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a b s t r a c t 

We identified the antimony species present in a wide variety of plastic samples by X ray 

absorption spectroscopy (XAS) at the Sb L3 -edge. The samples contained different concen- 

trations of antimony (Sb), ranging from PET bottles in which Sb compounds are used as cat- 

alysts, with concentrations around 300 mg/kg, to electrical equipment in which the element 

is used as a flame retardant, with concentrations of several tens of thousands of mg/kg. Al- 

though the shape of the spectra at the L3 -edge is quite similar for all Sb reference materials, 

we were able to identify antimony glycolate or acetate in PET bottles, bound organic Sb in 

c-PET trays and senarmontite in electrical materials as the main Sb components. In samples 

with high Ca content (e.g., electrical objects, some c-PET food trays and textiles) the Ca Ka 

emission line interferes with the Sb La line by introducing a high background which reduces 

the signal-to-noise ratio in the Sb XAS spectrum, resulting in noisy and distorted spectra. 

The element-resolved map on a PET bottle sample revealed both Sb and Ca hot spots of 

around 10-20 microns in size, with no correlation. 

© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Antimony was first associated with polymers in the pub-
lic eye in the 1990s, following the suggestion that there
might be a link between sudden infant death syndrome
(SIDS) and toxic volatile antimony hydrides formed in the
foam of cot mattresses ( Richardson, 1990 , 1994 ). Some fif-
teen years later, it was back in the news, this time in re-
lation to bottled water following the publication of articles
reporting significant concentrations of antimony in mineral
waters contained in polyethylene terephthalate (PET) bottles
( Filella, 2020 ). This presence pointed to an undesirable re-
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lease of antimony from the bottles. Leaching of antimony
from polyester garments has received less attention, but has
recently been demonstrated ( Biver et al., 2021 ). However, there
have been almost no studies on the direct characterisation of
antimony species in consumer plastics ( Takahashi et al., 2008 ;
Martin et al., 2010 ), such as the identification of the oxida-
tion state and the local structural environment around the
element, which may be related to its leaching, as observed
in the behaviour of antimony in the natural environment
( Filella, 2021 ). 

Studies covering not only the total concentrations of ele-
ments, but also in what form they are present, are particularly
relevant now in the framework of the UN Global Plastics Treaty
, Chinese Academy of Sciences. Published by Elsevier B.V. This is 
s.org/licenses/by/4.0/ ) 
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urrently under discussion and scheduled to be signed in 2024 
UNEA 5.2), where the need to know the chemical composi- 
ion of plastics, including additives, is becoming increasingly 
rgent ( Dey et al., 2022 ; Wang et al., 2022 ). 

Consider the case of antimony. Antimony has two oxi- 
ation states, III and V, which show different environmen- 
al behaviour and toxicity ( Filella, 2021 ). Antimony is mainly 
sed in its trivalent form diantimony trioxide (Sb2 O3 ) in plas- 
ics applications: together with antimony acetate and anti- 

ony glycolate - when it is a catalyst, or as flame retardant 
 Filella et al., 2020 ). In this application, diantimony trioxide 
s an additive that functions as a synergist with halogens 
o confer enhanced flame retardancy. Since the International 
gency for Research on Cancer (IARC) listed Sb2 O3 in Group 

B, “possibly carcinogenic to humans”, some years ago, the 
ompound has been under scrutiny with inconclusive or am- 
iguous results ( Filella et al., 2020 ). Recently, it was a candidate 
o be considered a restricted RoHS (Restriction of Hazardous 
ubstances in Electrical and Electronic Equipment) substance 
 European Commission, 2020 ). For some years now, we have 
een tracking the presence and quantifying the amount of an- 
imony in consumer products ( Turner and Filella, 2017 , 2020 ),
s well as in plastics stranded in Swiss lakes ( Filella and 

urner, 2018 ; Filella et al., 2021 ). However, the non-destructive 
echnique used, X-ray fluorescence (XRF), does not allow us 
o know in what form (i.e. the species) antimony is actually 
resent in the materials. We have also explored the use of 
aser Induced Breakdown Spectroscopy (LIBD) ( Lazic et al.,
018 ) which, again, only offers full elemental determination 

apabilities. Following in the footsteps of a couple of relatively 
ld X-ray absorption spectroscopy (XAS) studies on PET bottles 
 Takahashi et al., 2008 ; Martin et al., 2010 ), we have systemati- 
ally tested whether the Sb L3 -edge XAS allows the identifica- 
ion of antimony species in different types of plastics where 
ntimony is present. XAS is the only non-destructive tech- 
ique that allows direct extraction of Sb speciation from liq- 
id and solid samples. In environmental and geochemical re- 

ated studies, the speciation of antimony in pure solid phases 
see Table 6 in Filella and Williams, 2012 for a review and 

in et al., 2021 ) and in contaminated soil samples ( Filella, 2011 ) 
as been extensively studied by XAS analysis using the K- 
dge of antimony at 30491 eV. However, antimony also has 
he L3 -edge that has been shown to be perfectly suitable for 

easurements in semiconductors ( Geraldo et al., 2007 ), glassy 
amples ( Durand et al., 1996 ) or antimony-containing cata- 
ysts ( Matsuzawa et al., 2003 ). L-edge XAS is element specific 
nd has finer emission linewidths due to longer core-hole 
ifetimes ( Stöhr, 1992 ). The sharper linewidth allows a higher 
hemical sensitivity of the absorption coefficient and thus of 
he oxidation state and making complex spectral features bet- 
er visible. 

In this study we focus on determining the speciation of Sb 
n three types of consumer plastics using XAS at the L3 -edge 
nd XRF mapping to uncover the Sb spatial distribution in a 
ET sample. The subtle variation based on energy shifts of the 
-edge spectra published in Takahashi et al., 2008 prompted 

s to investigate the L-edge spectra at 4132 eV, which has an 

ntrinsically better chemical sensitivity compared to K-edge 
pectra. 
Please cite this article as: Camelia N. Borca, Thomas Huthwelker
tic complexity: antimony speciation in consumer plastics and sy
Sciences, https://doi.org/10.1016/j.jes.2024.02.006 
. Materials and methods 

.1. X-ray spectroscopy techniques 

AS spectra at the Sb L3 -edge (4132 eV) of a series of con-
umer plastics were collected at the PHOENIX Beamline, Swiss 
ight Source (Paul Scherrer Institute, Villigen, Switzerland).
he polychromatic photon source of the beamline is an ellipti- 
al undulator, while the monochromatic light is generated us- 
ng a double crystal monochromator. The samples were placed 

n vacuum (10−6 mbar) and recorded in both total electron 

ield (TEY) and total fluorescence yield (TFY). The TEY signal 
as recorded as photo induced current from the sample us- 

ng a high precision amperemeter (manufacturer: Keithley). A 

our-element solid-state fluorescence detector (Vortex, Man- 
facturer: Hitachi) with 180 eV energy resolution was used 

o measure the TFY signal. To derive the XAS spectra in TFY 

ode, the total intensity of the emission lines is used as func- 
ion of the incoming energy without any further background 

ubtraction. The intensity of the Sb Lα line is calculated by in- 
egrating all counts in the full line using a region of interest 
f 340 eV. However, for samples with high Ca content, we in- 
egrated only the low energy part of the emission line using 
 reduced integration range of 220 eV instead of 340 eV in or-
er to minimize the contribution of the Ca Kα , which is at a
lightly higher energy compared to the Sb Lα line. All spec- 
ra were normalized to the incident photon flux, I0 , measured 

s a TEY signal taken from a transparent Ni coated polyester 
oil positioned about 1 m upstream of the sample. The TEY 

pectra recorded for the reference powders (in Fig. 1 ) are rep- 
esentative of the surface electronic structure ( ∼ 5 nm) while 
he samples’ TFY spectra are characteristic of the bulk struc- 
ure (up to 150 microns in depth). The samples were fixed on 

arbon tape on the Cu sample holder and measured with an 

-ray beam size of 1 ×1 mm, as well as a focused beam of
 ×3 microns. As the samples were thin compared to the X- 
ay penetration depth and antimony concentrations were low,
he samples were mounted freestanding in the beam, to ex- 
lude any background contribution from the sample holder 
tself (see example in Appendix A Fig. SI1). 

The spectra were acquired for the Sb L3 -edge, with a step 

ize of 1.0 eV above and below the edge and 0.3 eV across the
ain edge, using an integration time of 1 sec per point (15 min

er scan). The step size of 0.3 eV is consistent with the spectral
esolution of the incoming radiation of around 0.4 to 0.5 eV at 
 keV, as set by a double crystal monochromator using Si (111) 
rystals. The XAS spectra were background corrected and nor- 
alized using the standard protocol used in the Athena, part 

f Demeter software package ( Ravel and Newville, 2005 ). The 
arameters used for background subtraction and normaliza- 
ion were edge energy E0 = 4141.5 eV, k-weight = 2, Rbkg = 1 
˚ , d k = 1Å−1 , no low clamps, and strong high clamps; the pre-
dge (−40 to −15 eV relative to E0 ) and the post-edge (55 to 225
V relative to E0 ) were fitted to a linear function. Linear combi- 
ation fits using XAS spectra of reference samples were per- 

ormed in the Athena software using the energy range from 

10 to + 70 eV relative to the Sb L3 -edge, as described below in
ections 2.1 and 2.4. 
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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Fig. 1 – (a) Sb L3 XAS for reference materials measured in TEY (except for metallic Sb, -see text). The pre-edge peak position 

(labelled A) is mostly energy independent and does not vary with the oxidation state. (b) First derivative of the oxygen 

containing Sb references that show the shift in the main absorption edge (second peak) as a function of the oxidation state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 – Antimony concentrations in the samples as 
measured by portable XRF and dominant mineral compo- 
sition content from XAS linear combination fits of refer- 
ences. x: marks major component), (?): the spectra quality 

does not permit a clear identification of the composition 

from LCF. 

Object 
Sb concentration 
(mg / kg) SbAc or PEG Sen 

PET bottle 1 351 x 
PET bottle 2 331 x 
PET bottle 3 361 x 
PET bottle 4 322 x 
PET bottle 5 370 x 
PET bottle 6 370 x 
cPET black tray 1 369 x (?) 
cPET black tray 2 303 x (?) 
cPET white tray 3 355 x 
PE textile 1 286 x 
PE textile 2 471 x (?) 
PE textile 3 452 x (?) 
Elec A 55835 x 
Elec B 27812 x 
Elec C 33122 x 
Ring 28193 x 

 

 

 

 

 

 

 

 

X-ray fluorescence (XRF) microscopy maps were acquired
with the beam focused to 3 ×3 microns using a Kirkpatrick–
Baez (KB) mirror system. The monochromatic incident beam
energy was fixed at 4.2 keV, above the absorption edge of Sb L3 -
edge, to excite all fluorescence lines with excitation energies
below 4.2 keV, most notably calcium, potassium, and chlorine.
The samples were placed at 45 degrees to the incoming beam
and scanned with 1 micron step size using two stepper mo-
tors, with the beam kept at a fixed position. The reason for
the oversampling was to obtain a better XRF image than the
one published in Martin et al. (2010) , with better contrast and
smoother edges. 

1.2. Reference materials 

XAS spectra of eight well-characterised antimony-containing
compounds serve as references for different chemical states
or atomic coordination in which antimony is present in the
target objects. They included antimony in different redox
states and/or complexed by organic ligands: Two antimony(III)
oxides (Sb2 O3 ) (valentinite, Vln, and senarmontite, Sen); an-
timony(V) oxide (Sb2 O5 ) 99.999% (CAS 1314-60-9) Roth; anti-
mony(III) sulfide (Sb2 S3 ) (CAS 1345-04-6) Acros; Sb0 ≥99.5%
Roth; potassium antimony L-tartrate (PAT) (C8 H4 K2 O12 Sb2 )
(CAS 331753-56-1) ≥99% Alfa Aesar; poly(antimony ethylene
glycoxide) (PEG) (CAS 29736-75-2) Fluorochem; antimony(III)
acetate (Sb(OOCCH3 )3 , SbAc) (CAS 29736-75-2) 97% Thermo
scientific. 

1.3. Consumer plastic and textile samples 

The following samples were analysed: five PET (polyethy-
lene terephthalate) bottles, three crystallized polyethylene
terephthalate (c-PET) food trays (two black and one white),
three polyester (PE) textiles and several electrical appli-
ances, as detailed in Appendix A Table SI1 and illustrated
Appendix A Figs. SI2 and SI3. The concentration of an-
timony in all the objects had been previously measured
by a portable XRF spectrometer calibrated for plastic ma-
terials. See Turner and Filella (2017) for analytical details.
Please cite this article as: Camelia N. Borca, Thomas Huthwelker
tic complexity: antimony speciation in consumer plastics and sy
Sciences, https://doi.org/10.1016/j.jes.2024.02.006 
Kαemission line (Kα = 26.2 keV) was used to extract the ab-
solute concentrations in mg/kg. This line is free of interfer-
ence by other emission lines, in contrast to the using the
Sb L emission lines, as discussed below. The measured anti-
mony concentrations covered a wide range, from around 300
to more than more than 50,000 mg/kg Sb (see also Table 1
below). 

2. Results and discussion 

2.1. Sb L-edge XAS spectra from reference samples 

The reference samples have been measured in TEY mode 
( Fig. 1a ), which is free of artifacts due to self-absorption ef-
fects caused by high Sb concentrations. These spectra are rep-
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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esentative of the surface composition, up to ∼5 nm in thick- 
ess. However, the Sb0 metallic spectrum was measured in 

FY mode (and corrected for self-absorption) because the cor- 
esponding TFY spectrum indicated an oxidized surface and 

herefore was not useful as a reference. Fig. 1b shows the 
rst derivative of the oxygen containing Sb references reveal- 

ng a shift of the main absorption edge (second peak) as a 
unction of the oxidation state. The spectra in Fig. 1a have 
everal key features. The main one is the absorption edge 
round 4142 eV (labelled as B) which arises from the 2p3/2 → 5d 

ransition and is more sensitive to the oxidation state of Sb 
ons, shifting to higher energies with increasing oxidation 

tate. While the main trend in Fig. 1b is clearly visible, it 
s difficult to quantify. Secondly, there is a pre-edge peak at 
136 eV (labelled as A), which corresponds to the transition 

p3/2 → 5s σ ∗ ( σ ∗empty antibonding states). Its area is corre- 
ated to the local Sb atomic coordination or structural packing 
 Martin et al., 2010 ). It is also known that the antibonding oxy- 
en 2p bands hybridize with the Sb 5s orbitals ( McLeod et al.,
012 ) and therefore, the oxygen spatial distribution around 

he Sb ions is also reflected in the pre-edge peak area. The 
umber of the oxygen ions and the distance from the Sb 

ons alters the O 2p - Sb 5s band hybridization and hence 
hanges the pre-edge peak area. In other words, when one or 
ore ligands are missing or displaced around the Sb atom,

 coupling of the occupied Sb 5s states with the σ ∗empty 
ntibonding states occurs, leading to a gain in the unoccu- 
ied 5s states that visible as a pre-edge peak at 4136 eV in 

ig. 1a . 
A quantitative interpretation of the reference spectra is 

eyond the scope of this work. However, we can conceptu- 
lly recognize similarities and differences between the spec- 
ra and turn our attention to several key features which are 
bserved in the spectra of the PET samples ( Fig. 3a ). The spec-
ra from PEG and SbAc show very similar features: a clear pre- 
eak, the same position of the main edge, and a rather struc- 
ureless XAS region with a broad peak at 4162 eV. PEG has an 

dditional very shallow peak at 4152 eV. The spectrum from 

AT has some similarity to that of PEG, but the main peak (at 
4160 eV) is slightly shifted towards lower energies compared 

o the spectra of PEG and SbAc. On the other hand, the spec- 
rum of senarmontite (Sen) shows the most pronounced fea- 
ures compared to all other spectra. 

All these reference spectra can be used to fit the data 
ecorded on the Sb-containing plastic objects by linear com- 
ination least-square fitting (LCF) using an energy range of 45 
V around the Sb L3 absorption edge. Spectra with very sim- 
lar shapes e.g., PEG and SbAc will result in equally good fits,

aking it difficult to distinguish these two compounds. 

.2. XRF analysis using synchrotron unfocused beam 

he XAS spectra of for four different types of objects: PET 

ottles, textiles, food trays and electrical materials (hereafter 
ermed as Elec) were derived from the synchrotron based XRF 
ignal by recording the intensity of the Sb Lα emission line ( ∼
.6 keV) as a function of the incoming photon energy. Using 
RF mode instead of TEY was needed, as the Sb concentra- 

ions are very low in the PET samples. In Ca containing sam- 
les also the Ca Kα emission line ( ∼ 3.69 keV) is excited when 
Please cite this article as: Camelia N. Borca, Thomas Huthwelker
tic complexity: antimony speciation in consumer plastics and sy
Sciences, https://doi.org/10.1016/j.jes.2024.02.006 
ecording the Sb XAS spectra. XRF spectra ( Fig. 2 ) taken at an
xcitation energy of 4200 eV illustrate that these two emis- 
ion lines cannot be resolved by the SDD detector, which has 
n energy resolution of 180 eV. The peak at ∼3.6 keV is a con-
olution of the Ca Kα and Sb Lα lines, while the elastic scat- 
ering peak at 4200 eV also contains contributions of the Ca 

β and Sb Lβ lines. The four panels in Fig. 2 qualitatively il- 
ustrate the elemental composition of each object (mainly Cl,
, Ca and Sb). For samples Elec A, B and C, the Br Lα fluores-
ence line was detected at 1480 eV ( Fig. 2a ). The Br Lα fluores-
ence line is very close in energy to the Al Kα line at 1486 eV,
hich is also excited at 4200 eV, and therefore we cannot ex- 

lude the possibility of also Al being present as trace element.
he highest total XRF intensities (counts/s) are observed for 

he electrical materials, while the other three types of objects 
how similar and reduced values for total fluorescence inten- 
ities. The relative strength of the antimony L, as well as cal- 
ium and potassium K lines can be disentangled by peak fit- 
ing as shown in Fig. 2 using the PyMca software ( Solé et al.,
007 ). 

The high Ca content of the electrical objects as well as the 
ood trays 1, 2 and textile 2, introduces a high background un- 
er the Sb Lβ emission line, and hence lowers the signal-to- 
oise ratio. In principle, the emission lines could be disentan- 
led by peak fitting. However, the error of the fitting is large 
ompared to the error of the counting statistics. Therefore, the 
otal number of counts in the chosen region of interest in the 
RF spectrum was used, assuming that the contribution from 

he Ca emission line is more or less constant as a function 

f the excitation energy. Hence, under low Sb/Ca ratio condi- 
ions, the presence of Ca in the sample can introduce a small 
ignature of the Ca XAS spectrum as background in the spec- 
ra. These effects can lead to noisy and potentially distorted 

pectra. 

.3. Sample XRF mapping using synchrotron focused 

eam 

ig. 3 shows an elemental map recorded at 4.2 keV monochro- 
atic beam energy by scanning PET bottle 1 with a beam of 
3 ×3 micron and taking a full XRF spectrum in each sample 
osition. The individual XRF spectra have been automatically 
nalysed using the PyMca software. The inferred spatial dis- 
ribution of the trace elements in the PET matrix is shown as 
uperimposed Ca (red) and Sb (green) maps in Fig. 3a . The Ca
nd Sb hot spots have similar sizes of around 10-20 microns 
nd are not correlated. Fig. 3b shows two XRF spectra recorded 

n a Ca-rich and in an Sb-rich region. 
Using the micro-focused beam, the XAS point spectra in a 

a rich region and in an Sb rich spot have been recorded and
re shown in Fig. 3c together with the XAS spectrum acquired 

ith a large beam of 1 ×1 mm in size. The point spectrum from
he Ca-rich spot is identical to the average spectrum from a 
 ×1 mm region, containing predominantly Sb acetate or PEG,
s can be seen by comparison with the reference spectra also 
hown in Fig. 3c . The XAS point spectrum from the Sb hot spot
as a less pronounced pre-edge and a gentler ascending ab- 
orption edge, possibly indicating an increased disorder of the 
xygen nearest neighbours around the Sb but remains clos- 
st to the Sb acetate reference spectrum. We also performed 
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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Fig. 2 – XRF spectra taken at 4200 eV, above the Sb L3 and Ca K-edge energies with unfocused beam (1 ×1 mm). (a) XRF 
spectra of electrically protective objects, (b) PET bottles, (c) textiles and (d) food trays. The energy positions and fitted peaks 
of both Ca-Kα and Sb-Lα lines are shown as dashed lines on vertically displaced spectra, for better visualization. The peak at 
4.2 keV in all panels shows a convolution of elastically scattered peaks and Sb-Lβ + Ca-Kβ peaks (denoted as Scatter + beta). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a simple linear combination analysis on these two hot spots
and found that the Ca-rich spot has 70% SbAc and the Sb-rich
spot 98% SbAc. 

Micro-focused XRF mapping combined with point XAS
spectra is ideal for revealing spatially resolved elemental
maps and oxidation states of trace elements, but these
techniques are extremely time-consuming. The XRF map in
Fig. 3a took about 6 hours to complete and each point XAS
spectrum took about 15 minutes. This is why, in Fig. 3 we
present the results for one PET bottle only. Using a larger 1 ×1
mm2 beam, the L-edge XAS spectra can reveal the average oxi-
dation state of Sb in the different plastic samples, as presented
in the next section. 

2.4. Sample XAS spectra using synchrotron unfocussed 

beam 

Fig. 4 shows the Sb L3 XAS spectra for the four different types
of objects studied: PET bottles, textiles, food trays and electri-
cal materials. The spectra are normalized to unity in the post
edge region and only the first recorded scan is shown for each
object, as explained further below. 
Please cite this article as: Camelia N. Borca, Thomas Huthwelker
tic complexity: antimony speciation in consumer plastics and sy
Sciences, https://doi.org/10.1016/j.jes.2024.02.006 
The Ca rich samples (food trays and textiles) show an ab-
sorption edge at 4038.5 eV, which levels out to a constant back-
ground at 4125 eV. Typically, the amplitude of the spectral fea-
tures in the Ca K-edge spectrum is of the order of a few percent
at 4140 eV ( Odin et al. 2015 ) for crystalline samples. There-
fore, for equal intensity of the Sb and Ca emission lines, any
disturbance of the Sb spectrum by the presence of Ca should
be of the order of a few percent. Assuming that Ca rich sam-
ples have only very small EXAFS oscillations above 4100 eV, the
Sb L3 -edge is most likely not affected by more than a straight
background. However, for the sake of caution, we refrain from
a fully quantitative LCF analysis and summarize only the main
components in Table 1 . 

2.5. The impact of the beam damage on the XAS spectra 

Possible beam damage effects were checked by comparing up
to 11 consecutive scans on the same sample. Fig. 5 displays
six out of 11 consecutive scans on PET bottle 1. The shape of
the spectra remains the same, except at the pre-edge region,
around 4133 eV, as shown in the inset of Fig. 5 . Here the pre-
edge peak width increases when repeating the scans and after
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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Fig. 3 – Elemental XRF map and Sb L3 XAS spectra from a PET bottle. (a) XRF map (data plotted in log scale) with pixel size 
1 ×1 micron taken with a beamsize of 3 ×3 μm. (b) XRF spectra in a Ca-rich region ( + ) and a Sb-rich region (x) and the 
deconvolution into the Ca and Sb fluorescence lines. (c) Micro-XAS spectra in a Ca-rich area (red) and in a Sb-rich spot (blue) 
are compared with the average spectrum (black) from an area of 1 mm2 . The PEG and SbAc reference spectra are plotted 

with dotted and dash-dotted lines, respectively and vertically displaced. 
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hree hours of beam exposure, the pre-edge width increases 
y approximately 0.35 eV (9.8%). This may indicate that the 
xygen nearest neighbours around the Sb ions get more dis- 
rdered, possibly due to local heating, or structural damage to 
he sample. This effect is more pronounced for the PET bot- 
les, textile 3 and white food tray 3 samples, for reasons yet 
o be uncovered. The spectra recorded on Elec samples A, B 

nd C, containing large amounts of Sb in the form of senar- 
ontite, are not affected by prolonged beam exposures. Over- 

ll, the edge position and the general shape of the spectra in 

ig. 5 remain unchanged, indicating that the main shape of the 
pectrum is usable for the linear combination fitting. However,
t cannot be entirely excluded that a rapid degradation has oc- 
urred in the first seconds of beam exposure and remained 

ndetected. As a precaution, we compared only spectra taken 

t the same radiation dose and Fig. 4 shows the spectra of the 
rst scan for each sample. We also use only the first scan for 
ny linear combination fitting results shown in Table 1 and in 

ig. SI4. The main reason is that the pre-peak, which is slightly 
rone to radiation damage, comprises a significant feature of 
he spectrum and can therefore affect the result of the linear 
tting. 
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.6. Antimony speciation in the different plastic objects 

sing LCF, the spectra of the reference substances ( Fig. 1 ) were
sed to model the spectra of the samples ( Fig. 4 ), in order to
xtract the possible speciation of antimony in each object. Ap- 
endix A Fig. SI4 shows some examples of LCF fitting for the 
ET bottle 1, tray 3 and Elec B samples. The main components 
ave been identified for most of the samples, as summarised 

n Table 1 , except for trays 1 and 2 and textiles 2 and 3, where
he quality of the spectra is not sufficient for a reproducible 
t. 

This result can be easily corroborated by visually compar- 
ng the spectra of the samples presented in Fig. 4 with those of
he references in Fig. 1 . All peak positions and main features 
ound in the PET bottle spectra are found in the SbAc and PEG
eference spectra. However, it is obviously difficult to reliably 
istinguish between the very similar spectra of PEG and SbAc,
hich is also reflected in the poor goodness-of-fit parameters 

chi-square ∼ 0.01). Appendix A Fig. SI4 shows the compari- 
on between the PEG and SbAc reference materials, as well 
s their difference spectrum. Although the main absorption 

dge remains fixed at 4141.8 eV, there are visible differences 
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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Fig. 4 – Sb L3 XAS spectra for all objects: (a) six different PET bottles, (b) three textiles, (c) three food trays and (d) four 
electrical components. The scans have been displaced in vertical direction by the same amount for better visualization and 

only the first recorded scan is shown for each object (see text). 

Fig. 5 – Six consecutive Sb L3 XAS spectra on PET bottle 1 
showing the distortion of the pre-edge peak during three 
hours of acquisition (one scan lasted 15 min). The inset 
shows the deconvolution of the pre-edge peaks for the first 
and last scans. 
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in the energy region 4140-4190 eV. However, the spectrum of a
sample containing trace amounts of these reference materi-
als may have smoother features, and the PEG and SbAc com-
ponents may no longer be clearly distinguishable. 

Similarly, the reference spectrum of Sen matches those of
household appliances, identifying it as a major component.
We refrain from presenting the estimated weights for the dif-
ferent references from the LCF analysis as the final result in
Table 1 , as such a quantitative analysis may be affected by sev-
eral pitfalls. First, the interference of the Ca Kα line with the Sb
Lα line may decrease the signal-to-noise ratio and may create
a background of unknown shape under the Sb XAS spectra,
reflecting the Ca XAS spectrum. Secondly, the references are
in crystalline form and no polymer-bound Sb references are
available to account for other Sb complexes. Thirdly, the shape
of the spectra at the L3 -edge is quite similar for all Sb(III) ref-
erences, which makes a reliable LCF analysis difficult. 

We note that small amounts of Sb(V) oxide were obtained
when adjusting the fit for food trays, textiles, and PET, us-
ing the spectrum of Sb2 O3 as reference (see Appendix A Fig.
SI5). While the presence of Sb2 O5 itself is unlikely, the re-
sult of the LCF may indeed indicate the presence of Sb(V).
Its presence cannot be excluded due to oxidation of Sb(III)
during or after the manufacture of the plastic objects and
Takahashi et al. (2008) reported Sb(V) fractions as high as
 and Montserrat Filella, A step towards understanding plas- 
nthetic textiles revealed by XAS, Journal of Environmental 
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0% in some of their samples (PET bottles). However, they did 

ot give any plausible explanation or additional confirmation; 
hey only showed that the oxidation state and coordination 

nvironment of Sb were not related to the concentration of 
b leached into the water from PET. In our case, we are not 
onvinced of the presence of Sb(V) because, although accept- 
ng the inclusions of Sb2 O5 slightly improved the fits, they 
emained much poorer than for the other samples. We also 
erformed an additional statistical analysis, namely principal 
omponent analysis (PCA) on the six PET spectra (in Fig. 4a ),
hich are less noisy than the tray and textile spectra, where 

his analysis will not be applicable. Using the SIXPACK soft- 
are package ( Webb 2005 ), we performed a target transforma- 

ion by constructing the reference spectrum (‘target’) from the 
ata set and the PCA components (for review, see Martini and 

orfecchia, 2020 ). The error of the reference spectrum and the 
onstructed target is characterized by the SPOIL value, while 
he R value is a measure of the percent mismatch between 

hem. This calculation was performed in k-space for three ref- 
rences: PEG, SbAc and Sb2 O5 , which were identified by LCF 
s the most likely components. The target transformations 
pectra are shown in Fig. SI6 in k-space, including the SPOIL 
nd R-values. The best agreement, with smallest SPOIL value,
s obtained for PEG, followed by SbAc and Sb2 O5 . The SPOIL 
alue should be as low as possible, and ideally between 0 and 

, while values up to 6 are considered as moderately accept- 
ble and unacceptable for SPOIL > 6 ( Malinowski, 1978 , 1991 ,
eauchemin et al., 2002 ). As can be seen in Appendix A Fig 
I6, all SPOIL values are < 3 which indicates that all three tar- 
ets are acceptable, with the highest probability for PEG and 

owest for Sb2 O5 . The parameters of the first five components 
btained from the PCA are shown in Appendix A Table SI2. The 
ND function has a minimum value for two components which 

eans that the six PET XAS spectra can be completely de- 
cribed by two components (eigenvalues), with the first com- 
onent being the dominant one. 

It can be concluded that the Sb present in PET bottles is 
ainly bound to organic compounds, such as PEG or SbAc.

his agrees with the compounds known to be used as cata- 
ysts in PET production ( Filella, 2020 ). However, it is not pos- 
ible to determine whether antimony is also bound to some 
xtent to the polymer. On the other hand, what our results 
xclude, within detection limits, is the presence of significant 
mounts of Sb2 O3 nanoparticles in these samples. The anti- 
ony in the c-PET trays used in the food trays is also organi- 

ally bound, but the high Ca concentration hampers spectral 
econvolution. Polyethylene textiles are also difficult samples 
o study. Although the Sb concentrations in textiles are sim- 
lar to PE and PET, the shape of Texile 1 spectrum resembles 
 Sen standard, while the other two textiles cannot be fitted 

eliably. 
The Sb present in electrical material is clearly identified as 

enarmontite. This is consistent with its known use as a syn- 
rgist for halogenated flame retardants ( Öko-Institut, 2019 ).
he analysed materials have high concentrations of bromine: 
4075 mg/kg (Elec A), 48712 mg/kg (Elec B) and 71949 mg/kg 
Elec C), respectively, which is to be expected in a flame- 
etardant use. However, the yellow ring, also an electrical re- 
ated material, does not contain any bromine, as can be seen 

n Fig. 2a . 
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. Conclusions 

n summary, our results suggest that Sb present in PET bottles 
s mainly bound to organic compounds, either PEG or SbAc 
nd organically bound in the c-PET trays. The Sb incorporated 

n the electrical material is clearly identified as senarmon- 
ite which is possibly also found in textiles. The identification 

f the oxidation state and the local structural environment 
round a given element in a given matrix, such as plastics, is 
f great importance because both features are directly related 

o its potential (eco)toxicity and leaching (e.g., in the case of 
b only Sb2 O3 is considered as “possibly carcinogenic to hu- 
ans", see introduction). In principle, it should be possible 

o obtain this information from manufacturers, but this has 
roven to be difficult if not impossible. In addition, the form 

n which an element is added might change in the manufac- 
uring process. The techniques available for the study of ele- 

ental solid speciation are extremely limited. For this reason,
e have explored the ability of X ray absorption spectroscopy 

XAS) at the Sb L-edge, even if the Sb-K edge (30.49 keV) can
eadily be investigated at many light sources. Previous stud- 
es using the Sb-K edge mainly relied on the position of the 
dge to extract the Sb oxidation state and on EXAFS to deter- 
ine the distances to the nearest neighbours ( Takahashi et al.,

008 and Mayer et al., 2020 ). The K-edge spectra do not have
ery pronounced features, rendering its use for fingerprinting 
imited. Due to longer core-hole lifetimes which decrease the 
 lines widths, the L-edge spectra can reveal the presence of 
re-edge features. The drawback is that the probing depth at 
he Sb L-edge is 100 times less than at the K-edge (10 mm),
hich may enhance radiation damage effects. This effect has 
ot been investigated at the K-edge in a similar fashion as per- 

ormed here, for the L-edge. 
Future research should aim to investigate Sb speciation in a 

ider selection of consumer plastic objects by comparing new 

nd aged materials, complemented by leaching studies. The 
est choice is to combine K- and L-edge XAS measurements 
o extract speciation and local atomic order around Sb atoms.

ith a tailored database of reference compounds, Sb species 
an be better identified by PCA or LCF analysis. 
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