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a multi-element quantification
method for technical polymers containing
refractory oxides after microwave-assisted
digestion using HBF4
Saskia Kerkeling, *a Bo-Magnus Elfers, b Martin Kreyenschmidt a

and Ursula E. A. Fittschenc

Polymers used in packaging, medical devices, and construction often contain inorganic additives, including

stabilizers, fillers, pigments, and antioxidants. Quantitative elemental analysis of these additives is essential

for quality control, regulatory compliance, recycling, and the assessment of microplastics, but is

complicated by refractory oxides (e.g., TiO2, Al2O3, ZrO2) that are difficult to dissolve quantitatively. This

study presents a two-step, microwave-assisted digestion method using tetrafluoroboric acid (HBF4) for

comprehensive elemental analysis of technical polymers containing such oxides. In the first step, the

polymer matrix is oxidized using HNO3 and H2O2 at 200 °C; and in the second step, HBF4 is added and

digestion continues at 180 °C to dissolve refractory oxides while avoiding the use of free HF. Method

development was performed on polyethylene containing various oxides, and on polyvinyl chloride

containing metal soaps, CaCO3, and TiO2. The protocol was benchmarked against HF-based digestions.

The optimized conditions (4 mL HNO3 + 1 mL H2O2, 75 min at 200 °C; 1 mL HBF4, 45 min at 180 °C) gave

recoveries typically between 90 and 105% for Al, Ca, Mg, Ti, and Zr with relative standard deviations #5%

for most analytes. Limits of detection by inductively coupled plasma mass spectrometry (ICP-MS) were

#2.6 mg kg−1 (LOQs #8.5 mg kg−1) for most elements. Accuracy and applicability were confirmed for the

polymer certified reference material ERM®-EC681k and for polycarbonate and acrylonitrile–butadiene–

styrene masterbatches containing refractory oxides, demonstrating a robust, broadly applicable, and HF-

free sample preparation strategy for elemental analysis of technical polymers and microplastics.
1. Introduction

Polymers are used in a broad range of applications, spanning
from food packaging to medical devices, electronics, and the
construction industry.1–3 To achieve this spectrum of applica-
tions, various organic, metal organic, and inorganic additives,
such as stabilizers, llers, pigments, and many others, are
added to the polymers.4,5 The quantication of these compo-
nents in plastics is essential for quality control,6,7 regulatory
compliance,8–10 recycling,11 material sciences, and microplastic
analysis.12–14 For the identication and quantication of the
elemental composition, plasma-based techniques such as
inductively coupled plasma mass spectrometry (ICP-MS) and
inductively coupled plasma optical emission spectroscopy (ICP-
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OES are widely employed for solid samples following complete
digestion.15–19

Numerous methods reported in the literature for element
quantication in polymers rely on the decomposition of the
polymer matrix by applying microwave-assisted acid digestion.
Commonly, acid combinations such as nitric acid (HNO3) with
hydrogen peroxide (H2O2), hydrochloric acid (HCl), or sulfuric
acid (H2SO4) are employed (Table 1). These combinations are
used to ensure the complete oxidation of the organic constitu-
ents. However, these acid mixtures are oen insufficient to
completely dissolve oxide-based pigments and other inorganic
compounds commonly employed in polymers, such as ZnO,
Fe2O3, Cr2O3, or TiO2, which is additionally coated with SiO2,
Al2O3, or ZrO2 for some applications.4,5,20,21 The limitations of
current digestion methods with respect to such refractory
oxides manifest in several ways:

� Methods were developed and validated without explicitly
including refractory oxides;22–29

� Residues aer digestion have been reported to contain Ti
and, in one case, Si, indicating incomplete digestion of these
oxides;24,26,27,30–32
This journal is © The Royal Society of Chemistry 2026

http://crossmark.crossref.org/dialog/?doi=10.1039/d6ja00169f&domain=pdf&date_stamp=2026-08-01
http://orcid.org/0000-0002-6375-6951
http://orcid.org/0000-0003-0548-772X
http://orcid.org/0000-0001-6351-0639
https://creativecommons.org/licenses/by/4.0/


Table 1 Overview of common digestion methods for polymers

Author Polymers
Reagents for
digestion

Reference
material Effectiveness against refractory oxides

Fordham et al.22 PE, PP, PET, PS HNO3/H2SO4

(initial charring) then
HNO3

— No discussion of refractory oxides

Diemer and
Heumann25

PE, PP HNO3/HF — The method was applied for Zr metallocene
catalysts; no recovery rates were reported

Ernst et al.23 PE, PS, ABS, PC H2SO4

(initial charring) then
HNO3 or H2O2

VDA 001-004 For samples with a higher ller content,
complete digestion was reported; no values were
provided for the corresponding elements

HNO3/HBF4/H2O2/H2O
Skrzydlewska and
Balcerzak30

PE, PP HNO3/H2O2 BCR-681 Undissolved TiO2 was ltered off. Reference
material did not contain refractory oxides

Sakurai et al.31 PE, PVC HNO3 BCR-680 White precipitate containing Ti and Si was
observed aer the digestion of PE

HNO3/H2SO4 BCR-680 Clear solutions were obtained; no refractory
oxides were analyzedBCR-681

Dimitrakakis et al.24 Waste electrical and
electronic
equipment plastics

HNO3/H2O2 — Sample solutions were ltered aer digestion; no
refractory oxides were analyzed

Pereira et al.28 PA66, PP, PET HNO3/HCl — Although concentrations of Ti are presented, no
evidence of the complete digestion of refractory
oxides has been provided

PE, PS, PEEK HNO3

Mello et al.35 Plastic components
of a keyboard

HNO3 ERM®-EC680k The recovery for Cr in the reference material was
85%; digestion was performed with HNO3/HClHNO3/HCl

HNO3/H2O2/H2SO4

Imhof et al.49 Microparticles of
PE, PP, and PS

HNO3/H2O2/H2SO4 — Although concentrations of Ti (presumably from
TiO2) are discussed, no evidence of the complete
digestion of refractory oxides has been provided

Pereira et al.26 PVC HNO3 — Aer digestion, a white, Ti-containing
precipitate was observed

Lehtimäki and
Väisänen36

PE, PP, PVC, ABS HNO3/H2O2 ERM®-EC681k Diluting the ERM-EC681k sample aer digestion
resulted in a white suspension. The recovery
rates of Sn and Cr were 57% and 46%,
respectively. The recovery rate of Cr in BAM-
H010 was 3%

NMIJ 8123-a
NMIJ 8133-a
BAM-H010

Restivo et al.34 PE, PVC HNO3 ERM®-EC680k No refractory oxide analyzed
ERM®-EC681k

Kühn et al.29 Plastic waste,
mainly PE and PP

HNO3 — Ti concentrations are given for the digestion
method that only used HNO3, however, no
evidence of complete digestion has been
provided

HNO3/HF

Acosta-Coley et al.12 Microparticles,
mainly PE and PP

HNO3/HF — No discussion of refractory oxides

Hildebrandt et al.37 PE, PP, PVC, ABS (1) HNO3/HCl
(2) HNO3

(3) HNO3/HCl/H2O2

(4) HNO3/H2O2

(5) HNO3/HBF4

BAM-H010
ERM®-EC680m
ERM®-EC681m
NMIJ 8123-a
NMIJ 8133-a
PP CRM lead in
Plastic-QC

The recovery rate of Cr in BAM-H010 varies
signicantly depending on the digestion
temperature and the acid mixture used
Digest. temp Recovery Cr Reagents
300 °C 102–110% 1–4
260 °C 71% 1
260 °C 93% 2
260 °C 90% 4
260 °C 65% 5
230 °C 0.3% 1

Klöckner et al.33 PP, PE, PVC, PET,
SAN, PS, EPS, PUR,
rubber

HNO3/H2O2/HCl ERM®-EC680m No discussion of refractory oxides
ERM®-EC681m

Klingenberg et al.27 PP Dry ashing followed by
HNO3/HCl

— Aer digestion, the solutions were centrifuged.
Although concentrations of Ti (presumably from
TiO2) are discussed, no evidence of the complete
digestion of refractory oxides has been provided

Poirier et al.32 Plastic waste HNO3/H2O2 — Aer digestion, a white powdery residue
containing Ti and Si was ltered off

This journal is © The Royal Society of Chemistry 2026 J. Anal. At. Spectrom., 2026, 41, 3064–3076 | 3065
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� Many procedures rely on CRMs that either do not contain
refractory oxides23,30,31,33 or in which elements present as oxides
were not targeted in the method evaluation;34

� They exhibit reduced recoveries for Cr when Cr2O3, is
present.35–37

In particular, for ERM®-EC681k, ERM®-EC680k, and BAM-
H010, which contain Cr introduced by Cr2O3, the certication
reports themselves note that complete dissolution by acid
digestion is highly challenging, and published methods
conrm incomplete Cr recovery. Collectively, these observations
show that many established protocols either do not consider
refractory oxides, demonstrably leave residues containing such
phases, or lack evidence that refractory oxide additives are fully
brought into solution.

For the digestion of the comparably stable compounds, such
as TiO2, Al2O3, or ZrO2, the addition of hydrouoric acid (HF) is
commonly required.25 However, the use of HF introduces
several drawbacks: its high acute toxicity and corrosiveness
necessitate strict safety precautions38 and HF-resistant sample
introduction systems; excess uoride can precipitate elements
such as Al, Ba, Ca, Fe, Mg, and Sr as insoluble uorides,39,40

leading to lower recoveries and potential co-precipitation of
other analytes such as rare earth elements.41 A second pro-
cessing step with boric acid (H3BO3) is therefore oen employed
to complex residual uoride, but this increases the risk of
contamination, may introduce additional spectral or matrix
interferences in ICP-MS, and can require further dilution.40,42

Tetrauoroboric acid (HBF4) has been proposed as an
alternative that provides F− and boric acid upon hydrolysis,
thereby enabling the dissolution of refractory oxides while
simultaneously complexing excess uoride.43–45 HBF4 has been
successfully applied for the digestion of peat and plant
samples,46 soils and sediments,47,48 and two reports describe the
use for polymer digestion.23,37 However, both polymer applica-
tions exhibit limitations.

Ernst et al.23 combined HNO3, H2O2, and HBF4 in a power-
controlled microwave program for waste plastics from electro-
technical applications and reported “complete digestion” for
samples with elevated ller contents. Yet, the llers and
pigments present were not chemically characterized, and
potential refractory oxides were neither explicitly identied nor
quantied in the method evaluation. Consequently, it remains
unclear whether the method effectively digests and quantitatively
recovers typical refractory oxide additives. Hildebrandt et al.37

compared a mixture of HNO3 and HBF4 with other acid mixtures
using the CRM BAM-H010. At a digestion temperature of 260 °C,
Cr recovery with HNO3/HBF4 was about 65%, while Pb intro-
duced as stearate was not detected with the HBF4-containing
method. In contrast, quantitative Cr recovery was reported at
300 °C using HNO3 alone. However, this protocol relies on
digestion temperatures that are not accessible with all commonly
used microwave systems, and it was not tested on real-world
technical polymers with high pigment loadings (e.g., TiO2).

The aim of the present study is therefore not simply to intro-
duce HBF4 as an alternative uoride source, but to develop and
validate a temperature-controlled, microwave-assisted digestion
protocol that explicitly targets refractory oxides in technical
3066 | J. Anal. At. Spectrom., 2026, 41, 3064–3076
polymers. Method development is based on an in-house PE-based
standard material spiked with a variety of oxide additives, as well
as a commercial PVC compound with high ller and pigment
loadings. This choice was necessary because available CRMs
either contain no refractory oxides or include only Cr2O3, for
which complete dissolution by acid digestion is known to be
highly challenging, as discussed above. The use of these tailored
materials, therefore, allows systematic evaluation of the digestion
performance for a broader range of refractory oxides under real-
istic conditions. The performance of the digestions utilizing HBF4
is compared directly to conventional HF-based digestion with
respect to digestion completeness and recoveries for both major
and trace elements. The general applicability of the procedure was
further assessed using additional polymers, namely poly-
carbonate (PC) and acrylonitrile–butadiene–styrene (ABS), each
containing refractory oxides. In addition, the accuracy and
precision of the method were conrmed by analysis of the poly-
mer CRM ERM®-EC681k, thereby providing a broadly applicable
HBF4-based digestion method for comprehensive elemental
characterization of technical polymers and microplastics,
including their refractory oxide additives.
2. Experimental

Method development studies were carried out collaboratively at
the FH Münster and TU Hamburg. At the TU Hamburg, diges-
tions were performed employing an established HF-containing
acid mixture, providing a benchmark for complete digestion
and quantitative recovery of elements, including those present
as refractory oxides. At FHMünster, corresponding experiments
were conducted using HBF4-containing acid mixtures. These
investigations systematically examined the inuence of key
process parameters, including digestion time and acid volume,
on digestion efficiency.
2.1. Samples

A PE and a PVC sample were used for method development. The
PE sample, a standard material produced in-house, was manu-
factured using high-density polyethylene (HDPE) powder (Eltex®
A4040P, Ineos Olens & Polymers, Cologne, Germany). This
powder was mixed with PE-based master-batches containing
various oxides (Al2O3, CaO, MgO, TiO2, ZnO, and ZrO2). The
mixture was homogenized by extrusion (COLLIN TEACH LINE®
ZK 25T, COLLIN Lab & Pilot Solutions, Maitenbeth, Germany)
and processed into granules (COLLIN TEACH LINE® CSG 171T,
COLLIN Lab & Pilot Solutions, Maitenbeth, Germany).

The PVC sample is a commercial compound in powder form,
utilized for applications such as prole manufacturing. The
powder contains various stabilizers based on Ca and Zn soaps
and co-stabilizers that contain Al and Mg. The product is pig-
mented with TiO2 (rutile), which is coated with Al2O3 and SiO2.
CaCO3 is included in higher concentrations as ller.

The PE granulate was cryo-milled using liquid nitrogen and
an ultra-centrifugal mill (ZM 200, Retsch, Haan, Germany)
equipped with a 0.5 mm sieve. The PVC powder was not further
ground.
This journal is © The Royal Society of Chemistry 2026
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The additive-free PE and a PVC powder (PVC S 67-04, Shin-
Etsu PVC B.V., Hilversum, Netherlands) were also employed
for preliminary tests to determine the required decomposition
temperature.

For method verication, the CRM ERM®-EC681k (PE) was
digested using the developed procedure without further sample
preparation. To evaluate the general applicability of the method
to other polymer types, a PC masterbatch granulate containing
Al2O3 and an ABS masterbatch granulate containing Al2O3,
BaCO3, CdO, and ZnO were also digested with the optimized
protocol. Reference values for the elemental concentrations in
the PC and ABS materials were available from neutron activa-
tion analysis (NAA), allowing an independent comparison of
recoveries. NAA was performed at the Helmholtz-Zentrum Ber-
lin (Germany) using the BERII research reactor.
2.2. Instrumentation

2.2.1. TU Hamburg. A Multiwave 7000 (Anton Paar, Graz,
Austria) microwave digestion system equipped with a magnetic
stirring unit was used. The system allows digestions at
temperatures up to 300 °C. The samples were weighed in TFM
vessels with an internal volume of 10 mL.

An ICP-OES (Avio 550 Max, PerkinElmer) was employed to
determine concentrations of the main elements Al, Ca, Mg, Ti,
and Zn. Zr was determined using ICP-MS (ICP-MS 350D, Per-
kinElmer) in helium collision mode. The ICP settings are listed
in the SI.

2.2.2. FH Münster. A Multiwave PRO (Anton Paar, Graz,
Austria) microwave sample preparation system was employed
for sample digestion. The system was equipped with a magnetic
stirring unit and a 24-position rotor for TFM vessels with an
internal volume of 50 mL (HVT50). Microwave power was
1000 W with a temperature limit of 205 °C when using HNO3

and H2O2 or 185 °C for all digestions containing HBF4. The
microwave system was operated in temperature-controlled
mode.

An ICP-MS (Agilent 8900, Agilent Technologies, Tokyo,
Japan) coupled to an SPS 4 autosampler (Agilent Technologies,
Tokyo, Japan) was used in the helium collision mode for the
determination of element concentrations. ICP-MS instrument
settings are listed in the SI.
2.3. Reagents and standards

2.3.1. TU Hamburg. All solutions and element standards
were diluted with ultrapure water (18,2 MU cm, Milli-Q®,
Merck, Darmstadt, Germany). For sample digestion, puried
(Savillex DST 1000 subboiling systems) nitric acid (14 mol L−1,
VWR, Leuven, Belgium) was used. Hydrogen peroxide (Supra-
pur®, 30%, Merck, Darmstadt, Germany), hydrouoric acid
(Suprapur®, 40%, Merck, Darmstadt, Germany), and 40 g L−1

boric acid (Suprapur®, 99.9999%, Merck, Darmstadt, Germany)
were employed for the digestions without further purication.
Calibration solutions were prepared using 1 g L−1 single-
element stock solutions (Cetripur®, Merck, Darmstadt,
Germany).
This journal is © The Royal Society of Chemistry 2026
2.3.2. FH Münster. Ultrapure water (18.2 MU cm, Arium
Pro, Sartorius, Goettingen, Germany) was used for dilution and
preparation of all standards and solutions. High-purity
concentrated nitric acid (Suprapur®, 65%, Merck, Darmstadt,
Germany), hydrogen peroxide (Suprapur®, 30%, Merck, Darm-
stadt, Germany), and tetrauoroboric acid (ultra-pure, 38%,
Chem-Lab, Zedelgem, Belgium) were utilized for the digestions.
Multi element stock standard solution (Multi-element calibra-
tion standard IV for ICP, ARISTAR®, VWR Chemicals, Leuven,
Belgium) as well as Ca (TraceCERT®, Sigma-Aldrich, Buchs,
Switzerland), Ti, and Zr (both Cetripur®, Merck, Darmstadt,
Germany) solutions containing 1 g L−1 of each element were
employed to prepare calibration solutions.
2.4. Digestion procedures

For each digestion, 50 mg sample material was weighed into
TFM digestion vessels, and PTFE-coated magnetic stir bars were
added. In all digestion programs, the stirring speed was set to
the maximum to ensure efficient mixing of the lightweight
polymer particles with the acid mixture and to prevent adhesion
or melting of the material on the vessel walls. The nal digests
were ltered (lter circles type 1025, particle retention 2–3 mm,
Th. Geyer, Renningen, Germany), and diluted to a nal volume
of 50 mL. Prior to ICP analysis, aliquots were further diluted
with ultrapure water as required. The specic acid mixtures and
temperature programs used for each digestion protocol are
summarized in Fig. 1.

2.4.1. HF-based digestions. As the polymer samples used in
this study (the in-house PE standard material and the commer-
cial PVC compound) are not CRMs, reference values for their
elemental compositions had to be established independently.
For this purpose, two HF-based digestion procedures were per-
formed at TU Hamburg. In the rst procedure, digestion was
carried out with an acid mixture containing 4 mL HNO3, 1 mL
H2O2, and 0.5 mL HF without subsequent uoride complexation.
The samples were heated to 220 °C within 15 min, and this
temperature was maintained for 60 min. In the second proce-
dure, an additional complexation step with 5 mL H3BO3 was
applied aer digestion. The samples were heated within 10 min
to 150 °C and maintained at this temperature for 15 min.

2.4.2. Fluoride-free digestions. Digestion experiments were
performed without the addition of a uoride source, using
HNO3 and H2O2, in order to assess whether refractory oxides
can be dissolved under the maximum applicable digestion
temperature of 200 °C, and to determine the minimum
temperature required for complete decomposition of the poly-
mer matrices prior to introducing HBF4 into the method.

For the technical polymer samples containing oxide addi-
tives (PE and PVC), a digestion procedure with 4 mL HNO3 and
1 mL H2O2 was applied, in which the temperature was ramped
to 200 °C within 15 min and then held for 75 min.

In parallel, additive-free PE and PVC powders were digested
under comparable conditions to determine the temperature
required for the decomposition of the polymer matrices. For
these experiments, 4 mL HNO3 and 1 mL H2O2 were added to
the samples. Three different maximum temperatures (180 °C,
J. Anal. At. Spectrom., 2026, 41, 3064–3076 | 3067
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190 °C, and 200 °C) were tested, each with a ramp time of
15 min and a hold time of 75 min.

These uoride-free tests provided the basis for dening
suitable temperature limits and designing a two-step digestion
protocol involving HBF4, taking into account the “SmartVent
Technology” of the digestion vessels.

2.4.3. Method development of a two-step HBF4-based
digestion protocol. The HBF4-based digestion protocol was
developed as a two-step procedure. In step 1, the polymer matrix
is decomposed with HNO3 and H2O2 at 200 °C; in step 2,
refractory oxides are dissolved aer the addition of HBF4 at
a reduced maximum temperature. First, the holding times of
step 1 and step 2 were varied while keeping the acid composi-
tion constant (4 mL HNO3, 1 mL H2O2 in step 1; 4 mL HBF4 in
step 2). For both PE and PVC, three different holding times were
investigated in step 1 (120 min, 90 min, and 75 min) and two in
step 2 (45 min and 30 min), as summarized in Table 2.

In the subsequent stage of the method development, the
volume of HBF4 in step 2 was reduced in order to minimize
polyatomic interferences and to prevent excessive sample dilu-
tion resulting from an elevated acid concentration, while
maintaining the same amounts of HNO3 and H2O2 in step 1. In
step 2, HBF4 volumes of 2 mL and 1 mL were evaluated (No. 5
and 6 in Table 2).

2.4.4. Digestion of ERM®-EC681k and application to other
polymer types. For the assessment of accuracy and broader
applicability, the optimized HBF4-based protocol was applied to
the certied reference material ERM®EC-681k and to the two
additional technical polymer samples (PC and ABS master-
batches containing refractory oxides). For each material,
digestions were carried out under the same conditions as
dened for method no. 6 (Table 2), and the resulting solutions
were analyzed by ICP-MS. For the CRM, measured concentra-
tions were compared with the certied values. For the PC and
ABS samples, results were evaluated against independently
determined reference values obtained by NAA.
2.5. Data processing and method detection limits

2.5.1. Two-sample t-test for HF-based digestions. Statis-
tical analysis was performed to compare mean concentrations
from the reference methods at TU Hamburg. Outliers were
identied using the Grubbs test (a = 0.05) and excluded.
Equality of variances was tested using the F-test (a = 0.01). The
two-sample t-test50 (a = 0.01) was used when equal variances
Table 2 Microwave programs and HBF4 volumes for the two-step dige

No.

Step 1 Step

Temp. (°C) Ramp. (min) Hold (min) Temp

1 200 15 120 1
2 90
3 75
4 75
5 75
6 75
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were present. Welch's t-test50 (a= 0.01, df= 5) was applied to Ca
data from the PE sample, which exhibited unequal variances.

2.5.2. Outlier analysis and condence interval. Outlier
analysis was performed using Dixon's Q test (Qcrit, a = 0.01; n =

6). Error bars shown in the subsequent gures represent the
condence intervals of the mean values. These intervals were
calculated according to DIN 62632 (ref. 51) applying the equa-
tion CI ¼ x� t� s=

ffiffiffi

n
p

where t is the Student's t value (a = 0.05,
df = n − 1), s is the standard deviation, n is the number of di-
gested samples, and �x is the mean value.

2.5.3. Limits of detection and limits of quantication.
Limits of detection (LOD) and limits of quantication (LOQ)
were determined using 4 mL of HNO3, 1 mL of H2O2, and 1 mL
of HBF4, following the digestion procedure described in Table 2,
method no. 6. Solutions were prepared in the same manner as
the analytical samples and subsequently analyzed. The calcu-
lation was carried out according to DIN 32645,52 applying the
following equations:

xLOD ¼ Fn;a � sB

b
¼ 3� sB

b
(1)

xLOQ ¼ k � F
n;

a
2
� sB

b
¼ 10� sB

b
(2)

where F is a factor with n number of blank measurements (n =

10) and a the level of signicance (a = 0.01), sB is the standard
deviation of the blank measurements and b is the slope of the
calibration curve; k = 3.
3. Results and discussion
3.1. HF-based digestions

Reference data for the PE and PVC samples were obtained using
two independent HF-based digestion procedures. Bothmethods
employed an HNO3/H2O2/HF mixture, with one including an
additional post-digestion complexation step with H3BO3. The
elemental mass fractions of Al, Ca, Mg, Ti, Zn (ICP-OES), and Zr
(ICP-MS) determined for the samples are presented in Fig. 2.

The elemental mass fractions in the in-house produced PE
sample span three concentration levels: a low level of 85 mg
kg−1 for Zr, medium levels of approximately 650 mg kg−1 for Al
and Ti, and high levels of around 3000 mg kg−1 for Ca, Mg, and
Zn. In the commercial PVC compound, concentrations cover an
even wider range. The lowest levels were measured for Zn
(600mg kg−1) and Al (700mg kg−1), Mg showed an intermediate
stion protocol

2

. (°C) Ramp. (min) Hold (min) HBF4 volume (mL)

80 10 45 4
45 4
45 4
30 4
30 2
30 1

This journal is © The Royal Society of Chemistry 2026



Table 3 Mean elemental mass fractions in PE and PVC applying HF-
based digestions

Element

Mean mass fraction (mg kg−1) (n = 12)

PE PVC

Al 643.2 � 46.6 720.8 � 48.8
Ca 3069.0 � 10.2a 37988.4 � 929.9b

Mg 2857.4 � 88.5 1919.8 � 73.5
Ti 662.1 � 20.3 15420.5 � 346.4
Zn 3008.1 � 79.5 619.9 � 27.2
Zr 84.8 � 1.1c —

a n = 5. b n = 11. c n = 8.

Paper JAAS
concentration of about 2000 mg kg−1, while very high concen-
trations were detected for Ti (15 g kg−1, as TiO2 pigment) and Ca
(38 g kg−1, as CaCO3 ller). Thus, the two polymer samples
together cover a broad and analytically relevant range of mass
fractions, including the elements present as refractory oxides
(Al2O3, TiO2, ZrO2).

Because the HF-based digestions were carried out both with
and without a post-digestion complexation step using H3BO3,
the resulting datasets were systematically compared to identify
any statistically signicant differences before dening reference
values. For each element and matrix, outliers were rst identi-
ed using the Grubbs test and removed (one outlier for Ca in PE
with complexation and one for Ca in PVC without complexa-
tion). Homogeneity of variances between the two HF methods
was then assessed; equal variances were found for all compar-
isons except Ca in PE. Accordingly, a two-sample t-test assuming
equal variance was applied in all other cases, while Welch's t-
test was used for Ca in PE.

For all elements except Ca in the PE sample, no statistically
signicant differences were observed between the HF digestion
with and without H3BO3 complexation. In these cases, both
Fig. 1 Experimental conditions studied in this work for the digestion of

This journal is © The Royal Society of Chemistry 2026
datasets were therefore considered equivalent and were combined,
and the mean of all valid measurements from both HF procedures
was used to establish the reference mass fraction (Table 3).

For Ca in PE, Welch's t-test revealed a statistically signicant
difference between the two HF protocols. In this case, only the
results obtained with the HF workow, including the boric acid
complexation, were used to dene the reference value. The lower
Ca mass fraction observed in the digestion without complexation
is consistent with the formation of insoluble CaF2 in HF media,
which is known to be re-dissolved by complexation with boric acid.
For the PVC sample, no signicant difference between the two HF
protocols was observed for Ca, possibly due to different solution
equilibria in the presence of high chloride concentrations.
3.2. Fluoride-free digestions

To assess the performance of oxidizing acid mixture without
uoride and to dene boundary conditions for later HBF4-based
digestions, two sets of experiments were carried out: digestion
of technical polymers containing oxide additives and digestion
of additive-free polymers.

When technical PE and PVC were digested with HNO3 and
H2O2 at 200 °C, the recoveries of Ca, Mg, and Zn in both
matrices, and for Al in PVC, are in good agreement with the
reference values (Fig. 3). This behaviour is consistent with the
chemical properties of the substances employed. In the PE
sample, Ca, Mg, and Zn were introduced as oxides. In the PVC
sample, the elements originate from Ca and Zn soaps, as well as
Mg(OH)2 and hydrotalcite. All these species are readily soluble
in concentrated nitric acid. In contrast, recoveries of Al and Zr
in PE and of Ti in both PE and PVC are low, reecting the fact
that these elements were introduced as refractory oxides (Al2O3,
TiO2, ZrO2). At the maximum applicable digestion temperature
of 200 °C, these oxides could not be brought fully into solution
in the absence of a uoride source, demonstrating that
technical polymers.
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oxidizing acids alone are insufficient for quantitative digestion
of the refractory oxide fraction.

To determine the minimum temperature required for the
decomposition of the polymer matrices, additive-free PE and
PVC powders were digested with the same HNO3/H2O2 mixture
at 180 °C, 190 °C, and 200 °C. At 180 °C and 190 °C, visible
residues of polymer remained on the vessel walls for both
materials. The residuals were weighed, yielding masses between
4 and 12 mg, which corresponds to approximately 8–23% of the
original sample mass and suggests incomplete decomposition
at these temperatures. Complete, residue-free digestion of the
polymer matrix was attained at 200 °C for both samples.

These observations must be considered in the context of the
digestion hardware. The vessels utilized in this study are
equipped with the “SmartVent Technology”, which vents auto-
matically at elevated internal pressure. Venting, however, can
lead to analyte and acid loss. Since the addition of HBF4 in
a closed vessel increases the pressure at elevated temperatures,
the maximum operating temperature in the presence of HBF4
had to be limited to 180 °C to avoid triggering the venting
mechanism. The uoride-free experiments, therefore, establish
two critical constraints for the method development: refractory
oxides cannot be quantitatively digested at 200 °C without
a uoride source, and complete decomposition of the polymer
matrices requires 200 °C in an HNO3/H2O2 medium, whereas
the HBF4-assisted dissolution of refractory oxides must be
conducted at#180 °C to remain within the safe operating range
of the “SmartVent” vessels. These ndings were decisive for the
development of a two-step digestion protocol, with matrix
decomposition at 200 °C followed by the HBF4-assisted disso-
lution of refractory oxides at 180 °C.
3.3. Method development of a two-step HBF4-based
digestion protocol

3.3.1. Variation of holding time in the rst digestion step.
Fig. 4 summarizes the elemental recoveries obtained for PE and
Fig. 2 Mass fractions of Al, Ca, Mg, Ti, Zn, and Zr in (a) PE and (b) PV
complexation; error bars represent confidence intervals (n= 5 for Ca in PE
for Ca without complexation; n = 6 for all other elements).
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PVC when the holding time in step 1 (200 °C, HNO3/H2O2) was
varied (120, 90, and 75 min), while step 2 was kept constant.

At 120 min, recoveries in PE for Ti, Zn, and Zr were between
90–97%, whereas Al, Ca, and Mg were lower (77–88%). Reducing
the holding time to 90 min improved the accuracy, with recov-
eries between 95–103% for all elements. At 75 min, recoveries
remained close to quantitative for most analytes, and the con-
dence intervals were markedly smaller (typically 1–3%), indi-
cating improved precision. Only the recovery of Mg decreased
slightly (88%), but within a narrow condence interval (1.4%).

For PVC with a holding time of 120 min, Ca and Ti agreed
reasonably with the reference values, but Al, Mg, and Zn
exhibited larger deviations. At 90 min, Ca, Mg, Ti, and Zn lay
close to the reference values (91–105%), but Al was slightly low
(86%). At 75 min, most elements again remained within the
range of 91–108%, only Ca showed a somewhat lower recovery
(84%). However, when precision is also considered, the 75-min
holding time yields improved condence intervals for four out
of the ve elements compared to 90 min.

Overall, the 75-min holding time in step 1 provides the best
compromise between accuracy and precision across both poly-
mer matrices. It yields near-quantitative recoveries for all oxide-
related elements with consistently small condence intervals,
while avoiding the overestimation and higher scatter observed
at longer holding times. Consequently, 75 min at 200 °C was
selected as the optimal step-1 holding time for the nal two-step
digestion protocol.

3.3.2. Variation of holding time in the second digestion
step. The effect of the holding time in step 2 (180 °C, HBF4) was
evaluated using the optimized step-1 conditions. Holding times
of 45 and 30 min were compared (Fig. 5).

Reducing the hold time from 45 to 30 min led to pronounced
decreases in recoveries for Ca, Mg, and Al in the PE sample. Ca
dropped to 51%, and Al and Mg fell below 82%. In PVC, the
recovery of Al also decreased at 30 min, while the remaining
elements were largely unaffected. The lowest recoveries were
observed for elements known to form sparingly soluble
C after digestion using HF with boric acid complexation and without
with H3BO3 complexation; n= 4 for Zr in PE with bothmethods; n= 5

This journal is © The Royal Society of Chemistry 2026



Fig. 3 Recovery of elements from (a) PE and (b) PVC using HNO3 and
H2O2 for digestion at 200 °C; error bars represent confidence intervals.
Ti concentration in PE was below the detection limit (n= 4 for Zr in PE;
n = 6 for all other elements).

Table 4 Comparison of relative standard deviations in PE and PVC
following HF and optimized HBF4-based digestions as a measure of
precision

Analytes

RSD for PE (%) RSD for PVC (%)

HF-based HBF4-based HF-based HBF4-based

Al 11.2a 7.9b 2.8 10.4a 6.6b 2.3
Ca 0.3a 5.6b 1.9 3.1a 1.7b 6.4
Mg 6.2a 1.2b 0.5 5.5a 3.7b 7.6
Ti 6.2a 2.2b 1.5 4.1a 3.1b 2.9
Zn 4.8a 2.6b 1.3 6.8a 4.2b 4.7
Zr 1.3a 2.0b 1.9 — — —

a HF-based digestion with H3BO3 complexation. b HF-based digestion
without H3BO3 complexation.
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uorides. The higher recoveries of Al and especially Ca in PVC
compared to PE can be attributed to the evolution of HCl during
PVC decomposition, which may shi the solubility equilibrium
of uoride salts (e.g., CaF2) toward the dissolved state according
to the reaction

CaF2(s) + 2H(aq)
+ # Ca(aq)

2+ + 2HF(aq)

by altering the complexation and pH value in the digestion
medium.53

The sensitivity of Al, Ca, and Mg recoveries to the holding
time in step 2 is likely linked to the hydrolysis behaviour of
HBF4. HBF4 is known to hydrolyse stepwise via uoro-
hydroxyborate species, as illustrated by the following equation:

BF4
− + nH2O # [BF(4−n)(OH)n]

− + nHF

with 1 # n # 4. The rst hydrolysis step is reported to be
comparatively slow, whereas the subsequent steps proceed
rapidly and reversibly.43,54 Shortening the holding time reduces
the time available for these hydrolysis processes to reach a state
in which free F− is sufficiently bound and potentially precipi-
tated uorides can be redissolved or prevented from forming.
Fig. 4 Recovery of elements from (a) PE and (b) PVC with holding times o
confidence intervals (n = 5 for Zr in PE for 75 min and Ti in PVC for 90
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Taken together, these results indicate that a holding time of
45 min at 180 °C in step 2 is required to obtain robust recoveries
for elements prone to uoride precipitation while ensuring
complete dissolution of refractory oxides. This condition was
therefore selected for further optimization.

3.3.3. Variation of HBF4 volume. In the nal stage of
method development, the volume of HBF4 was reduced while
applying the optimized holding times for steps 1 and 2. HBF4
volumes of 4, 2, and 1 mL were compared. The aim was to
minimize the acid load and potential polyatomic interferences
(e.g., 11B16O+, 10B37Cl+, or 11B36Ar+) while maintaining digestion
efficiency.

As shown in Fig. 6, decreasing the HBF4 volume to 1 mL still
yielded quantitative recoveries for the refractory oxides. For
both PE and PVC, recoveries of Al, Ti, and Zr remained in the
range 99–108%. Importantly, no statistically signicant changes
in recovery were observed for the other elements with reduced
HBF4 volume, indicating that the digestion efficiency for these
components remains unaffected under these modied
conditions.

Based on these results, the nal HBF4-based protocol was
dened with 4 mL HNO3 and 1 mL H2O2 in step 1, followed by
1 mL HBF4 in step 2, with holding times of 75 min at 200 °C and
45 min at 180 °C, respectively (method no. 6, Table 2).
f 120, 90, and 75minutes in the first digestion step; error bars represent
min; n = 6 for all other elements).
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Fig. 6 Recovery of highly acid-resistant elements from (a) PE and (b)
PVC with varying HBF4 volume; error bars represent confidence
intervals (n = 5 for Zr for 4 mL; n = 6 for all other elements).

Table 5 Determined element concentrations for ERM®-EC681k after
optimized HBF4-based digestion procedure

b
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3.3.4. Precision of HBF4-based versus HF-based digestions.
The precision of the optimized HBF4-based method was
compared with that of the two HF-based procedures used to
establish reference values. Table 4 summarizes relative stan-
dard deviations (RSDs) for both polymer matrices.

For the PE sample, the HBF4-based digestion generally
provided equal or better precision than either HF-based
protocol. RSDs for the HBF4 method were between 0.5–2.8%,
compared with ranges of 0.3–11.2% for the HF-based diges-
tions. In particular, the precision for Al, Mg, Ti, and Zn was
improved with HBF4 relative to at least one of the HF workows.

For the PVC sample, the HBF4 method exhibits lower RSDs
than both HF digestions for Al (2.3% vs. 10.4/6.6%) and Ti (2.9%
vs. 4.1/3.1%), and comparable precision for Zn (4.7% vs. 6.8/
4.2%). For Ca andMg, the HF-based methods yielded somewhat
lower RSDs (Ca: 3.1/1.7% vs. 6.4%; Mg: 5.5/3.7% vs. 7.6%),
although the HBF4 precision for these elements remains
reasonable for routine quantitative work. Overall, the HBF4-
based protocol provides precision that is at least comparable to,
and in several cases better than, the established HF workows.
Analytes
Certied value
(mg kg−1)

Measured value
(mg kg−1) Recovery (%)

Cd 137 � 4 130.4 � 2.0 95.2
Cr 20–60c 27.9 � 3.3 Within the given range
Pb 98 � 6 93.8 � 0.8 95.7
Zn 1.25 � 0.07a 1.14 � 0.06 91.6

a Indicative value in g kg−1. b n = 6 for all elements. c Acid digestible.

Table 6 Determined element concentrations for ABS and PC after
optimized HBF4-based digestion procedure compared to NAA values

Polymer Analytes
NAA values
(mg kg−1)

Measured valuea

(mg kg−1)
Recovery
(%)

ABS Al 481 � 34 493.7 � 11.4 102.6
Ba 460 � 32 447.1 � 3.1 97.2
Cd 453 � 32 403.6 � 2.2 89.1
Zn 447 � 31 443.1 � 9.5 99.1

PC Al 2541 � 252 2404.0 � 55.2 94.6

a n = 6 for all elements.
3.4. Digestion of ERM®-EC681k and application to other
polymer types

The optimized two-step HBF4-based digestion procedure
(method No. 6) was rst evaluated using the polyethylene CRM
ERM®-EC681k. As shown in Table 5, the measured mass frac-
tions for Cd, Pb, and Zn were close to the certied values, with
recoveries of 95.2%, 95.7%, and 91.6%, respectively. For Cr, the
certied value (100± 5 mg kg−1) represents the total Cr content,
while the certication report additionally species a range for
“acid-digestible Cr” (20–60 mg kg−1), reecting the known
difficulty of completely dissolving Cr2O3 by acid digestion. Two
HF-based procedures used during certication yielded 37.6 and
31.5 mg kg−1, both below the total Cr content. The mass frac-
tion obtained with the HBF4-based method (27.9± 3.3 mg kg−1)
is also below the total certied value but lies within the acid-
digestible Cr range. This demonstrates that, for Cr present as
Cr2O3, the new protocol performs comparably to established HF
workows and achieves the expected level of “acid-digestible”
recovery for this particularly challenging oxide form.
Fig. 5 Recovery of elements in (a) PE and (b) PVC with holding times of 45 and 30 minutes in the second digestion step; error bars represent
confidence intervals (n = 5 for Ti in PVC for 45 min; n = 6 for all other elements).
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Table 7 Limits of detection and limits of quantification for the optimized HBF4-based digestion method

Analytes LOD (mg kg−1) LOQ (mg kg−1) Analytes LOD (mg kg−1) LOQ (mg kg−1)

23Na 3.9 12.8 59Co 0.002 0.005
24Mg 0.6 1.8 60Ni 0.5 1.5
27Al 1.1 3.6 63Cu 0.5 1.5
39K 8.9 29.6 66Zn 2.5 8.4
44Ca 13.4 44.8 88Sr 0.01 0.05
47Ti 0.1 0.3 90Zr 0.01 0.05
52Cr 0.06 0.19 111Cd 0.004 0.013
55Mn 0.03 0.08 137Ba 0.02 0.07
56Fe 1.8 5.9 208Pb 0.03 0.10
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To assess general applicability beyond PE and PVC, the
optimized method was applied to an ABS masterbatch (con-
taining Al2O3, BaCO3, CdO, and ZnO) and a PC masterbatch
(containing Al2O3). The results were compared with indepen-
dently determined reference values from NAA (Table 6). For the
ABS sample, recoveries were 102.6% (Al), 97.2% (Ba), and 99.1%
(Zn), indicating good agreement with the NAA data. Only Cd
showed a somewhat reduced recovery of 89.1%, while still
remaining within a range acceptable for many practical appli-
cations. For the PC sample, Al was recovered at 94.6%, again in
good agreement with the NAA value.

Unlike the PE and PVC materials used in method develop-
ment, which were in powder form, the ABS and PC samples and
the CRM were digested as granules with typical dimensions
between 2.5 × 1.7 mm and 3.2 × 2.3 mm. The good agreement
with the reference values across the granular samples indicates
that the larger particle size did not negatively affect digestion
efficiency under the optimized conditions. In practice, the main
reason to reduce particle size for technical polymer products is
oen the sample homogeneity rather than the digestion effi-
ciency itself.

Taken together, the results for ERM®-EC681k and for the
ABS and PC masterbatches demonstrate that the optimized
HBF4-based digestion protocol provides reliable and broadly
applicable quantitative data for a range of polymer types and
additive systems, including those containing refractory oxides
and elements subject to regulatory limits such as Cd and Pb.
3.5. Limits of detection and limits of quantication

LODs and LOQs were determined by ICP-MS using the nal acid
mixture (4 mL HNO3, 1 mL H2O2, 1 mL HBF4) and the complete
digestion procedure (method no. 6, Table 2). The attained LODs
and LOQs, summarized in Table 7, were calculated based on
a sample mass of 50 mg and a dilution factor of 10, which was
applied to compensate for the elevated acid concentrations.

The highest values were obtained for Ca, K, and Na (LODs
between 13.4 and 3.9 mg kg−1; LOQs between 44.8 and 12.8 mg
kg−1). These elements are oen added as llers, stabilizers, or
processing aids and are typically present at elevated concen-
trations. Thus, the achieved values are appropriate for routine
quality control and compositional verication. For Al, Fe, and
Zn, LODs are below 2.6 mg kg−1 and LOQs below 8.5 mg kg−1.
For all remaining elements, LODs are #0.5 mg kg−1 and LOQs
This journal is © The Royal Society of Chemistry 2026
#1.9 mg kg−1. Accordingly, the method is well-suited for
compliance testing as well as for the determination of trace-
level metallic impurities and catalyst residues. This is particu-
larly relevant for transition metals, which are known to catalyze
polymer degradation via the hydroperoxide decomposition
pathway.55,56

4. Conclusions

This study addresses a gap in sample preparation for elemental
analysis of technical polymers, namely the lack of digestion
protocols that are explicitly developed and validated for
common refractory oxide additives such as TiO2, Al2O3, and
ZrO2 under realistic formulation conditions. By basing method
development on an in-house PE standard and a highly lled
PVC compound, both containing these oxides at technologically
relevant mass fractions, and by comparing against HF-based
digestion procedures, digestion completeness could be
systematically and quantitatively assessed.

A two-step microwave-assisted digestion protocol was
developed that decouples polymer matrix oxidation from oxide
dissolution. Decomposition of the polymer is carried out at
200 °C in HNO3/H2O2, while dissolution of the refractory oxides
is performed in a second step at 180 °C in the presence of HBF4,
respecting the pressure limits of the digestion vessels. Within
these constraints, the optimized protocol (4 mL HNO3 + 1 mL
H2O2, 75 min at 200 °C; 1 mL HBF4, 45 min at 180 °C) provides
recoveries close to 100% for Ti, Al, and Zr, as well as for other
additive-related elements, over a broad concentration range and
with good precision. This performance was conrmed not only
for PE and PVC, but also for ABS and PC masterbatches and for
a polymer CRM, demonstrating that the approach is applicable
to various polymer matrices and additive systems.

Comparison with established HF workows shows that, for
most analytes, the HBF4-based method provides comparable
accuracy and equal or improved precision for most elements.
For Cr present as Cr2O3, the method achieves an “acid-digest-
ible” fraction within the range reported for HF-based proce-
dures, which reects the intrinsic limitations of acid digestion
for this particular oxide rather than a shortcoming specic to
the HBF4 protocol. The achieved LODs and LOQs, including
sub-mg kg−1 quantication limits for many elements and LOQs
well below regulatory thresholds for Cd and Pb, are sufficient
for the quantication of both typical additive levels and trace
J. Anal. At. Spectrom., 2026, 41, 3064–3076 | 3073
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impurities. This makes the protocol suitable for applications
ranging from compounding control and failure analysis to
recycling studies and microplastics characterization.

An additional practical benet is that the use of HBF4 avoids
the need for free HF and a separate boric acid complexation
step, thereby reducing health risks and lowering the overall
chemical consumption, as the complexation step is eliminated.
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