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Abstract: Anthropogenic mineral residues are characterized by their material complexity and
heterogeneity, which pose challenges to the chemical analysis of multiple elements. However,
creating an urban mine knowledge database requires data using affordable and simple chemical
analysis methods, providing accurate and valid results. In this study, we assess the applicability of
simplified multi-element chemical analysis methods for two anthropogenic mineral waste matrices:
(1) lithium-ion battery ash that was obtained from thermal pre-treatment and (2) rare earth elements
(REE)-bearing iron-apatite ore from a Swedish tailing dam. For both samples, simplified methods
comprising ‘in-house’ wet-chemical analysis and energy-dispersive X-ray fluorescence (ED-XRF)
spectrometry were compared to the results of the developed matrix-specific validated methods.
Simplified wet-chemical analyses showed significant differences when compared to the validated
method, despite proven internal quality assurance, such as verification of sample homogeneity,
precision, and accuracy. Matrix-specific problems, such as incomplete digestion and overlapping
spectra due to similar spectral lines (ICP-OES) or element masses (ICP-MS), can result in quadruple
overestimations or underestimation by half when compared to the reference value. ED-XRF analysis
proved to be applicable as semi-quantitative analysis for elements with mass fractions higher than 1000
ppm and an atomic number between Z 12 and Z 50. For elements with low mass fractions, ED-XRF
analysis performed poorly and showed deviations of up to 90 times the validated value. Concerning
all the results, we conclude that the characterization of anthropogenic mineral residues is prone to
matrix-specific interferences, which have to be addressed with additional quality assurance measures.

Keywords: multi-element chemical analysis; mineral residues; simplified chemical analyses; lithium
battery ash; mining waste; urban mine; recycling; resource recovery

1. Introduction

Anthropogenic mineral residues are low-grade inorganic resources that arise as by-products or
wastes from the extraction of primary raw materials or recycling processes (synthetic minerals) with
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high annual mass flows [1]. Recently, these residues came into focus, as they play a significant role
in the European Union (EU) Raw Materials Initiative ‘RMIS’ [2] to recover secondary raw materials
from the urban mine and ensure raw material supply. In addition to increasing resource efficiency,
the strategies of the EU RMIS for securing the supply of raw materials include the characterization
of mineral residues from the urban mine and the creation of an improved knowledge database for
mineral deposits [2]. Extraction from anthropogenic ores is to be considered, particularly if elements
(a) occur in high mass fractions, (b) are of environmental concern, or (c) economically interesting to be
recovered, e.g., due to the classification as a critical element defined by the EU [3].

For an improved urban mine knowledge database, as well as for the evaluation of recoverability
and compliance with environmental limits, valid information on the composition or presence of
individual elements is essential. Prerequisites for this information are suitable and quality-assured
analytical methods with proven applicability (specific to element and sample), high accuracy, and
repeatability of the measurement for the respective sample matrix.

However, chemical analysis of the anthropogenic mineral samples is often challenging, due to
element variety, matrix complexity, and material heterogeneity. These characteristics lead to the fact that
analytical quality assurance using, e.g., standardized operation procedures or matrix-specific certified
reference materials are intricate and elaborate. The chemical analysis of anthropogenic mineral residues
lacks applicable reference methods, so that the methods that are used for similar sample matrices often
vary. An indicative literature review showed that the methods that are applied for multi-element
chemical analysis of anthropogenic ores are based on various references, comprising general national
and international standards for waste, soil, and water [4–7] or individual methods that were developed
and validated for a specific application. The procedures include sample preparation by means of
fusions [8] or acid digestion with various acid blends comprising sulfuric acids [9–14], nitric acids [15],
aqua regia [16,17], hydrochloric, hydrofluoric, nitric, and perchloric acids [18], or other blends [11,19,20].
Measurement methods comprise non-destructive X-Ray Fluorescence (XRF) [19,21,22], Inductive
Coupled Plasma (ICP) with Optical Emissions Spectrometer (ICP-OES) [9–11,14–16,19,20,23–27], and
Mass Spectrometry (ICP-MS) [19,28] or Atomic Absorption Spectrometry (AAS) [9–15,17,26,29].

Validated methods aim to generate reliable results under consideration of the material complexity,
and thus the high variability of the influencing effects caused by, e.g., complexing, precipitation,
volatilization, interferences, and measurement inaccuracies [8]. Consequently, the analytical effort
increases, since multiple method variations must be tested, such as measurement devices, mode
settings, reagents, and the additional measurement of potentially disturbing elements. This complexity
leads to the consideration of method simplifications, which reduces the expenditure of the analytics or
allows for examining a higher number of primary samples in order to evaluate the sampling uncertainty
better. However, procedural modifications and simplifications carry the risk that systematic errors lead
to significant deviations from the true analytical value, as demonstrated for multi-element chemical
analysis of other organic-rich waste matrices, such as Paper/Cardboard and Composites [30] or printed
circuit boards [31].

In this article, we assess the applicability of simplified multi-element chemical analysis methods
for complex mineral waste matrices that show highly different mass contents of many elements.
This study is part of an extensive effort to investigate multi-element chemical analysis of different
anthropogenic ore matrices, addressing printed circuit boards [31], automobile shredder residues
(submitted to recycling), and mineral residues (this article). The overall objective of this research
effort is to examine the sample- and element-specific effects of multi-element chemical analysis on the
resulting compositional data.

This study was conducted on two mineral waste samples that were obtained from the thermal
pre-treatment of lithium-ion batteries and an iron-apatite tailing dam. Firstly, the matrix-specific
validated methods were developed to determine the elemental composition of the samples. Secondly,
the results were compared to more simplified methods comprising non-destructive energy-dispersive
X-ray fluorescence (ED-XRF) spectrometry and routine ‘in-house’ wet-chemical methods. Method
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validation was performed by spiking experiments of liquid standards, blank samples, as well as in the
sample matrix. The applicability of the simplified methods was checked by the relative difference from
the validated values and a significance test (Welch’s t-test).

2. Materials and Methods

2.1. Sample Origin and Physical Sample Preparation

Two anthropogenic mineral samples were used to assess the applicability of simplified
multi-element chemical analysis methods. The samples have a similar matrix, i.e., they are inorganic,
completely oxidized, and have a high element diversity. The origin, sampling, and physical sample
preparation are explained in the following.

2.1.1. Battery Ash Sample (BATT)

The battery ash sample (BATT) originates from the thermal pre-treatment of approximately 10 t of
cobalt-poor lithium batteries and accumulators. The lithium batteries that were investigated comprise
a large number of different chemical subsystems consisting of the following components: metal sleeve,
positive electrode (e.g., LiFePO4, LiCoO2, LiNiO2, LiMn2O4, Li/SOCl2 [32]), negative electrode (metal
oxide that also intercalates Li-ions, such as LixCoO2, LixNiO2, or LixMn2O4), electrolyte (organic
solvents with salts, such as LiPF6 or LiAsF6), and separator foils (Al, Cu) [33].

The batteries were continuously placed over 24 h in a brick-lined rotary kiln and thermally treated
at approximately 850 ◦C, after the removal of all residual incinerated material. The battery cases
immediately exploded due to the chemically bound residual energy, so that the contained components
were almost completely liberated. As a result, the volatile components, such as the electrolyte, were
transferred to the gas phase and separated by built-in filter systems. The remaining mineral masses
oxidized almost entirely at a residence time of approx. 30 min. Before being sieved at a mesh size of
30 mm, the process output went through an installed water quench, which was used to cool down
the sample material and impede further incineration reactions. The main constituents of the coarse
material were metal sleeves and construction aids, such as screws or metal grids. The mineral fine
fraction that accounted for approximately 40% of the total process input was sampled according to
‘Guideline for the procedure for physical, chemical and biological investigations in connection with the
recycling/disposal of waste to the guideline for sampling (LAGA PN98)’ [34]. Subsamples were taken,
mixed, and reduced to a lab sample of 40 L final volume.

The lab sample was dried at 105 ◦C, according to DIN EN 14346 ‘Characterization of
waste–Calculation of dry matter by the determination of dry residue or water content’ [35]. Subsequently,
a sieve analysis machine (Haver EML digital plus) was used to sieve the dry material to a particle size
< 1 mm. This material was further ground to a final particle size < 0.2 mm while using a planetary mill
(Retsch PM400) in combination with tungsten carbide grinding bowls (see Figure 1a) and it constitutes
the sample that was investigated in this study. The powdery sample mainly consists of the inorganic
electrode material and it still contains metallic and other valuable constituents.
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Figure 1. Scheme of mechanical processing for the battery ash sample (a) and mining waste sample 
(b). 
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The mining waste sample (MIN) originates from the Hötjärn tailing dam of the concentrator 
that was located at the Grängesberg deposit in Sweden. Tailings from the Grängesberg deposit are 
estimated at 5.6 million tons (Mt), of which most were deposited in the Hötjärn tailing dam. The 
dominant mineral in Grängesberg was apatite (Ca5(PO4)3F) with magnetite (Fe3O4) [36], containing 
on average Fe 42.0%, Mn 0.14%, P2O5 1.97% [37]. The primary purpose of the ore processing was to 
enhance the iron metal grade, rather than remove apatite or other constituents from the concentrate 
[38]. Hence, the apatite minerals are often rich in rare earth elements (REE) [39] or they may contain, 
depending on their location and extraction technology, other elements that are classified as critical 
[40], such as Mg, Ga, Si, W, Co, Nb, and V (mass fractions around 1%). 

The MIN sample was taken from the upper layer on top of the Hötjärn tailing dam. 
Approximately 10 kg of the dark gray and powdery sample material was mixed and then reduced to 
a 2 kg laboratory sample. A planetary ball mill (Retsch PM400) with tungsten carbide grinding 
bowls was used to grind the material to a particle size of <0.2 mm. Subsequently, a rotary sample 
divider (Retsch PTZ) was used to create 64 aliquots for the chemical analysis. Figure 1b shows the 
mechanical processing of the mining waste sample. 

2.2. Chemical Analysis 

2.2.1. General Approach 

For each of the two samples, chemical analyses were performed comprising of a sophisticated 
validated method, a simplified wet-chemical in-house method, and non-destructive 
energy-dispersive X-ray fluorescence (ED-XRF) analysis. 

Firstly, validated methods were developed by Empa, Advanced Analytical Technologies (L1) 
by undertaking an element-specific and extensive investigation according to DIN EN ISO/IEC 17025 
‘General requirements for the competence of testing and calibration laboratories’ [41]. 
Wavelength-dispersive X-ray fluorescence (WD-XRF) spectrometry and wet-chemical analysis using 
Inductively Coupled Plasma (ICP), in combination with Optical Emissions Spectrometry (ICP-OES) 
and Mass Spectrometry (ICP-MS) for element detection were employed. The wet-chemical analysis 
was validated while using sophisticated testing of, among other things, varying acid mixtures, 
measurement settings, as well as gas reaction and collision modes for ICP-MS. Method validation 
was realized with (1) analysis of potentially interfering elements, such as oxygen, carbon, and 

Figure 1. Scheme of mechanical processing for the battery ash sample (a) and mining waste sample (b).

2.1.2. Mining Waste Sample (MIN)

The mining waste sample (MIN) originates from the Hötjärn tailing dam of the concentrator that
was located at the Grängesberg deposit in Sweden. Tailings from the Grängesberg deposit are estimated
at 5.6 million tons (Mt), of which most were deposited in the Hötjärn tailing dam. The dominant
mineral in Grängesberg was apatite (Ca5(PO4)3F) with magnetite (Fe3O4) [36], containing on average
Fe 42.0%, Mn 0.14%, P2O5 1.97% [37]. The primary purpose of the ore processing was to enhance the
iron metal grade, rather than remove apatite or other constituents from the concentrate [38]. Hence,
the apatite minerals are often rich in rare earth elements (REE) [39] or they may contain, depending on
their location and extraction technology, other elements that are classified as critical [40], such as Mg,
Ga, Si, W, Co, Nb, and V (mass fractions around 1%).

The MIN sample was taken from the upper layer on top of the Hötjärn tailing dam. Approximately
10 kg of the dark gray and powdery sample material was mixed and then reduced to a 2 kg laboratory
sample. A planetary ball mill (Retsch PM400) with tungsten carbide grinding bowls was used to grind
the material to a particle size of <0.2 mm. Subsequently, a rotary sample divider (Retsch PTZ) was
used to create 64 aliquots for the chemical analysis. Figure 1b shows the mechanical processing of the
mining waste sample.

2.2. Chemical Analysis

2.2.1. General Approach

For each of the two samples, chemical analyses were performed comprising of a sophisticated
validated method, a simplified wet-chemical in-house method, and non-destructive energy-dispersive
X-ray fluorescence (ED-XRF) analysis.

Firstly, validated methods were developed by Empa, Advanced Analytical Technologies (L1)
by undertaking an element-specific and extensive investigation according to DIN EN ISO/IEC
17025 ‘General requirements for the competence of testing and calibration laboratories’ [41].
Wavelength-dispersive X-ray fluorescence (WD-XRF) spectrometry and wet-chemical analysis using
Inductively Coupled Plasma (ICP), in combination with Optical Emissions Spectrometry (ICP-OES)
and Mass Spectrometry (ICP-MS) for element detection were employed. The wet-chemical analysis was
validated while using sophisticated testing of, among other things, varying acid mixtures, measurement
settings, as well as gas reaction and collision modes for ICP-MS. Method validation was realized with
(1) analysis of potentially interfering elements, such as oxygen, carbon, and halogens, (2) element
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spikes added before digestion, (3) dilution experiments, and (4) the use of certified standard reference
material for MIN (CCRMP REE-1 from National Resources Canada [42]).

Secondly, routine in-house wet-chemical methods were carried out at Technische Universität
Berlin, Chair of Circular Economy and Recycling Technology (L2), while applying general quality
assurance measures, also based on DIN EN ISO/IEC 17025. The term ‘in-house methods’ refers to
procedures that are assessed in-house according to national and international guidelines and standards,
such as DIN EN 13657 ‘Characterization of waste-Digestion for subsequent determination of aqua
regia soluble portion of elements’ [4]. The in-house methods are based on the validated methods, but
apply simplification, which represents common procedures for routine analysis with usual resource
constraints. Simplifications comprise standard measurement settings for general sample matrices, the
avoidance of hydrofluoric acid (HF) for digestion, and the limitation of helium as the reaction gas for
ICP-MS. Nevertheless, for a better comparison, the element detection was done while using the same
element masses (ICP-MS) and spectral lines (ICP-OES), if applicable. Element recovery rates in liquid
standards, blinds, and samples served for method validation.

Thirdly, ED-XRF spectrometry was employed by L2 to analyze both of the samples.
Finally, the results of in-house and ED-XRF measurements were compared to the reference values

that were determined with the validated methods to assess the applicability of simplified methods and
to identify particularly difficult cases.

2.2.2. Element Selection

Factors, such as sample origin, the criticality of elements [40], ED-XRF pre-scan results, and
potential chemical interferences that affect the analysis result were considered for the selection of
elements. The elements were grouped in ferrous metals (Cr, Fe, Mn, Nb, Ni, V), non-ferrous metals (Al,
Co, Cu, Mg, Pb, Sn, Ti, Zn), precious metals (Au, Pd), specialty metals (As, Ba, Cd, Ga, Li, Sb, Sr, W, Zr),
rare earth elements (Ce, Dy, Gd, La, Nd, Pr, Sm, Y, Yb), and other elements (Ca, Cl, K, P, Rb, Si). Among
these elements, Co, Ga, Mg, Nb, P, Pd, Sb, W, and all REE were classified as critical raw materials for
the European Union in 2017 [40]. As, Cd, Cr, and Pb, are particularly relevant for compliance with
environmental limit values. In addition to Cl, F was determined with the validated method, since
halogens can lead to interferences that are caused by precipitation as a result of salt formation with
metals [8]. The determination of C and O was used to characterize the sample matrix and to select the
digestion acids. A total of 19 elements for BATT and 32 elements for MIN were selected, analyzed, and
used for comparison with the simplified methods (see Table 1).

Table 1. Element group and elements measured in the Battery Ash Sample (BATT) and Mining Waste
Sample (MIN) sample.

Element Group Battery Ash Sample (BATT) Mining Waste Sample (MIN)

Ferrous metals Fe, Mn, Ni, V Cr, Fe, Mn, Nb c, Ni, V
Non-ferrous metals Al, Co c, Cu, Pb, Ti, Zn Al, Co c, Mg c, Sn, Zn
Precious metals Au, Pd c -
Specialty metals As, Cd, Sb c As, Ba, Ga c, Li, Sr, W, Zr
REE Ce c, La c Ce c, Dy c, Gd c, La c, Nd c, Pr c, Sm c, Y c, Yb c

Other Cl, P, F *, C *, O * Ca, K, P c, Rb, Si, C *, O *

*: not included in comparison but analyzed for interpretation of results and possible interferences, c: Classified as
critical raw materials [40].

2.2.3. Wet-Chemical Analysis

Table 2 summarizes the wet-chemical analysis of the validated and in-house method for BATT and
MIN. The validated wet-chemical analysis of BATT comprised two different reagent mixtures: Acid (1)
HNO3-HCl (aqua regia, AR) and Acid (2) HNO3-H2O2. For wet-chemical analysis of MIN, two reagent
mixtures were performed: Acid (1) HNO3-HCl (aqua regia) and Acid (2) HCl-HNO3-HF. Additionally,
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Acid (3) H2SO4-HNO3 was used as the reference digestion for As in both samples to take into account
its high volatility as a hydride builder in wet-chemical digestion processes that occur even with closed
digestion systems like microwave-assisted digestion (MWD) or high-pressure asher (HPA-S, Anton
Paar) [43]. MWD was carried out while using a microwave MLS START, followed by element detection
with ICP-OES Varian Vista Pro Radial and ICP-MS Agilent 8800 QQQ. Measurements with ICP-MS
were done with an Octopole Reaction System (ORS), varying the reaction gases helium and oxygen.

For in-house wet-chemical analysis of BATT and MIN samples, six replicates were weighed in on
0.2 g (n = 6) and then dissolved with microwave-assisted digestion. For BATT, two reagent mixtures
were performed for the selected elements based on L1 comprising Acid (1) HNO3-HCl (aqua regia)
and Acid (2) HNO3-H2O2. The MIN sample was dissolved in one reagent mixture that consisted of
10 mL aqua regia. MWD for BATT and MIN were performed with CEM MarsXpress and CEM Mars 5,
respectively. After cooling to approx. 30 ◦C, all of the solutions were filtered through a Munktel 131
filter (rinsed with 0.5 M HNO3) in a 50 mL flask and filled up with 0.5 M HNO3. The elemental mass
fractions were determined with ICP–OES Thermo Scientific iCap 6000 Series and ICP–MS Thermo
Scientific iCap Q using kinetic energy discrimination mode (KED) with the reaction gas mode helium
as shown in Table 2.

Halogens are of analytical importance due to their high electronegativity and reactivity, which
can lead to interferences, for example, which are caused by precipitation due to the salt formation with
metals. The total halogen content (F, Cl) in BATT was analyzed with a PARR® Oxygen digestion bomb
(IKA) with 30 bar of pressure and ion-chromatography (IC) detection following DIN EN 14582 [44] (see
Supplementary Materials Table S1). Oxygen and carbon contents were determined with the melting
combustion method. Both of the samples were combusted at 3000 ◦C for O and 2000 ◦C for C and
detected by infrared while using LECO CS844 and LECO TC-500, respectively.

2.2.4. Wavelength Dispersive X-ray Fluorescence Spectrometry (WD-XRF)

In addition to the validated wet-chemical method, the MIN sample was analyzed with WD-XRF.
After testing other sample preparations, such as the direct measurement on the powder sample and the
production of a wax pellet, the fusion method with the following specifications was selected. A fusion
of 8 g Lithium tetraborate and Lithium metaborate was added to 1 g mining waste and then melted at
1200 ◦C in a muffle furnace Fluxana Vitriox. The melted material was subsequently transferred into a
platinum dish. After cooling down, the main elements were directly measured in the standardless
measurement mode (10 min) with WD-XRF Primus IV (Rigaku, Japan), following the Empa-SOP No.
6000 (see Table 3). WD-XRF measurement was performed for Al, Ca, Fe, K, Mg, Mn, Na, P, Rb, Si, V, Y,
and Zn with replicates of five. Elements with an atomic number < Z 12 cannot be detected with the
applied method, since the elements do not provide sufficiently meaningful energy spectra to enable
quantification. For quality assurance, the certified reference sample CCRMP REE-1 [42] was included
in the measurement series. The detection limit for the elements in the fusion tablet corresponds to
approximately 0.01% due to dilution with the fluxing agent.
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Table 2. Wet-chemical analysis procedure.

Validated Method In-House Method

Microwave-assisted digestion (MWD)

Samples BATT MIN BATT MIN

Device name MLS START MLS START CEM Mars 5 CEM MarsExpress

Acid (1):
mixture 7 mL aqua regia (AR) 7 mL aqua regia (AR) 7 mL aqua regia (AR) 10 mL aqua regia (AR)

Acid (1):
elements As, Au, Ce, La, P, Sb, Ti As, Ce, Dy, Gd, La, Li, Nd, Pr, Sm, Yb As, Au, Ce, La, P, Sb

As, Ba, Ce, Co, Cr, Dy, Ga,
Gd, La, Li, Nb, Nd, Ni, Pr,
Sm, Sn, Sr, V, Y, Yb, Zn, Zr

Acid (2):
mixture 6 mL HNO3 + 1 mL H2O2 7 mL aqua regia (AR) + 1.5 mL HF 6 mL HNO3 + 1 mL H2O2 -

Acid (2):
elements Al, Cd, Co, Cu, Fe, Li, Mn, Ni, Pb, Pd, V, Zn Ba, Co, Cr, Ga, Nb, Ni, Sn, Sr, W, Zr Al, Cd, Co, Cu, Fe, Mn,

Ni, Pb, Pd, Zn -

Acid (3):
mixture 7 mL H2SO4 + 1 mL HNO3 7 mL H2SO4 + 1 mL HNO3 - -

Acid (3):
elements As As - -

Quality of
acids

MERCK HCl 30% (s.p.);
MERCK HNO3 65% (s.p.);
MERCK H2O2 30% (s.p.);
MERCK H2SO4 48% (p.a)

MERCK HCl 30% (s.p.);
MERCK HNO3 65% (s.p.);
MERCK HF 40% (s.p.);
MERCK H2SO4 48% (p.a)

Roth HNO3 69% (s.p.);
Roth H2O2 35% (pure)

Digestion
program

Step Power (W) Time (min) Temp. (◦C) Power (W) Time (min) Temp. (◦C) Power (W) Time (min) Temp. (◦C) Hold. (min)

1 700 6 150 700 11 200 1600 5 150 6
2 800 5 200 800 16 240 1600 5 200 5
3 800 18 215 0 30 0 1600 5 215 18
4 0 25 0 - - - 1600 5 0 25

No. of
digestions n = 5 n = 3 n = 6 n = 6

Sample mass
digested 0.2 g 0.1 g (0.5 g for Acid (3)) 0.2 g 0.2 g
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Table 2. Cont.

Validated Method In-House Method

Final volume 50 mL (PP tube); filled with 2 mol/L HCl s.p
(Acid (1)); H2O deionized (Acid (2) and Acid (3))

50 mL (PP tube), filled with 2 mol/L HCl
s.p. (Acid (1) and Acid (2)); H2O
deionized (Acid (3))

50 mL (PP tube); filled with 0.5 M HNO3

Validation Element spikes for samples added before
digestion.

Element spikes for samples added before
digestion. Dilution experiments (1:10,
1:100). Certified reference material
CCRMP REE-1.

Element spikes for samples and blinds added before
digestion as well as for liquid standards
without digestion.

Analytical determination

ICP-OES
name Varian Vista Pro Radial Varian Vista Pro Radial Thermo Scientific iCap 6000 Series

ICP-OES
elements Al, As, Co, Cu, Fe, Li, Mn, Ni, P, Pb, Sb, Ti, Zn Ce, La Al, As, Cd, Co, Cu, Fe,

Mn, Ni, P, Pb, Sb, Zn

As, Ba, Ce, Co, Cr, Dy, Ga,
Gd, La, Li, Nb, Nd, Ni, Pr,
Sm, Sn, Sr, V, Y, Yb, Zn, Zr

ICP-MS
name Agilent 8800 QQQ Agilent 8800 QQQ Thermo Scientific iCap Q -

ICP-MS
elements

Au (O2), Cd (He), Ce (O2), La (O2), Pd (He), V
(O2)

As (He), Ba (O2), Co (O2), Cr (He), Dy
(O2), Ga (O2), Gd (O2), Li (He), Nb (O2),
Nd (He), Ni (He), Pr (O2), Sm (He), Sn
(He), Sr (O2), W (He), Yb (He), Zr (He)

As, Au, Cd, Ce, La, P, Pb,
Pd, Sb, Zn -

ICP-MS gas
mode He (collision), O2 (reaction gas) He (collision), O2 (reaction gas) He (collision) -
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Table 3. Wavelength-dispersive X-ray fluorescence (WD-XRF) analysis procedure for MIN sample.

Specification Validated Method

Pre-Treatment
Samples MIN
Fusion 8 g Li2B4O7 and LiBO2
Sample mass 1 g
Muffle furnace Fluxana Vitriox
Temperature 1200 ◦C
Number of replicates n = 5
Validation Certified reference sample CCRMP REE 1

WD-XRF Measurement
WD-XRF device name Primus IV (Rigaku, Japan)
Calibration Standardless calibration
X-ray source Rhodium source 4 kW
Measurement time 10 min
WD-XRF elements Al, Ca, Fe, K, Mg, Mn, Na, P, Rb, Si, V, Y, Zn
LOD Approximately 0.01%

2.2.5. Energy Dispersive X-ray Fluorescence Spectrometry (ED-XRF)

Chemical analysis using ED-XRF is gaining importance for fast and non-destructive testing. This
technology is used for the analysis of scrap metals or soil samples and, more recently, for the analysis of
additives in plastics [45–49]. ED-XRF analysis was conducted by L2 with a handheld 50 keV ED-XRF
‘NITON XL3t-Air’ (Analyticon). Without further sample preparation, the powdery material was
transferred to the sample cups (SC-4331 by FluXana) while using a polypropylene foil. The subsamples
(seven for BATT, eight for MIN) were measured in ‘MINING’ mode with a total measuring time of
120 s, 30 s per filter: main, low, high, and light. The limits of detection (LODs) vary element-wise
from a few ppm to a few hundred ppm for light elements, such as Mg [50]. Elements with an atomic
number less than Z 12 cannot be detected. Limit of quantification (LOQ) is approximately 0.05%. This
instrument is calibrated for the following elements in a mineral SiO2 matrix (MINING mode): Mg,
Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Br, Rb, Sr, Y, Zr, Nb, Mo, Pd, Ag,
Cd, In, Sn, Sb, Ba, Hf, Ta, W, Re, Pt, Au, Pb, La, Ce, Pr, Nd, Th, and U. The number of individual
measurements per subsample was 36 for BATT and 24 for MIN. If the double standard deviation of
one measurement is more than 0.5 times the measured value, the ED-XRF returns ‘<LOD’ and the
number of measurements per sample decreases.

2.3. Data Analysis

Firstly, material homogeneity was checked while using the ED-XRF pre-scanning results and
ANOVA F test. Secondly, method accuracy was assessed based on element recovery rates using spiking
tests with and without the sample matrix. Thirdly, consistency between the results that were obtained
with simplified and validated methods was tested regarding significance while using a t-test and
relative difference.

2.3.1. Test of Sample Homogeneity

Material homogeneity for the tested materials is a prerequisite to allow for the comparison
of the different chemical analysis methods and to exclude deviations due to the heterogeneous
distribution of elements. Sample homogeneity was tested element-wise with ANOVA F test [51] while
using the ED-XRF results, by comparing the variance between the n subsamples to the variance of
repeated measurements within each subsample. The number of detectable elements in both samples
decreased due to the element concentration being below LOD and the measuring range of the ED-XRF.
Consequently, the number of used elements decreased from 13 to 19 for BATT and from 22 to 32 for
MIN. The parameters for the ANOVA F test are:
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• Null hypothesis H0: all subsample mean values are equal
• Level of significance α = 0.01
• BATT: n = 5, υ1 = 6 and υ2 = 28 (degrees of freedom for the F distribution)
• MIN: n = 3, υ1 = 7 and υ2 = 16

The null hypothesis H0 is rejected if F (α = 0.01) ≥ f, i.e., the mean values are not equal, and
the sample cannot be assumed to be homogeneous. The values for f are 3.53 and 4.03 for BATT and
MIN, respectively.

2.3.2. Method Validation: Accuracy and Precision

Method precision, i.e., the repeatability of the analytical procedures, was assessed based on the
coefficient of variation (relative standard deviation, RSD) [52]. The method accuracy was validated
by means of spiking tests and the calculation of element recovery rates (RR) at three points of the
analytical procedure: with liquid standards (RRL), in blind samples (RRB), in the respective sample
matrices (RRS) BATT and MIN added before digestion (see Table 4). This procedure, which is known
as ‘standard addition’ or ‘spiking’, is used to test the accuracy of an analytical procedure and expresses
the congruence between the results of the spiked and the theoretical concentration. The spiking of
blinds examines the accuracy of analytical procedures, excluding interferences of other elements
and matrix effects. Nevertheless, the spiking of the samples assesses the accuracy under present
interdependencies that are caused by the sample matrix. RRS was determined for all the elements
measured wet-chemically with the validated as well as the in-house method. Additionally, RRL and
RRB were conducted for the in-house method to evaluate the method suitability, excluding the potential
matrix effects.

Table 4. Overview of the objectives and procedures for element recovery rates in liquid standards
(RRL), blind samples (RRB), and sample matrices (RRS).

Spiked Sample Objective Analysis Procedure

Liquid standards RRL
Test of measurement accuracy
without the influence of acid
digestion or sample matrix.

Multi-element standards (Ag, Al,
As, Ba, Cd, Co, Cr, Cu, Fe, Li, Mg,
Mn, Mo, Na, Ni, Pb, Sb, Sr, Ti, V, Zn)
in different concentrations were
dissolved in HNO3 and measured
with ICP-OES (Supplementary
Materials Table S2).

Blind samples RRB

Test of measurement accuracy with
influence caused by digestion acid
due to, e.g., volatilization, complex
formation, precipitation, etc. but
without the influence of the
sample matrix.

Element standards for all elements
and acids mixtures added before
digestion and measured with
ICP-OES/MS.

Sample matrices
(BATT, MIN) RRS

Test of measurement accuracy with
both influences, acid digestion and
sample-specific, such as chemical
reactions, overlapping of measuring
lines (ICP-OES) or element
masses (ICP-MS).

Element standards for all elements
and acids mixtures added before
digestion and measured with
ICP-OES/MS.

Therefore, elements were added (spiked) at defined concentrations as determined with the ED-XRF
analysis. Both spiked and non-spiked samples were digested and analyzed with the same method and
settings. The Equations (1) and (2) to calculate the recovery rates are given in the following:
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RR(B, S)i =

 1
n
∑n

i=1

 cB,i
mS,B
VS

 1
n
∑n

i=1

 cA,i+cSP,i
mS,A

VS

 × 100% (1)

where cA,i is the concentration of the unspiked sample of element i in mg/L, cB,i is the concentration
of the spiked sample of element i in mg/L, cSP is the spike concentration in mg/L, mS,A is the sample
mass for digestion of unspiked sample in g, mS,B is the sample mass for digestion of spiked sample in
g, RR(B, S)i is the recovery rate of the blind (B) or in the sample (S) of element i in %, and VS is the
volume of the digestion solution (L).

RRLi =
ci

cLS,i
× 100% (2)

In Equation (2), ci is the measured concentration of liquid standard of element i in mg/L, cLS,i is
the concentration of element i in the liquid standard in mg/L, and RRLi is the recovery rate of liquid
standards of element i in percent.

Based on [52,53], we consider a recovery rate of 100 ± 20% to be acceptable and thus regard the
analysis method as accurate for the element in the respective sample.

2.3.3. Relative and Significant Differences Between Chemical Analysis Methods

The applicability of simplified analysis methods was evaluated based on the relative difference of
mass fraction, as well as a significance test while using a Welch’s t-test. For the relative difference, we
accept a deviation of 100 ± 20% (see Section 2.3.2) and consider the analysis method as accurate for the
element in the respective sample. The calculation is carried out with the following equation:

relative di f f erence (%) =
xvalidated − xsimpli f ied

xvalidated
× 100% (3)

in this equation, xsimpli f ied is the average mass fraction of an element in ppm measured with the
simplified method, whereas xvalidated is the average mass fraction of an element in ppm measured with
the validated method.

In contrast to relative differences, the t-test considers the deviation of single values around the
mean value. A two-sided Welch’s t-test of independent (unpaired) samples was performed [51], with
the following specifications:

• Null hypothesis H0: mean values of both samples are equal
• Level of significance α = 0.01
• heterogeneity of variances

3. Results and Discussion

This chapter presents the results of the chemical analysis and discusses the applicability of the
simplified methods. Firstly, the results of the homogeneity assessment are addressed, followed by a
description of the chemical composition of the two samples that were measured with the validated
methods. Subsequently, the applicability of the investigated simplified methods is discussed while
using the significance test, the relative difference to the validated analysis results, and the element
recovery rates.

3.1. Sample Homogeneity

The homogeneity was tested with ED-XRF results and ANOVA F test for 13 elements for BATT
and 22 elements for MIN (see Supplementary Materials Table S3). In the case of BATT, the ANOVA
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F test shows homogeneous distributions between the subsamples for all elements: Al, As, Cd, Cl, Cu,
Fe, Mn, Ni, P, Pb, Sb, Ti, Zn, Zr. The MIN sample can be assumed homogeneous for the following 15
elements: Ba, Ca, Ce, Cl, Co, Ga, La, Nb, Nd, P, Pr, Sn, W, Y, Zn, and Zr. No homogeneous distribution
between the subsamples could be achieved in the sample, despite the same sample preparation, i.e.,
comminution by planetary ball mill, sieving, and sample division by rotary sample divider. Al, K,
Si, and Sr exhibit clear heterogeneity (values for F between 6 and 17), whereas Fe, Mg, and Rb only
show minor heterogeneity with F close to the critical value (f = 4.03). One possible explanation could
be that sample preparation to a particle size < 0.2 mm is insufficient for producing a homogeneous
sample for these elements. With regard to Al, Si, and Mg, it is crucial to mention that ED-XRF analysis
for light elements is prone to errors (see Section 3.4). Therefore, the results of these elements must be
considered with caution in the subsequent evaluation, since significant differences in the measurement
results cannot be exclusively attributed to the analytical method.

3.2. Elemental Composition Determined with the Validated Method

Figure 2 displays the elemental mass fraction of both samples, determined with the validated
method. All of the results show high precision and accuracy within the given range of 100% ±
20%, expressed as relative standard deviation (RSD) and the recovery rate in sample matrices (RRS),
respectively. The results of the validated method are used as reference for the comparison of the
simplified methods because of the in-depth analysis and the quality assurance measures applied. The
determined mass fractions of the elements in both samples range from double-digit mass percentages
to a few milligrams per kilogram (ppm).
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Error bars represent standard deviation. The mass share of detected and not detected elements as well
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The BATT sample is an oxidized mineral matrix with an oxygen mass fraction of 31% and several
metals above one percent by mass, as shown in Figure 2a: Mn (17%), Fe (8%), Al (7%), Cu (4%), and Zn
(1.5%). In addition to oxygen, the analyzed elements comprise 48% of the sample material (Figure 2b).
The halogens fluorine and chlorine, which originate from battery cathode and electrolyte, show mass
fractions of 2% and 0.6%, respectively. The metals Co and Ti, as well as P and carbon (0.9%), have mass
fractions of less than one mass percent. Furthermore, the BATT sample contains the following elements
in mass fractions below 0.1%: As, Sb, Pb. Precious metals (Au, Pd), REE (Ce, La), as well as Cd and V,
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occur in mass fractions below 100 ppm (<0.01%). We assume that heavy metals (Pb, Cd) originate from
other battery systems in the sample, such as nickel-cadmium (NiCd) or lead-acid (PbA) batteries.

The MIN sample is an oxidized iron-silicon-matrix (O: 37%, Fe: 36%, Si: 14%) with portions of Mg
(3%), Al (3%), Ca (2%), and K (1.4%). Together with oxygen, the proportion of detected elements is 99%
(see Figure 2c,d). Phosphorus occurs in the apatite, tailing with a mass fraction of 0.3%. Other metals
(Mn, V, Sn,) and non-metals (Rb) can be found in mass fractions of 100 to 1000 ppm. Moreover, the
REE Ce (650 ppm), La (350 ppm), Nd (220 ppm), and Y (100 ppm) are present in mass fractions above
100 ppm (0.01%). In contrast, the other analyzed REE (Dy, Gd, Pr, Sm, Yb) and all specialty metals (As,
Ba, Ga, Li, Sr, W, Zr) show a mass fraction below 100 ppm.

All elements, except As in HNO3-H2O2 (Acid (2)), showed good recovery rates. The low carbon
content in the samples (<20%) reduces the risk of absolute loss of arsenic in the form of arsenic hydride
compounds in digestions with aqua regia or nitric acid processes [43]. However, when comparing the
acid mixtures tested, the use of HNO3-H2O2 resulted in an underestimation of approximately 40% and
low recovery of 11%. In contrast, the use of aqua regia and H2SO4-HNO3 provided good results and
showed RRS close to 100% (see Supplementary Materials Figure S1).

3.3. Applicability of Wet-Chemical In-House Methods

The results of the validated method are used as the reference value for assessing the applicability of
simplified methods. Overall, the simplified methods include analysis with AR and ICP-OES for both of
the samples. In addition, a second digestion acid (HNO3-H2O2) and the change of the detection device
(OES, MS) were tested for the BATT sample. The method accuracy of the simplified analysis setup
(digestion acid and detector) was checked by means of (a) element recovery in the blind sample (RRB),
(b) spiking of the sample matrices (RRS), and (c) method precision expressed as RSD. The applicability
of the simplified methods was verified while using the relative difference from the validated value
and the Welch’s t-test results. All of the detailed results can be found in Supplementary Materials
Tables S5–S8.

Good measurement accuracy was proven for RRL (without the influence of digestion and sample
matrix), RRB (with the influence of the digestion acid), as well as RRS (with matrix influence) for all
method variations and most of the elements in both samples showing element recoveries of 100% ±
20%. Moreover, high precision can be observed for most elements having an average RSD of approx.
6%. Nonetheless, underestimations were detected for Zn that was analyzed with HNO3-H2O2 and
ICP-MS (RRB 77%, RRS 71%). In contrast, high overestimations in RRS are observed for ICP-MS
measurements of Cd (HNO3-H2O2, 245%), Ce (AR, 142%), and La (AR, 160%).

Figure 3 shows the mass fractions of the analyzed elements of both samples as a comparison of
the in-house (y-axis) and validated method (x-axis), being differentiated by digestion acid and the
detection method. If an element is precisely on the 1:1 slope, the deviation between both methods is
close to or exactly 0. Furthermore, the upper figures show the elements without significant difference
(‘No’) whereas the lower figures show elements with a significant difference to the validated methods
(‘Yes’), according to the t-test.

3.3.1. Acid Digestion

Both acid mixtures for the BATT sample led almost exclusively to underestimations, whereas the
relative difference generally decreased with increasing element concentration. On the other hand, both
under- (down to −65%) and overestimation (up to +450%) is observed for the AR digestion of the MIN
sample, in which only the elements below 1000 ppm were wet-chemically analyzed. Although AR is
commonly applied for various ores in literature [8,54], the application of HF blends is necessary for
breaking silicate structures. For the analysis of trace elements in carbon-containing and silicate-rich
samples, the complete digestion with mixtures of HNO3-HF or AR-HF is recommended [54–56].
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Hence, underestimations in the silicon-rich MIN sample (13% Si) can mainly be attributed to
incomplete digestion. Nevertheless, the use of AR to digest REE and other specialty elements (As, Au,
P, Sb) proved to work well for both samples in the validated method. Moreover, HNO3-H2O2 can be
used for the ferrous and non-ferrous metals in BATT. Therefore, deviations to the simplified methods
are mainly caused by the detection method and matrix interferences. In contrast, the validated method
applied HF in MIN for Cr, Nb, Ni, Co, Sn, and most specialty metals. For the other target elements,
non-destructive WD-XRF was employed to avoid any interferences of acid digestion.

3.3.2. Element Detection with ICP-OES

The concentration range of the element to be measured and the device-specific determination
limit (LOQ) primarily limit the applicability of ICP-OES and ICP-MS. When changing detectors for the
BATT sample, some ferrous and non-ferrous elements (Fe, Mn, Ni, Al, Co, Cu) cannot be measured
with the ICP-MS (above detection range) and most of the elements below 100 ppm (Au, Ce, La, V, Pd)
cannot be measured with the ICP-OES (below LOQ).

Regardless of the acid choice, ICP-OES shows underestimations of about 10–25% for almost all
elements of the BATT sample for RRS as well as in comparison to the validated method. Given the
similar sample preparation and acid selection for BATT, the deviation from the validated method can be
attributed to matrix interferences in ICP-OES, such as inter-element effects due to ionization or chemical
interferences (halogens), and spectral interferences [57]. Examples of possible spectral interferences
occurring in the BATT sample are Fe (238.2 nm) and Co (238.8 nm), as well as Zn (206.2 nm) and Sb
(206.8 nm).

Similarly, the use of ICP-OES (with AR) for MIN shows slightly lower element recoveries
(RRS), except for Ga and Dy. However, in comparison to the validated method, both over- and
underestimations with partly significant deviations are observed for several elements. This simplified
method proved to be applicable for some elements (Ni, V, Co, Sn, and Nd), with relative differences
below 20%. Higher relative differences, but no significant differences, were identified for Zn, As, Dy, Pr,
and Y. However, single elements deviate remarkably from the reference value, despite good element
recoveries, such as Nb (440%), Ga (200%), Zr (450%), and Yb (120%).



Resources 2019, 8, 132 15 of 21

In other words, the simplified use of ICP-OES (with aqua regia) did not provide satisfying results
for any of the two samples (MIN and BATT). In contrast to BATT, the results for MIN show two-sided
tendencies with, e.g., quadruple overestimations as compared to the reference value.

3.3.3. Element Detection with ICP-MS

Figure 3 shows the ICP-MS measurement results of the BATT sample. In comparison to ICP-OES,
element recovery rates in the sample (RRS) deviate more due to matrix interferences. Accordingly,
Zn shows low RRS (70%), whereas Cd (250%), Ce (150%), and La (160%) show very high RRS
(Supplementary Materials Table S8). A low RRS leads to an underestimation of the element (negative
relative difference), as observed for As (−16%), Au (−33%), P (−16%), Pb (−33%), and Sb (−6%). However,
this relationship cannot always be confirmed due to matrix interferences, so that underestimations can
be observed for Ce (−52%), La (−65%), and Cd (−74%), despite high RRS and overestimations for Zn
(+21%), despite low RRS.

While the ICP-OES results frequently showed underestimations of 10–25%, the ICP-MS deviations
are for most elements between −25 and +75%. The simplified analysis using ICP-MS and AR showed
good results exclusively for Sb and As with small deviation and no significant difference. Matrix
interferences in ICP-MS measurement were identified for most of the elements in BATT. La, Ce, and
V are disturbed on all available isotopes due to the main elements of the sample, which can cause
large analytical errors on REEs with ICP-MS technique [56]. An interference-free measurement, i.e.,
avoidance of overlapping peaks in the analysis spectrum, was only possible with the ICP-MS while
using oxygen reaction gas mode shifting the element mass to the respective oxide mass, e.g., 139La to
155LaO and 140Ce to 156Ce. However, this technique required appropriate laboratory equipment and it
was explicitly excluded in the simplified method.

3.4. Applicability of ED-XRF Measurements

The ED-XRF is a less precise measuring method when compared to the wet-chemical analysis,
showing a higher average RSD of 15%, but rarely exceeding 20%. Figure 4a shows the mass fractions
of the analyzed elements of both samples when comparing the ED-XRF (y-axis) and validated method
(x-axis). Elements that lie directly on the 1:1 slope depict no deviations from the reference value.
Elements in black have no significant difference, whereas red elements have a significant difference to
the validated methods according to the t-test.

For mass fractions below 1000 ppm (0.1%), the measurement is only accurate for a few elements,
while most of the values deviate significantly and are generally over-estimated. For element
concentrations above 1000 ppm, the ED-XRF method shows good precision (RSD < 20%) and lower
deviations for the tested samples. In general, only a few elements deviate less than 20% from the
reference value, i.e., Al, As, Cd, Cu, Fe, Mn, Ni, Pb in BATT and Ca, Ce, Fe, Nb, P, Rb, Si, Y in MIN.
Even fewer elements show no significant difference, i.e., As, Fe, Mn in BATT and Ca, Ce, Nb, Y in MIN.

LODs for ED-XRF are dependent on influencing factors, such as testing time, matrix composition,
level of statistical confidence [50], and element selection (overlapping peaks). For mining matrices,
LODs that are below 100 ppm are stated for elements Z > 12 except Co, which in silicon matrices with
Fe shows higher LODs [50] due to possible interferences. In the two samples, Co shows remarkable
deviations, as it is strongly under-estimated in BATT (−92% at 6500 ppm) and strongly over-estimated
in MIN (+9200% at 16 ppm).
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Figure 4. Comparison of the element mass fractions per sample determined with ED-XRF and validated
methods, indicating no significant difference in black and significant differences in red letters (a).
Relation of the relative difference to the reference values and the element’s atomic number Z for BATT
(green) and MIN (blue) (b). Note: Co in MIN is not depicted in the graph (b). Figure data can be found
in Supplementary Materials Tables S6–S8.

Figure 4b shows the relative difference of the measured element mass fractions from the reference
value in relation to the atomic number (Z). In principle, the detection of heavier elements, such as REE,
is feasible with the applied high-energy (50 keV) ED-XRF due to the increased excitation energy [22].
However, it can be seen for almost all REE in BATT and MIN that ED-XRF performs poorly (see
detailed data in Supplementary Materials Tables S7 and S8). The examples of Ce and La in BATT
show to what extent matrix interferences can influence the result, depending on the individual sample
composition. In other words, elements up to Z 50 are usually detected while using the characteristic
emission spectra of Kα and Kβ. In contrast, heavier elements are quantified by their L-lines due to
the limited excitation energy, but consequently these spectra may overlap with the K-lines of light
elements. This effect will be reinforced if the interfering element occurs at high mass fractions in the
sample and it will lead to a decrease in precision and partly significant deviations [22,58]. While Ce
and La deviate slightly in MIN, significant deviations of 300% and over 600% can be observed in BATT
for La and Ce, respectively. For instance, the high mass fraction of Ti (8900 ppm, Kα 4.51, Kβ 4.93)
originating from, e.g., TiO2 lithium battery systems [59], can cause interferences with the detection of
Ce (Lα 4.84, Lβ 5.26) and La (Lα 4.65, Lβ 5.04) [60]. The ED-XRF energy spectra of Co and La in BATT
can be found in Supplementary Materials Figures S2 and S3.
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4. Conclusions

The investigated battery ash BATT and mining waste MIN samples present complex minerals
matrices exhibiting highly different mass contents of many elements. Generating valid and accurate
data on the composition of these anthropogenic mineral residues for an urban mine knowledge
database poses challenges to chemical analysis due to matrix interferences. This is in agreement with
the results of our recent study on printed circuit boards [31], which indicated that multi-element
chemical analysis of complex anthropogenic matrices with a high organic content is challenging and it
can easily lead to inaccurate compositional data.

Reliable results were obtained developing validated methods applying laborious matrix- and
element-specific investigations while using varying acid mixtures, detection methods, and different
parameter settings, in combination with sophisticated quality assurances measures.

This study shows that a simplified application of microwave-assisted digestion with aqua regia or
HNO3-H2O2 and subsequent measurement with ICP-OES or ICP-MS did not prove to be applicable
for half of the analyses. There is no clear dependence of acid selection or mass concentration on the
accuracy of the in-house method. Nevertheless, for BATT, a tendency is discernible that elements
with high mass fractions can be more accurately determined. The analyses with ICP-OES and ICP-MS
frequently showed deviations of 10–25% and 25–75%, respectively. Significant deviations from the
validated value were observed, despite internal quality assurance, demonstrated as high precision
(RSD) and good accuracy (RRL, RRB, RRS).

ED-XRF analysis can only be used to a limited extent without matrix-specific calibration. However,
semi-quantitative analysis with deviations that were below 100% proved to be feasible for most
elements (except Co) having (a) an atomic number between Z 12 and Z 50, and (b) mass fractions
above 1000 ppm. Strong deviations up to 90 times the validated value were observed, particularly for
elements with low mass fractions.

In conclusion, the tested simplified chemical analysis methods are not generally applicable to the
tested anthropogenic mineral matrices. The mineral character and the presence of many elements in
different mass concentrations make simplified methods prone to errors due to matrix interferences.
Internal quality assurance steps for the simplified method did not ensure the identification of these
interferences. Consequently, additional measures are required for complex mineral matrices, such
as laborious method development, the provision of appropriate reference materials, or sample- and
element-specific method validation within interlaboratory tests.
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applicability of in-house methods for BATT sample.
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