distribution trends by year of production.

Fig. 2. (A) Shows box plots of PCB masses of PCBs from feature phones and smartphones and (B) Shows PCB masses by year of production.
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Fig. 3. Comparison of element concentrations (in ppm) in PCBs from feature phones and smartphones, measured by pXRF for calibrated elements, including p-values 
for the conducted Kruskal-Wallis tests.
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mass of PCB to obtain an mass value of an element expressed as mg/ 
PCBs. The results of the trend analysis for total elemental concentration 
in mobile phone PCBs remained relatively constant over the considered 
time period (see Fig S 4, Supplementary Material). This comes as a result 
of the increasing elemental concentration per PCB (see Fig S 2, Sup
plementary Material) being offset by the declining mass of PCBs (see 
Fig. 2). The conducted linear regression analysis of total elemental 
concentration resulted in a p-value of 0.620, showing that there is no 
statistically significant correlation.

The sample size analysis was performed across all linear regression 
models for all calibrated elements. The results indicate that for all ele
ments with clearly observed trends, the sample size of 45 mobile phone 
PCBs minimal sample size for achieving desired statistical power 1–β =

80 % has exceeded with significant margin. For example, the required 
sample sizes for 80 % power in a two-sided test are 10 for Au, 16 for Pd, 
22 for Pb, 24 for Ag, and 26 for Sn. The requirement for assessing the 
trend of Au is particularly consequential, as Au accounts for over 70 % of 
the total pure metal value in mobile phone PCBs (Bookhagen et al., 
2020) and plays decisive role in the recycling process (Romano et al., 
2023). The power achieved in assessing the Au trend with a sample size 
of 45 PCBs is greater than 99 %, ensuring reliable trend detection. A 
summary of the sample size analysis for all calibrated elements is shown 
in Table S 12, Supplementary Material.

The results of linear regression models for individual elements show 
decreasing quantities for most elements. Seven out of ten analysed ele
ments show statistically significant decreasing quantities with p-values 

Fig. 4. Trends over time in mass share (in mg) of selected metals in mobile phone PCBs.
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<0.05. A particularly strong decrease in quantity per PCBs was observed 
with elements regulated with the RoHS Directive, i.e., Pb, As, and Cd. 
However, this decrease was not gradual but abrupt between the years 
2005 and 2007. Consequently, these elements show a relatively low 
coefficient of determination, with R2 ranging between 0.18 and 0.27. 
Similar trends were observed with precious metals, where an average 
annual decrease was − 2.49 mg/PCB for Ag, − 1.14 mg/PCB for Au, and 
− 0.13 mg/PCB for Pd. Overall, the median Ag content decreased from 
44 mg/PCB in feature phones to 19 mg/PCB in smartphones. The decline 
in gold content is even more pronounced, with a median of 19 mg/PCB 
in feature phones compared to just 4 mg/PCB in smartphones.

The mass value of Cu and Ni remained constant over time with a 
median content of approx. 5200 for Cu and 480 mg/PCB for Ni, without 
significant differences between feature phones and smartphones. This 
stability is attributable to an increase in concentration that was balanced 
by a decrease in the mass of PCBs. Additionally, tin (Sn) also exhibited a 
statistically significant decreasing trend, where the rising concentration 
was completely offset by the declining mass of PCBs. The quantity of 
precious metal significantly decreased over time, with the coefficient of 
determination R2 ranging between 0.47 for Au, 0.34 for Pd, and 0.26 for 
Ag. A graphical summary of linear trend analyses is shown in Fig. 4, 
while the full list of element mass values (in mg/PCB) is shown in 
Table S 13 and the overview of linear regression model’s results is shown 
in Table S 14, Supplementary Material.

3.4. Trend analysis for uncalibrated elements in mobile phone PCBs

Beyond the ten metals present both in mobile phone PCBs and in the 
CRM, trend analysis has been conducted also for a further 20 elements 
detected by the default ‘Environmental mode’ program of the pXRF. 
Since the trend analyses are relying on uncalibrated concentrations, the 
results are expressed in arbitrary units per Printed Circuit Board (a.u. / 
PCB) representing uncalibrated pXRF meta-concentrations. The cata
logue of uncalibrated element concentrations for individual mobile 
phone PCBs composition is shown in Table S 15, Supplementary 
Material.

The trend analysis of uncalibrated elements revealed a negative 
linear regression slope for 17 of the 20 elements analysed, indicating a 

decrease in quantities over time. The only two exceptions are Hg, which, 
with several outliers, is largely absent from printed circuit boards, and 
iron (Fe), which exhibited an increase in concentration. Overall, the 
analysis found only a weak correlation between element quantity and 
the year of production. Notably, calcium (Ca) and scandium (Sc) 
exhibited a strong relationship with an R2 = 0.55 between the amount in 
PCB and the year of production. Elements with particularly weak cor
relation with R2 below 0.2 are Fe, Zn, Ti, Zr, and Sb. A graphical sum
mary of linear trend analyses for selected elements is shown in Fig. 5, 
while an overview of the linear regression model’s results for uncali
brated elements is shown in Table S 16, Supplementary Material.

4. Discussion

The mobile phone PCBs underwent significant changes since their 
first introduction to the broader market in mid-1990s. The demand for 
faster processing speed has led to more compact PCBs with an increasing 
number, size, and density of mounted components and integrated chips 
(ELEPCB, 2024; Shearer, 2011). This development, which coincided 
with the transition from feature phones to smartphones, has led to a 
more compact PCB architecture.

Manual dismantling of mobile phones is usually the first step in both 
material composition analysis and recycling. The present research pro
vides a higher dismantling depth than generally found in the literature. 
Fontana et al. (2019) divided their mobile phone components after 
dismantling into five categories, focusing on their material composition 
and presenting average material fractions of all dismantled mobile 
phones. Singh et al. (2018) provide eight different component categories 
comparing feature phone and smartphone changes. Bruno et al. (2022)
reduced the potential 50 component categories to four categories to 
reduce complexity.

This research aligns with findings from Bruno et al. (2022), which 
noted an average weight increase in smartphones alongside a decrease 
in the weight of their PCBs. The weight differences between feature 
phones and smartphones are predominately based on the display frac
tion (Bruno et al., 2022; Kumari and Samadder, 2023). However, the 
significant decrease in PCB weight in smartphones relative to feature 
phones is not corroborated by Kumari and Samadder (2023), Gómez 

Fig. 5. Trend analysis for selected uncalibrated metals from mobile phone PCBs.
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et al. (2023), and Singh et al. (2018). These differing results arise from 
different methodological approaches used to dismantle mobile phones 
to obtain PCBs, as there is currently no standardized protocol for this 
process.

Generally, the material composition screening of PCBs requires 
meticulous sample preparation and advanced analytical techniques. 
Consequently, PCBs are usually analysed using microwave-assisted acid 
digestion in combination with ICP-OES and ICP-MS analytical tech
niques. While representing the gold standard in analytical chemistry, 
ICP-OES and ICP-MS are highly time and cost-intensive. This substan
tially limits the number of samples that can be analysed within any 
specific research, which, with a few exemptions, usually range between 
5 and 10 PCBs (Bookhagen et al., 2020; Gómez et al., 2023; Oguchi et al., 
2011; Rao et al., 2021; Zhao et al., 2017). In contrast, material 
composition screening with X-Ray Fluorescence (XRF) based analytical 
techniques requires less sample preparation, and the analytical process 
is remarkably faster than ICP-based analytical techniques. However, 
XRF material screening results show a substantial lack of accuracy in 
screening complex samples such as PCBs (Ichikawa et al., 2023; Korf 
et al., 2019).

Since the early 2000s, there was an overt effort to phase out and 
replace certain toxic heavy metals, i.e., Pb, Cd2+, Cr6+, and As, driven by 
the EU Directive on Restriction of Hazardous Substances (EU RoHS), 
which restricted the use of these elements in electronic appliances. 
Around the same period, influenced by economic considerations and 
technological development, the content of precious metals, primarily 
Au, Pd, and Ag, started to decline. Although the hypothesis that the 
concentration of precious metals in PCBs is decreasing has been dis
cussed at various scientific and recycling industry conferences, as well as 
in non-scientific literature (Geyer and Doctori Blass, 2010; Kamczyc, 
2021; Workman, 2016), it has not yet been conclusively proven. The 
variability of mobile phones and PCBs, along with the differing analyt
ical methods used, has rendered direct meta-comparison across various 
scientific publications not feasible.

A sample set encompassed in this research, was sufficient for a reli
able statistical trend analysis of precious metals, achieving a statistical 
power greater than 97 % for elements Ag, Pd, and Au. Our results, which 
demonstrate a significant decrease in Au content (β1 = − 1.1368 mg/ 
PCB*year, at p < 0.001), provide, to the best of our knowledge, one of 
the first statistically proven and quantified confirmations of decreasing 
trends in the Au content of mobile phone PCBs. These findings are 
consistent with results published by Tantawi and Hua (2021). Although 
Singh et al. (2018) did not verify a decrease in silver content, it is 
important to note that the smartphones they analysed were models from 
2006 to 2015. Notably, as illustrated in Fig. 4, silver content varied 
significantly before 2016, followed by a sharp decline in subsequent 
years.

The concentration of copper (in ppm) in smartphone PCBs has been 
shown to increase compared to that in feature phone PCBs, as evidenced 
by Gómez et al. (2023). This rise can be attributed to higher 
manufacturing standards and technological advancements in PCB 
design. The newest PCBs often feature increased copper conductive 
layers, ranging from a basic six layers to as many as 30 layers. This 
enhancement is essential for ensuring sufficient electrical conductivity, 
effective heat dissipation, and better integration of board components 
(Perdigones and Quero, 2022; Sahan et al., 2019). The increase in Ni 
concentration might be explained by its increased use for connectors, 
resistors, shield plates, and other mounted components (Gorewoda 
et al., 2020).

In the literature, the material composition of mobile phone PCBs is 
generally represented in relative terms expressed in ppm or mg/kg units, 
without considering the overall mass of the PCBs. The element compo
sition results (in ppm) in this research align with findings from Gómez 
et al. (2023). Additionally, the study by Gupta et al. (2021) reported an 
initial increase in metal share (in ppm) from feature phones to smart
phones, consistent with current research, but also reported a decline in 

smartphone models produced between 2011 and 2016. It’s important to 
note that the smaller sample size in Gupta et al. (2021) limits the ability 
to establish definitive trends..

Furthermore, we observed several positive and negative correlations 
between elements. The observed correlations might be explained by the 
following technological trends: 

• Changes in soldering alloys, influenced by the RoHS Directive, led to 
a transition from tin-lead (Sn-Pb) to tin-silver (Sn-Ag) and other 
solder alloys (Bieler and Lee, 2017).

• The common combination of Pb and Pd found in multilayer ceramic 
capacitors (Liu et al., 2020).

• The use of Ni as an underlayer for gold plating in connectors and 
contacts (Gorewoda et al., 2020)

• The gradual replacement of Au with copper Cu due to advancements 
in material technology (Zhang et al., 2020).

Based on the results obtained in this research, the evidence indicates 
that the increasing functionality and computing power of new genera
tion mobile phone PCBs did not lead to increased used of Au. In contrast, 
the need of Au connector plating was offset by advancements in material 
technology and consolidation of surface components. The impact of 
these metals’ changes over time on the recycling industry as base metal 
concentration increases while precious metal concentration decreases is 
anticipated to require novel, more agile recovery technologies capable 
of adapting to changing input streams based on the pre-screened ma
terial composition. The PCB recycling and recovery technologies of 
tomorrow will require high operating efficiencies in small-scale and 
mobile scope, especially in developing countries lacking the raw ores 
needed for the current capital-intensive and geographically highly 
concentrated integrated copper smelters (Chen et al., 2019; Maurice 
et al., 2021). Additionally, evolving recycling practices could have 
beneficial effects, particularly in light of the increasing emphasis on 
design strategies that prioritize recyclability and sustainability.

5. Conclusions

This research paper encompasses a detailed analysis of the large 
sample mobile phones and an assessment of mobile phone components’ 
mass comparison between feature phones and smartphones, as well as 
components’ change in mass over a nearly 25-year time span. Further
more, the material composition analysis of mobile phone PCBs has been 
conducted using portable X-ray fluorescence (pXRF) to obtain element 
concentrations and mass values.

The material composition of PCB has changed significantly over 
time. Currently, three elements account for about 65 mass % of a median 
smartphone PCB, while all other analysed elements contribute <1 mass 
% each of a median smartphone PCB. The median Cu concentration 
increased by 46 % when comparing feature phones to smartphones, 
whereas the concentrations of nearly all other elements decreased in 
smartphones. The relative increase in metal concentration is offset by 
the decreasing mass of PCBs.

Consequently, the mass value of Cu and Ni (in mg/PCB) remained 
relatively constant, while the amount of precious metals and hazardous 
heavy metals regulated by the RoHS directive decreased significantly. 
The Au content showed particularly sharp decrease from above 20 mg in 
PCB manufactured around 2000 to <5 mg in PCB manufactured after 
2018. Similarly, the amount of Pd decreased from 2–3 mg to <1 mg per 
PCBs for the same period. As a result, the economic incentive for recy
cling waste PCBs is diminishing, which may negatively impact the PCB 
recycling rates.

The pXRF screening of mobile phone PCBs’ material composition has 
also proven helpful for assessing non-calibrated elements by making 
relative comparisons of the concentration of a target element in one 
sample to the concentration of the same element in another sample. As a 
result, the pXRF material screening was able to provide data on 20 
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additional elements so that it was possible to identify their trends and 
compare element concentrations of uncommon elements. This capability 
can be advantageous when screening and evaluating the effectiveness of 
different recycling and recovery process steps.
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