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A B S T R A C T

Mobile phones and various electronic products contribute to the world’s fastest-growing category of hazardous
waste with international repercussions. We investigated the trends in potential human health impacts and
ecotoxicity of waste mobile phones through quantitative life cycle impact assessment (LCIA) methods and
regulatory total threshold limit concentrations. A market-dominant sample of waste basic phones and smart-
phones manufactured between 2001 and 2015, were analyzed for toxicity trends based on 19 chemicals. The
results of the LCIA (using USEtox model) show an increase in the relative mass of toxic materials over the 15-
year period. We found no significant changes in the use of toxic components in basic phones, whereas smart-
phones contained a statistically significant increase in the content of toxic materials from 2006 to 2015. Nickel
contributed the largest risk for carcinogens in mobile phones, but the contributions of lead and beryllium were
also notable. Silver, zinc and copper contents were associated with non-cancer health risks. Copper components
at 45,818–77,938 PAF m3/kg dominated ecotoxicity risks in mobile phones. Overall, these results highlight the
increasing importance of monitoring trends in materials use for electronic product manufacturing and electronic-
waste management processes that should prevent human and environmental exposures to toxic components.
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1. Introduction

Rapid developments in the electrical and electronic equipment’s
(EEEs), especially in mobile phones and their ever-wider distribution
with the increasing current demands and shorter lifespan which is ty-
pically less than 2–3 years, has ultimately led to high generation of
waste mobile phones (WMPs) (Tansel, 2017; Hira et al., 2018; Tan
et al., 2017). During the past three decades, mobile phone technology
has had transformative international impacts with an estimated 7 bil-
lion users worldwide, and a population-level penetration rate of 97% in
2016 (ITU, 2017). Given the popular demands for innovation in the
mobile phone industry, it is likely that the use of “high tech” materials
in manufacturing will continue to increase. Many of these materials will
be untested in terms of resource depletion, and potential impacts on
environmental quality and human health (Ogunseitan et al., 2013;
Ogunseitan and Schoenung, 2012). The United Nations reported that
approximately 45 million metric tons (Mt) of e-waste was generated
globally in 2016, an 8% increase from 2014 level, and predicted further
increase to 21% by 2021 (Baldé et al., 2017; Singh et al., 2016a).

The materials composition of WMP is similar to others waste EEEs,
including printed circuit boards (PCBs) and Liquid crystal display (LCD)
screens, which represent 50% to 80% of mass per unit. The chemical
composition of PCBs and LCDs include precious metals (e.g. gold, silver,
and palladium), rare or conflict minerals (e.g. coltan), and a variety of
potential hazardous substances, including toxic metals such as arsenic,
beryllium, cadmium, lead, antimony, nickel, and organic chemicals
(e.g. halogenated flame retardants), which could potentially threaten
human life and environment quality if improperly managed (Lincoln
et al., 2007; Kiddee et al., 2013; Nnorom and Osibanjo, 2009). In most
of the developed and developing countries, waste PCBs from WMBs are
considered hazardous because of their toxic constituents (Chen et al.,
2016; Yadav et al., 2014; Stuhlpfarrer et al., 2016). The hazardous
substances in e-waste have been regulated by the various government
agencies because of their toxicity or persistence in organisms and food
webs (Hira et al., 2018; Nnorom and Osibanjo, 2009; Hibbert and
Ogunseitan, 2014; Tang et al., 2010; Henriquez-Hernandez et al.,
2017). Human exposure to these hazardous substances in e-waste can
disrupt important physiological processes resulting in diseases (An
et al., 2014; Ceballos and Dong, 2016; Song and Li, 2014).

The most important approaches to manage WMPs in a sustainable
way have focused on dismantling, recycling, and material resources
recovery (Chen et al., 2016; Singh et al., 2018), but industrial-scale
implementation still is a challenge because of the lower economic in-
centive of processing mixed WMPs components. For example, China
produces as many as 450 million mobile phones annually. Disposal of
obsolete mobile phones generated in 2015 was 400 million units, of
which fewer than 2% was recycled (MIIT, 2016; ECNS, 2017); In the
US, only 10% of the obsolete mobile phones are recycled, while the
remaining 90% is stored at home by users or disposed in landfills, ul-
timately resulting the environmental pollution by toxic substances
(Chen et al., 2018; Silveira and Chang, 2010).

Since the recognition of e-waste as a major environmental threat,
various domestic and international governments or organizations have
enacted legislation to curb the use of hazardous substances in EEEs,
including “Directive on the restriction of the use of certain hazardous
substance in electrical and electronic equipment” (RoHS) and the
“Waste Electrical and Electronic Equipment Directive” (WEEE) which
are considered among the best examples (RoHS, 2018; Europian
Directive, 2011). However, the indication is that the use of toxic metals
such as lead, chromium, cadmium, mercury and others in the EEEs,
specifically in the mobile phones, has been changing with the innova-
tion and rapid technological advancement (Charles et al., 2017; Singh
et al., 2016b; Schoenung et al., 2004). Manufacturers are motivated by
profit-margins, functional reliability, and compliance with regulatory
limits, which may not be sufficiently stringent to eliminate potentially
toxic exposures (Chen et al., 2018).

In this study, we collected and analyzed the material composition of
waste basic phones and smartphones manufactured between 2001 and
2015. After manually dismantling of these waste devices, all compo-
nents or parts (excluding battery and cover case) were quantified the
concentrations of toxic chemicals. We then used a life cycle impact
assessment approach- USEtox model-to determine the trends of poten-
tial impacts on human health (cancer and non-cancer disease) and
ecological toxicity. The results are useful for the eco-design of EEEs and
provide a valuable information to guide the development of cross-cut-
ting e-waste management strategies.

2. Materials and methods

2.1. Sample preparation

A total of 20 waste mobile phones including 10 types of basic
phones and 10 types of smartphones were collected from the local
WMPs recycling company in Shenzhen city- one of the major domestic
WMPs recycling facilities in China. The samples were grouped by the
physical dimensions and their types (brand of the manufacturer) are
shown in Supporting Information (SI) Table S1. In order to separate
basic phones and smartphones, devices with the smaller size of display
including the keypad were categorized as basic phones which enables
only voice messaging. Conversely, the devices with bigger size of dis-
play and camera, a high-resolution touch screen display, internet con-
nectivity capability, and ability to accept sophisticated application were
categorized as smartphones (Techopedia, 2018). The selection of the
manufacturer was based on their popularity and the coverage of market
share in the last decades (Wikipedia, 2018a). Each device was weighed
with analytical balance and then the plastic cover case was manually
removed from the phones. The batteries and plastic cover case were
excluded from the study because the batteries and the half plastic cover
case had already been removed from the WMPs at the mobile recycling
station and sent to a special battery recycling station.

2.2. Toxic elements analysis

Different parts of the mobile phones were cut into small pieces
about 1 cm2 using a pair of standard scissors, and the small pieces of the
WMPs were then combined separately and cooled in liquid nitrogen
before milling to provide a reasonable homogenized powder of particle
size less than 0.1mm, sufficient for the complete detection of the toxic
metals. The milling process was carried out using cryogenic planetary
ball mill systems. 0.2 g samples of the homogenous powder were taken
and subjected to microwave-assisted acid digestion. The International
Electro-technical Commission (IEC) methods IEC 62321-4:2013 CV-
AAS (cold vapor atomic absorption spectrometry), and ICP-OES (in-
ductively coupled plasma optical emission spectrometry); (IEC, 2017)
and IEC 62321-5:2013 ICP-MS (inductively coupled plasma mass
spectrometry) (IEC, 2013) were used to analyze the concentration of
copper (Cu), nickel (Ni), aluminum (Al), barium (Ba), iron (Fe), zinc
(Zn), silver (Ag), chromium (Cr), zirconium (Zr), lead (Pb), tin (Sn),
beryllium (Be), cobalt (Co),bismuth (Bi), arsenic (As), vanadium (V),
antimony (Sb), cadmium (Cd) and mercury (Hg). A complete process of
the analysis is described in Fig. S1 of the Supporting Information (SI).
The final reading of the samples was taken as the average value of three
readings of each sample.

2.3. Human health and environmental impact assessment using USEtox

We used the life cycle impact assessment (LCIA) model - USEtox
version 2.0 (http://www.usetox.org) - to assess the potential impacts of
the toxic chemical in WMPs on human health and environmental
quality. USEtox is a life cycle initiative (LCI) model based on the sci-
entific consensus of international researchers and was developed under
the guidance of the United Nations Environment Program (UNEP) and
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the Society for Environmental Toxicology and Chemistry (SETAC).13

This scientific model was used to characterize the potential impact of
toxic chemicals in products on human toxicology and ecotoxicology,
and the output of USEtox modeling include, human toxicity criteria
related to outcomes such as the incidence of cancers and non-cancer
diseases associated with toxic emission concentrations and multi-media
exposure assessments, and ecotoxicity in terms of potentially affected
fraction (PAF) of species due to change in concentration of toxic
emissions (PAF m3 day/kg) (Chen et al., 2018; Hauschild et al., 2008;
Kang et al., 2013). In this study, USEtox was used to calculate the po-
tential impacts of toxic elements on human health and environment
that we found in WMPs; the calculation was done by the following eq.:

ISx=Cx. M. Cfx

Where IS represents the impact score of metal x in the WMP; Cx is the
concentration of metal x in the WMP (cases/kg); M is the mass of each
sample in kg; CFx is the weighting or characterization factor for the
corresponding potential of metal x. Data of toxic metals used in the
calculation are shown in Tables 1 and 2 . The calculated characteriza-
tion factors for ecotoxicity and human toxicity which includes cancer,

non-cancer and total impacts (cancer and non-cancer) were associated
with impacts of toxic metals emitted to urban air, rural air, fresh water,
sea water, agricultural soil and natural soil. The detailed calculation
values are attached in Tables S2–S19 in SI. The unit of the character-
ization factor for ecotoxicity was (PAF. m3.day/kgemitted) and for human
toxicity was (cases/kgemitted) (Huijbregts et al., 2010).

3. Results

3.1. Metals content in the waste mobile phones

Both basic phones and smartphones have been selected for char-
acterizing the content of toxic metals. Specifically, the evaluation of 19
metals’ content in basic phones are presented in Table 1. Copper was
the most significant metals in terms of mass ranging from 276 to 424 g/
kg, with an average of 378 g/kg; followed by aluminum ranging from
3.9 g/kg to 17.6 g/kg, with an average 11.5 g/kg, and nickel ranging
from 6.7 g/kg to 10.7 g/kg, with an average 8.1 g/kg. The use of copper
in the main PCBs and flexible PCBs between the screen and keypad to
facilitate electrical conductivity in the mobile phones are the main

Table 1
The concentration of the metals in the waste basic phones.

Elements S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 Mean

Cu 370,632 369,187 381,752 409,528 396,281 397,867 423,727 390,371 368,526 276,186 378,406
Ag 411 105 532 1,112 1,105 2,262 2,128 2,541 3,262 2,541 1,600
Fe 2,845 2,424 5,395 6,975 5,734 3,150 4,184 3,984 4,063 3,921 4,268
Al 5,382 3,873 8,537 6,381 15,281 18,320 15,834 11,946 17,493 12,208 11,526
V 2.4 2.4 5.3 6.7 8.3 5.9 4.2 9.2 3.5 7.2 5.5
Sn 39 27 52 350 536 263 481 24 69 110 195
Ni 8,381 7,942 8,352 6,031 8,361 6,705 9,487 7,493 7,846 10,696 8,129
Zn 2,536 2,354 3,735 1,301 3,635 3,235 4,763 7,846 4,645 5,390 3,944
Ba 4,735 5,565 3,652 3,422 5,635 8,429 2,744 9,845 16,498 8,726 6,925
Zr 456 635 231 495 654 293 274 165 2,746 1,204 715
Bi 45.3 68.6 27.4 22.7 6.3 7.6 27.4 8.4 22.4 5.3 24
Co 78.3 32.2 27.4 1,012 148.3 87.4 59.3 41,4 37.4 19.5 167
Be 210 75 325 104 443 ND 323 11 564 ND 206
Cd ND ND ND ND ND ND ND ND ND ND ND
Pb 201 113 47 149 134 127 122 432 345 104 177
Sb 5.1 ND 4.2 0.0 6.3 0.0 3.2 7.2 9.2 0.0 3.5
As 6.7 8.4 8.3 1.9 4.2 3.5 8.2 3.1 6.9 4.9 5.6
Cr 603 494 704 535 663 413 992 1,102 1,384 495 739
Hg ND ND ND ND ND ND ND ND ND ND ND

ND=Not detected; Unit=mg/kg.

Table 2
The concentration of the metals in the waste smartphones.

S.no. S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 Mean

Cu 369,403 268,945 283,930 311,070 330,095 379,362 375,111 413,380 409,679 434,628 357,560
Ag 449 660 549 2,552 1,437 1,924 2,338 2,660 4,323 2,437 1,933
Fe 2,634 5,935 2,138 7,915 5,223 7,364 8,944 3,109 4,693 8,492 5,645
Al 12,748 14,836 17,967 9,754 6,282 10,382 12,168 15,379 12,945 16,284 12,875
V 5.3 4.2 6.2 3.8 6.9 5.3 5.3 4.3 7.2 6.2 5.5
Sn 583 404 622 621 369 603 805 312 594 748 566
Ni 12,645 15,382 10,775 16,596 14,059 13,856 25,374 21,729 18,113 26,935 17,546
Zn 3,936 4,926 2,021 2,683 8,101 4,836 5,691 2,428 5,200 7,452 4,727
Ba 5,037 9,573 8,256 13,102 14,199 12,856 15,419 7,487 10,832 18,475 11,524
Zr 285 396 509 242 833 382 306 446 520 593 451
Bi 52.5 37.4 60.7 61.1 25.2 58.4 21.2 61.6 43.9 83.2 51
Co 83.4 58.4 72.7 70.8 129 273 372 74.5 52.8 372 156
Be 98.3 231.6 ND 49.6 220 123.2 19.7 ND 112.1 90 94
Cd ND ND ND ND ND ND ND ND ND ND ND
Pb 1223 729 349 95 299 983 1309 1155 323 576 704
Sb 5.6 11.2 2.5 ND ND 8.3 ND ND 2.1 4.6 3.4
As 17.3 5.2 2.2 8.9 2.7 11.2 4.2 4.1 4.8 3.8 6.4
Cr 704 111 251 314 777 988 336 349 401 821 505
Hg ND ND ND ND ND ND ND ND ND ND ND

ND=Not detected; Unit=mg/kg.
Bold=Exceeding the regulatory limits.
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reason behind its abundance in the basic phones (Chen et al., 2015).
Aluminum and nickel are mostly used in the welding and in the cover
case of the screen which provides strong internal support in the mobile
phone. Barium and iron were the next in the list, which represented
about 6,925mg/kg and 4,267mg/kg (on average), followed by zinc,
silver and chromium about 3,944mg/kg, 1,600mg/kg and 739mg/kg
(on average), respectively. Then the zirconium, beryllium, tin, lead,
cobalt, bismuth, arsenic, vanadium and antimony were about 715mg,
206mg, 195mg, 177mg, 167mg, 24mg, 6mg, 6mg, and 4mg in one
kg of basic phones, respectively. Cadmium and mercury metals were
not detected in all samples.

Similarly, the concentration of 19 metals contained in smartphones
are presented in Table 2. Again, copper was the most significant metals
ranging from 269 to 435 g/kg, with an average of 358 g/kg; followed by
nickel ranging from 10.8 g/kg to 17.5 g/kg, with an average 11.5 g/kg,
and aluminum ranging from 6.3 g/kg to 16.3 g/kg, with an average
12.9 g/kg. Similar to the basic phones, the use of copper in the main
PCBs and flexible PCBs are the major reason behind its highest amount
mass in smartphones. Nickel content was the second highest mass after
the copper in the smartphones, the maximum use of nickel in the
smartphones as compared to basic phones could be the reason of its
lightweight, hardness and ductile nature than aluminum (Wikipedia,
2018b). Barium and iron were about 11,524mg/kg and 5,645mg/kg
(on average), followed by zinc, silver and chromium about 4,727mg/
kg, 1,600mg/kg and 739mg/kg (on average), respectively. Then the
lead, tin, zirconium, cobalt, beryllium, bismuth, arsenic, vanadium and
antimony were about 705mg, 566mg, 451mg, 156mg, 54mg, 51mg,
6.4 mg, 5.5mg, and 3.4mg in one kg of smartphones, respectively.
Cadmium and mercury metals were not detected in all samples.

3.2. Metals evolution and hazardous assessment

In terms of the quantification of the content of metals in various
types of WMPs, Fig. 1(a) shows a comparative average content of each
metal contained in the basic phones and smartphones. The results show
that the content of copper, chromium, zirconium, beryllium and anti-
mony in basic phones were higher in mass than smartphones while the
content of nickel, aluminum, barium, iron, zinc, silver, lead, tin, cobalt,
bismuth, arsenic and vanadium in smartphones were higher in mass
than basic phones. The average mass of nickel in the smartphones
(17.5 g/kg) was more than double to the mass of the basic phones
which was about 8.1 g/kg. This is probably due to that the bigger in size
and advanced functions of some key components such as the screen and
PCBs which could require more nickel amount (Wikipedia, 2018b).
Similarly, the average mass of barium in smartphone (11.5 g/kg) was
almost double the concentration in basic phones which were about
6.9 g/kg. The most statistically significant difference among metals was
lead metal, the average content mass of lead in smartphone was about
704mg/kg, which was almost four times higher in mass than basic
phones (177mg/kg). The main use of lead in the basic phones and
smartphones are Sn-Pb solders, which provide astrong support in mo-
bile phones and other EEEs products (Hibbert and Ogunseitan, 2014).

Fig. 1(b and c) shows the average total metals content between basic
phones and smartphones from 2001 to 2015. The results show that the
total mass content of metals in basic phones were in increasing in trend
from 2001 to 2009, and from 2009 to 2012. It was observed in de-
clining in trend. However, in smartphones the average mass content of
metals decreased sharply from 2006 to 2007, and then from 2007 to
2015, the trend continued from 17.0 g/kg to 27.3 g/kg. Overall, the
average metals content mass in basic phones were in declining in trend
or the mass of metals content reduced over the period of time, while in
smartphones the average metals content mass were in increasing in
trend or the mass of metals content increased over the period of time,
the detail explanations are attached in SI Fig. S2.

Table 3 shows the average content of the metals in basic phones and
smartphones and the total threshold limit concentration (TTLC). The

results show that the average metals content mass of copper, nickel,
silver and beryllium were higher than the TTLC limits in the waste
mobile phones while the average metals content mass of copper, nickel,
barium, silver and beryllium were higher than the TTLC limits. Average
content mass of lead in smartphone was way higher than the basic
phones but less than the TTLC limit, but the sample number S11, S17
and S18 in smartphones were having the lead content mass more than
the TTLC limit (shown in Table 2), which shows that the lead content
mass of smartphones are almost close to TTLC limit. Moreover, the
content of lead relatively high in smartphones, despite the European
Union’s Restriction on Hazardous Substances (RoHS) directive re-
stricting lead level in EEEs (Council, 2003).

3.3. Assessment of human health and environmental impacts

Data on metallic mass obtained through chemical analysis of the
basic phones and smartphones (shown in Tables 1 and 2) were used to
estimate human health impact characterization factors and ecotoxicity
characterization factors with the USEtox 2.0 model to develop potential
human disease outcomes and ecological impacts due to exposure to
WMPs. Fig. 2 shows the eco-toxicological impact results from the
USEtox life cycle assessment of waste mobile phones. Fig. 2(a), the
results show that among the metals investigated, copper posed the most
significant ecotoxicity risks in basic phones, ranging from 32,306- to
61,859 PAF·m3·day·kg−1, followed by aluminum and nickel. Besides,
the ecotoxicity evolution trend in basic phones shows that the average
risks of ecotoxicity were in declining in trend from 2001 to 2013, except
in 2009 which could be presumed as an exception because of the lim-
ited number of samples.

Fig. 2(b) shows the ecotoxicity impacts of smartphones, whereby
the results show that among the metals identified, copper posed the
significant ecotoxicity risks in smartphones, ranging from 43,761-
149,388 PAF·m3·day·kg−1, followed by aluminum and nickel (on
average about 318 and 119 PAF·m3·day·kg−1). The evolution trend of
ecotoxicity in smartphones was seen in increasing in trend from 2006 to
2015. However, the trend was observed in declining tendency from
2009 to 2011, which might have been because of technological in-
novation or governmental restriction on toxic metals level on EEEs
(Chen et al., 2018). Overall smartphones posed the most significant
risks of eco-toxicity with all identified metals except beryllium, which
shows more than 50% risks in basic phones.

Fig. 3 shows the result of cancer and non-cancer disease on human.
Fig. 3(a) shows among all identified metals, nickel posed the most
significant risks of producing cancer diseases, in basic phones, followed
by lead, beryllium and arsenic. Similarly, the nickel posed the most
significant risks of producing cancer diseases, in smartphones; followed
by lead, beryllium and arsenic, shown in Fig. 3(b). Fig. 3(c) shows that
among the metals identified in basic phones, silver posed the most
significant risks of producing non-cancer diseases, followed by zinc and
copper; while in smartphones also, silver posed the most significant
risks of producing non-cancer diseases, followed by zinc, Lead and
copper.

Fig. 4 shows the total human toxicity (cancer and non-cancer) risk
results from the USEtox life cycle assessment of waste mobile phones.
Fig. 4(a, b) shows that silver posed the most significant risks of pro-
ducing total human diseases from basic phones and smartphones, fol-
lowed by zinc, copper and lead. The risks of total human toxicity trend
show that the toxicity risks have been changed into higher in level from
2004 to 2012, while from 2001 to 2004, it has been declined in cell
phones. Besides, in smartphones, total human toxicity risks evolution
shows that there was no clear trend of declining or sharp increment,
however, if we compare from 2006 to 2015, the result shows that the
overall risks of total human health have been increased a lot and if we
compare from 2012, the trend of risks has fallen down. Overall, the
comparison between basic phones and smartphones shows that smart-
phones posed the most significant risks of producing total human
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diseases as compare to basic phones.

4. Discussion

Mobile phones have become one of the most important and useful
electronic devices in modern daily life, and today’s mobile phones have

changed from some large and heavy radio devices into the small and
lightweight multimedia products with very advanced functions (B.
Convention, 2006; Ylä-Mella et al., 2007). But, the improper treatment
of WMPs can result in a loss of valuable materials, which depending on
their physical-chemical state and concentrations can create undesirable
effects on human health and environmental contamination (Li et al.,
2012). The concentration of the toxic metals and its potential impacts
on human health and ecotoxicity in WMPs and various parts of the
mobile phones have been extensively discussed (Hira et al., 2018;
Hibbert and Ogunseitan, 2014; Chen et al., 2018; Kang et al., 2013),
and these studies have indicated that the toxic metals content mass in
WMPs continue to pose a significant threat to human health and eco-
system. However, the evolution of toxic metals in waste basic phones
and smartphones, and this type of comparative analysis was not in-
cluded in the previous studies.

According to Chen et al. (2018), the pace of technological innova-
tion and regulations development did not show any notable impact on
total metal content evolution on WMPs (combined basic phones and
smartphones) from 2000 to 2014. However, their finding revealed that
the total metal content in the WMPs initially increased from 2002 to
2007 and then decreased in 2013. They also found that the total metals
content in the iPhone’s devices were fluctuating on every 2 years of the
time period (Chen et al., 2018). These findings proved that there was a
big gap in the evolution of total metals content between basic phones
and smartphones. In this study, we revealed that the total content in
basic phones increased from 2001 to 2009 and then decreased from
2009 to 2012, while in smartphones the total metals content increased
from 2007 to 2015.

Various investigators have conducted the chemical analysis of toxic
metals in the WMPs, the data obtained by them and the data from this
study are shown in Table 4. The previous data of toxic metals in the

Fig. 1. Toxic metals evolution in the WMPs from 2001 to 2015: (a) average metal content in the basic phones and smartphones; (b) and (c). Average total metal
content in the basic phones and smartphones from 2001 to 2015.

Table 3
Average metal content in basic phones and smartphones, and TTCL limit.

Elements Basic phones Smartphones TTLC Limita

mg/kg

Cu 438,406 417,560 2,500
Ni 8,129 17,546 2,000
Al 11,526 12,875 *

Ba 6,925 11,524 10,000
Fe 4268 5,645 *

Zn 3,944 4,727 5,000
Ag 1,600 1,933 500
Cr 739 505 2,500
Zr 715 451 *

Pb 177 704 1,000
Sn 195 566 *

Be 206 94 75
Co 167 156 8,000
Bi 24 51 *

As 6 6 500
V 6 6 2,400
Sb 4 3 500
Cd 0 0 100
Hg 0 0 20

* Regulatory limit not set.
a =Used for California regulated hazardous waste. Source is California Code

of Regulations, Title 22, Chapter 11, and Article 3.
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WMPs and the data from basic phones and smartphones of this study
are compared with the TTLC limit derived from California EPA. While
the content of the metals differs between the sources, this table gives a
preliminary indication of potentially toxic metals in the WMPs, and
basic phones and smartphones. In addition to the metals listed in the
WMPs in previous studies in Table 4, results from these studies revealed
that the lead, zinc and antimony has surpassed the TTLC limits which
were not shown in the present study.

The trend of total toxic metals content in smartphones as compared
to basic phones which are waning from the market demand urgently
required the telephony industries to rethink about the current design of
smartphones and their metals consumption trend. Smartphones re-
cycling centers need to secure a safer mechanism system and take
special efforts to protect public health around the disposal centers.
Besides, legislators need to strengthen the e-waste regulation to restrict
the informal recycling of WMPs and other e-waste which ultimately
reduce the exposure of toxics metals identified in this study and po-
tentially prevent adverse impacts on human health and ecosystem.

This study has several constraints and limitations, which should be
considered in interpreting the results. As we evaluated the risks of toxic
metals evolution in WMPs and comparative analysis between basic
phones and smartphones, we did not include organic chemicals such as
halogenated flame retardants. We excluded these organics from the
study because of the lack of current recovery or recycling strategies for
them. Most of the organic substances such as brominated flame re-
tardants (BFRs), dioxins and furans, others are mostly present in various
components of plastics and PCBs (Chen et al., 2016; Hibbert and
Ogunseitan, 2014). The composition of organic toxic substances in

different parts of WMPs and their content dynamics in the basic phones
and smartphones would provide new scope for future studies.

5. Conclusions and policy implications

The results of this research revealed that adverse human health
impacts and environmental contagions are potentially associated with
WMPs and the mass of toxic metals content has increased in the past
decade especially in the smartphones as compared to basic phones,
despite the pace of technical innovation in the mobile phone manu-
facturing industry. Workers and the general population who are directly
exposed to the WMPs, especially the informal recycling sector in de-
veloping countries are at high risk for various serious health effects.
However, the current approaches for handling WMPs in a sustainable
way are metals recovery (especially precious metals), proper dis-
mantling and recycling, but there are very few options that could be
used to minimize the risks of WMPs and to assure good management of
the toxic metals in WMPs. Thus, the findings of this research support
the urgent call for national and international regulation of WMPs, to
develop effective management strategies that prevent human exposure
and environmental pollution.

In addition, our findings show that the trend of toxic metals in
smartphones have been increasing and there were moderate or negli-
gence impacts of recent technological innovations on minimizing the
hazardous substances in smartphones. According to various interna-
tional reports, the possession of smartphones will increase in the
coming years worldwide (ITU, 2017; Baldé et al., 2017; ECNS, 2017),
which will potentially generate a large amount of obsolete mobile

Fig. 2. Eco-toxicological impact results from the USEtox life cycle assessment of waste mobile phones; (a) Basic phones; (b) Smartphones. (Note: aluminum metal is
excluded in the figure to make a clearer representation of other minor ecotoxic metals).
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phones. Consequently, these trends of the increasing demand for
smartphones and embodied toxic metals in the devices will pose a
serious danger to the environment and human health if not properly
collected and recycled.

Actually, these results could help inform smartphones manufactures
and relevant decision makers (such as Recyclers, government agencies,
and designers) around the world to further lessen the use of toxic me-
tals, put forward effective prevention and control measures during the
EoL stage, and recover precious metals, specifically in developing
countries where the collection and recycling rates are very low (Singh
et al., 2018; Borthakur and Govind, 2017; Zeng et al., 2017). Specifi-
cally, the growing generation of obsolete mobile phones provides huge
potentials of secondary mining or urban mining. For example, a large
amount of precious metals (gold, silver, palladium, and platinum) and

other valuable base metals (Cu, Al, Fe, Ni) contained in the discarded
mobile phones. Moreover, the increasing amount of toxic metals (Pb,
Be, As, Hg) in smartphones should be paid special attention and prop-
erly managed to safeguard the environment and human health.
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Fig. 3. Cancer and non-cancer disease on human results from USEtox life cycle assessment of waste mobile phones: (a) and (c) basic phones; (b) and (d) Smart
phones. (Note: the risks of cancer diseases were associated with only 4 metals-nickel, lead, beryllium and arsenic).

Fig. 4. Total human toxicity (cancer and non-cancer) results from the USEtox life cycle assessment of waste mobile phones: (a) Basic phones; (b) Smartphones (Note:
aluminum, cadmium, cobalt and iron metals were not applicable for the human toxicity).
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2019.120898.
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