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1. Introduction

Electronic waste (E-waste) such as personal computers contain various metals such as
precious metals and rare metals, as well as metals with adverse effects to human and
environment such as Pb. Consequently, proper disposal and recycling of E-waste is important.
The world’s E-waste generation is growing every year and the volume of end-of-life personal
computers in developing regions will exceed those in developed regions by 2018 (Yu et al., 2010).
Some end-of-life electronics generated in developed countries are shipped to developing
countries and causing environmental contamination there due to low tech disposal and
recycling such as storing outside and open burning. Directive on the restriction of use of certain
hazardous substances (Pb, Hg, Cd, Cr(VI), polybrominated biphenyls, and polybrominated
diphenyl ethers) in electrical and electronic equipment (EEE) (RoHS Directive) entered into
force in 2006 in the European Union (EU) to prevent the adverse effects on human and the
surrounding environment from hazardous substances in EEE. Under the directive, new EEE
containing more than agreed-upon levels of certain hazardous substances are banned from the
EU market. Since the directive has an effect outside the EU by necessity, it is expected that
contents of certain hazardous and substitute metals in EEE available in Japan have changed
before and after the RoHS enforcement.

The purpose of this study is to examine contents and leaching behavior of metals in
printed circuit boards (P-CBs) and liquid crystal panels (LCPs) taken from end-of-life liquid
crystal displays (LCDs).

2. Materials and Methods

A screening survey of metal contents in P-CBs and LCPs taken from 52 end-of-life LCD
manufactured in Japan and abroad during 1998 and 2013 were conducted by using a handheld
X-ray fluorescence analyzer (XRF). Then, four type of the composite samples were prepared,
P-CBs and LCPs taken from each of 15 end-of-life LCDs manufactured before (between 2000
and 2005) and after RoHS enforcement (between 2009 and 2013), then cut into particles <5 mm.
Metal contents in each composite sample were determined and they were employed for the
subsequent leaching tests. Leaching tests include Japan’s compliance leaching test for
industrial wastes (JLT-13), JLT-13 under acidic condition and serial batch test. In addition, to
examine leaching behavior of metals under outdoor condition such as storing outside, the

composite samples were kept outside and exposed to rainfall for half a year. Leachate were



collected every two weeks and employed for chemical analysis.

3. Results and Discussion

The XRF screening showed apparent decreases in Pb contents in P-CBs manufactured
after 2006 and As and Sb in LCPs after 2009. Subsequent chemical analysis revealed that Pb
and Sn contents in composite sample of P-CB after RoHS enforcement decreased from 6500
mg/kg to 160 mg/kg and increased form 10000 mg/kg to 28000 mg/kg, and As and Sb contents
in composite sample of LCP after RoHS enforcement decreased from 1600 mg/kg to < 1 mg/kg
and from 740 mg/kg to 4 mg/kg, respectively. These results indicate that the contents of certain
hazardous substance (Pb), substitute metal (Sn) and also some metals including As and Sb in
P-CB and LCP have changed after the RoHS enforcement.

Results of JLT-13 revealed that the leaching concentration of Pb in composite sample of
P-CB after RoHS enforcement decreased from 9200 pg/L to 80 ug/L, and the leaching
concentration of As and Sb concentrations in composite sample of LCP after RoHS enforcement
decreased from 38 pg/L to < 0.5 pg/LL and 5.9 ug/L to < 0.3 pug/L, respectively. It is assumed the
results that reflect on the decrease in metal contents in composite samples of P-CB and LCP
after RoHS enforcement. It was demonstrated that non-regulated metals including Co, Ni, and
In were also leached out from the composite samples by the JLT-13, and their concentrations in
leachate were comparable to the levels which lead a negative impact on aquatic organisms such
as daphnia. The leaching concentrations of metals including Cu and Pb from P-CBs, and Al and
Cu from LCPs under acidic condition were higher than those obtained by standard JLT-13
using pure water without pH control. By serial batch test, leaching behavior of metals such as
Cu, Mo, and Ba varied between P-CBs and LCPs. Leachability of Cu in composite sample of
LCD after RoHS enforcement were higher than Cu in P-CBs under heavy rainfall and may
leach in long term. These observations imply that the potential to induce a negative impact on
aquatic organisms by EEE leachate may increase under acid rain and heavy rainfall.

Total leaching amounts of most metals from the composite samples by exposing to rainfall
outside are of the same order of magnitude with those obtained by JLT-13. However, the total
leaching amounts of Cu, Ba and Pb from P-CBs, and Cu, Mo and Nd from LCPs during rainfall
exposure were apparently higher than those obtained by JLT-13. Combined with the
observation that the leaching amounts of these metals by JLT-13 under acidic condition and
serial batch test were also higher than the standard JLT-13, it was suggested that acid rain
and ratio of E-waste to rain volumes have influences on metal leaching behavior from E-waste
during outdoor exposure. Therefore, we need to pay more attention to avoid rainfall exposure to

EEE such as P-CBs and LCPs during open storage of E-waste.
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