Cadmium, zinc, and copper isotope fractionation and lead isotopic composition during
thermal processing and digestion of e-waste dust samples
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The widespread availability and growing global use of electrical and electronic equipment result in immense
volumes of electronic waste (e-waste). Annually, the total weight of global electrical and electronic equipment
consumption increases by 2.5 million metric tons. E-waste contains a mixture of both valuable and hazardous
components. When recycling operations are unregulated, it presents significant environmental and health risks,
including contamination of soil, air, and water by trace elements and persistent organic pollutants (Ohajinwa et al,
2018; Papaoikonomou et al, 2018; Wu et al, 2015).

Dust generated during mechanical processing, such as shredding and abrasion, presents distinct
analytical challenges. E-waste dust is a highly heterogeneous matrix that includes high metal content, ceramic and
glass particles, and significant amounts of organic matter, primarily plastics. The selection of appropriate digestion
methodology and sample processing protocol is a fundamental prerequisite for achieving precise and accurate
analytical measurements in environmental geochemistry. This study investigates the impact of various temperature
treatments and digestion methods on the elemental concentration yields and isotopic signatures of cadmium,
coppet, zinc, and lead.

Materials and Methods

E-waste dust samples, specifically the fraction less than 0.1 mm, were treated by different methods. The
methodology employed a systematic comparison of three temperature pretreatments: 110 °C (representing
moisture loss), 550 °C (representing the removal of organic matter), and 1050 °C (representing loss of ignition and
the potential disruption of resistant phases). Following temperature pretreatment, samples were digested using
three different approaches: Method A (aqua regia digestion), Method B (a mixture of concentrated HNOs, HCIO,,
and HF), and Method C (alkaline fusion using a Li,B4O,;+Na,COj; flux).

Trace element concentrations were determined by ICP-OES. Isotopic compositions were measured using
MC-ICP-MS after purifying the Cd, Cu, Pb, and Zn fractions using anion exchange chromatography. More details
can be found in Martinkova et al (2025).

Results and Discussion

Results demonstrate that the specific combination of temperature and digestion significantly influence
analytical results. For the majority of elements, Method B (mixture of concentrated acids) combined with
temperature pretreatments at 110 °C or 550 °C proved to be the most efficient approach. Specifically, Method B
at 550 °C was recommended for the concentration analysis of Ag, Fe, Ni, and Pb, whereas Method A at 110 °C or
Method B at 550 °C was optimal for Cd, Co, Cu, and Zn (Figure 1). A notable exception was chromium, which
required alkaline fusion (Method C) and temperature pretreatment at 1050 °C to achieve accurate yields, as Cr is
often present in forms resistant to acid digestion.

The high-temperature pretreatment at 1050 °C was found to be particularly problematic for e-waste dust
samples. High temperature (1050 °C) pretreatment resulted in the formation of difficult-to-decompose phases,
leading to severe analyte losses when followed by aqua regia or concentrated acid mixture digestion (Methods A
and B). Recovery rates for e-waste dust using aqua regia after 1050 °C pretreatment dropped to as low as 18.1%
for Cd, 20.4% for Cu, 7.5% for Pb, and 9.1% for Zn. Interestingly, no such significant loss was observed when
using alkaline fusion (Method C) at the same temperature, suggesting that the loss was an artifact of incomplete
digestion rather than total volatilization.



Figure 1: Comparison of concentration analyses (mg kg™) of e-waste dust samples treated at different

temperatures and digestion methods (n=3).
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Crucially, these incomplete digestions were associated with significant isotopic fractionation. The
negative shift in isotopic values after temperature pretreatment at 1050 °C and aqua regia digestion (§'**°Cd =
-0.164; §%%Cu = -0.457 and §°***Zn = -0.217) indicates a kinetic fractionation process. It is hypothesized that
lighter isotopes are preferentially released from resistant phases during the initial stages of incomplete aqua regia
digestion.

In contrast, lead isotopic signatures (****’Pb and 2***’Pb) remained relatively stable across most methods
and temperatures, with the only outliers occurring during aqua regia digestion at lower temperatures (110 °C and
550 °C), likely due to the leaching of specific lead sources within readily degradable phases.

Table 1: Results of isotopic analysis (§°%Zn, §*%Cu, §"#*°Cd and ***”Pb, ®?Pb) of e-waste dust treated at
different temperatures and digested with different methods (n=3).

Temp. Digestion
Material pretreatment §1cd 8§%%Cu 206207ply 208207py 8%%Zn
method
(C)
E'(;:iite 110 Method A -0.045 0.346 1.155 2.437 -0.165

110 Method B -0.054 0.319 1.154 2.435 -0.128
110 Method C Not possible to perform
550 Method A 0.007 0.133 1.155 2.437 -0.154
550 Method B -0.059 -0.025 1.154 2.435 -0.134
550 Method C -0.056 0.113 1.154 2.435 -0.149
1050 Method A -0.164 -0.457 1.154 2.434 -0.217
1050 Method B -0.040 0.046 1.154 2.434 -0.313
1050 Method C 0.022 -0.015 1.154 2.435 -0.117

Conclusion

These findings clearly indicate that both the choice of digestion protocol and temperature pretreatment
conditions significantly influence the elemental and isotopic composition of e-waste dust samples. Concerning
concentration analyses, our study provides a general recommendation to use concentrated acid mixture (Method
B) and temperature pretreatment at 550 °C for most trace metals, but to utilize alkaline fusion (Method C) for
elements such as Cr. Recommendations for isotopic analyses in relation to elemental concentration results are as
follows: i) Zn, Cd — temperature pretreatment at 110 or 550 °C + Method A, B, or C; ii) Pb — temperature
pretreatment at 110 or 550 °C + Method B or C; iii) Cu — temperature pretreatment at 110 °C + Method A or B.
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