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Abstract 

Seven bio-based solvents ((-)-β-pinene, α-phellandrene, α-terpinene, p-cymene, DL-limo-
nene, γ-terpinene and terpinolene) are tested as environmentally friendly alternatives for 
use in a plastic recycling process based on dissolution–precipitation of post-consumer 
high-density polyethylene (PC-HDPE). In addition to evaluating cleaning performance, 
this work aims to develop and validate a new analytical method for the determination of 
residual bio-based solvents in the treated polymer, a critical aspect for evaluating the 
safety and quality of recycled materials. The suitability of the solvents for contaminant 
removal was assessed via challenge test, showing high cleaning efficiencies (>93.3%) for 
volatile, non-volatile, polar and non-polar compounds in most cases. To monitor residual 
solvent levels, a pressurized liquid extraction and gas chromatography–mass spectrome-
try (PLE-GC/MS) method was developed, optimized and validated. The method demon-
strated adequate sensitivity (with LODs ranging between 2 and 4 mg kg−1), accuracy and 
precision (with intra- and inter-day relative standard deviations of less than 11 and 31%, 
respectively) for the simultaneous determination of the seven bio-based solvents in recy-
cled HDPE. Overall, results demonstrate both the potential of bio-based solvents in poly-
mer recycling and the importance of robust analytical tools to assess residual contamina-
tion, supporting the development of safer and more sustainable recycling processes. 

Keywords: plastic recycling; post-consumer high-density polyethylene; bio-based  
solvent; gas chromatography; pressurized liquid extraction 
 

1. Introduction 
World plastic production reached 435.0 million tons in 2020 and is expected to grow 

to 736.0 million tons by 2040 [1]. The packaging industry is the main plastic sector, ac-
counting for approximately 32% of the total plastic production. Polyolefins represent the 
largest group of plastics (~40% of total production). In Europe, plastic production rates 
have decreased in recent years while the share of circular plastic manufacturing grows 
every year [2]; this fact is partly driven by European environmental policies. This reflects 
the importance of the circular economy and the development of new recycling methods 
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to comply with European policy objectives, such as those outlined in the 2030 Agenda 
(https://sdgs.un.org/2030agenda, accessed on 16 September 2025). 

The European regulatory landscape on packaging and recycled plastics is undergo-
ing a major transformation. From the first recycling goals set in 1994 [3], newer regulations 
and directives aim for more ambitious targets for recyclability, recycled content in new 
products and waste reductions, with full circularity as the end goal. These include the past 
Directive (EU) 2018/852 [4] and the recently adopted Regulation (EU) 2025/40 [5], in which 
the Packaging and Packaging Waste Regulation (PPWR) is laid out. Moreover, the Euro-
pean Food Safety Authority (EFSA) adopted Regulation (EU) 2022/1616 [6], enforcing the 
requirements for recycling plastics intended for food contact, as well as case-specific au-
thorization for new recycling technologies and rigorous decontamination standards. To-
gether, these frameworks set a new benchmark for sustainability and safety in packaging 
across the EU. 

Polyolefins, and in particular high-density polyethylene (HDPE), pose significant 
challenges in recycling for food-contact applications due to their non-polar structure and 
high chemical resistance, which hinder effective decontamination by simple and well-es-
tablished processes, unlike poly(ethylene terephthalate) (PET) [7]. During use and dis-
posal, HDPE can absorb contaminants into its polymer matrix, requiring advanced recy-
cling technologies or multilayer barrier solutions to meet safety requirements [8]. In con-
trast, PET, the most widely recycled plastic for food-contact applications, exhibits lower 
sorption and diffusivity of contaminants, allowing mechanical recycling processes to 
achieve the decontamination efficiencies required for food-grade applications [9]. Con-
versely, the higher affinity of polyolefins for non-polar organic compounds promotes the 
retention of contaminants, making conventional mechanical recycling insufficient and 
limiting the use of recycled HDPE in sensitive applications. 

In this context, HDPE can be recycled through several technological routes, typically 
classified as mechanical, chemical and solvent-based recycling. Mechanical recycling re-
mains the most established approach due to its economic viability, but its effectiveness is 
restricted by the accumulation of contaminants, additives and degradation products. 
Chemical recycling methods, such as pyrolysis or depolymerization, enable the recovery 
of monomers or fuels, although they often involve high energy demand and complex in-
frastructure. While some debate exists on the classification of recycling processes [10], sol-
vent-based recycling approaches have emerged as a promising alternative. Among them, 
dissolution–precipitation methods, where the polymer is dissolved in a suitable solvent 
and subsequently precipitated, allow both polymer recovery and removal of additives 
and contaminants [11]. This approach is especially promising for post-consumer HDPE 
used in food packaging, where strict regulatory requirements demand efficient decontam-
ination. However, challenges remain related to solvent selection, process optimization 
and the control of residual solvents, which are key aspects for ensuring the safe reuse of 
recycled materials in food-contact applications. Moreover, the scalability of this process 
represents a key challenge for the industrial implementation of dissolution–precipitation 
technologies. Aparício et al., [12] studied the viability of scaling up HDPE recovery using 
α-pinene by increasing the initial amount of polymer to be dissolved by 5 times, demon-
strating the technical feasibility of these methods at laboratory scale. However, their trans-
lation to pilot and industrial scales requires further investigation. A thorough understand-
ing of the influence of process variables under controlled laboratory conditions is a pre-
requisite for successful scale-up. Advancing an insufficiently optimized or validated pro-
cess to larger scales may result in reduced process efficiency, operational difficulties, and 
considerable economic losses. Therefore, it is essential to thoroughly investigate and op-
timize these methods at the laboratory scale before proceeding to pilot-scale implementa-
tion. 
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Dissolution–precipitation methods have been applied with a wide range of solvents 
[13]. Petroleum-based solvents such as toluene or xylene have been proposed, but their 
toxic and environmentally harmful character have led to introducing alternative greener 
solvents, reducing environmental impact and health risks. In particular, multiple studies 
[12,14–21] have proposed the use of bio-based cyclic monoterpenes such as limonene, p-
cymene, phellandrene or pinene to recover polymers or to eliminate dyes or contaminants 
from the matrix. For instance, Aparício et al. [12] tested limonene, α-pinene, and p-cymene 
for dissolving HDPE and the best results were obtained for α-pinene as the solvent and 
ethanol as the antisolvent. However, these authors did not perform a challenge test to 
evaluate the decontamination efficiency of the solvents, nor did they assess the residual 
solvent content remaining in the recycled polymer. The high number of publications that 
study dissolution–precipitation methods using cyclic monoterpenes show their growing 
importance in the field of plastic recycling, particularly regarding polymer recovery 
yields. Nonetheless, further research could also assess their potential to purify and decon-
taminate post-consumer plastics. 

High polymer recoveries might be achieved with dissolution–precipitation methods 
[12], meaning that the amount of polymer loss during treatment is low, but solvent resi-
dues might be present in the polymer matrix after treatment [13] which must be deter-
mined since their presence might cause the modification of organoleptic properties of the 
contained product if they migrate from the packaging to the foodstuffs due to their odor-
ous nature [22] or affect the mechanical properties of the polymer [11]. Furthermore, some 
of the solvents, as well as degradation products, might be harmful to human health [23]. 

Different approaches have been applied to determine the content of monoterpenes in 
plastic materials. Soxhlet extraction and GC-FID or GC/MS determination was proposed 
to identify unknown migrant compounds in HDPE [24], among which limonene, α-pinene 
and p-cymene were found. In a similar study, limonene and β-pinene migrated from dif-
ferent packaging materials to food simulants, which were analyzed by GC-Olfactometry-
MS [22]. Dynamic thermal stripping–thermal desorption and solid–liquid extraction were 
applied to evaluate limonene sorption into plastic films [25]. Microwave-assisted extrac-
tion on recycled packaging waste and GC/MS analysis also detected the presence of lim-
onene and terpinolene [26]. Moreover, limonene has been found by direct analysis on re-
cycled plastics by HS-SPME-GC/MS [27]. 

Monoterpenes have been extracted from natural products by different techniques 
[28], among them pressurized liquid extraction (PLE), also known as accelerated solvent 
extraction (ASE). PLE has also been applied to extraction of different compound families 
from polymers, such as slip agents [29,30], antioxidants [31–35], UV filters [31] or contam-
inants [15,36]. 

This work is structured in two complementary sections and introduces a comprehen-
sive analytical framework for the evaluation of dissolution–precipitation recycling of 
post-consumer HDPE. The novelty of this work lies in the comprehensive and systematic 
evaluation of both the contaminant removal efficiency of several bio-based solvents and 
the residual solvent content remaining in the recycled polymer. To the best of our 
knowledge, this is the first study to address these two critical aspects within a unified 
methodological framework applied to HDPE recycling. 

First, the cleaning efficiencies of seven bio-based solvents are determined through a 
seven-model contaminant challenge test, using a previously developed PLE-GC/MS 
method [15]. This represents, to the best of our knowledge, the first systematic and com-
parative evaluation of a broad set of bio-based solvents under identical conditions for 
HDPE dissolution–precipitation recycling, providing a consistent basis for ranking their 
decontamination performance. 
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Secondly, a new PLE-GC/MS method is developed, optimized, and validated for the 
simultaneous determination of residual bio-based solvents in recycled HDPE. This devel-
opment is directly motivated by the recycling process itself, as dissolution–precipitation 
approaches may lead to solvent retention in the polymer. Therefore, the evaluation of 
cleaning efficiency and the determination of residual solvent content are inherently con-
nected and must be addressed jointly. 

By integrating these two analytical dimensions, decontamination efficiency and re-
sidual solvent quantification, the study establishes, for the first time in this context, a uni-
fied analytical strategy for the evaluation of bio-based solvents in HDPE recycling. While 
broader aspects such as solvent reuse and overall process sustainability require further 
investigation, the present work provides the necessary analytical foundation for their fu-
ture assessment and the implementation in a recycling plant. 

2. Results and Discussion 
2.1. Comparison of Bio-Based Solvent Cleaning Efficiencies 

This work is based on a dissolution–precipitation recycling process applied to post-
consumer HDPE flakes fortified with seven model contaminants. The procedure involved 
dissolution of the contaminated flakes in each bio-based solvent at 160 °C, followed by 
precipitation upon cooling at room temperature and a subsequent drying step at 80 °C for 
2 days (described in Section 3.2). Under these conditions, polymer recovery was close to 
99% (apparent gravimetric recovery); approximately 1% of bio-based solvent remained 
retained in the polymer after oven drying. After dissolution and reflux, the mixture was 
filtered and the bio-based solvent was recovered with a yield of around 50% (measure-
ments were conducted in triplicate). This relatively low recovery is mainly attributed to 
the retention of approximately 18% of the solvent within the polymer matrix after filtra-
tion, which is subsequently removed during the drying step, as well as minor losses dur-
ing transfers and routine laboratory handling. The separation of the bio-based solvent 
from the recycled HDPE should be improved, for instance by centrifugation or alternative 
solid–liquid separation techniques if solvent reuse is intended. The purity and reuse of 
the recovered solvent are currently under investigation in ongoing work. 

The physicochemical and mechanical properties of the recovered HDPE were not 
evaluated in the present study, as the work was focused on assessing the cleaning effi-
ciency of bio-based solvents and developing an analytical methodology for residual sol-
vent determination. A comprehensive characterization of the recycled polymer is im-
portant for assessing the overall performance of the process and will be addressed in fu-
ture studies. Previous reports [12] have shown that HDPE recovered through similar dis-
solution–precipitation processes can retain properties comparable to those of virgin poly-
mer. 

In this study, we focus on the comparative evaluation of the cleaning efficiency of 
seven bio-based solvents, assessed through a challenge test previously used for limonene 
[15]. HDPE samples fortified with the seven model contaminants were analyzed before 
and after the recycling process using a PLE-GC/MS method specifically developed and 
validated for this purpose [15] (briefly summarized in Section 3.5). This approach enables 
a consistent comparison of the performance of the different bio-solvents in terms of con-
taminant removal, while a broader assessment of process sustainability falls beyond the 
scope of the present work. 

The cleaning efficiency values for each bio-based solvent are listed in Table 1, to-
gether with a desirability value calculated using the Excel function GEOMEAN, i.e., the 
seventh root of the product of the cleaning efficiencies obtained for the seven contami-
nants. This parameter provides an overall performance index in which all contaminants 
are equally weighted. The use of the geometric mean, rather than the arithmetic mean, is 
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intentional, as it penalizes uneven performance: solvents showing low efficiency for any 
individual contaminant yield a reduced overall value, whereas the arithmetic mean could 
mask such deficiencies through compensation by higher efficiencies in other cases. 

Promising results have been observed, with cleaning efficiencies higher than 99% in 
many cases, (in line with or even improving previously reported results at laboratory [15] 
or industrial scale [8]). Regarding each solvent individually, the best results were obtained 
with (-)-β-pinene and γ-terpinene (desirability of 99.2), but all solvents showed similar 
results for each contaminant. Overall, only moderate differences in cleaning efficiency 
were observed among the seven bio-based solvents studied, consistent with their similar 
chemical nature as cyclic monoterpenes. Instead, the main variations were associated with 
the type of contaminant. In general, higher cleaning efficiencies were obtained for volatile 
and non-polar compounds, whereas lower removal was observed for non-volatile and 
more polar contaminants. This behavior can be explained by two main factors: the non-
polar character of the solvents, which enhances the solubilization of hydrophobic com-
pounds, and the relatively high operating temperature of the process (160 °C), which pro-
motes the desorption and removal of more volatile species. These results indicated that 
process efficiency was mainly governed by contaminant properties rather than by differ-
ences among the cleaning bio-based solvents, with α-phellandrene representing the main 
exception, as discussed below. 

Among the bio-based solvents studied, α-phellandrene showed markedly different 
behavior, with lower cleaning efficiencies and higher variability compared to the rest of 
the bio-based solvents. This deviation did not appear to be related to its fundamental 
chemical structure, which is comparable to the other monoterpenes evaluated, but rather 
to its lower purity (≥75%) and the presence of additives such as α-tocopherol, as indicated 
in the certificate of analysis. These factors likely have affected both the dissolution capac-
ity of the solvent and the mass transfer processes involved in contaminant removal, lead-
ing to less efficient and less reproducible results. This observation highlights the im-
portance of solvent purity and composition, in addition to intrinsic physicochemical prop-
erties, when assessing the performance of bio-based solvents in dissolution–precipitation 
recycling processes. 

Table 1. Results for the ultra-cleaning process ± 2s 1. 

Solvent  Chloroform Toluene Chlorobenze
ne 

Methyl 
Salicylate 

Phenyl 
Cyclohexan

e 

Benzopheno
ne 

Methyl 
Stearate 

Desirabili
ty 

Untreated 
HDPE C0 2 93 ± 25 235 ± 70 832 ± 180 631 ± 40 554 ± 50 433 ± 50 

1462 ± 
300 - 

(-)-β-Pinene 
Cf 3 <1 ± 1 <2.0 ± 0.3 0.3 ± 0.2 2 ± 3 1.8 ± 0.5 2 ± 1 42 ± 4 

99.2 
%Eff >99 ± 1 >99.2 ± 0.1 99.96 ± 0.02 99.7 ± 0.4 99.7 ± 0.1 99.6 ± 0.3 97.1 ± 0.2 

α-
Phellandrene 

Cf 3 <0.1 ± 0.3 30 ± 18 0.3 ± 0.2 222 ± 99 71 ± 43 121 ± 66 728 ± 658 
78.1 

%Eff >99.8 ± 0.4 87 ± 8 99.96 ± 0.02 65 ± 16 87 ± 8 72 ± 15 50 ± 45 

α-Terpinene 
Cf 3 <0.3 ± 0.5 4 ± 2 0.1 ± 0.2 42 ± 24 1.61 ± 0.09 0.4 ± 0.5 79 ± 22 

97.2 
%Eff >99.7 ± 0.5 98 ± 1 99.98 ± 0.02 93 ± 4 99.71 ± 0.02 99.9 ± 0.1 95 ± 2 

p-Cymene 
Cf 3 <0.1 ± 0.3 <LOD 0.3 ± 0.2 4 ± 6 2 ± 3 6 ± 8 <53 ± 70 

99.0 
%Eff >99.9 ± 0.3 99 ± 30 99.96 ± 0.02 99 ± 1 99.7 ± 0.5 99 ± 2 >96 ± 4 

DL-Limonene 
Cf 4 0.86 ± 0.04 13 ± 3 0.3 ± 0.2 1.1 ± 0.3 0.27 ± 0.07 6 ±1 51 ± 14 

98.3 
%Eff 99.07 ± 0.05 95 ± 1 99.97 ± 0.02 99.83 ± 

0.04 
99.95 ± 0.01 98.5 ± 0.3 97 ± 1 

γ-Terpinene 
Cf 4 0.65 ± 0.02 1.988 ± 0.002 0.24 ± 0.08 8 ± 5 0.2 ± 0.2 1.9 ± 0.8 <LOD 

99.2 
%Eff 99.3 ± 0.02 

99.154 ± 
0.001 99.97 ± 0.01 98.7 ± 0.8 99.96 ± 0.03 99.6 ± 0.2 98 ± 22 
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Terpinolene 
Cf 3 <0.3 ± 0.9 8 ± 2 0.3 ± 0.3 3 ± 3 0.85 ± 0.02 5 ± 3 <35 ± 13 

98.8 
%Eff >99 ± 1 96 ±1 99.96 ± 0.03 99.6 ± 0.5 99.847 ± 

0.004 
98.8 ± 0.7 >97.6 ± 

0.9 
C0 and Cf in mg kg−1. 1 If a contaminant is not detected, or detected below LOD, the LOD value is 
taken for the calculation. 2 N = 3. 3 Three independent cleaning processes. 4 Two independent 
cleaning processes. Percent of efficiency (%Eff) was calculated as the mean efficiency for each 
independent cleaning process. 

2.2. Development of a PLE-GC/MS Method for Residual Content of Bio-Based  
Solvent Determination 

2.2.1. PLE Solvent Selection 

Prior to the development of the full method to determine the residual content of the 
bio-based solvents, preliminary extraction and analysis tests were performed to evaluate 
which solvent (acetone or isopropanol) allows better performance in terms of extraction 
efficiency and detection and quantification limits. 

Initial results (Figure 1A) showed that, while extraction with both solvents was sim-
ilar for most compounds, γ-terpinene and terpinolene were better extracted using isopro-
panol. Moreover, the extractions using isopropanol present cleaner chromatograms. 
Hence, acetone was discarded, and isopropanol was chosen as the extraction solvent. 
These results also helped to adjust the sample amount put into the cells, raising the sample 
size from 0.1 to 0.3 g. 

The larger peak area observed for p-cymene in Figure 1A is primarily explained by 
its higher initial concentration in the analyzed sample, which was not equivalent to that 
of the other bio-solvents. As it will be discussed later, p-cymene is retained to a greater 
extent within the HDPE matrix during the dissolution–precipitation and drying process, 
leading to its relative enrichment. Additionally, its aromatic nature further contributes to 
the observed signal intensity. The presence of an aromatic ring enhances ionization effi-
ciency under EI conditions and favors the formation of more stable, high-abundance frag-
ment ions. Consequently, fragmentation is less dispersed, and the signal is concentrated 
into fewer, more intense ions (notably m/z 119.1), resulting in a higher overall peak area 
compared to non-aromatic monoterpenes. 

 

Figure 1. Study of solvents for PLE. (A): Performance of acetone and isopropanol as extraction sol-
vents. (B): Influence of the use of co-solvents (N = 3. Error bars represent ± 2s.). 
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2.2.2. GC/MS Determination of Bio-Based Solvents 

Stock solutions of the seven bio-based solvents at different concentrations with 50 µg 
L−1 of limonene-d5 as internal standard were prepared in isopropanol. The solvent’s boil-
ing point (82.3 °C) is much lower than that of the compounds of interest and did not in-
terfere with their determination. 

The bio-based solvents presented similar boiling points, ranging from 166 to 185 °C, 
and their molecular weight was the same for all compounds (136.23 g mol−1) except for p-
cymene (134.21 g mol−1). These characteristics prompted a low temperature increase rate. 
Therefore, the temperature program for the oven could start at a normal temperature (45 
°C) but the initial increase was slow (5 °C min−1), allowing the separation of the seven 
compounds. Figure S1 of the Supplementary Material shows the chromatogram of a solu-
tion that contained 200 µg L−1 of each solvent and 50 µg L−1 of internal standard. The phys-
ical properties, retention times and target and qualifier ions can be found in Table 2. 

Table 2. Physical properties and chromatographic parameters of the bio-based solvents. 

Compound Molecular 
Weight (g mol−1) 1 

Boiling Point 
(°C) 1 

tr (min) m/z Target m/z Qualifier Structure 2 

(-)-β-Pinene 136.23 167.8 8.01 93.1 136.1 

 

α-Phellandrene 136.23 175.6 8.69 91.1 136.1 

 

α-Terpinene 136.23 182 9.00 93.1 136.1 

 

p-Cymene 134.22 177.10 9.22 119.1 134.0 

 

Limonene-d5 141.26 175.5–176.5 9.23 70.1 98.0 

 

DL-Limonene 136.23 175.5–176.5 9.31 67.1 136.0 

 

γ-Terpinene 136.23 183 9.94 93.1 136.0 
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Terpinolene 136.23 185 10.32 93.1 136.0 

 
1 Source: https://commonchemistry.cas.org/ (accessed on 12 November 2024). 2 Self-made images, 
using the PubChem Sketch Tool https://pubchem.ncbi.nlm.nih.gov//edit3/index.html (accessed 18 
September 2025). 

A linearity study was performed to establish the features of the GC/MS method (Ta-
ble 3). Eight solutions were prepared in isopropanol with bio-based solvent concentra-
tions ranging from 1 to 1000 µg L−1 and 50 µg L−1 of internal standard. All correlation 
coefficients (R) were above 0.99. The ratio between the analyte and the internal standard 
areas was used as analytical signal. The limits of detection (LOD) and quantification 
(LOQ) were calculated as 3.3 and 10 times the ratio of the intercept standard deviation 
and the slope of the linear regression. LODs ranged from 13 to 25 µg L−1 and LOQs from 
55 to 75 µg L−1. 

Repeatability and intermediate precision were established as well, analyzing a total 
of nine replicates of a 100 µg L−1 solution injected over three days and using ANOVA. 
Repeatability and intermediate precision were calculated as the intra-days and inter-days 
relative standard deviation (% RSD). All values were under 20%, except for the inter-days 
RSD for γ-terpinene and terpinolene, with values of 24 and 26%, respectively. 

Table 3. GC/MS and PLE-GC/MS methods’ features. 

Compound R N LOD 
(µg L−1) 

LOQ  
(µg L−1) 

GC/MS. 
RSD (%) Recovery 

(%) 1 

PLE-GC/MS.  
RSD (%) 2 LOD 

(mg kg−1) 
LOQ 

(mg kg−1) Intra-
Day 

Inter-Day Intra-
Day 

Inter-
Day  

(-)-β-Pinene 0.997 19 24 73 15 5 87 (21) 9 6 4 12 
α-Phellandrene 0.997 24 25 75 5 18 96 (9) 6 15 4 13 
α-Terpinene 0.998 21 21 64 2 6 80 (16) 6 6 4 11 
p-Cymene 0.999 20 13 39 2 14 129 (16) 8 18 2 7 

DL-Limonene 0.999 20 18 55 4 13 109 (10) 5 16 3 9 
γ-Terpinene 0.998 20 20 61 11 24 106 (20) 11 13 3 10 
Terpinolene 0.998 22 18 56 6 26 117 (22) 8 31 3 9 

Studied range 1–1000 µg L−1. 1 In parenthesis, % RSD. 2 Concentration levels (mg kg−1): 18 ((-)-β-
pinene), 66 (α-phellandrene), 21 (α-terpinene), 679 (p-cymene), 34 (DL-limonene), 13 (γ-terpinene), 
21 (terpinolene). 

2.2.3. Optimization of PLE Conditions 

In order to select the best extraction conditions for all bio-based solvents, three opti-
mization steps were planned: (1) univariate analysis to study the addition of a swelling 
agent as co-solvent, (2) a design of experiment analysis based on response surface model-
ing and a desirability function to choose the optimal extraction temperature, time and co-
solvent percentage and (3) univariate analysis to select the number of extraction cycles. 

Addition of a Swelling Agent 

The addition of a co-solvent as a swelling agent such as tetrahydrofuran or cyclohex-
ane for extraction of compounds in plastics has been reported before [31]. The co-solvent 
swells the polymer matrix and improves solvent penetration and overall extraction. Three 
different extractions with 100% isopropanol, 95% isopropanol/5% cyclohexane and 95% 
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isopropanol/5% tetrahydrofuran were performed to study how the addition of a co-sol-
vent improves compound extraction. Results are shown in Figure 1B. The observed pat-
tern regarding the influence of the swelling agent on the extraction efficiency of the vari-
ous analytes does not appear to be readily explained by their structural or chemical prop-
erties, as these are largely comparable (with the exception of p-cymene). The use of tetra-
hydrofuran only improved α-terpinene extraction, while for the other compounds con-
centrations were lower. The addition of 5% of cyclohexane achieved similar results as 
without a co-solvent for all compounds except for terpinolene, which performed particu-
larly well with cyclohexane. Hence, the addition of cyclohexane was further studied along 
with temperature and extraction time. 

Selection of Co-Solvent Content, Extraction Temperature and Time 

A central composite design (CCD) was employed to evaluate the influence of co-sol-
vent percentage, temperature, and extraction time on the extraction of bio-based solvents. 
The experimental ranges for each factor were defined based on technical constraints of the 
pressurized liquid extraction (PLE) system, preliminary experiments, and established op-
erational practice. The temperature range (60–100 °C) was selected to ensure efficient ex-
traction while preventing HDPE softening or melting, which could lead to polymer block-
age within the extraction system under pressurized conditions. The extraction time (2–10 
min) was chosen according to standard PLE operation, where short extraction steps are 
preferred to enable multiple successive cycles; equilibrium partitioning is typically 
reached within this period, although complete extraction may require several cycles. The 
cyclohexane percentage (0–10%) was selected because it acts as a swelling modifier for 
HDPE rather than a true co-solvent, and higher proportions are avoided to prevent partial 
polymer dissolution and to maintain controlled swelling behavior. 

A total of 18 experiments were conducted in random order, following a factorial de-
sign with three variables at two levels (23), four replicates at the central point, and six axial 
(“star”) points located at ±α from the center. The value of α was set to 1.685 to ensure 
rotatability of the design. Table S1 in the Supplementary Materials contains the complete 
experimental matrix, including factor levels, responses, and desirability values. 

The software Chemoface v1.71 was used to build the models, evaluate the main ef-
fects and interactions of the three variables, calculate the individual desirability of each 
bio-solvent and build the global desirability surface plot. 

Pareto charts (Figure S2) and response surface plots (Figure S3) can be found in the 
Supplementary Materials. They show that extraction was favored with a high cyclohexane 
percentage, as well as low extraction temperature and time, but influence was not equal 
for all compounds, as only (-)-β-pinene, DL-limonene, γ-terpinene and terpinolene pre-
sented significant coefficients in their respective models. The desirability function was 
built using only significant coefficients, excluding the non-significant ones, as well as 
those of γ-terpinene for presenting values under the LODs. The response surfaces for the 
desirability function are shown in Figure 2, while the comparison of predicted versus 
measured values for the desirability function can be found in Figure S4 of the Supplemen-
tary Material. Only the main and quadratic effect of cyclohexane percentage in addition 
to its interaction with the extraction temperature were significant for the desirability 
model. 

The compromise conditions chosen were 8% cyclohexane, 4 min and 68 °C, which 
showed the highest desirability of all the CCD points, but increasing the cyclohexane per-
centage to 10%, since its influence clearly showed that a higher percentage improved ex-
traction. 
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Figure 2. Desirability function plots for the extraction of the seven compounds. 

Number of Cycles 

Once the extraction conditions were set, the optimal number of extraction cycles was 
studied to determine whether one, two, three or four consecutive extraction cycles were 
optimal. Extractions under the compromise conditions were conducted in triplicate for 
each number of cycles, and the mean concentration extracted for each case was calculated. 
Results can be found in Figure 3. Moreover, homoscedasticity test, ANOVA and least sig-
nificant difference analysis were carried out (Table S2). 

For p-cymene and γ-terpinene, no significant differences were found, meaning that 
extraction is not dependent on the number of cycles. For (-)-β-pinene, α-terpinene and DL-
limonene, the highest mean extraction was observed with two cycles; however, no signif-
icant differences were found between two and three extraction cycles. For α-phellandrene, 
the highest mean extraction was achieved with three cycles, but it did not present signifi-
cant differences with one or two cycles and was lower for four cycles. Finally, four extrac-
tion cycles provided the highest mean extraction efficiency for terpinolene; however, no 
significant differences were observed compared with three cycles. 

No clear correlation was observed between the optimal number of extraction cycles 
and the molecular size or general physicochemical properties of the studied compounds, 
as all analytes are structurally similar monoterpenes. However, p-cymene, the only aro-
matic compound in the series, showed slightly different behavior, which may be at-
tributed to its planar structure and higher stability, potentially leading to stronger inter-
actions with the polymer matrix and lower removal efficiency during drying. Overall, the 
differences observed are subtle and likely arise from a combination of matrix effects rather 
than a single dominant molecular parameter. 

Given the results, three cycles were chosen as the optimal condition. It must be noted 
that, in certain cases, lower concentrations were achieved with a higher number of cycles, 
which could be attributed to possible losses due to degradation. 
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Figure 3. Influence of the number of extraction cycles on the amount of compound extracted. N = 3. 
Error bars represent ± s. 

2.3. Features of the PLE-GC/MS Method for Bio-Based Solvents 

The analytical performance of the complete PLE-GC/MS method is summarized in 
Table 3. Method accuracy was evaluated to verify that no analyte losses occurred during 
the pressurized liquid extraction (PLE) process as a result of volatilization or thermal deg-
radation under the selected extraction conditions. Recovery experiments were performed 
by spiking 100 µL of a solution containing 100 mg L−1 of each bio-based solvent into ex-
traction cells filled with sea sand prior to sealing and extraction. In addition, the previous 
study on the influence of the number of extraction cycles demonstrated that the higher 
extraction efficiency under the mixed-solvent condition evaluated was achieved after 
three extraction cycles, confirming the exhaustiveness of the PLE procedure. Procedural 
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recoveries ranged from 80 to 117% for all analytes, except for p-cymene, which showed a 
recovery of 129%. 

The procedural recovery obtained for p-cymene exceeded the generally accepted 
range for quantitative methods. This positive bias may be attributed to experimental var-
iability associated with instrumental determination. Since the recovery remained close to 
the acceptance limit and no evidence of analyte degradation or loss was observed, the 
result was considered acceptable for the purposes of method validation. 

The repeatability and intermediate precision of the whole PLE-GC/MS method was 
established by extracting and analyzing artificially spiked samples four times for three 
days (twelve aliquots total). Repeatability and intermediate precision are calculated as the 
intra-day and inter-day relative standard deviations, respectively, using ANOVA. Ac-
ceptable values lower than 20% were obtained in most cases, but inter-day RSD for ter-
pinolene was 31%, which could be explained by the degree of heterogeneity of the recy-
cled HDPE. Finally, the limits of detection and quantification were recalculated to account 
for the amount of sample extracted. 

2.4. Residual Content Determination 

The PLE-GC/MS method developed for the determination of residual bio-based sol-
vent content was subsequently applied to the analysis of three samples of PC-HDPE. The 
dissolution–precipitation process was performed in triplicate. Results are shown in Table 
4. Concentrations were moderate in most cases. Replicate 1 had concentrations ranging 
from under LOD values up to 280 mg kg−1, and replicate 2 from under LOD values up to 
690 mg kg−1. Replicate 3 had concentrations from under LOD values up to 530 mg kg−1, 
except for p-cymene, which had a concentration of 16 g kg−1, clearly showing that this 
sample was not correctly dried. 

Table 4. Bio-based solvent content determination (in mg kg−1) 1. 

Sample 1 2 3 
(-)-β-Pinene 18 (21) <LOD <LOD 

α-Phellandrene 17 (21) 69 (7) 120 (28) 
α-Terpinene <LOQ 21 (8) 530 (25) 
p-Cymene 280 (4) 690 (12) 16,000 (14) 

DL-Limonene 38 (12) 29 (8) 41 (30) 
γ-Terpinene <LOD <LOD 15 (30) 
Terpinolene 279 (6) 24 (9) 110 (42) 

1 In parenthesis % RSD, N = 3. 

Regardless of the fact that replicate 1 appeared to be the best dried sample, γ-ter-
pinene and (-)-β-pinene presented the lowest residual content in the three samples (repli-
cates of the cleaning process), with concentrations lower than 15 and 18 mg kg−1. On the 
contrary, p-cymene showed the highest residual retention under the mixed-solvent con-
ditions evaluated in this study for all three samples. 

Regarding D-limonene, it has been previously quantified in recycled HDPE [37], with 
concentrations ranging from 0.22 to 114.52 mg kg−1, in line with the obtained residual con-
tents for (-)-β-pinene, α-phellandrene, DL-limonene and γ-terpinene. Pin et al. [20] re-
ported that up to 1077 mg kg−1 (ppm) of p-cymene could be found in polystyrene treated 
with p-cymene. The bio-solvent p-cymene appeared to be more difficult to remove from 
the HDPE due to stronger interactions with the polymer matrix. The aromatic ring in its 
structure (more planar) resulted in greater retention of p-cymene, thereby slowing its re-
moval during drying. 
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In any case, these concentrations are much higher than the modeled maximum con-
centration of 0.09 mg kg−1 of plastic for limonene [38] that would comply with the migra-
tion limits. Due to same or similar molecular weights, the same or similar modeled maxi-
mum concentrations would apply for the other bio-based solvents [39]. These results 
showed that a drying step at 80 °C for 2 days is likely insufficient to remove volatile mon-
oterpenes. While the recycled plastic would need upcycling to be transformed into plastic 
products, in which further solvent elimination could happen during the extrusion process 
(by degasification, for example), it is necessary to select an optimal solvent for both clean-
ing efficiency and residue elimination and, above all, to improve the drying step of the 
method in order to lower or even eliminate any residues of bio-based solvents (for in-
stance, applying vacuum) and, overall, to improve the whole recycling method. 

It should be noted that the PLE-GC/MS method developed in this work is primarily 
intended as a process monitoring tool for the evaluation and optimization of the dissolu-
tion–precipitation recycling process. While the achieved limits of detection (2–4 mg kg−1) 
are suitable for assessing residual solvent levels typically obtained after treatment, they 
are not sufficient to directly verify compliance with the much lower concentration thresh-
olds required for food-contact applications. Therefore, additional methodological im-
provements or more sensitive analytical techniques would be required for regulatory 
compliance assessment. 

2.5. Safety Assessment of Bio-Based Solvents 

Regarding the toxicity and safety of the selected bio-based solvents, it is necessary to 
address the health risks that their use poses and compare them with the risks associated 
with the use of toluene and xylene, some of the solvents previously proposed. Cramer 
classification [40] shows that all compounds are considered as low risk, category 1, but 
ECHA registration dossiers for each solvent show clear differences [41–50]. 

The main concern arising from the use of bio-based solvents would relate to their 
skin or eye irritation or sensitizer properties (limonene, α-terpinene, α-phellandrene, ter-
pinolene and (-)-β-pinene). 

In contrast, toluene is known to cause a range of adverse health effects, including 
neurotoxicity, dizziness, drowsiness, headache, intoxication-like symptoms, and irrita-
tion, even at low exposure concentrations. And xylene may cause neurotoxicity, irritation, 
skin dryness and scaling, dermal vasodilation, ototoxicity, adaptive changes in the liver 
and body and organ weight changes. 

Considering this information, bio-based solvents cannot be regarded as completely 
harmless; however, they are generally significantly less toxic than the conventional sol-
vents they are intended to replace. 

3. Materials and Methods 
3.1. Reagents and Materials 

To perform the challenge test, the polymer sample was contaminated first with a 
mixture that simulates the contaminants that could be found in real samples. And subse-
quently, the cleaning process employing the bio-based solvents was evaluated. The con-
tamination mixture was prepared in n-hexane (purchased from Scharlab (Barcelona, 
Spain)) with chloroform (≥99%), toluene (≥99.5%), chlorobenzene (≥99.5%), methyl salicy-
late (≥99%), phenyl cyclohexane (analytical standard), benzophenone (99%) and methyl 
stearate (≥96%) (all purchased from Sigma-Aldrich (St. Louis, MO, USA)), at a concentra-
tion of 1% (V/V) or (m/V), following FDA and EFSA recommendations [51,52]. 

Quantification was done using analytical-grade standards of the same set of contam-
inants, along with toluene-d8 (99.96 atom % D), chlorobenzene-d5 (99 atom % D) and ben-
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zophenone-d10 (99 atom % D) (purchased from Sigma-Aldrich (St. Louis, MO, USA)) as 
internal standards (the internal standard used for each analyte is available elsewhere [15]). 

The bio-based solvents evaluated for the HDPE cleaning process were: p-Cymene 
(≥99%) (purchased from Thermo Fisher (Waltham, MA, USA)), (-)-β-pinene (≥97%), α-
phellandrene (≥75%), α-terpinene (89%), DL-limonene (≥99%), γ-terpinene (≥95%) and ter-
pinolene (≥95%) (purchased from Sigma Aldrich (St. Louis, MO, USA)). Further infor-
mation about their physical properties can be found in Table 2. 

Again, analytical-grade versions of each bio-based solvent were used for their resid-
ual GC-MS quantification, with (+)-limonene-d2,3,3,5,5-d5 (>95%), purchased from LGC 
Standards (Teddington, Middlesex, UK) as internal standard for all compounds. 

Isopropanol (LC-MS grade), acetone (HPLC grade), ethanol (HPLC grade), sea sand 
and cyclohexane (HPLC grade) were acquired from Scharlab (Barcelona, Spain). Tetrahy-
drofuran (HPLC grade) was supplied by Panreac (Barcelona, Spain). 

3.2. Samples and Sample Treatment 

The Spanish National Center for Packaging Technologies—CENTIDE (La Rioja, 
Spain) provided PC-HDPE milk bottles already cut into flakes (around 0.05 g of mass). 

For the cleaning efficiency comparison, a batch of HDPE flakes was contaminated 
with seven model contaminants according to the Use of Recycled Plastics in Food Pack-
aging (Chemistry Considerations): Guidance for Industry [51]. This guidance for industry 
says: “FDA recommends simulating consumer misuse by exposing virgin polymer (either 
in container form or as flake) to selected surrogate contaminants and then running the 
exposed or “challenged” polymer through the recycling process. Subsequent analysis of 
the processed polymer for the surrogate contaminants would provide a means to evaluate 
the efficacy of the recycling process.” The FDA recommends that the surrogate contami-
nants represent common materials accessible to the consumer and include a volatile polar 
organic substance (chloroform, chlorobenzene, 1,1,1-trichloroethane, diethyl ketone), a 
volatile non-polar organic substance (toluene), a non-volatile polar organic substance 
(benzophenone, methyl salicylate), and a non-volatile non-polar organic substance (tetra-
cosane, lindane, methyl stearate, phenylcyclohexane). Among the examples recom-
mended by the FDA as model contaminants, the following were selected in this work: 
chloroform, toluene, chlorobenzene, methyl salicylate, phenyl cyclohexane, benzophe-
none and methyl stearate. 

To contaminate the batch, the protocol of a previous study was followed [15]. Briefly, 
30 g of PC-HDPE flakes were macerated in 150 mL of the spiking mixture for seven days 
at room temperature with sporadic agitation. After spiking, the flakes were rinsed with 
equal volumes of ethanol and water to ensure the cleaning of the flakes’ surfaces. Finally, 
the flakes were dried under vacuum and stored in glass containers at room temperature 
until the decontamination process. 

The decontamination process or cleaning process consists of using each bio-solvent 
individually, to study the cleaning efficiencies of each solvent and compare them. A total 
of 2.5 g of HDPE contaminated flakes and 65 mL of a bio-based solvent were put into a 
round bottom flask (HDPE–liquid ratio of 0.04 g mL−1). Then, the mixture was heated and 
refluxed at 160 °C in a hot plate with magnetic stirring to dissolve the polymer. Once the 
polymer was dissolved, the mixture was stirred for 30 min under reflux. After that, the 
dissolution was poured into a beaker, left to cool down and precipitate, and finally filtered 
with a porous plate. The solid obtained was rinsed with 20 mL of ethanol, vacuum filtered 
and dried at 80 °C for 2 days in an oven. The dried precipitated polymer was stored at 4 
°C in closed vials until PLE and chromatographic analysis. 

On the other hand, to study the residual amount of the bio-solvent in the recycled 
polymer after the cleaning process, a clean sample of the PC-HDPE (non-contaminated 
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with the seven model contaminants according to the FDA) was subjected to the dissolu-
tion–precipitation process to be cleaned using a mixture of the seven bio-based solvents. 
This sample spiked with the bio-based solvents was used to carry out the development, 
optimization and validation of the PLE-GC/MS method to determine their residual con-
tent in the treated HDPE. For this, 2.5 g of HDPE flakes and 65 mL of a mixture of the 
seven bio-based solvents, at equal parts, were put into a round-bottom flask (HDPE–liq-
uid ratio of 0.04 g mL−1). Then, the mixture was heated and refluxed at 160 °C in a hot 
plate with magnetic stirring to dissolve the polymer, using a Julabo CORIO CD-200 F re-
frigerated/heating circulator (JULABO GmbH, Seelbach, Germany) to pump water 
through the condenser and an IR FLUKE 62 max+ infrared thermometer (Fluke Corpora-
tion, Everett, WA, USA) to monitor the temperature. 

Once dissolved, the mixture was stirred for 30 min under reflux. After that, the dis-
solved polymer and solvent mixture was poured into a beaker, left to cool down and pre-
cipitate, and finally filtered with a porous plate. The solid obtained was rinsed with 20 mL 
of ethanol, vacuum filtered and dried at 80 °C for 2 days in an oven. The dried precipitated 
polymer was stored at 4 °C in closed bottles. This process was repeated several times to 
obtain enough recycled polymer for the whole study. 

3.3. Pressurized Liquid Extraction—Residual Solvents 

Residual solvent extractions were conducted by a Dionex ASE 200 pressurized liquid 
extractor (Dionex, Sunnyvale, CA, USA) equipped with a solvent controller. A total of 11 
mL extraction cells were filled with 0.3 g of recycled HDPE and topped up with sea sand. 
The fixed variables of the extraction were pressure (1500 psi or 10.3 MPa), the pre-heating 
step (5 min), flush volume (60%) and purge time (60 s). 

The extraction solvent (acetone or isopropanol), a co-solvent (cyclohexane or tetra-
hydrofuran), extraction temperature (from 60 to 100 °C), extraction time (from 2 to 10 min) 
and number of cycles (from one to four) were optimized by univariate analysis, design of 
experiments, response surface modeling and desirability function, in order to select the 
compromise conditions and optimize a method for the extraction of the residual content 
of the bio-based solvents. 

The extracts were brought to a final volume of 50 mL after addition of 200 µL of a 
12.5 mg L−1 limonene-d5 internal standard solution. Subsequently, the obtained dissolu-
tion was filtered through a 0.22 µm nylon syringe filter and stored at 4 °C until chromato-
graphic analysis. 

Prior to GC-MS analysis, the extracts were diluted, when necessary, to ensure that 
the concentrations of the target analytes were within the validated linear calibration range. 
Appropriate dilution factors were applied according to the analyte levels in each sample, 
and all reported concentrations were corrected accordingly. For example, samples con-
taining high levels of p-cymene were diluted 1:100 before analysis. 

3.4. Chromatographic Conditions—Residual Solvents 

Gas chromatography analyses were performed using an Agilent 8890 system 
equipped with a 5977B mass selective detector and an Agilent 7693AA autosampler (Ag-
ilent Technologies, Santa Clara, CA, USA). An Agilent HP-5ms column (30 m × 250 µm × 
0.25 µm) (Agilent Technologies, Santa Clara, CA, USA), featuring a stationary phase com-
posed of 5% phenyl and 95% dimethylpolysiloxane, was used. The oven temperature pro-
gram was initiated at 45 °C and held for 0.5 min, followed by an increase to 60 °C at a 
ramp rate of 5 °C min−1. The temperature was then raised to 250 °C at 60 °C min−1 and held 
for 2 min. 

The sample injection temperature was 250 °C, and a 4 mm I.D. liner (Agilent 5190-
2293 (Agilent Technologies, Santa Clara, CA, USA)) was used in splitless mode for 0.05 
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min before switching to split mode. Helium served as the carrier gas, at a constant flow of 
1.0 mL min−1. Mass spectrometric detection was performed via electron impact ionization 
at 70 eV, with the ion source maintained at 250 °C and the quadrupole at 150 °C. Data 
acquisition was conducted in selected ion monitoring (SIM) mode. Detailed chromato-
graphic conditions for individual analytes are provided in Table 2. 

3.5. Determination of Cleaning Efficiency—Model Contaminants 

The cleaning efficiencies of the bio-based solvents were obtained by applying a PLE-
GC/MS method (developed and optimized previously [15]) and a challenge test. Briefly, 
the PLE method for model contaminants was optimized at 3 cycles, 6 min each cycle, 100 
°C and acetone as extraction solvent. Moreover, the chromatographic method for the 
model contaminants is also described in detail in a previous work [15]; briefly, the oven 
program started at 35 °C, holding for 0.5 min before raising the temperature to 60 °C at a 
rate of 10 °C min−1. Temperature was raised again to 280 °C at a rate of 70 °C min−1 and 
maintained for 1.8 min. Injection was done at 380 °C in splitless–split mode (0.05 min in 
splitless mode). MS detection was carried out by electronic impact, with an ionization 
source heated at 230 °C with a voltage of 70 eV. The quadrupole temperature was 150 °C. 
Chromatograms were registered in SIM mode. 

In summary, the concentrations of seven model contaminants were determined be-
fore and after treating spiked PC-HDPE with the ultra-cleaning method and later com-
pared to calculate the cleaning efficiency of each bio-based solvent for each contaminant. 
The cleaning efficiency was calculated following Equation (1), where C0 is the mean con-
centration for each contaminant before treatment, and Cf the concentration of each con-
taminant after treatment for each replicate. Effሺ%ሻ = (C଴ − C୤)C଴ ∗ 100 (1)

3.6. Data Processing 

Chemoface software v1.71 [53] was used to obtain the experiment matrix for the 
CCD, the response surfaces, Pareto charts and desirability function. The online Toxtree 
application (based on the 3.1.0 Toxtree version) [40] was used as part of the safety evalu-
ation of the bio-based solvents. 

4. Conclusions 
The cleaning efficiencies of seven bio-based solvents were evaluated to compare their 

ability to remove contaminants from PC-HDPE using a challenge test and a previously 
developed PLE-GC/MS method. High cleaning efficiencies (93–100%) were obtained for 
all solvents except α-phellandrene, which showed lower removal efficiencies (50–73%) for 
non-volatile and polar contaminants. These results demonstrate the feasibility of using 
bio-based solvents for contaminant removal. 

On the other hand, a new PLE–GC/MS method was developed, optimized, and vali-
dated to assess the presence of residual solvents remaining after the cleaning process. The 
method showed suitable analytical performance, enabling the determination of residual 
solvents in three samples. In particular, it provided adequate sensitivity, with limits of 
detection in the range of 2–4 mg kg−1, as well as satisfactory accuracy and precision, with 
intra- and inter-day relative standard deviations below 11% and 31%, respectively. 

The lowest residual concentrations in recycled HDPE were observed for γ-terpinene 
(<LOD–15 mg kg−1) and (-)-β-pinene (<LOD–18 mg kg−1), which also showed the highest 
cleaning efficiencies across all types of contaminants. In contrast, p-cymene exhibited the 
highest residual levels (up to 16 g kg−1), confirming its poor removal. In general, under the 
mixed-solvent conditions evaluated in this study, p-cymene showed the highest residual 
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retention, while α-phellandrene exhibited the lowest cleaning efficiency. Finally, the 
safety of the solvents used for the recycling process was assessed. Using bio-based sol-
vents greatly reduces the toxicity of the process when compared to classical solvents such 
as toluene and xylene, which aligns with safer and cleaner waste management. 

Overall, while the drying step needs improvement, it has been shown that the disso-
lution–precipitation method using bio-based solvents offers promising results for their 
application in the field of post-consumer plastic recycling. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/recycling11080135/s1, Supplementary Material S1: Table S1. 
CCD matrix, cyclohexane percentage (% CHx), temperature (T) and extraction time (t) values, re-
sponses for the optimization of PLE variables and global desirability for each experiment; Table S2. 
ANOVA for the effect of the number of cycles in the residual concentration; Figure S1. GC/MS SIM 
chromatogram of a standard solution containing 200 µg L−1 of each bio-based solvent and 50 µg L−1 
of the internal standard. 1: (-)-β-pinene. 2: α-phellandrene. 3: α-terpinene. 4: p-cymene. 5: limonene-
d5. 6: limonene. 7: γ-terpinene. 8: terpinolene; Figure S2. Pareto charts for (-)-β-pinene (A), α-phel-
landrene (B), α-terpinene (C), p-cymene (D), DL-limonene (E), γ-terpinene (F) and terpinolene (G); 
Figure S3. Response surfaces for (A) (-)-β-pinene (R2 = 0.7308), (B) DL-limonene (R2 = 0.8274), (C) γ-
terpinene (R2 = 0.6624) and (D) terpinolene (R2 = 0.5672). % CHx: cyclohexane percentage in the 
extraction solvent. T: extraction temperature (°C). t: extraction time (min). Vertical axis: extracted 
concentration (mg/kg). Figure S4. Predicted vs. measured comparison for the desirability function 
(R2 = 0.6099). 
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Abbreviations 
The following abbreviations are used in this manuscript: 

C0 Concentration of each contaminant before treatment 
Cf Concentration of each contaminant after treatment 
CCD Central composite design 
Eff Cleaning efficiency 
GC-FID Gas chromatography–flame ionization detector 
GC/MS Gas chromatography/mass spectrometry 
HDPE High-density polyethylene 
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HS-SPME Headspace solid-phase microextraction 
LOD Limit of detection 
LOQ Limit of quantification 
PC-HDPE Post-consumer high-density polyethylene 
PLE Pressurized liquid extraction 
RSD Relative standard deviation 
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