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A B S T R A C T

Determination of olefins in pyrolysis oils from waste plastics and tires is crucial for optimizing the pyrolysis 
process and especially for the further advanced valorization of these oils in terms of the circular economy. 
Identifying olefins, even using high-resolution techniques like GC×GC, is challenging without TOF-MS, which 
allows modification of the ionization step. Currently, the only method for determining olefins in plastic pyrolysis 
oils is GC-VUV, recently standardized as ASTM D8519. However, TOF-MS and VUV are not affordable in
struments for many research teams working on plastics recycling. This paper introduces a simple method for the 
selective micro-scale adsorption of olefins over AgNO3/SiO2, followed by the GC×GC-FID analysis. Olefins are 
determined indirectly from the loss of chromatographic area in respective hydrocarbon groups before and after 
removal. Only 50 μL sample and 15 min of sample separation are needed. Our method was extensively validated 
and provides a reliable determination of olefin content in a wide range of pyrolysis oils from plastics and tires 
and their products after mild hydrotreatment. It is affordable to all researchers and industrial companies working 
on plastics recycling by thermochemical processes as it does not require an MS detector.

1. Introduction

Pyrolysis of waste plastics to produce pyrolysis oils represents one of 
the most promising methods for chemical recycling [1,2]. Oils derived 
from polyolefin plastics could potentially substitute a portion of the 
steam cracking feedstock [1,3]. Unlike fossil feedstocks, pyrolysis oil 
from plastics typically contains a high concentration of olefins (8–72 wt 
%), alongside heteroatoms [4]. Pyrolysis oils from scrap tires, aimed at 
aromatics and fuel production, also exhibit a notable olefins content [5,
6]. These olefins play a significant role in increased coke formation and 
exchanger fouling during steam cracking, leading to a restriction of their 
content in steam cracking feedstock to 2 wt% [4]. The presence of ole
fins in pyrolysis oils from plastics results in low thermal and oxidative 
stability [7], posing challenges for storage and transportation. Under
standing the olefin content in pyrolysis oils from plastics is crucial for 
advancing towards a circular plastics economy.

Several methods can be used for olefins determination in pyrolysis 
oils from plastics. Standard titration methods, such as bromine number 
[8]/index [9,10] and iodine value [11], represent the easiest and fastest 
methods, leveraging the reactivity of olefinic double bonds with 

halogens. These methods are widely employed for aliphatic double 
bonds determination in fossil gasoline fuel [8], biodiesel [11], and 
vegetable oils [11], and have also been applied to pyrolysis oils from 
polyolefins and tires [6,12,13]. The reactivity of various compounds is 
documented for the bromine number (see annexes A1 of ASTM D1159). 
However, when analyzing pyrolysis oils from plastics, determining 
double bonds via bromine number is affected by several factors. The 
lower reactivity of α-olefins and the non-reactivity of the second double 
bond in conjugated dienes can impede accurate determination. 
Conversely, the reactivity of polyaromatics [8] and heterocompounds, 
such as thiols [8], pyrroles [8], and phenoles [14], commonly present in 
oils from municipal waste plastics [15], can lead to overestimating re
sults. Additionally, expressing results in grams of halogen per 100 g of 
sample is not as straightforward as wt%.

Gas chromatography (GC) methods are frequently employed for 
olefins determination in plastic pyrolysis oils. However, the use of 1D- 
GC methods is characterized by significant co-elution of thousands of 
analytes in pyrolysis oils, and single quadrupole MS does not exhibit a 
universal response despite GC-MS is the most used method. Since 
identifying olefins without their derivation is problematic due to the 
similar spectra of naphthenes and olefins, only the most abundant 
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olefins can be identified using GC-MS. The problem of significant co- 
elution of analytes can be mitigated by utilizing comprehensive two- 
dimensional gas chromatography (GC × GC), which allows for almost 
complete separation of all analytes. However, even after peak-by-peak 
identification, which is very time-consuming, distinguishing all olefins 
from naphthenes can be very challenging [16]. Hang et al. [17] 
described the elution order of several olefinic groups in the GC × GC 
chromatogram. However, only the following approaches can be applied 
for reliable distinguishing of all olefins from naphthenes utilizing 
TOF-MS detector: (i) decreasing the energy of electron ionization [18,
19], (ii) the use of soft ionization techniques like photoionization 
[20–22], and (iii) bromine addition to double bond [23]. However, 
these methods are very time-consuming and require a highly educated 
operator, as manual peak-by-peak identification of MS spectra not pre
sent in the library is needed. Moreover, the TOF-MS detector used for 
this purpose is costly and not affordable for many research groups 
working on plastics recycling.

The most reliable method for determining olefins likely involves GC- 
VUV (vacuum ultraviolet detector) [24,25], recently standardized for 
analyzing pyrolysis oils from plastics as ASTM D8519 [26]. In their latest 
work, Lazzari et al. [22] demonstrated that the results from VUV 
correlate with those from TOF-MS with soft ionization. However, 
GC-VUV is still a relatively new method commercially available since 
2014 [24,27]. The instrument is quite expensive and thus quite rare in 
laboratories.

Our focus was to develop a method that only requires GC × GC-FID, a 
significantly more cost-effective equipment, for selective and reliable 
determination of olefins in weight percentages. To achieve this, we 
optimized the adsorption of olefins over silica gel impregnated by silver 
nitrate (hereafter called Ag–SiO2). The phenomenon of complexation of 
π-electrons present in olefins to Ag(I) atoms is well-known and was 
leveraged for the selective identification of olefins in hydrocarbon 
samples using high-resolution mass spectrometry [28,29]. Furthermore, 
a specific silver-containing stationary phase for GC × GC, suitable for 
separating mixtures containing olefins, has recently been developed 
[30]. Typically, the complexation of π-electrons to Ag(I) is used to 
quantitatively determine saturated compounds in 
hydrocarbon-containing samples after sample elution over Ag–SiO2 [31,
32].

Aligned with the principles of green analytical chemistry, the isola
tion of olefins was downscaled to minimize the consumption of Ag–SiO2 
adsorbent, pyrolysis oil sample, and elution solvent. The method 

underwent optimization to enable quantitative adsorption of com
pounds containing an aliphatic double bond (aliphatic olefins and sty
renes) and complete elution of saturated hydrocarbons and 
alkylbenzenes. Several model mixtures of olefins and aromatic com
pounds were used for this purpose. Three approaches were tested to 
determine olefin content based on GC × GC chromatographic peak area 
loss. The optimized method was validated using mixtures of model 
compounds and by spiking an olefins-free sample with an olefins 
mixture. Finally, the method was applied to analyze a wide range of 
pyrolysis oils from waste plastics and tires, along with their distillation 
fractions and hydrotreated products, encompassing a broad spectrum of 
olefins content.

2. Experimental

2.1. Model mixtures, pyrolysis oils, and their fractions, Ag–SiO2

The list of model compounds used, purities, and suppliers is provided 
in Table S1. An overview of the composition of the studied model 
mixtures, labeled as MM, is shown in Tables S2–S6. 3-Chlorothiophene 
(>97.0 % pure) was purchased from TCI Chemicals. The solvents of p.a. 
purity were purchased from Lach-Ner, s.r.o.

Pyrolysis oils were produced from waste polyolefin plastics (sorted 
polyethylene (PE) and polypropylene (PP), or their mixture 50:50 m/m). 
Samples were labeled MWP (mixed waste plastics) when the origin was 
unknown. The second set of samples comprised pyrolysis oils from scrap 
tires (STPO). A summary of the studied pyrolysis oils and samples used 
for method validation is provided in Tables S7 and S8 and illustrated in 
Fig. S1.

The pyrolysis oils underwent hydrotreatment using a continuous 
flow laboratory-scale setup from CACTU Solutions (http://www.cactu. 
eu; UCT Prague). The hydrotreatment was performed at a constant 
pressure of 10 MPa and within a temperature range of 180–360 ◦C over a 
fixed bed of commercial sulfided Ni–Mo/Al2O3 catalyst. For further in
formation regarding the hydrotreatment process and the fractional 
distillation of samples, see our previous publication [6].

Silica gels 60 for column chromatography with particle sizes (p.s.) of 
0.040–0.063 mm, 0.015–0.040 mm, 0.063–0.200 mm, and 0.2–0.5 mm 
were purchased from Merck. Silica gel impregnated with AgNO3 
(hereafter called Ag–SiO2) used for the olefins separation was prepared 
according to the procedure described in a previous study [32]. After 
impregnation, Ag–SiO2 was activated in the oven at 160 ◦C for at least 
12 h. Empty 3 mL SPE cartridges and respective bottom and top poly
ethylene frits were purchased from Altium International, s.r.o.

2.2. Analytical methods

2.2.1. Olefins separation over Ag–SiO2
The following parameters were optimized to reach selective olefins 

separation, allowing their indirect quantification: (i) type of mobile 
phase, (ii) solvent volume, (iii) Ag–SiO2 storability, (iv) Ag–SiO2 load, 
(v) SiO2 particle size, and (vi) elution of low boiling samples. More 
details can be found in the respective result section.

The optimized scheme for separating olefins over Ag–SiO2 was as 
follows: A 3 mL SPE cartridge with a bottom frit was filled with 1.45 ±
0.03 g of hot (freshly activated) Ag–SiO2 (p.s. 0.040–0.063 mm). This 
quantity corresponds to the two-level spoonful of the sorbent (using a 
stainless steel spoon, size 1.25 mL = ¼ teaspoon). The adsorbent was 
vibrated using a vortex (3000 RPM for at least 10 s), and the top frit was 
inserted. The sample (15 μL, approximately 12–14 mg) was injected 
onto the top frit. Dichloromethane (DCM) was dosed into the column in 
0.6 mL portions, with each subsequent portion added after the previous 
one was absorbed. The first 1.8 mL effluent was collected into a 2 mL GC 
vial. Sample elution was solely supported by gravity. The separation 
procedure takes up to 10 min, and the parallel separation of multiple 
samples can significantly accelerate sample preparation. This 

Abbreviations

Ag–SiO2 silica gel impregnated by AgNO3
DCM dichloromethane
FID flame ionization detector
GC gas chromatography
GC×GC comprehensive two-dimensional gas chromatography
IS internal standard
LOQ limit of quantification
MM model mixture
MWP mixed waste plastics
MS mass spectrometer
PE polyethylene
PP polypropylene
RSD relative standard deviation
SD standard deviation
SPE solid phase extraction
STPO scrap tires pyrolysis oil
TOF-MS time-of-flight mass spectrometry detector
VUV vacuum ultraviolet (detector)
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separation scheme allows for the selective adsorption of compounds 
with an aliphatic olefinic group (e.g., olefins, limonenes, and styrenes) 
and complete elution of iso-alkanes, n-alkanes, monocycloalkanes, 
dicycloalkanes, tricycloakanes, and alkylbenzenes without an 
aliphatic olefinic group.

In the case of low-boiling samples (e.g., naphthas or pyrolysis oils 
containing light compounds), cooling the vial containing the effluent is 
necessary to prevent the evaporation of low-boiling compounds. A self- 
made holder for ten SPE columns and vials for effluent (Fig. S2) was used 
for this purpose. The cooling process itself was achieved by dry ice into 
the built-in reservoir.

2.3. Data processing – peak area normalization and olefins content 
determination

The measured data were processed in ChromSpace software. The 
content of olefins was determined based on the reduction in peak area 
(before and after olefins adsorption) in regions of iso-alkanes, n-alkanes, 
monocycloalkanes, dicycloalkanes, tricycloakanes, and alkylbenzenes. 
An overview of olefin types eluting in these regions is summarized in 
Table S9. Peak area normalization using an internal standard (IS) is 
crucial for precisely determining this reduction. Three approaches to 
normalization using different IS were tested: (i) n-alkanes present in the 
sample, (ii) alkylbenzenes present in the sample, and (iii) 3-chlor
othiophene – an externally added IS.

The optimized scheme for peak area normalization and determina
tion of olefins content was as follows: A known mass (200 μL) of frozen 
(−18 ◦C) IS solution (3-chlorothiophene, 2.15–2.35 mg/g in DCM) was 
added to the 2 mL vial containing the collected DCM effluent from the 
SPE column after olefins adsorption. The sample (15 μL ≈ 12–14 mg), 
containing olefins (prior to their adsorption) and non-containing light 
fractions co-eluting with DCM solvent (initial boiling point >80 ◦C, as in 
the case of kerosene and gas oil fractions), was weighted into the 2 mL 
vial and dissolved in 1.8 mL of DCM. Similar to the sample after olefins 
adsorption, 200 μL of IS solution was added to this vial. For samples 
containing light fractions (such as whole pyrolysis oils and naphtha 
fractions), 30 mg of 3-chlorothiophene was directly added to 0.7–0.8 g 
of the respective sample. The vial was tightly closed, shaken, and 
injected into GC × GC under the conditions described in the supporting 
material.

For all samples of pyrolysis oils and derived fractions, analysis was 
conducted on the sample prior to olefins adsorption and on four samples 
devoid of olefins. Equations S1-S5 and S6 summarize the calculation of 
olefin content in the respective groups in the sample with the final 
boiling point of <360 ◦C and above 360 ◦C, respectively. To analyze 
these high-boiling samples, a tentative "cut" for fraction boiling up to 
360 ◦C was made; the overview of the last groups included in this 
fraction is summarized in Table S10. The total content of aliphatic 
olefins represents the sum of olefins content in all respective aliphatic 
groups in the fraction boiling up to 360 ◦C. The classification according 
to carbon number and the compound group was created based on the MS 
data (see Fig. S3). However, even when only FID is available, the method 
published by Vozka et al. [33] can be used.

3. Results and discussion

The optimization of the method for determining olefin content based 
on their separation and final GC × GC-FID analysis consisted of three 
main steps.

i. Separation of olefins over Ag–SiO2.
ii. Normalization of peak areas obtained by GC × GC-FID analysis.

iii. Validation of the optimized method using model mixtures, py
rolysis oils, and derived samples.

3.1. Optimization of olefins separation over Ag–SiO2

3.1.1. Mobile phase composition
In the first step, an optimum mobile phase for the desired approach 

was sought. The SPE columns were filled with 1.45 ± 0.03 g of freshly 
activated Ag–SiO2 (p.s. 0.040–0.063 mm), and the respective mobile 
phase was dosed to the SPE column with 1.8 mL of effluent was 
collected. Nine solvents and their mixtures, differing in polarity index 
(Table S11), were tested for the separation of model mixtures MM-1 
(olefin-rich) and MM-2 (aromatic-rich). The results showed that the 
elution mechanism of different compounds over Ag–SiO2 is a much more 
complex process than expected.

The use of toluene promoted the elution of all compounds containing 
aromatic rings and almost all olefins. The only compound adsorbed from 
the tested mixtures was limonene. Surprisingly, more polar chloroben
zene almost met our requirements. Besides the partial elution of 
α-pinene, the main drawback was the size of the chlorobenzene peak, 
which, due to co-elution, hindered the monitoring of the lightest com
pounds during used 1D-GC analysis.

The testing of four oxygen-containing solvents proved them un
suitable for the desired purpose, most probably due to their coordina
tion/complexation with Ag(I) atoms, resulting in the elution of all 
compounds from tested mixtures except for 1-octyne. A similar effect of 
oxygenates on the separation of olefins and saturated compounds over 
an Ag(I)-modified membrane was observed by Zyl and Linkov [34].

The most promising results were proved for DCM and chloroform, 
characterized by almost complete elution of alkylbenzenes and perfect 
selectivity for adsorption of compounds containing aliphatic double 
bonds. The results are summarized in Table S12 and Table S13, 
respectively.

Based on the previous test, multiple binary mixtures of these most 
promising solvents were tested to describe the elution of compounds and 
identify the ideal solvent combination. As shown in Fig. 1, adding DCM 
and chloroform to n-pentane resulted in the desired effect. Surprisingly, 
the more polar chloroform proved less effective for the elution of aro
matics. This test demonstrated that DCM is the optimal mobile phase 
for the complete elution of saturated hydrocarbons and alkylbenzenes 
and the selective adsorption of compounds containing the aliphatic 
olefinic group. The chromatographic separation of olefins using DCM is 
described in detail in the next section.

3.1.2. DCM solvent volume
For the detailed description of the olefins separation, model mixtures 

MM-1 (olefin-rich), MM-2 (aromatic-rich), and MM-3 (complex) were 
eluted with DCM, and 16 fractions with a total volume of 7.2 mL were 
collected (6 × 0.3 mL at first and 9 × 0.6 mL thereafter) and analyzed 
separately. The obtained results showed that the collection of 1.8 mL of 
effluent for all model mixtures was a perfectly chosen volume, as it 
allowed complete elution of all saturated compounds and alkylben
zenes while simultaneously achieving complete adsorption of all com
pounds containing aliphatic olefinic double bonds (Fig. 2 and S4B). 
Even α-pinene, an extreme example of an olefinic molecule character
ized by a sterically hindered double bond, began to elute in the next 0.6 
mL increment (1.8–2.4 mL). All other olefin group-containing com
pounds started to elute much later, and for several compounds like 
cyclohexene and α-terpinene, elution was not observed even after 7.2 
mL of DCM (Fig. S5B).

3.1.3. Storability of Ag–SiO2
The maximum activity of Ag–SiO2 in this type of separation is crucial 

and can be decreased by exposure to air moisture. A set of tests was 
performed to check the necessity of using freshly activated (hot) 
adsorbent. Two different storage approaches over 27 days in a dark 
place of the freshly activated adsorbent were studied: (i) storing pre
filled SPE columns ready to use in evacuated bags, and (ii) storing the 
adsorbent in an air-tight glass bottle and filling of SPE cartridges 
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immediately before the separation.
The storage experiments demonstrated that the freshly activated 

adsorbent completely separated α-pinene and α-methylstyrene from the 
model mixture (Fig. S6). No effect of amylene presence in DCM (2- 
methyl-2-butene, used as a free radical scavenger) on olefin adsorption 
was observed (Table S14 and S15). After 24 h from Ag–SiO2 activation, 
traces of α-pinene from the MM-1 (olefin-rich) began to pass through the 
adsorbent. In the first days of storage, storage in a bottle showed poorer 
results (Fig. S6A), but over time, storage of the adsorbent in prefilled 
SPE columns in evacuated bags proved to be a significantly worse 
approach (Fig. S6B). After 27 days, the prefilled adsorbent retained 
almost no α-pinene and α-methylstyrene, and almost 50 % of 2,5- 
dimethyl-2,4-hexadiene eluted through the adsorbent. Insufficient 
adsorption was observed for 1-octadecene, an example of α-olefins 
present in significant amounts in pyrolysis oils from polyolefins [35]. 
The use of adsorbent, which was freshly activated at 160 ◦C and dosed 
into SPE cartridges while still hot, has proven to be a crucial approach, 
which is 100 % reliable and characterized by perfect reproducibility 

and maximal activity for olefins adsorption.

3.1.4. Effect of Ag–SiO2 load
Up to this point, a constant mass of adsorbent (p.s. of 0.040–0.063 

mm), specifically 1.45 ± 0.03 g, was utilized in the SPE cartridge, along 
with an injection of 15 μL (≈12–14 mg) of the sample. When the 
adsorbent load was reduced to 1.38, 1.30, and 1.20 g (while maintaining 
a constant sample injection volume of 15 μL), only negligible deterio
ration of adsorption activity was observed, which was not clearly related 
to adsorbent mass (Table S16). Although a lower adsorbent mass did not 
significantly affect the separation efficiency, we recommend using the 
adsorbent mass of 1.45 ± 0.03 g to ensure sufficient adsorbent ca
pacity. We validated that the less precise volumetric dosing of adsorbent 
using a spoon of defined volume (as described in section 2.2.1) is 
practical, as it can significantly expedite the SPE column preparation 
process.

Fig. 1. The effect of mobile phase composition on the separation of MM-1 (top) and MM-2 (bottom).

Fig. 2. Cumulative amount of compound fraction eluted for MM-1 (A), and MM-2 (B), not shown olefins which did not start eluting within 7.2 mL.
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3.1.5. Effect of Ag–SiO2 particle sizes
SiO2 with a p.s. of 0.040–0.063 mm was used for all previous tests. As 

expected, the elution tests of MM-3 (complex) model mixture over 
Ag–SiO2, prepared from SiO2 with three other commercially available p. 
s. (0.015–0.040, 0.063–0.200, and 0.2–0.5 mm), showed that the use of 
SiO2 with larger particles significantly accelerates the effluent elution 
(Fig. 3A). However, this elution acceleration came at the cost of worse 
adsorption effectiveness for several olefins (Fig. 3B). On the other hand, 
using the finest particles (0.015–0.040 mm) excessively prolonged the 
elution to more than 30 min, which could increase the evaporation risk 
of the low boiling compounds (see section 3.2.6). Moreover, the high 
dustiness made manipulating such fine powder very uncomfortable and 
dangerous. Nevertheless, the finest tested p.s. was the most effective for 
olefin adsorption (Figs. S5 and S6). The acceleration of elution by 
applying slight overpressure to complete it within approximately 60 s 
significantly worsened the effectiveness and reproducibility of olefin 
adsorption (Fig. 3B–Table S17). Based on all the above-mentioned ob
servations, the p.s. of 0.040–0.063 mm was considered the best for this 
separation.

3.1.6. Separation of low-boiling samples
Our method for determining olefins relies on their disappearance 

from the chromatogram after their selective adsorption over Ag–SiO2. A 
critical assumption is that all saturated and monoaromatic compounds 
are entirely eluted. However, the decrease in peak area for low boiling 
non-olefinic compounds after elution may be due to their evaporation 
during the 10 min of elution at laboratory temperature. To simulate this 
potential issue and validate its possible mitigation, we designed an SPE 
column stand that cools vials using dry ice inserted into a built-in 
reservoir (see Fig. S2B). This study used a model mixture of 11 satu
rated hydrocarbons (MM-CH, Table S6) with boiling points ranging 
from 36 to 253 ◦C. The model mixture was pre-cooled in the freezer to 
−18 ◦C, and the effluent was collected at a temperature of +25 ◦C 
compared to −20 ◦C. The results revealed that vial cooling during 
effluent collection is crucial for low-boiling samples, especially those 

containing C5 and C6 hydrocarbons. We demonstrated that almost 25 
% of n-pentane can evaporate during sample collection. However, even 
with vials cooled to −20 ◦C, evaporation of C5 compounds cannot be 
entirely eliminated (Fig. S7), which implies that the determination of C5 
olefins by this method may lead to overestimated values.

Conversely, vial cooling can significantly reduce the evaporation of 
C6 hydrocarbons, thus aiding in the developed method’s more accurate 
determination of C6 olefins. However, cooling broad distillation range 
waxy oils from PE pyrolysis before their injection into the SPE column 
can pose a challenge as long-chain paraffins can crystalize even at 4 ◦C. 
For such samples, it is necessary to account for the slight overestimation 
of olefin content in the C5 and C6 groups due to the inability to cool the 
samples. Nevertheless, the content of the lightest hydrocarbons (C5 and 
C6) in these waxy samples is usually negligible (<5 %) [36], if present at 
all [4].

3.2. Olefins determination – peak normalization

The method relies on monitoring area losses in the respective groups, 
and ensuring reliable monitoring of area loss involves normalizing the 
area of the respective groups before and after the selective removal of 
olefins. Theoretically, selected compounds already present in the sample 
and characterized by complete elution from Ag–SiO2 could serve as a 
"native" internal standard (IS). Three alternative IS were tested for 
normalization: (i) n-alkanes present in the sample, (ii) alkylbenzenes 
present in the sample, and (iii) 3-chlorothiophene – an externally 
added IS.

The native IS approach can only be applied to specific samples 
characterized by higher abundance (1–5 wt%) of these compounds. 
Pyrolysis oils from polyolefins often do not contain significant amounts 
of respective alkylbenzenes, and pyrolysis oils from tires are charac
terized by very low amounts of n-alkanes. While the classification for n- 
alkanes is usually commonly prepared, an appropriate alkylbenzene 
molecule applicable for this purpose must be found first. Based on our 
experience, cumene, characterized by an isolated peak (Fig. S8) and 
present at higher concentrations in studied pyrolysis oils from both 
polyolefins and tires, was a perfect example of alkylbenzene IS. n-Al
kanes can be used as a native IS only for very few samples, as not only 
their low concentration in tire oil is a problem but also, with increasing 
PP content in plastic polyolefin waste, the number of iso-alkanes and 
especially iso-alkenes co-eluting with n-alkanes increases. The co- 
elution of iso-alkenes with n-alkanes, which would be hardly possible 
to identify using an MS detector, was easily determined by our method 
based on the n-alkane peak area loss after sample separation over 
Ag–SiO2 (see Fig. 4).

The only versatile solution applicable for all samples without the 
need for validation of the approach’s suitability is using an externally 
added IS. As no hydrocarbon exists that would not be present in the 
pyrolysis oils samples and would elute completely from Ag–SiO2, a 
known amount of 3-chlorothiophene was added to the sample before 
and after the olefins separation. The optimized procedure for peak 
normalization and olefins content determination is summarized in 
experimental section 2.3. The use of different internal standards for 
peak area normalization before and after the separation of olefins was 
compared. The results summarized in Table S18 showed only minimal 
differences in the results when IS was present at higher concentrations 
(>0.5 wt%).

3.3. Validation of the method

Currently, the only reliable method for determining olefins in weight 
percentages in pyrolysis oils from plastics (and possibly tires) is GC- 
VUV, using the newly established ASTM D8519 published in July 
2023. However, like most research teams working on recycling plastics 
and tires, we are not equipped with this pricy instrument. Consequently, 
we are unable to validate our method using reference method data. 

Fig. 3. Effect of SiO2 particle size at constant Ag–SiO2 mass on elution time (A) 
and adsorption of olefins (B), F* = elution accelerated by constant slight 
overpressure.
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Therefore, our optimized method of olefins determination was validated 
by analyzing several model mixtures, real pyrolysis oils, and derived 
samples.

3.3.1. JET-A1 kerosene spiked by MM-4
The initial validation of olefins determination in real hydrocarbon 

mixtures involved adding a known quantity of a mixture of 18 model 
olefin compounds, available in sufficient purity (MM-4), to olefins-free 
fossil kerosene (JET-A1). The MM-4 model mixture contained only 
compounds boiling between 110 and 300 ◦C, thus representing olefins 
that can entirely evaporate in the GC injector. Additionally, due to their 
higher initial boiling point, co-elution with the DCM solvent is elimi
nated. Seven spiking concentrations ranging from 0.5 to 35 wt% olefins 
were prepared (Table 1).

As shown in Table 1, the results of the optimized method for these 
model samples correlated reasonably well with the reference value 
(obtained by weighing) up to the sample with approximately 2.5 wt% of 
olefins. For higher olefins content (>5 wt%), the measurement 
demonstrated relatively good precision (RSD <5 %) and excellent ac
curacy (relative difference of value from weighing vs. measuring <3 %). 
However, a significant deterioration of repeatability was observed for 
the sample containing 4.37 wt% of olefins, although the accuracy 
remained quite good. For even lower olefins content, the method’s 
repeatability and accuracy deteriorate considerably, with results 
showing up to 50 % discrepancy from the reference value for the sample 
with ~1 wt% of olefins. To estimate upper range limitation, pure MM-4 
(not diluted, 98.3 wt% olefins) was eluted over Ag–SiO2. Only traces of 
α-methylstyrene (<0.01 %rel.) and 1.2 %rel. of 3-ethyl-5-methylhex-2- 
ene from the injected sample were determined in the effluent 

(Table S19). These observations provide the basis for the perfect suit
ability of the method for analyzing crude plastic pyrolysis oils charac
terized by high olefins content (8–72 wt%) [4].

The determination of styrenes showed a slight overestimation of the 
results, even for the sample with the highest styrenes concentration 
(Table S20). This discrepancy can be attributed to the higher polarity of 
alkylbenzenes with shorter alkyl substituents. Even though the elution 
of ~98–99.9 % of respective alkylbenzenes can be reached, it may still 
not be sufficient for accurately determining styrenes using our indirect 
method. It is improbable that the JET-A1 sample, without added olefins, 
would contain any styrenes. These findings suggest that the determi
nation of styrenes throughout our indirect method would only apply to 
crude pyrolysis oils characterized by a higher content of styrenes. The 
main benefit of this method could be to validate that no other styrenes 
besides styrene and α-methylstyrene are present in the sample.

The above-mentioned observations are not surprising, as a lower 
decrease in peak area due to lower olefin content would naturally result 
in lower accuracy and precision in determining these smaller differ
ences. The model samples contained a limited number of olefins, leading 
to relatively high peak areas even at lower total olefin concentrations. 
Therefore, it is highly probable that for real pyrolysis oils characterized 
by a much higher number of olefinic compounds, the limit of quantifi
cation (LOQ) lies around 5 wt% of olefins in the sample. The dilution 
approach was used to simulate this problem, as described in the 
following section.

3.3.2. Dilution of kerosene fraction of pyrolysis oil from polyolefins
To evaluate the reliability of the method for samples with lower total 

olefins content spanning hundreds of compounds, a kerosene fraction of 
raw pyrolysis oil from PE (PE-KE-feed) was diluted with kerosene of the 
same oil after deep hydrotreatment at 360 ◦C at 10 MPa (PE-KE-360/10) 
without olefins. The results of this test, summarized in Table 2, 
demonstrate that 5 wt% of olefins approximately represent the reliable 
LOQ of our method. The repeatability of determination increased 
beyond 5 %, and the measured value exhibited a relative difference of 
nearly 11 % from the prepared one.

3.3.3. Hydrotreated pyrolysis oil spiked by MM-4
Previous validations utilized kerosenes, which can completely 

evaporate to GC, with none of their compounds co-eluting with DCM. 
The final method validation approach involved spiking pyrolysis oil 
from a waste PP and PE mixture after deep hydrotreatment at 360 ◦C and 
10 MPa (PP/PE-360/10) with an olefins mixture MM-4. This hydro
treated pyrolysis oil contained about 8 wt% of the fraction boiling above 

Fig. 4. Composition of crude pyrolysis oil from waste PP/PE mixture with olefins (A), after olefins separation over Ag–SiO2 (B) obtained via GC × GC-FID.

Table 1 
Results for JET-A1 sample spiked by olefinic model mixture MM-4 (n = 4).

MM-4 in JET-A1 
(wt%)

Aliphatic olefins content

Prepared (wt 
%)a

Determined (wt 
%)

RSD 
(%)

Difference (rel. 
%)

40.71 34.90 35.88 0.4 2.8
20.46 17.54 17.55 1.7 0.1
9.80 8.41 8.35 3.3 −0.6
5.09 4.37 4.29 9.0 −1.7
2.71 2.32 2.17 21.1 −6.5
1.09 0.94 0.49 31.6 −47.5
0.50 0.43 −0.67 – –
0 0.00 −0.03 – –

a as prepared by weighing of JET-A1 and MM-4.
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360 ◦C (Fig. S1), posing challenges for GC analysis with a split injector. 
To determine the olefins content in the fraction boiling up to 360 ◦C, 
Equation S(6) was used utilizing the known content of this fraction 
from SIMDIST (Table S7). As can be seen from Table S21, for both 
spiking concentrations of 8.54 and 34.88 wt% of olefins, the results 
showed an acceptable correlation with the reference value obtained by 
sample preparation. Acceptable repeatability was observed for both 
aliphatic olefins and styrenes determination. However, similar to 
spiking the JET-A1 sample, an overestimation of the styrene content was 
noted, and it increased as their content decreased.

3.4. Real samples analysis

The analysis of raw pyrolysis oils from plastics and tires revealed that 
for olefins contents exceeding 1 wt%, both total and individual olefin 
groups exhibited excellent repeatability, with RSD much lower than 5 %. 
Illustrated by the various pyrolysis oils from tires, it is possible to 
observe whether olefins are mainly presented in limonene-like struc
tures (eluting in tricycloalkanes region) or other groups, see Table 3. 
Additionally, a perfect correlation was observed between the results of 
olefins content in the calculated fraction boiling up to 360 ◦C based on 
the SIMDIST results (STPO 3*) and the result determined for this frac
tion isolated by distillation (STPO 3 fr.<360 ◦C). This observation 
further validates our approach to whole sample analysis.

The results for other analyzed pyrolysis oils are summarized in 
Tables S22 and S23. The results for individual groups make it possible to 
glean valuable information about the sample’s origin. Despite both 
samples of pyrolysis oil from mixed waste plastics (MWP) exhibiting 
comparable total olefins contents of 58.4 vs. 53.1 wt% (MWP 1 vs. 2), 
they significantly differed in the content of iso-alkenes (which primarily 
elute in iso- and n-alkanes) and linear alkenes (eluting in mono
cycloalkanes). From the significantly higher content of iso-alkenes in 
MWP 1 (33.6 wt%) compared to MWP 2 (6.8 wt%), we can estimate that 
a larger proportion of PP was present in the feedstock from which the 
sample MWP 1 was produced.

The developed method for olefins determination is suitable for 
monitoring olefins in crude pyrolysis oils and their distillation fractions. 
Additionally, it can be employed to monitor olefins in products after 
hydrotreatment. To demonstrate this application, we analyzed kerosene 

fractions of pyrolysis oil from waste PP/PE mixture and scrap tires 
before and after hydrotreatment over Ni–Mo/Al2O3 catalyst at various 
temperatures while maintaining a constant pressure of 10 MPa. Fig. 5
illustrates differences in olefin hydrogenation at different temperatures 
for two different pyrolysis oils. More detailed results for olefins content 
in individual groups are shown in Tables S24 and S25. These tables 
revealed an increasing error in olefins determination (shown as RSD) 
with decreasing amounts of olefins.

3.5. Weaknesses of the method

Our method offers a straightforward approach for accurately deter
mining olefins content in pyrolysis oils from plastics and tires, utilizing 
affordable instrumentation. Thanks to its simplified design, we are well 
aware of several factors influencing olefins determination.

(i) The method can provide reliable results for determining olefins 
content >5 wt%.

(ii) The method cannot determine olefins eluting in iso-C7, n-C6, and 
C6-monocycloalkanic groups due to their co-elution with the 
DCM (solvent) peak. Like other GC methods employing split/ 
splitless injectors, our method reliably determines only olefins 
boiling up to 360 ◦C.

(iii) Overestimation of low-boiling point olefins in C5 and C6 groups 
cannot be entirely eliminated, even when the vial with effluent is 
cooled (see section 3.2.6). It has to be pointed out that these light 
olefins can be easily determined by GC-FID utilizing the PONA 
column.

(iv) Overestimation of the olefins content can also result from several 
heterocompounds eluting in their respective regions of the GC 
chromatogram. These compounds will be adsorbed on Ag–SiO2 
along with olefins. If present in the sample, aliphatic alcohols, 
ketones, thiols, sulfides, amines, and nitriles will be determined 

Table 2 
Results for PE-KE-feed diluted by PE-KE-360/10 (n = 4).

Sample 
name

Dilutiona Aliphatic 
olefins (wt%)b

RSD 
(%)

Dilutionc Difference 
(rel%)

PE-KE- 
feed

0 30.86 0

PE-KE-A 0.508 15.68 4.8 0.506 −0.35
PE-KE-B 0.340 10.20 3.9 0.331 −2.85
PE-KE-C 0.170 4.68 7.1 0.152 −10.78
PE-KE-D 0.079 2.03 70.3 0.066 −16.52

a as prepared by weighing of PE-KE-feed and PE-KE-360/10.
b as determined by optimized method, the value for PE-KE-feed represents the 

average determined by the alternative approaches (see Table S18).
c as determined from the results of the optimized method.

Table 3 
Olefins content in different pyrolysis oils from scrap tires (STPO).

Olefins in STPO 1 (wt%) RSD (%) STPO 2 (wt%) RSD (%) STPO 3 (wt%) RSD (%) STPO 3a (wt%) STPO 3 fr. <360 ◦C (wt%) RSD (%)

n-alkanes 0.14 9.1 0.17 11.7 0.11 17.1 0.14 0.16 2.9
i-alkanes 0.70 23.6 0.34 4.2 0.52 7.7 0.68 1.71 1.7
monocycloalkanes 2.28 3.7 1.99 0.9 1.78 3.0 2.31 2.01 0.2
dicykloakanes 13.52 0.9 5.25 0.5 6.01 0.9 7.83 7.53 0.3
tricycloalkanes 11.13 0.1 1.61 0.6 3.58 0.4 4.66 4.73 0.1
Σ aliphatic olefins 27.76 1.4 9.36 0.5 12.00 0.9 15.62 16.14 0.3
Styrenes 4.37 3.2 2.86 6.9 4.01 5.4 5.23 3.75 2.2

a content of olefins in the fraction boiling up to 360 ◦C is based on its yield determined by SIMDIST.

Fig. 5. Kerosene fraction of PP/PE and tires pyrolysis oil before and after 
hydrotreatment at different temperatures.
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as aliphatic olefins [15,17,37,38]. In our view, oxygenates pre
sent in pyrolysis oils from polyolefins can be considered the most 
problematic group in this regard. Phenols, cyclopentanones, and 
benzonitriles represent the most abundant heterocompounds in 
our samples. As these compounds elute out of the elution region 
of the aliphatic olefins, their presence does not affect the olefins 
determination by our method. Thiophenes and possibly other 
heterocompounds of similar polarity will be identified as sty
renes. This is a significant challenge, particularly for pyrolysis 
oils from tires characterized by high sulfur content (≈1 wt%) [6,
39].

(v) Olefins, which are not fully adsorbed on Ag–SiO2, will not be 
detected, leading to an underestimation of the results. The 
method underwent extensive validation to detect even olefins 
characterized by three substitutions hindering the double bond. 
Testing numerous model compounds revealed only one olefin our 
method cannot identify. The double bond in the tetra-isobutylene 
molecule is hindered by several side methyl branches, and spatial 
hindrance of the whole molecule is likely responsible for limited 
adsorption over Ag–SiO2 (Table S26).

Despite these known limitations, our method has the great potential 
to provide more accurate and reliable results than other commonly 
available methods. Its simplicity makes it ready for routine analyses of 
hydrocarbon mixtures rich in olefins, eliminating the need for time- 
consuming identification of MS spectra of unknown olefins by skilled 
experts. When detailed olefins analysis is of interest, the adsorbed ole
fins can be desorbed from the Ag–SiO2 using, e.g., tetrahydrofuran or 
ethyl acetate and analyzed directly by GC × GC-MS. The removal of 
naphthenes from the olefin elution region can make compound identi
fication easier.

4. Conclusions

The quantification of olefins in pyrolysis oils significantly advances 
the chemical recycling of waste polyolefins and tires. Our developed 
method relies on GC × GC-FID analysis of the sample before and after 
selective adsorption of olefins over Ag–SiO2. It represents the most cost- 
effective approach for determining the olefins content (wt%) in these 
samples. Through extensive validation, we have demonstrated that the 
method yields precise and accurate results across a wide range of sam
ples. Given the surge in plastics and tires chemical recycling in recent 
years, our method has the potential to accelerate this research by of
fering faster, more accessible, reliable, and affordable sample charac
terization. While our research primarily focused on determining olefins 
in pyrolysis oils from plastics and tires, the method holds applicability 
for both qualitative and quantitative monitoring of olefins in various 
samples despite the mentioned limitations.
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