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Antimony is a critical raw material in Europe wherein for 43% of its market share it is applied in the form of

antimony trioxide as a fire retardant in plastics. Currently, antimony recycling from waste plastics does not

take place and has been scarcely studied. In this work, a process was developed to extract antimony from

a soft PVC material and recover it as Sb4Cl2O5. Antimony was extracted by means of an ethanolic

hydrochloric acid solution, prepared by diluting fuming HCl with ethanol to achieve the desired

concentration. The addition of an organic solvent, such as ethanol, is known to enhance the chloride ion

activity and promote metal chloride complex formation. This study confirms that the use of aqueous

ethanol as a solvent increased the solvation of antimony at moderate temperature (i.e. 80 °C) as

opposed to aqueous HCl solutions. The optimised leaching process showed high antimony extraction

yields (94%) in the presence of an aqueous ethanol solution containing 4 M HCl at 80 °C for 4 h.

Furthermore, the addition of the organic solvent ethanol to the reaction mixture caused organic

additives to be co-extracted from the PVC (71% di-n-octyl phenyl phosphate, 51% di-iso-nonylphthalate,

76% 2-ethylhexyl diphenyl phosphate, 30% 9-octadecanamide and 15% butylated hydroxytoluene). The

pregnant leaching solution was subsequently distilled to recover ethanol and washed with n-hexane to

recover the extracted organic additives. Finally, water addition to the obtained solution led to the

precipitation of 95% of antimony from the solution as Sb4Cl2O5 with a high purity ($99.8%). The residual

PVC was not degraded and could be suitable for recycling.
Introduction

Inorganic and organic compounds are applied as additives in
plastics, such as polyvinyl chloride (PVC), to obtain desired
mechanical and physical properties.1,2 Antimony trioxide (ATO)
is one such inorganic additive that is used as a ame retardant
in synergy with organic ame retardants.3 Antimony is consid-
ered by the European Commission to be a critical raw material
due to its economic importance and supply risks.4 Although
43% of the total antimony demand in Europe is as a ame
retardant, antimony is currently not recovered from plastic
products and thus disperses in products derived from plastic
recycling, in incineration ashes and in landlls.5 Research
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efforts to recover antimony from waste plastics mainly focused
on the destruction of polymers, by decomposition, pyrolysis, or
incineration, to subsequently recover antimony from the
produced gasses or within the obtained solid residues.6 Direct
hydrometallurgical extraction of antimony from waste plastics
has been scarcely studied. Such studies focused on antimony
extraction from poly(acrylonitrile butadiene styrene) (ABS)
plastics. Acid extraction was studied under harsh conditions at
175 °C by microwave heating and showed that extraction pro-
ceeded best according to 18 M H2SO4 > 12 M HCl > 6 M HCl,
whereas in aqua regia no antimony was extracted.7 The highest
antimony extraction yields were in the range of 21.2–21.5%.
Alkaline (20 g per L NaOH) leaching yielding 87% of antimony
extraction was performed under harsh hydrothermal conditions
at 220 °C for 2 h in the presence of Na2S to form soluble
SbS3

3−.7,8 Whereas another approach consisted of co-dissolving
the polymer in a solution of 0.5 M sodium hydrogen tartrate in
DMSO for 20 h at 100–108 °C, aer which the polymer repre-
cipitated and 48% of the antimony remained dissolved in the
lixiviant.9 In the latter two cases, the ABS polymer was recovered
and was suitable for recycling.

HCl leaching of Sb2O3 generally occurs via the formation of
SbCl3, according to eqn (1), which is soluble in concentrated
hydrochloric acid solutions through the formation of soluble
RSC Adv., 2025, 15, 531–540 | 531
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View Article Online
chloride complexes following eqn (2).10 Thermodynamic
restrictions would require to operate at high temperatures (>130
°C) to leach antimony (Fig. S1 in the ESI†). This implies working
under hydrothermal conditions in closed reactor systems,
which are difficult to implement at industrial scale. Further-
more, operating under hydrothermal conditions at elevated
temperatures could possibly lead to dechlorination of the PVC
polymer.11

Sb2O3 + 6HCl / 2SbCl3 + 3H2O (1)

SbCln
(3−n) + Cl− # SbCln+1

(2−n) (2)

The formation of antimony chloride complexes according to
the reaction equilibrium in eqn (2) is governed by the Cl−

activity according to eqn (3),

Kn ¼
aSbClnþ1

ð2�nÞ

aSbClnð3�nÞ$aCl�
(3)

where Kn is the equilibrium constant and ai is the activity for the
aqueous species.10,12 Noteworthily, the activity of ionic species
will differ when transposed to other solvent systems.13,14 Ther-
modynamically this effect is described as the solvent medium
effect, which is a measure of the change in the total solvation
Gibbs energy of a solute (i) when it is transferred from one
reference solvent (S1) to another solvent system (S2). The effect
is directly related to the Gibbs energy of transfer
ðDG�

t ði; S1/S2ÞÞ, which is related to the ionic activity according
to eqn (4)

DG
�
t ¼ RT ln yt (4)

with R being the ideal gas constant, T represents temperature
and gt is the transfer activity coefficient. The magnitude of the
solvent medium affects the relative stability of the solute in the
two solvents and relates thus to the consequence of changing
the solvent on the redox, acid-base and complexation charac-
teristics of the solute, as well as the kinetics and mechanisms of
its reactions.13,14 Senanayake andMuir explored in the 1980s the
effect of non-aqueous solvent additions to aqueous chloride
solutions on the solvation and complexation of metal ions such
as Cu(II), Pb(II), Zn(II) and Ag(I).15 Ethanol, which is the focus of
the current work, is not known for forming complexes with
metal cations in aqueous solutions, but it will rather inuence
the water and chloride activities that govern the solvation and
chloride complexation according to eqn (5) for the complexa-
tion of Sb(III).15

Sb(H2O)h
3+ + nCl(H2O)l

− #

SbCln(H2O)m
(3−n) + (h + l − m)H2O (5)

It was shown that the addition of ethanol to a chlorine
aqueous solution containing metal cations increased both the
cation and chloride anion activity and promote the formation of
metal chloro-complexes.15 Furthermore, the solubility product
is thermodynamically related to the product of the individual
ionic activities and the solvent medium effect can thus be
exploited in, amongst others, metallurgic extraction systems.
532 | RSC Adv., 2025, 15, 531–540
A recent study showed that the chlorine reactivity towards
antimony extraction from a waste lead-rich dross enhanced in
a hydrochloric acid water–ethanol mixture.16 Indeed, hydro-
chloric acid extraction in the presence of alcohols has also been
shown to be more efficient than aqueous HCl extraction for
scheelite,17 sea nodules18,19 and zinc ferrite.20 In all cases, the
hydrochloric acid concentration and reaction temperature
could be signicantly lowered, and the metal leaching efficiency
was increased compared to aqueous systems. Solvometallurgy,
whereby at least 50% of the aqueous solvent is replaced by an
organic solvent, recently gained additional interest as it could
offer benets such as more selective leaching, reduced acid
consumption and fewer purication steps.21 Furthermore, the
presence of an organic solvent could also give rise to the
improved dissolution of organic molecules. For example, soil
remediation with a hydrochloric acid solution in ethyl-acetate/
ethanol/water led to the simultaneous extraction of heavy
metals and organic pollutants.22 Whereas, at increasing ethanol
concentrations in water, plasticizer extraction from PVC plastics
takes place.23,24 Interestingly, these studies also reported that at
increased ethanol concentrations, above 8%, in water, liquid
transfer into the PVC took place, which further increased with
increasing temperature. Cano et al. studied the extraction of
adipate and phthalate plasticizers from a PVC paste bymeans of
microwave-assisted extraction in alcohols, such as, methanol
and ethanol.25 In ethanol at an extraction temperature of 120 °C
for 10 min, 78–88% of di-2-ethylhexyl adipate (DEHA) was
extracted. In the same study, microwave-assisted extraction with
methanol was optimised showing already effective extractions
at mild temperatures and short times (e.g., 55–75% DEHA at
40 °C and 5 min to 10 min, respectively). At the optimised
temperature of 120 °C for 10 min in methanol high yields of
phthalate extraction (103% di-2-ethylhexyl, 93% diisononyl and
95% diisodecyl phthalate) were achieved.

The extraction of additives from plastics is a complex process
that is governed by chemical and physical processes.2 On the
one hand, the solubility of the additive molecule in the chosen
solvent system plays an important role and can be predicted for
organic additives via solubility theories, such as the Hansen
theory.26 This theory is commonly used and provides solubility
parameters based on the three interactions non-polar/
dispersion, polar and hydrogen bonding that allow to calcu-
late the distance between the solubility parameters of an
additive/polymer and solvent to estimate the suitability of
a solvent to dissolve or swell a certain polymer or additive.2,26 On
the other hand, diffusivity is an important physical process that
allows a molecule to effectively move from one medium (the
polymer) to another (the solvent). Additionally, diffusivity of the
solvent into the polymer structure is also required to enhance
the interaction with additives. Diffusion in polymer systems is
complex and depends on many factors such as morphology,
pore size and swelling of the polymer, as well as the volatility
and concentration of solutes, their crystallinity, surface energy
differences, temperature etc.27 An important parameter of
diffusivity in polymers is the glass transition temperature (Tg),
above which in rubbery polymers small molecules typically have
a steady-state diffusion according Fick's law, whereas below Tg
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in glassy polymers unsteady-state diffusion (non-Fickian
motion) occurs.2 Specic models have been developed to theo-
retically estimate the diffusion of moieties in polymers and are
described in literature which the reader is advised to consult.2,28

In this work, it was hypothesized that leaching waste PVC
with an alcoholic chloridic acid solution could improve anti-
mony leaching at mild temperatures and extract both metal-
containing inorganic additives as well as organic additives.
These hypotheses were experimentally tested, and the devel-
oped process was optimised to achieve a high antimony
extraction and recovery yield.
Materials and methods
Materials

An antimony-containing so PVC sheet material was used for
this study (Fig. S2, ESI†). Initial leaching experiments applied
the PVC sheet which was cut into uniform akes of 1 cm ×

1 cm. Whereas, for the nal validation experiment the same
PVC sheet was cryogenic milled to <4 mm by submerging the
material in liquid nitrogen prior to treatment with a Fritsch
Pulverisette cutting mill that was equipped with a 4 mm sieve.

Hydrochloric acid (37 wt% HCl in water) and n-hexane
(SupraSolv®, $98.0%) were purchased from Merck KGaA
(Darmstadt, Germany), while ethanol (absolute) and 2-propanol
(technical grade, $98%) from VWR Chemicals (Fontenay-sous-
Bois, France). For precipitation reactions the chemicals anti-
mony chloride (SbCl3, ACS reagent), diethyl phthalate (99.5%),
and dioctyl phthalate ($99.5%) were acquired Merck KGaA
(Darmstadt, Germany), and 2-ethylhexyl diphenyl phosphate
from VWR Chemicals (Fontenay-sous-Bois, France). All chem-
icals were used as received without any further purication.
Leaching optimisation experiments

For leaching in aqueous HCl solutions, 2 g of PVC samples was
brought into PTFE containers with 20 mL of an aqueous
hydrochloric acid solution. The PTFE containers were sealed,
and then shaken horizontally at 225 rpm for 2 h in a water bath
at the set reaction temperature. Aer the leaching process, the
containers were removed from the water bath and cooled to
room temperature. The leaching experiments with ethanolic
HCl solutions were carried out in a round-bottom ask equip-
ped with a reux condenser. The hydrochloric acid solutions
were prepared by diluting an aqueous 37 wt%HCl solution with
pure ethanol to obtain the desired HCl concentration. Such
solution is in the below text also referred to as ethanolic HCl
solution. The reaction mixture in the ask was heated for 2 h in
a water bath at a set reaction temperature. Aer the leaching
process, the round-bottom asks were cooled down to room
temperature. Aer leaching the reduction potential and the pH
of the liquid phase were measured and the lixiviant was sepa-
rated from the solid residue by vacuum ltration using a 0.45
mm mixed cellulose ester membrane lter from Whatman. The
PVC residues were dried at 40 °C and subsequently analysed by
X-ray uorescence (XRF), whereas the ltrates were conserved
through dilution with a 5 vol% nitric acid solution for
© 2025 The Author(s). Published by the Royal Society of Chemistry
subsequent analysis by inductively coupled plasma atomic
emission spectroscopy (ICP-OES) Since ICP-OES analysis of the
liquid fraction was carried out with aqueous standards, the
ethanol was removed from the lixiviants by rotary evaporation
prior to analysis. The obtained aqueous fractions were then
diluted to 20 mL with ultra-pure water. Subsequently, 5 vol%
nitric acid was added for preservation. All experiments were
carried out in duplicate.

The extraction efficiency, expressed in %, of an extracted
element into the leachate solution was calculated according to

Extraction efficiencyð%Þ ¼ VL � CL

mi � Ci

� 100% (6)

whereby VL is the volume of the leachate (in L), CL the
concentration of the element in the obtained leachate
(in mg L−1), mi the initial mass of the treated PVC material (in
kg) and Ci the concentration of the considered element in the
starting material (in mg kg−1).
Antimony recovery optimisation

A bigger scale leaching experiment was performed in dupli-
cate in a 1 L round-bottom ask, placed in a heating mantle
and equipped with a reux condenser. The ask was lled
with 50 g of PVC sample (1 × 1 cm akes) and 500 mL of 4 M
HCl ethanolic solution. The reaction mixture was heated to
80 °C for 5 h without stirring. Aer cooling to room temper-
ature and ltration, the recovered leaching solution was
divided in two equal fractions of the same volume (235 mL);
FR1 and FR2. Ethanol was removed from FR1 through rotary
evaporation (130 mbar, 55 °C). Whereas FR2 was not distilled.
Subsequently, MilliQ water was added stepwise to a known
volume of FR1 and FR2 by means of a graduated burette at
room temperature and under constant stirring to improve
mixing and uniform particle formation. The pH of the solu-
tion was measured aer each water addition step. Water was
added until the formation of a precipitate was observed, aer
which the solution was le to stir for an additional 1 h. Next,
the slurry obtained for FR1 was ltered over a 0.45 mm mixed
cellulose ester membrane lter (Whatman) to recover the
precipitate. Whereas, for the FR2 solution the solid was
recovered through centrifugation (5 min, 3500 rpm). The solid
residues were dried at 40 °C in a nitrogen atmosphere until
constant mass. The obtained liquid fractions were analysed by
ICP-OES, the PVC solid resides by ICP-OES aer acid diges-
tion, and the precipitates by XRD and ICP-OES aer acid
digestion.

The recovery yield, expressed in %, of a precipitated element
from the solution was calculated according to

Recoveryð%Þ ¼ ðVi � CiÞ �
�
Vf � Cf

�

Vi � Ci

� 100% (7)

whereby Vi is the volume of the starting solution from which the
considered element was precipitated (in L), Ci the concentration
of the element in that solution (in mg L−1) and, Vf is the volume
of the nal solution aer precipitation (in L), Cf the concen-
tration of the element in that nal solution (in mg L−1).
RSC Adv., 2025, 15, 531–540 | 533
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Antimony hydrolysis precipitation in the presence of organic
additives

In a beaker 10 g per L SbCl3 was dissolved in 12 M HCl in the
presence of diethyl phthalate, dioctyl phthalate or 2-ethylhexyl
diphenyl phosphate, respectively, were executed. The organic
additives were added in a 2 : 1 molar ratio with antimony. The
solution was stirred at room temperature while gradually MilliQ
water was added to the solution until precipitation occurred.
The slurry was le to stir for an additional 10 min. Next,
ltration and washing with water over a Whatman cellulose
lter was performed to recover the precipitate which was
subsequently dried at 40 °C. The dried precipitate was analysed
by XRD, ICP-OES and CHNS analysis.
Process validation experiment

A cryogenic-milled PVC sample (50 g) was brought in a 1 L
round bottom ask to which 500 mL of a 4 M HCl ethanolic
solution was added. The ask was equipped with a condenser
and heated by a temperature-controlled heating mantle to 80 °C
and le to react for 4 h under mild stirring (150 rpm). Aer
cooling to room temperature, the reaction mixture was ltered
over aWhatman cellulose lter to remove the solid PVC residue.
The PVC residue was washed over the lter with additional
ethanol that was added to the collected ltrate. The PVC residue
was dried at 50 °C and subsequently analysed by TGA-DSC, GC
MS and ICP-OES (aer acid digestion). Ethanol was removed
from the ltrate by rotary evaporation (150 mbar, 55 °C).
Subsequently, the aqueous lixiviant was washed twice with
50 mL n-hexane in a separatory funnel. To the washed aqueous
leaching solution, known volumes of MilliQ water were stepwise
added under constant stirring until a precipitate was observed.
Aer which, an additional 100 mL of MilliQ water was added
and le to stir for an additional 1 h. The precipitate was ltered
off over a Whatman membrane lter (0.45 mm) and the ltrate
was collected for ICP-OES analysis. The precipitate was dried at
50 °C and subsequently analysed by XRD, XRF and ICP-OES
(aer acid digestion). The experiment was performed in
duplicate.
Table 1 Elemental composition of the PVC sample, average of 5
subsamples measured by ICP-OES

Element
Concentration
(mg kg−1) Element

Concentration
(mg kg−1)

Al 32 500 � 6100 Pb 680 � 11
Ca 172 � 18 S 540 � 88
Cr 157 � 19 Sb 38 200 � 1500
K 170 � 37 Si 1720 � 270
Mg 95.6 � 9.8 Sn 542 � 77
Na 1220 � 170 Zn 356 � 40
P 1130 � 170
Analysis methods

A PerkinElmer Avio 500 optical emission spectrometer with
prepfast was used for the ICP-OES analysis. The aqueous
samples were stabilised with 5 vol% HNO3 prior to ICP-OES
analysis. Solid samples underwent acid digestion prior to ICP-
OES analysis, whereby the sample was dissolved in an HNO3/
H2O2/HCl solution and microwave digested under high pres-
sure at 250 °C for 180minutes. X-ray uorescence (XRF) analysis
on solid samples were performed by a Thermo Scientic Niton
XL3t GOLDD+ handheld XRF analyzer. The reported elemental
compositions in this work are average values for duplicate
experiments and error values are given by the standard
deviation.

For the thermogravimetric- and differential scanning calo-
rimetry analysis of PVC samples a NETZSCH STA 449 F3 Jupiter
simultaneous thermal analyzer was used. X-Ray Diffraction
534 | RSC Adv., 2025, 15, 531–540
(XRD) using a PANalytical Empyrean Diffractometer (Co anode)
was performed to determine the crystallographic phase
composition of the obtained precipitates. HighScore Plus so-
ware was used for qualitative analyses of the diffractograms.
The CHNS measurements involves a high-temperature
combustion at 1150 °C under oxygen atmosphere and thermal
conductivity detection. The oxygen concentration analysis relies
on the conversion of sample oxygen to carbon monoxide
through high-temperature pyrolysis at 1450 °C and thermal
conductivity detection. The CHNS measurements were per-
formed with the Vario EL Cube Element Analyser (Elementar)
and the oxygen measurement was conducted with a rapid OXY
Cube Element Analyser (Elementar). The presence of organic
additives was measured and quantied by means of GC MS.
Measurements were performed on Trace DSQ GC MS (Thermo
Fisher Scientic) equipped with a VF1701 30 m; 0.25 mm 0.25
mm column. Helium ow was set to 1 mLmin−1. Injection was 1
ml with a split ration of 1 : 50 at an injector temperature of 250 °
C. The Oven program was set as: 60 °C to 280 °C at 20 °C min−1.
Hold for 5 min, to 320 °C at 20 °C min−1 and hold again for
5 min. The mass range was set from 50–650 amu at a scan rate
of 1000. The samples were spiked with D4 di-n-butylphthalate as
internal standard. SEM analysis was performed on cryogenic-
milled PVC sample and PVC residue aer leaching by a FEI
NOVA NANOSEM 450 platform, equipped with a BRUKER
QUANTAX 200 SDD detector for EDX analysis. Before electron
microscopy, the samples were embedded in Epox resin, pol-
ished and Pt-coated. Thermodynamic modelling was performed
by means of HSC Chemistry v8 soware.

Results and discussion

Table 1 reports the average elemental composition of the PVC
sample, whereby the antimony content accounted for 3.8 wt%. A
detailed analyses by GC-MS conrmed the presence of 2-ethyl-
hexyl diphenyl phosphate (7188 mg g−1), also known with the
commercial name Phosex 362®, and di-iso-nonylphthalate (26
364 mg g−1). Furthermore, the antioxidant butylated hydrox-
ytoluene (5893 mg g−1) was also detected.

The material was analysed for its N, C, H and S content,
which were 0.20 wt%, 42.84 wt%, 6.37 wt% and 0.23 wt%,
respectively. Finally, the chloride content was 22 wt%. The
comparison between the H : C molar ratio of fresh and treated
PVC provides an indicative measure of its dechlorination rate,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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as H : C z 1.5 for pure PVC and 2 or 1 for its polyol or polyene
dechlorinated products, respectively.29 The H : C molar ratio of
the investigated starting material equalled 1.8. TGA-DSC
measurements of the PVC sample in air showed a glass transi-
tion temperature at 58.2 °C (vide infra). Typically, thermal
decomposition of PVC occurs in two stages, whereby in the rst
stage (250 °C – 350 °C) HCl loss occurs due to the reaction of
chlorine radicals from –C–Cl bonds and hydrogen radicals from
adjacent C–H groups.30 In the second stage (350–520 °C) the
polyene backbone degrades, showing a strong exothermic peak
indicating the pyrolysis of the material.

Ethanolic HCl leaching systems were tested and compared to
aqueous leaching systems at 50 °C and 80 °C in 2 M, 4 M and
6 M HCl (Fig. 1).

The ethanolic systems yielded a signicant increase in
antimony extraction at both tested temperatures. On average
the measured pH of the lixiviants aer leaching was ∼0.4 lower
for the ethanolic solutions compared to that of the aqueous
solutions with the same HCl concentrations (Table S1 in the
ESI†). Antimony extraction by ethanolic HCl leaching drastically
increased when increasing the temperature from 50 °C to 80 °C.
Hereby it should be noted that according to differential scan-
ning calorimetry the glass transition temperature of the mate-
rial was estimated to be 58.2 °C, above which diffusion of the
lixiviant into the polymer matrix is expected to enhance.2,27

Whereas, at 80 °C more antimony was extracted in 4 M etha-
nolic HCl solution than in 6 M. Hereby it needs to be noted that
the HCl solution was prepared by dilution of an aqueous 12 M
HCl solution with ethanol. Thus, the ethanol:water volume ratio
in the 6 M HCl solution is 1 : 1, whereas for 4 M HCl it is 2 : 1.
Upon an increased ethanol addition the standard Gibbs energy
of transfer ðDG�

t Þ of the chloride anion solute increases from
4.9 kJ mol−1 at a 20% ethanol molar ratio aqueous solution to
9.2 kJ mol−1 for a 40% molar ratio.14 Therefore, it is plausible
that at 6 M ethanolic HCl, the chloride activity is lower than at
4 M ethanolic HCl due to a much lower ethanol addition. Also,
Fig. 1 Leachability of aluminium and antimony at 50 °C and 80 °C in
aqueous and ethanolic HCl solutions of different concentrations at L/S
= 10 for 2 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
as the ionic activity is directly related to the thermodynamics of
the solubility product, as well as chloride complexation reac-
tions, it needs to be noted that the antimony solubility in an
ethanolic HCl solution seems to be thermodynamically fav-
oured at a lower temperature than in an aqueous HCl solution.31

Noteworthy, aluminium did not demonstrate an increase in
leachability when switching from an aqueous to an ethanolic
HCl solution. Thus, the antimony leaching selectivity, with
respect to aluminium, improved and was optimal in an etha-
nolic HCl solution of 4 M at L/S= 10, 80 °C for 2 h. The obtained
PVC residues aer leaching maintained the original shape and
colour but were observed to be less exible. The chloride
content of the PVC dropped slightly from 22 wt% in the original
sample to 18–21 wt% in the residues and the H : C ratio
decreased from 1.8 to 1.3–1.7, respectively. No clear trend was
observed for the change in chloride content and H : C ratio of
the residues as a function of reaction temperature or HCl
concentration in the ethanolic lixiviant. Thus, no apparent
degradation of the PVC took place.

Next, 50 g of PVC was leached in 500 mL of an ethanolic 4 M
HCl solution at 80 °C for 5 h. A mass loss of 4.8 ± 0.7 wt% was
recorded for the PVC residue. About 67% of antimony was
extracted, as well as signicant percentages of phosphorous
(64%), sulphur (28%), tin (56%) and zinc (33%) (Table 2).

The solid residue contained 20 ± 1 wt% chloride and had
a H : C molar ratio of 1.45 ± 0.07, indicating that the PVC did
not decompose. This was corroborated by comparing the ther-
mogravimetric and calorimetric proles of the PVC residue with
those of the original PVC sample (Fig. 2). Although the TGA and
DSC curves of the starting material and PVC residue showed
similar trends, indicating that the PVC polymer did not degrade
during leaching, the onset temperature of thermal degradation
was different for the original sample (i.e. 263.7 °C) and the
residue (i.e. 224.9 °C) due to the presence or absence, respec-
tively, of the antimony-based ame retardant.

The obtained pregnant leaching solution was observed to be
turbid and was split in two fractions, labelled FR1 and FR2. For
Table 2 Elemental composition measured by ICP-OES after digestion
and derived extraction yields of the PVC residue after leaching for 5 h
at 80 °C in 4 M HCl ethanolic lixiviant

Element Composition (mg kg−1) Extraction efficiency (%)

Al 29 000 � 5700 15 � 16
Ca 144 � 13 20 � 7
Cr 136 � 1 17.8 � 0.1
K 160 � 170 11 � 95
Mg 64 � 30 37 � 29
Na 1001 � 93 22 � 7
P 426 � 15 64 � 1
Pb 710 � 0.0 0.7 � 0.8
S 407 � 5 28 � 1
Sb 13 400 � 3700 67 � 9
Si 1570 � 520 13 � 28
Sn 252 � 12 56 � 2
Zn 250 � 14 33 � 4
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Fig. 2 DSC and TGA curves of the 1 cm × 1 cm flakes of the original
PVC sample (top) and their residue obtained after leaching in 4 M
ethanolic HCl solution at 80 °C for 5 h (middle). The derivative mass
loss of the two samples is shown in the graph at the bottom.

Table 3 Elemental composition measured by ICP-OES after digestion
of the obtained precipitate from FR1

Element Concentration (mg kg−1) Recovery (%)

Al 76 � 90 20 � 34
Ca 26 � 9 n.a.
Cr <5 23 � 35
K 125 � 160 n.a.
Mg <10 14 � 51
Na <10 11 � 35
P 4400 � 140 40 � 8
Pb 113 � 24 27 � 29
S 468 � 32 84 � 9
Sb 568 000 � 95 000 92 � 1
Si 118 � 54 n.a.
Sn 1800 � 0.0 94 � 1
Zn <10 19 � 33
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FR1 ethanol was removed through distillation upon which the
colour of the solution turned yellowish with an oily phase being
observed oating on top of the aqueous phase (Fig. S3 in the
ESI†). This indicated that co-extraction of organic additives
could have occurred. FR2 was not distilled.

The distilled FR1 (pH = −1.46) and non-distilled FR2 (pH =

−1.14) were subsequently treated by gradually adding water,
with the aim to precipitate antimony oxychlorides via hydrolysis
of SbCl3 (eqn (8) and (9)).

SbCl3 + H2O / SbOCl + 2HCl (8)
536 | RSC Adv., 2025, 15, 531–540
4SbOCl + H2O / Sb4Cl2O5 + 2HCl (9)

A precipitate was formed when reaching a pH of 0.06 for FR1
and a pH of 0.50 for FR2. For the distilled FR1, precipitation
occurred at about 7 : 1 Vwater : VFR1 addition and the pH
remained stable over time. The recovered precipitate was rich in
antimony (57 wt%) along with 0.44 wt% phosphorous and
0.18 wt% tin as the main impurities (Table 3). The recovery rate
from solution was high for Sb (92%), S (84%) and Sn (94%), and
in the range of 11–40% for the other investigated elements.
However, given the low concentration of most elements other
than antimony in the leachate, their nal concentration in the
precipitate remained rather low. Whereas, for FR2 the pH varied
when the solution was le to stand over time and the formed
precipitate tended to redissolve. Hence, a considerable amount
of water needed to be added (i.e. 6.2 : 1 Vwater : VFR2, whereby
VFR2 [ VFR1). Eventually a small amount of precipitate was
recovered that had an oily appearance and redissolved upon
washing with n-hexane. Therefore, it was concluded that
removal of ethanol is necessary to allow for hydrolysis precipi-
tation of antimony.

The X-ray diffractogram of the FR1 precipitate indicated the
presence of Sb2O3 (valentinite), as well as a phase which could
not be assigned to a known crystal phase of the ICDD Powder
Diffraction database in the X'Pert PANalytical High Score Plus
soware. In situ X-ray diffraction upon heating of the sample
showed a phase change at 225 °C whereat Sb4Cl2O5 formed,
indicating the presence of antimony and chloride in the
unknown phase (Fig. 3, top).

Furthermore, the FR1 precipitate contained 0.42 wt% of
phosphorous, indicating that 2-ethylhexyl diphenyl phosphate
or a derivative thereof could be present. The former has
a decomposition temperature of about 240 °C,32 which coin-
cides with the phase change in the temperature range 225–250 °
C (Fig. 3, top). Antimony is known to form a myriad of organic
complexes, including those with phthalate and phosphate
molecules.33,34 To validate if the unknown crystal phase could be
an organic antimony complex, 3 hydrolysis precipitation reac-
tions of a 10 g per L SbCl3 solution in 12 M HCl in the presence
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (top) Diffractograms of in situ XRD upon heating the FR1
precipitate. (bottom) Diffractogram of the FR1 precipitate with the
peak positions of the P121/m1 unit cell that was derived from the dif-
fractogram of a precipitate formed by hydrolysis precipitation of
a SbCl3 and 2-ethylhexyl diphenyl phosphate mixture.
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of either diethyl phthalate, dioctyl phthalate and 2-ethylhexyl
diphenyl phosphate were executed. The organic additives were
present in a 2 : 1 molar ratio with antimony. Upon addition of
water to the said solutions, precipitation took place upon
reaching a pH of about 0.32–0.51. Subsequently the recovered
precipitates were analysed by powder XRD (Fig. S4 in the ESI†)
and elemental analyses (Table 4). In the presence of phthalates
crystalline Sb4Cl2O5 precipitated. Whereas, in the presence of 2-
ethylhexyl diphenyl phosphate the same unknown crystal phase
formed along with Sb4Cl2O5. Noteworthily; preferential orien-
tation of the crystals during powder diffraction led to intense
orientation peaks including the (h00) peaks of the Sb4Cl2O5

phase. Additionally, this latter precipitate contained alongside
Table 4 Elemental composition of hydrolysis precipitation products of S
molar ratio with antimony

Organic additive Diethyl phthalate

Sb (mg kg−1) 645 000 � 21 000
P (mg kg−1) <75
Cl (mg kg−1) 170 000
C (wt%) 7.5
H (wt%) 0.9

© 2025 The Author(s). Published by the Royal Society of Chemistry
antimony and chloride also phosphorous, carbon and
hydrogen, with a derived C : H : P molar ratio of 20 : 29 : 1, which
is near the molar composition of 2-ethylhexyl diphenyl phos-
phate (i.e., C20H27O4P) (Table 4). Thus, an organometallic
complex was formed between antimony, chloride(s) and 2-eth-
ylhexyl diphenyl phosphate. Renement of the obtained
diffraction pattern leads to a monoclinic crystal system with
a primitive unit cell that likely could be assigned to the P121/m1
space group (a= 8.691 Å, b= 5.477 Å, c = 5.160 Å, b= 106.856°)
(Fig. S4 bottom in the ESI†). The X-ray diffraction pattern shows
a clear orientation of the (h00) peaks of this space group, like
the alignment of the Sb4Cl2O5 phase. Future elucidation of the
obtained crystal structure through single crystal diffraction is
required. When transposing the peak positions of the rened
space group to the diffraction pattern of the FR1 precipitate
(Fig. 3, bottom), an agreement with peak positions of the
unknown phase is observed, conrming that it contains the
same mineral as in the articial precipitate.

The above ndings demonstrated that co-extraction of
organic additives from PVC took place during ethanolic HCl
leaching. These coextracted organic compounds need to be
removed from solution prior to antimony precipitation through
hydrolysis to obtain a pure Sb4Cl2O5 product. Therefore,
a process was experimentally tested that considered (i) the need
to have a ne-grained PVC sample to increase the antimony
extraction yield and (ii) the need to remove co-extracted organic
additives from the lixiviant prior to antimony recovery to avoid
interferences and contaminations during antimony precipita-
tion. Furthermore, the removal of organic additives by means of
cheap and readily available solvents, such as water and ethanol,
and under mild reaction conditions has a great potential
towards the upgrading of plastic waste to allow for a closed-loop
recycling of plastics.2 During the leaching step 50 g of cryogenic-
milled PVC (<4 mm) was leached for 4 h at 80 °C in an ethanolic
4 M HCl solution with L/S = 10. The subsequent step involved
ltration to separate the PVC residue from the pregnant leach
solution. GC MS analyses were performed on the solid PVC
leach residue to quantify the extraction of organic additives
from the PVC. During ethanolic HCl leaching 76 ± 9% of 2-
ethylhexyl diphenyl phosphate was removed and 71 ± 3% of di-
n-octyl phenyl phosphate. Whereas butylated hydroxytoluene
and 9-octadecanamide were extracted with lower efficiencies of
15% and 30%, respectively. The extraction efficiency of di-iso-
nonylphthalate was 51%. Aer leaching ethanol was distilled
off from the pregnant leach solution and the remaining
aqueous solution was washed with n-hexane to remove the co-
bCl3 in 12 M HCl solutions in the presence of organic additives at a 2 : 1

Dioctyl phthalate 2-Ethylhexyl diphenyl phosphate

680 000 � 14 000 565 000 � 7100
<75 18 000 � 0
190 000 150 000
1.8 13.9
0.4 1.7
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Fig. 4 X-ray diffractogram of the obtained precipitated. All observed
diffraction peaks can be assigned to the Sb4Cl2O5 mineral phase.

Fig. 5 SEM-EDX photos of (left) untreated PVC material and (right)
PVC material leached for 4 h at 80 °C in ethanolic 4 M HCl. The top
images provide a SEM images, whereas the coloured images below
provide EDX images for Al (blue), Sb (yellow) and Si (red). The intense
colouring for antimony in the righthand side EDX picture is mainly due
to background noise.
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extracted organic additives. Subsequent hydrolysis of antimony
in the washed HCl aqueous solution (WAS) yielded a precipitate
at about 7 : 1 Vwater : VWAS addition when a pH = 0.282 ± 0.072
was reached. The X-ray diffractogram of the obtained precipi-
tate showed diffraction peaks of the Sb4Cl2O5 phase (space
group P21/c (a = 6.24 Å, b = 5.11 Å, c = 13.53 Å, b = 97.20°))
(Fig. 4).

Chemical analyses of the precipitate showed a high purity
($99.8%) and the recovery rate of antimony from solution was
95% (Table 5). The formation of Sb4Cl2O5 under the studied
conditions, i.e., in the presence of a high chloride concen-
tration and at low pH, is in line with previous studies which
predicted that the antimony chloride hydrolysis reaction
Table 5 Extraction efficiencies of elements from the PVC sample into
the leachate solution, elemental composition of the obtained
precipitate and recovery of the element from solution into the
precipitate

Element

Leachate Precipitate

Extraction efficiency
(%)

Concentration
(mg kg−1)

Recovery
(%)

Al 39.1 � 7.1 28.5 � 7.8 4.5
Ca 66.9 � 5.1 11.3 � 1.1 3.4
Cr 34 � 50 <5 3.0
K 65 � 40 118 � 45 n.d.
Mg 60.8 � 7.0 <10 4.5
Na 64.7 � 5.8 <10 3.0
P 61.6 � 6.5 240 � 180 19
Pb 63.0 � 8.4 440 � 240 7.9
S 45.0 � 5.9 65.0 � 5.7 n.d.
Sb 92.5 � 0.7 768 000 � 60

000
95

Si 44 � 73 150 � 60 1.9
Sn 49 � 17 44 � 10 20
Zn 57 � 36 <10 0.1
Cl n.a. 100 000 � 11

000
n.a.

538 | RSC Adv., 2025, 15, 531–540
would indeed yield Sb4Cl2O5.35 The same authors showed that
the antimony hydrolysis reaction is inuenced by the pH and
chloride anion concentration and that SbOCl cannot be
formed according to theoretic modelling and through exper-
imental verication.35

TGA-DSC analyses of the nal PVC residue gave similar
temperature proles as those of the starting material (Fig. S5 in
the ESI†) and the molar H : C ratio equalled 1.7, indicating that
the PVC did not decompose during leaching. Whereas, upon
comparison of SEM-EDX analyses of the starting material with
those of leached PVC it is shown that small antimony contain-
ing grains were removed, whereas larger aluminium containing
grains and intermediate sized silicon containing grains
remained in the plastic (Fig. 5).

Conclusions

In this work a process was developed that could extract 94% of
antimony from a cryogenically milled so plastic material
through ethanolic HCl leaching at a mild temperature of 80 °C
in 4 MHCl at L/S= 10 for 4 h (Fig. 6). Subsequently, ethanol was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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recovered through distillation and co-extracted organic addi-
tives were removed from solution by an n-hexane washing step.
From the resulting pregnant leach solution 95% of the anti-
mony was precipitated by a hydrolysis reaction through water
addition to form a pure (>99.8%) Sb4Cl2O5 crystal phase with
very low amounts of impurities (Al, P, Pb, Si and Sn). The ob-
tained PVC residue aer ethanolic HCl leaching was deprived of
antimony and the organic additives 2-ethylhexyl diphenyl
phosphate and di-isononylphthalate were also extracted for
76% and 51%, respectively. Also, other organic additives were
observed to be coextracted with varying efficiencies (i.e., 15%
butylated hydroxytoluene, 30% 9-octadecanamide). The extrac-
tion efficiency of di-iso-nonylphthalate was 51%. The PVC
polymer remained intact during the leaching process.

The improved antimony leachability at a milder temperature
(i.e., 80 °C) in an ethanolic HCl solution as compared to in
aqueous HCl (>130 °C) can be ascribed to a combination of
factors. Ethanol–water solutions are known to better diffuse
into PVC plastics than water, allowing for the reagent to interact
with the additive that is dispersed in the PVC matrix. Also, the
solvent medium effect on ionic species has a direct inuence on
their activity in solution, whereby ethanol addition to a HCl
solution is known to promote the formation of metal chloride
complexes which will lead to better solvation of such complexes.

Sustainability aspects of the developed process include the
lower reaction temperatures compared to aqueous leaching
systems, the possibility to cycle ethanol in the process which
lowers chemical consumption and wastewater generation and
the possibility to recover the critical raw material antimony, as
well as organic additives and obtain a cleaned PVC polymer that
can be further recycled. Future research is needed to optimise
the organic additive extraction and recovery and test the PVC
polymer recyclability aer the proposed treatment. Addition-
ally, alternative solvent-acid or -base systems can be explored to
widen the applicability to other plastic waste materials. The
above proposed solvometallurgical co-extraction route provides
Fig. 6 Flowsheet of the process developed in this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the potential to remove valuable or unwanted (legacy) additives
to enhance the recyclability of waste plastic.
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