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Abstract: Recycling of plastic materials is a key sustainability topic. Hence, the scope of this study 
is to evaluate the potential of this purification step for achieving high-purity recyclates via 
mechanical recycling. In this study, the focus is set on the revalorization of poly(3-hydroxy butyrate) 
and poly(3-hydroxy butyrate-co-3-hydroxy valerate)—two biobased and biodegradable polymers 
that have properties similar to those of polyolefins and are therefore possible eco-friendly 
alternatives. Specifically, the washing process as an important part of polymer recycling processes is 
evaluated regarding different washing conditions on a laboratory scale. For this purpose, several 
virgin polymers were contaminated with volatile organic compounds that differed in functionality 
and molecular weight. Regarding contamination, concentration correlates with contamination time. 
Moreover, the contamination degree was found to be higher for polar contaminants since polar 
compounds show higher compatibility with the polymer. General beneficial effects of higher 
temperatures and longer washing times were observed. The choice of washing medium was relevant 
for different polarities of the contaminants. At higher process temperatures, material degradation 
occurred. Hence, recyclers have to pay attention to the difference in the interaction between 
impurities and the polymer and to the degradation of the polymer during recycling and the 
subsequent formation of degradation products. Since these biopolymers display comparable 
properties to polyolefins, great potential in packaging applications is apparent. Moreover, the method 
of analyzing the removal efficiency of volatile organic compounds via washing can be applied to all 
recyclable polymers. 
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1. Introduction 

A large proportion of everyday products are made of various types of plastic. Since the service 
life of these disposable products which are often only used for a short period is limited, the recycling 
of plastic waste is one of the major challenges in modern society [1]. Besides landfilling and 
incineration, mechanical and chemical recycling are possible pathways to keep the raw material in 
the loop [2]. Although various aspects of recycling processes have been studied extensively in recent 
years, the washing step as an important part of the mechanical recycling process has received little 
attention [3]. 

Although washing as such is straightforward, the process can be relatively complex. In the 
course of this purification step, impurities are transferred from the plastic to the washing medium. As 
the operating costs of polymer recycling plants contribute significantly to the total costs of recyclates, 
an optimal balance between effective removal of impurities and cost efficiency is sought [4]. 

A well-established technique for reducing contamination is wet cleaning. The inherent 
advantages of washing with water are (i) high cleaning efficiency and (ii) the possibility of 
component separation according to density [5,6]. Disadvantages are high water consumption, the 
need for wastewater treatment and residual moisture that must be removed by costly drying 
procedures. Detergents and other additives can be added for improved removal of impurities but they 
may interact with the polymer matrix resulting in decomposition which for instance can have a 
negative effect on its mechanical properties [6]. Furthermore, these adjuvants may be harmful to the 
environment [7]. 

The recycling of biobased and biodegradable materials gained special attention. While the 
amount of biobased polymers globally produced was increasing steadily in the last few years [1], the 
circularity aspect is highly discussed [8]. Critics of recycling claim that recycling biodegradable 
polymers does not take advantage of their biodegradability. Besides, when these polymers enter the 
regular plastic streams they may cause severe complications in polymer recycling [8,9]. Nevertheless, 
excessive landfilling of biodegradable plastic products may lead to the emission of methane and the 
loss of valuable feedstock. Hence, different recycling routes for the revalorization of these materials 
are discussed. While mechanical recycling of conventional plastics is already established, the 
suitability of biopolymers has to be tested [8]. 

As an example for a bio-based, biodegradable plastic, the emphasis in this paper is on the 
purification of PHA. These aliphatic polyesters are obtained primarily by fermentation of lipids and 
sugars (e.g., of vegetable oils, glucose and sucrose) by various bacteria. Their synthesis includes 
polymerization of β-, γ- and δ-hydroxy alkanoic acids. High production efforts especially during 
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fermentation and purification result in immense production costs. The most widely used PHAs are 
PHB and PHBV [10]. 

While PHB is very brittle and shows poor thermal stability when molten, it forms a decent 
barrier to water. Compared to PHB, PHBV with a copolymer content of 15% hydroxy valerate is 
more flexible and more easily processable. The biodegradation behavior of PHAs depends crucially 
on the degree of crystallinity and the chain configuration. For PHBVs, a degradation rate of about 
80% after one year at 30 ℃ in marine environments has been reported [10]. 

The focus of this study is set on PHB and PHBV due to their comparable properties to 
polypropylene and polyethylene [11]. They are used commercially in the packaging of single-use 
items. Furthermore, due to their high biocompatibility, PHB and PHBV are currently being evaluated 
for use in the biomedical sector as bioresorbable sutures and wound dressings [10]. 

2. Materials and methods 

2.1. Sample preparations 

The materials used were PHB obtained from Tianan biopolymer (ENMAT Y1000P), PHBV 
from Tianan biopolymer (ENMAT Y3000P, 3-hydroxypentanoic acid content <2%) and LDPE from 
Lyondell Basell (Lupolen 2426H). For evaluation of contaminations, sample plates made of PHB, 
PHBV and LDPE with a predefined circular geometry (50 mm diameter, 4 mm height) were 
produced using an automated hydraulic press (Vogt LaboPress P 200 T). The processing temperature 
was 180 ℃ [11]. After preheating for about one min, the samples were pressed for 7 min at 250 bar. 
The granulates and the processed sample plates are depicted in Figure 1. 

 

Figure 1. Picture of sample granulates and pressed sample plates (left: PHB, middle: 
PHBV, right: LDPE). 

To be able to measure washing efficiency, the sample plates were intentionally contaminated 
with various compounds.  

The impacts of carbon chain length and functional groups on the efficiency of removing VOCs 
by washing were evaluated using a variety of analytes (Table 1). For contamination, a closed system 
was generated using desiccator equipment with equal weight concentrations of each contaminant. 
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The desiccator solution was renewed every 14 days due to chemical reactions such as esterification 
of some compounds in the solution in the desiccator. 

Table 1. List of analytes used for contamination. 

Compound Supplier Purity 

Acetic acid Fisher scientific© >99% 

Pentanal Aldrich 97% 

1-Pentanol Acros organics 99% 

Pentanoic acid Merck 99% 

Octanoic acid Merck p.a. 

Decane Carl roth 99% 

1-Decanol Merck >99% 

Decanoic acid Alfa aesar 99% 

2.2. Washing experiments 

After exposure of the samples to the contaminants for a defined time, all samples were dried at 
room temperature for 2 h and washed for 1 h. As shown in Figure 2, during washing a mechanical 
stirrer where the sample plated was fixed in combination with a magnetic stirrer in counter-current 
was used (both stirrers 100 rpm). The concentration of the contaminants was evaluated before and 
after washing. Figure 3 presents the experimental setup. 

 

Figure 2. Schematic description of experimental setup. 
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Figure 3. Experimental setup for washing experiments. 

2.3. Analysis methods 

The analytes were quantified before and after the washing procedure with GC-MS by Perkin 
Elmer© in accordance with VDA 278 (TD TurboMatrix 650, Gas Chromatograph Clarus 690, Mass 
Spectrometer Clarus SQ 8T, Column Agilent J&W HP-ULTRA 2, 50 m × 0.32 mm i.d. × 0.52 μm, 
0.2 mL/min He flow). About 0.1 g sample was measured. After thermal desorption (TD, 20 min 
90 ℃), the contaminants were enriched in a trap. The following temperature program was used: 
40 ℃ for 2 min, 40–92 ℃ (3 ℃/min), 92–160 ℃ (5 ℃/min), 160–280 ℃ (10 ℃/min), 280 ℃ for 10 
min. 

SEC was performed to evaluate the molecular weight distribution before and after washing. To 
dissolve PHB in chloroform, a 50 ℃ ultrasonic bath was used. An Agilent 1100 device with an 
Agilent PLGel 10 µm 50 × 7.5 precolumn, Agilent PLGel Mixed-B 10 µm 300 × 7.5 column and an 
Agilent PLGel Mixed-D 5 µm 300 × 7.5 column was employed. 100 µL was injected, a flow rate of 
1 mL/min was adjusted and the analytes were detected via a refractive index detector. 

Concerning the analysis of the reduction in sample weight after washing under various 
conditions, the washing was executed the same way as described above. The samples were dried 
after washing for four days at 50 ℃ and weighed with an analytical balance. 

3. Results and discussion 

The removal rates of HAc from PHB, PHBV and LDPE after 10 and 60 min of washing are 
shown in Figures 4 and 5, respectively. 
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Figure 4. Comparison of PHB, PHBV and LDPE in terms of removal of acetic acid after 
10 min of washing. 

 

Figure 5. Comparison of PHB, PHBV and LDPE in terms of removal of acetic acid after 
60 min of washing. 

It can be seen that the washing processes at 25 ℃ in water and NaOH removed about the same 
amount of acetic acid from PHB and PHBV. Compared to LDPE, slightly more acetic acid was 
washed out from the biopolymers. Longer washing times led to a higher removal rate. At elevated 
temperatures (80 ℃), washing efficiency was high for both bio-based materials. This may have been 
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due to the degradation of PHB and PHBV which is enhanced by increasing temperature and 
alkalinity [12]. Since PHB and PHBV exhibited almost identical behaviour, the number of 
experiments has been reduced by focussing on the washing profile of PHB. 

The impact of washing temperature is illustrated in Figure 6 which plots the temperature 
profiles for acetic acid removal after 10 and 60 min. 

 

Figure 6. Temperature dependency of the removal of acetic acid from PHB for two 
different washing times in water as washing medium. 

A direct correlation between washing temperature and decontamination efficiency and the effect 
of washing time can be observed: The higher the temperature and the longer the washing time, the 
more efficient the decontamination. 

The contamination behavior of contaminants depended on their properties. Figures 7 and 8 
show the concentrations of various VOCs in a PHB matrix after a range of contact times. 
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Figure 7. Contamination degree of a PHB matrix as a function of contact time for 
various VOCs. 

 

Figure 8. Contamination degree of a PHB matrix as a function of contact time for 
various VOCs—focus on 0–0.3 µmol/g. 
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Generally, a direct correlation between contact time and concentration was observed which is 
shown in Figure 8 with focus on the range between 0–0.3 µmol/g. Since PHB is a polyester and thus 
has polar functional groups, higher polarity of the contaminant led to higher concentration in the 
matrix. Molecular weight (carbon chain length) was indirectly correlated with the concentration. The 
highest concentration was measured for acetic acid, the analyte with the smallest molecular weight 
and the highest polarity. It is in the range of about 10 µmol/g which is about 10 times higher than all 
other contaminants. The divergence of correlation regarding the measurements on day 11 and day 12 
may be based on inhomogeneous contamination due to esterification of the analytes. 

Unlike in PHB, in LDPE the most apolar compound (decane) reached the highest concentration 
in the contamination experiments (Figure 9). This was due to the contrasting chemical properties of 
PE. The concentrations of all contaminants were about 10 to 35 times higher in LDPE than in PHB. 

 

Figure 9. Contamination degree of an LDPE matrix as a function of contact time for 
various VOCs. 

The results of decontamination by washing are shown in Figures 10 and 11. Some results were 
below the quantification limit of about 7 µg/g because the sample weight in the thermal desorption 
tube was too low. Unfortunately, the material was limited and repeated measurements were not 
planned. 
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Figure 10. Efficiency in removing different compounds with a chain length of five 
carbons from PHB. 

 

Figure 11. Efficiency in removing carboxylic acids of various chain lengths from PHB. 

It can be seen that the removal rate increased with increasing washing time. Furthermore, a 
higher washing temperature increased decontamination efficiency considerably. The addition of 
NaOH to the washing medium was beneficial in some cases. For carboxylic acids, deprotonation was 
favorable. For alcohols, the best washing efficiency was achieved in pure water. The beneficial effect 
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of adding NaOH at 25 ℃ washing temperature increased with increasing chain length of the 
carboxylic acid. 

Since degradation of PHB during washing has been reported in literature [12], SEC was 
performed to determine the molecular weight distributions before and after washing. For SEC, the 
samples had to be dissolved in a medium. According to the literature [11], the solubility of PHB in 
chloroform is good. For dissolving the polymer ultrasonication in an ultrasonic bath at a temperature 
of 50 ℃ was used. However, even under this condition complete dissolution of the polymer was not 
possible. This needs to be taken into consideration when analyzing the polymer weight distribution 
(Figure 12). Nevertheless, qualitative interpretation is possible. 

 

Figure 12. SEC of PHB before and after washing for 60 min under various washing 
conditions. 

In order to comprehend the high decontamination rates at elevated temperatures, SEC 
measurements give insight into the degradation of materials. Degradation of PHB is discussed in 
several publications [8,12,13]. Compared to unwashed PHB, the molecular weight distribution 
changed with each washing step. When pure water was used, high signals in the range of 103 g/mol 
were obtained and a decrease from the initial molecular weight was observed. Interestingly, no 
random cleavage occurred but a relatively defined fraction in the range of 103 g/mol appeared. The 
effect of temperature seemed to be insignificant. However, the high decontamination rates for higher 
temperatures may indicate chain cleavage resulting in water-soluble polymer chains with a very low 
molecular weight. Since the contaminants seem to be mainly on the surface, the degradation of the 
polymer benefits their removal. 

With NaOH in the washing medium, a significantly smaller 103 g/mol fraction was observed 
compared to washing with water, a slight shift of the signal towards lower molecular weights 
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occurred and the washing efficiency was very high. One possible explanation is the degradation of 
products with a very low molecular weight which are soluble in the washing medium. The reduction 
in molecular weight after 60 min of washing time was investigated, the results of which are shown in 
Table 2. 

Table 2. Weight loss after washing under various conditions. 

Washing conditions Weight loss/g Standard deviation/% 

25 ℃ Water 0.013 0.00005 

80 ℃ Water 0.016 0.0016 

25 ℃ NaOH 0.017 0.00005 

80 ℃ NaOH 0.031 0.0034 

The greatest reduction in molecular weight loss was observed after washing in NaOH at 80 ℃. 
This supports the theory that degradation occurred and that the resulting polymer chains had very 
low molecular weight and were thus soluble in the washing medium. 

4. Conclusions 

Effective cleaning of polymers clearly depends on both the polymer characteristics and the 
properties of the contaminants. The biopolymers PHB and PHBV which are polyesters with polar 
functional groups differed from LDPE in terms of the interaction of VOCs. Higher polarity and 
lower molecular weight of the contaminant led to a higher concentration in the sample matrix. The 
washing behavior of PHB and PHBV was very similar. 

Decontamination efficiency increased with increasing washing temperature and washing time. 
Furthermore, a direct correlation between exposure time during sample preparation and resulting 
impurity concentration in the polymer was observed. Addition of NaOH to the washing medium 
increased decontamination but not for all contaminants. 

Degradation of PHB after washing in water was observable in the form of a relatively defined 
fraction in the range of 103 g/mol due to chain scission. Washing with NaOH resulted in a 
significantly smaller 103 g/mol fraction and the greatest reduction in polymer sample weight. This 
may be explained by the degradation of products with a very low molecular weight that were soluble 
in the washing medium. 

Hence, recyclers have to pay attention to the difference in interaction between impurities and 
the polymer and to the degradation of the polymer during recycling and the subsequent formation of 
degradation products. Since these biopolymers display comparable properties to polyolefins [11], 
great potential in packaging applications is apparent. 

As a result, the suggested conditions for a high removal efficiency are washing in water at 80 ℃. 
The benefits are greater decontamination efficiency due to the elevated temperature and lower costs 
compared to washing with NaOH which includes production costs and wastewater treatment. 
However, the effect of physical properties such as surface area and volume of the tested specimen as 
well as the presence of other polymers and impurities in the waste mixture can have an impact on the 
washing efficiency [14] and should be evaluated more in future studies in detail. 

In addition, the recyclability of the material must be assessed separately since thermal and 
chemical instability of the polymers under the tested and typically applied washing conditions in 
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industry are major problems. For instance, one research field is acidic digestion before heat 
application [13]. 
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