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Abstract

This paper presents a procedure to determine total toxicity of the selected waste material from scrap mobile phones and their components.
The assessment is based on literature data of quantitative analyses of heavy metals (Ag, As, Ba, Cd, Co, Cr, Cu, Hg, Ni, Pb, Se and Zn) in
compliance with the TTLC (Total Threshold Limit Concentration) and TCLP (Toxicity Characteristic Leaching Procedure) procedures.
Coefficients for toxic criteria equations have been selected on the basis of limiting and standardizing TTLC and TCLP values. The
calculated total toxicity value on the basis of the metals content was also verified by comparison with the sum of limited and standard
values. The final classification of the waste material total toxicity was found to be a function of determinable concentration levels in the
mass of waste material (TTLC criterion) and leachable forms of metals (TCLP criterion).

Keywords: total toxicity assessment of electronic wastes; TTLC and TCLP procedures.

Nomenclature

TCLP Toxicity Characteristic Leaching Procedure

TTLC Total Threshold Limit Concentration

Y (r1ic or TCLP) calculated total toxicity in [mgkg™'] (TTLC) or [mg-L"] (TCLP) using a criteria equation
Ysirricorterey @ total pool of TTLC or TCLP limit metal values

Yseoricortorry @ total pool of all quantitatively analyzed metal concentrations

1. Introduction

The estimation of toxicity may be carried out i.a. with the use of three methods: TTLC (Total Threshold Limit
Concentration), STLC (Soluble Threshold Limit Concentration) and TCLP (Toxicity Characteristic Leaching Procedure)
[1]. Whereas TTLC and STLC methods are regulated in detail by California Code of Regulations and used mainly to
characterize hazardous wastes [2], the TCLP method is based on the US federal law: EPA [3,4]. The methods mentioned
consist in quantitative determinations of organic analytes and metals [5]. The analytical origin of the latter is an estimated
simulation of the conditions on a hypothetical landfill, where different kinds of rainwater can migrate to reach the
groundwater level, transporting pools of dissolved and analytically determinable components [6]. The TTLC method allows
to determine the total content of the selected, criteria components in the sample mass of the tested wastes basing on the EPA
procedures [7]. When a component determined quantitatively exceeds the value of allowable limit for TTLC procedure, the
tested waste is qualified as hazardous and its final classification code depends on the component which exceeded its
allowable limit expressed in mg-kg" [8]. The TCLP method classifies a given waste material as hazardous when the highest
allowable limit for the total toxicity of leachable forms exceeded at least one of the group of components analytically
determinable and expressed in mg-L™" [9]. The aim of this study was the assessment and comparison of the total toxicities
for the electronic waste material according to the criteria of TTLC and TCLP methods on the basis of analytically
determined contents of metals.
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2. Computational Part

Basing on the known metal concentrations (the presented example includes: Ag, As, Ba, Cd, Co, Cr, Cu, Hg, Ni, Pb, Se and
Zn) for selected electronic waste materials — the worn-out elements of mobile telephones, the total toxicity Y rric or rcrpy in
accordance with TTLC and TCLP criteria was calculated using a criteria equation in the following form (1) [10,11]:

Y (rric or rerp) = a*Xm@ T b Xmmy T Xy T - 1 Xnn),

where:

Y (r1ic or TeLp) — total toxicity in [mg-kg™'] (TTLC) or [mg-L™'] (TCLP),

X --- Xmm) — metal concentrations (M), ... M,)) determined in compliance with the procedures for TTLC and TCLP in
waste samples (basing on literature data [7, 12, 13]),

a, b, ¢, ...n — coefficients determined on the basis of criteria values of allowable limits defined in TTLC or TCLP
procedures (determined using literature data [14] and listed in Table 1).

2.1. Calculation principle

Coefficients (a — n) of the criteria equation (1) are established in such a way that their sum is a value ofone (a+ ... + n=1)
regardless of a number of metals and limit concentrations assumed for them (LXuy)). For the needs of waste assessment, on
the basis of the obtained analytical results from the TTLC procedure, limit values of the criteria concentrations of metals
(LX) determined in the mass of waste material for particular analyzed metals (LX) — LXwym) are summed as first; the
coefficient (nirric)) of metal (M) is calculated from the level of mass fraction of the metal limit concentration (LXyim))
with reference to a total pool of limit values of all quantitatively analyzed metal concentrations (Z(LXmqyrricy + ... T
LXwmmyrTLe)) = Ysiriey). Consequently, the coefficient n (for metal (M) for the assessment on the basis of the results
achieved from the TTLC procedure shall be determined from the following equation (2):

LX
_ M(n)(TTLC) . (2)

NerTLC) =,
> WX yayrrre) o FEX vy rrie)
n=1

According to a criterion of TCLP procedure, the proceedings to determine the coefficients nircrp) and the limiting level of
YsicreLr) parameter is analogous, except for the limit concentrations of leachable forms of metals in the tested eluate are
considered (Table 1).

Table 1. Criterial, limited concentrations of metals acc. to the procedures: TTLC and TCLP and determined toxicity coefficients

No. Metal Limit TTLC Coefticient Limit TCLP Coefficient
M) [mg-kg '] e’ [mgL]” nererp)”
1 Silver (Ag) 500 0.0155 5 0.0101
2 Arsenic (As) 500 0.0155 5 0.0101
3 Barium (Ba) 10000 0.3104 100 0.2011
4 Cadmium (Cd) 100 0.0031 1 0.0020
5 Cobalt (Co) 8000 0.2483 80 0.1609
6 Chromium (Cr) 2500 0.0776 5 0.0101
7 Copper (Cu) 2500 0.0776 25 0.0503
8 Mercury (Hg) 20 0.0006 0.2 0.0004
9 Nickel (Ni) 2000 0.0621 20 0.0402
10 Lead (Pb) 1000 0.0310 5 0.0101
11 Selenium (Se) 100 0.0031 1 0.0020
12 Zinc (Zn) 5000 0.1552 250 0.5028

where: detailed descriptions of procedures and levels of limited concentrations are given in:

9 U.S. Environmental Protection Agency. Test Methods for Evaluating Solid Waste: Method 3050B-Acid Digestion of Sediments, Sludges, and Soils; EPA
SW-846; Washington, DC, 1996; 12pp; accessed October 30, 2006, http://www.epa.gov/SW-846/pdfs/3050b.pdf;

 US EPA. Method 1311: Toxicity Characteristic Leaching Procedure; Washington, DC, 1992; accessed online October 30, 2006, http://www.epa.gov/sw-
846/pdfs/1311.pdf;

9 For specified group of analysed metals (M), the limit values (Ys.) are as follows: Ysycrric) = 32220 [mg'kg"] and Ysierepy = 497.2 [mng"].
2.2. Example

For known concentrations of metals (Ag, As, Ba, Cd, Cr, Co, Cu, Hg, Ni, Pb, Se and Zn), the criteria limits (Ysy(rr.c)) and
(Ysicrewp)) (based on limited levels of concentrations shown in Table 1) are respectively: Ygirricy = 32220.0 [mg-kg’l] and

)
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Ysiererry = 497.2 [mg-L™']. In the case of actual waste material: the worn-out elements of mobile telephones (Table 2) (on
the basis of average concentrations of metals in 34 waste mobile telephone units - the analytical data were taken from the
study [7]), the following values are obtained: Yy = 20154.0 [mg-kg'l] (Ysiermie) = 32220.0 [mg-kg'l]) and Y rcip) =
5.5 [mg-L‘l] (Ysererpy = 1222 [mg-L—'l]). The assessed waste material can be classified by comparing the values Y rric)
and Y rcrp) With reference to the values limiting the total toxicity of Ysi(rricy and Ysirerr). If the terms Y (rric) > Ysiermie)
and/or Y(rcre) > Ysirerry are fulfilled, the waste material fulfils toxic criterion. For reverse cases, the waste material is
classified as non-toxic in accordance with the TTLC or TCLP criteria. For the considered calculation, the achieved
classification is respectively:
a) In compliance with TTLC criterion:
Y rrie) (20154.0 [mg-kg’l]) < Ysyrriey (32220.0 [mg-kg’l]) — non-toxic waste material;
b) In compliance with TCLP criterion:
Y rcre) (5.5 [mg-L'l]) < Ysgicrerr) (122.2 [mg-L'l]) — non-toxic waste material.

The verification procedure (Ysrric) and/or Ygererp)) consists in comparing the sums of concentrations of the determined
metals (Yserric or TeLp)) for the assessed waste material with the sums of limited concentrations (Y sy (rric or TcLp)) according to
the TTLC and TCLP criteria (for actual cases taken from literature, the determined parameters of toxicity are listed in
Table 2 and Figures 1- 3).

3. Results and discussion

A fast development of technological achievements brings customers world-wide new generations of cell telephones, tablets,
smart phones, e-book readers and other more and more advanced electronic novelties. When their practical lifetime elapses,
they will become a huge waste material classified as non-hazardous, hazardous or toxic wastes, according to the
acknowledged criteria. Their final assessment and classification will decide about their further disposal: e.g. in recycling
systems, physico-chemical or thermal treatment, or final waste disposal. Metal and organic compounds contained in the
materials used to manufacture electronic goods such as: pigments, stabilisers, flame retardants, fillers etc. may appear to be
significantly hazardous [15]. Analytical procedures used to determine the criteria analyte concentrations are of crucial
importance. Generally, metals contained in polymer masses are determined with the use of techniques such as: AAS (atomic
absorption spectrometry) [15-18], SS-GF AAS [19-21], inductively coupled plasma mass spectrometry (ICP-MS) [16, 17,
22], X-ray fluorescence spectrometry (XRFS) [15,16,23,24]. The analysis of metals contained in mobile telephone units in
compliance with TTLC procedure is based on mineralizing test samples with acids: HNO; or HCl in the presence of H,O,
and the later determination of the individual metals by AAS or ICP-AES, or ICP-MS [21,25-27].

The results for total toxicity of cell telephones and their subsets are presented in Tables 2-4 (the results of actual
concentrations were taken from studies [7,12,13]). To estimate toxicity, the concentrations (min., mean and max.) of metals
(M) applied in this study were determined with the following procedures: TTLC (Tables 2-4) and TCLP (Table 2). For
final assessment and comparison of the established criteria parameter values, it is worth noticing that for Ag, As, Ba, Cd,
Co, Cu, Hg, Ni and Se the TTLC limit values of criteria concentrations are 100 times higher than the limit concentrations
defined as criteria in the TCLP procedure. It is differently for zinc (Zn): 2 times, lead (Pb): 200 times, and for chrome (Cr):
even 500 times. This fact is of significant importance for the values of the determined coefficients nirric or erpy and Ysyerric
ortcLp) (Table 1).

To compare parameters Y (rric) or (rcipy With Ysirric) or (reipy for the same metals (M) on the basis of actual
concentrations identified for waste mobile telephones (the analytical data is taken from the study [7]), two variants for
toxicity assessment were listed in Table 2. The first group was established for the sum of all determined metals (M) and
the other one (presented in brackets) - excluding Co, Cu, Ni and Zn (not given in the source material - not determined [7]).
Based on actual quantitative analysis of metals, the presented example classifies waste material as non-toxic for all
analytically determined ranges of concentrations when the parameters Y rcipyand Ygi(rcrp) are assessed according to TCLP
criteria (i.e. the concentrations of metals determined in 2.0 L of leached solution from 100.0 g of solid sample). The
verification of calculations (Ygrcip) confirms the assessment of non-toxic waste for minimum and average values of
concentrations. However, the maximum values are qualified as toxic (Table 2). Using TTLC criteria, for which the
concentrations refer to the mass of mineralized sample, the value of (Y(rrcr)) parameter classifies the assessed waste
material as non-toxic while the verification (Ygrric)) as toxic for mean and maximum values of metal concentrations (M)
(both variants of the evaluation). For minimum concentration ranges and considering all concentrations of all the analyzed
metals (M), the divergent toxicity assessments are found. For the variant excluding the concentrations of Cu, Pb, Ni and
Zn that exceed the limiting levels of the TTLC criterion, we achieve the assessment result which does not change the total
toxicity Yrric)on the basis of equation (1) — the analyzed waste material is assessed as non-toxic. Analyzing actual metal
concentrations determined in the wastes in accordance with TCLP procedure, it can be noticed that only Pb exceeds the
threshold value - the limit TCLP criterion (by ca. 17 times) and the waste material can be assessed as hazardous with regard
to that metal. If Pbercrp)> 100 mg-L"l, there is a discrepancy between the classification using the parameters: Y rcip)and
Yscrerr The actual concentrations obtained from the TTLC indicate the largest limit exceeding values (multiples of
allowable concentration limits) for: copper (Cu) (ca. 81 times), lead (Pb) (ca.10), nickel (Ni) (ca. 5) and zinc (Zn) (ca. 2).
According to the U.S. environmental legislation (EPA), four hazardous waste codes may be assigned for such waste
material. However, it should be noticed that in that particular case a significant impact on the value of parameter Y rcip)has
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the lack of the determination for Cu, Ni, Zn concentrations (in the context of the TCLP in accordance with the source
material [7]). Lead (Pb) is the main metal which concentration affects the divergence while making classification based on
parameters Ygrric or Tcp). Comparing allowable limit values of metal concentrations for hazardous wastes in methods
TCLP and TTLC, a 100-time difference in limit values can be noticed in most cases. Consequently, the calculated total
toxicity may classify the tested waste material as non-toxic. The verified result may be interpreted by the impact on
summary toxicity Y ric)of the individual metals for which the determined concentrations exceed allowable criteria limits.
Better compliance with toxicity assessment on the basis of concentrations of leachable metals of the analyzed waste material
is obtained for the results from the TCLP procedure (the classification of wastes based on Y (rcrpand Ygercrp) (Table 2).

Table 2. Determination and verification of toxicity for mobile telephones in compliance with the criteria of TTLC and TCLP based on minimum,
average and maximum concentration values taken from the analytical data contained in the study [7]

Metal (M), Concentration [mg-kg™]
YSLrTLC) or (TCLP)s min. max. average
Y (rL) o (TCLP) TTLC [mg'kg TCLP [mgL~ TTLC TCLP [mg'L~ TTLC [mgkg  TCLP [mgL
Ym0y or (i ] ] [mgkg] '] ] ']
Silver (Ag) 9.28 0.0 177 0.010 65.9 0.006
Arsenic (As) 20.1 0.056 60.0 0.067 36.1 0.062
Barium (Ba) 1410 1.46 9260 2.88 5383 2.33
Cadmium (Cd) 2.67 0.0006 34 0.006 293 0.004
Cobalt (Co) 72.0 n.d. 460 n.d. 241.3 n.d.
Chromium (Cr) 253 0.04 2330 0.13 958 0.07
Copper (Cu) 186000 n.d. 224000 n.d. 203000 n.d.
Mercury (Hg) 0.37 0 1.7 0.010 0.79 0.006
Nickel (Ni) 6340 n.d. 11200 n.d. 9247 n.d.
Lead (Pb) 8220 382 11600 147.0 10140 874
Selenium (Se) 481 0.073 6.9 0.12 59 0.093
Zinc (Zn) 8820 n.d. 12800 n.d. 11007 n.d.
Toxicity (calculated according to criteria equation (1))
Ysvurrie) Of Ysirerey 32220 1222 32220 1222 32220 1222
(14720)” (14720)° (14720)”
Yrruoyor Yrerp 16925 2.76 23595 8.38 20154 (4512) 549
(1560) (7483) R
Classification based NT NT NT NT NT NT
on Yrrioyand Yrcp) (NT) (NT) (NT)
Yscrrio)or Ysererr 211152 39.83 271899 150.22 240088 89.97
(9920)” (23439)% (16593)”
Classification based T NT T T T NT
on Ysrreey and Ysercer)” (NT) (T) (T)

where: ¥ n.d. — not detected analytical data; ® the brackets show the values of Ys;, Y and Ys without the concentrations of Co, Cu, Ni and Zn
to compare the criteria of toxicity; © the classification of waste material: NT — non-toxic and T — toxic.

Figure 1 presents the calculations for total toxicity of waste mobile phones on the basis of determined concentrations of
four metals (Ag, Cd, Cu and Pb) in accordance with TTLC procedure (analytical data taken from the study by Nnorom and
Osibanjo [13]). For such a small number of metals, the determined toxicity and its verification are convergent, classifying
the analyzed wastes as toxic. In order to compare, Figure 1 only includes the concentrations of these metals and parameters
Y rriey Ysierrieys Yserriey from the study [7]. Figure 2 shows values for the total toxicity calculation if the other metals (As,
Ba, Cr, Co, Hg, Ni, Se, Zn plus to Ag, Cd, Cu, Pb) from the cited source of study [7] were used to estimate total toxicity.
The difference between the classification methods based on Y rric)can be explained by smaller values of the coefficients
(a—n) for equation (1) when toxicity is assessed for all metals.

Calculations for Figures 1 and 2 include the parameters for two metals exceeding threshold concentrations in TTLC
procedure: copper (Cu) and lead (Pb), and Figure 3 includes respectively: cobalt (Co) and nickel (Ni). The presence of these
metals (among the 4 analyzed ones) of concentrations higher then their limit levels unambiguously assesses the waste
material as toxic in accordance with the TTLC criteria . On this basis, the rechargeable battery electrode (RBE) is classified
as toxic (Y(rroe) and Yserrie) > Ysurrie)) and the printed wiring board (PWB), respectively, as non-toxic (Y(rric) and
Yscrrie) < Ysuerriey) (Figure 3). The classifications of waste mobile telephones made on the basis of parameters Y rric)and
Y srie) qualify them to the same category.
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Fig. 1. Determination (Y rr.c)) and verification (Yserric)) of toxicity for mobile telephones in compliance
with the criteria of TTLC (Ysi(rrLe)) based on minimum, average and maximum concentration values taken
from the analytical data (only for Ag, Cd, Cu and Pb) contained in studies [7, 13]

10115833253
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Fig. 2. Comparison of calculated (Y rr.c)) and verified (Ysrric) total toxicity for the literature data [7, 13].
Where: k — the number of analyzed waste samples; a) — when other metals (As, Ba, Cr, Co, Hg, Ni, Se, Zn plus
to Ag, Cd, Cu, Pb) from the cited source [7] were used to estimate total toxicity
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rSL(TTLC) = 12600
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min l|average! max
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Fig. 3. Determination (Y rrLc)) and verification (Yscrric)) of toxicity for the waste rechargeable battery
electrode (RBE) and the printed wiring board (PWB) of mobile phones, in which minimum, average and maximum metal
concentrations were determined in compliance with TTLC procedure based on the data taken from the study [12].
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4. Conclusion

This study presents the parameters corresponding to potentially bioavailable pools to make the assessment of waste
materials on the basis of known metal concentrations determined for exemplary waste material in accordance with the
TTLC and TCLP procedures. As it is shown in tabular lists of values for the parameters: Y rric or rerpy @nd Yserric or Torey, in
the assessments based on actual metal concentrations, the non-exceedance of the permissible TTLC limit of one parameter
(Cr or Pb — determined parallelly) can be ambiguous as regards both the assessment of the calculated toxicity Y according to
equation (1) and the assessment of verification Y. It should be noticed that the presented waste toxicity issue that takes into
account the total and leached concentrations does not include possible effects of antagonism and synergisms, specific to a
given component of the environment that may affect the actual level of toxicity in relation to the specific forms of
biocenosis. Assessing the total toxicity of wastes on the basis of metals contained or leached from them, it is initially
allowable to consider a sum of the individual ones, especially those determined in compliance with TTLC procedure, but in
the next, more complex toxicological approach, the potential synergistic and/or antagonistic effects should be taken into
account.
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