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Abbreviations 

PLA-E Extrusion grade PLA 

PLA-I Injection grade PLA 

SFE Supercritical fluid extraction 

SSI Supercritical solvent impregnation 

s-F Static (foaming) process without circulation (without antibacterial agents) 

s-SSI Static process without circulation 

d-SSI Dynamic process with circulation 

SFE-SSI Coupled process of SFE and SSI operated in semi-continuous mode 
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Highlights  

 PLA melting and crystallinity were studied by HP-DSC at CO2 pressure of 10-50 MPa. 

 The lowest melting point and crystallinity degree of PLA are observed at 20-30 MPa.  

 Batch and semi-continuous processes for PLA impregnation with foaming were studied. 

 DSC and HP-DSC showed greater effect of CO2 pressure on crystallinity then foaming.  

 Pore size of the neat and thymol/thyme extract containing PLA foams was 15-200 μm. 

 

ACCEPTED M
ANUSCRIP

T



 

 

Abstract 

Thermal properties of extrusion and injection grade polylactic acid (PLA) were analysed using high 

pressure differential scanning calorimetry (HP-DSC) under CO2 pressures of up to 50 MPa. The 

greatest depression of melting point and degree of crystallinity of the samples occurred at 20-30 MPa 

(~97-115 °C). Batch and semi-continuous processes for supercritical foaming and impregnation of 

PLA with thymol or thyme extract were performed at 30 MPa and 100-110 °C to prevent thymol 

degradation, decrease heating requirements and ease polymer processing. At these conditions, PLA 

foams containing 5.6% or 1.1% of thymol and 0.7% of thyme extract were obtained using static or 

dynamic batch impregnation and semi-continuous extraction-impregnation process for 7 h, 

respectively. DSC and HP-DSC analyses revealed more pronounced effect of scCO2 plasticizing than 

foaming on PLA crystallinity. Neat and impregnated PLA foams with pores size of 15-200 μm have 

potential for food packaging, biomedical and insulation applications. 

 

Keywords: High-pressure DSC; Polylactic acid; Supercritical impregnation; Supercritical foaming; 

Thymol; Thyme extract  

 

Introduction 

The great interest in polylactic acid (PLA) for the production of biodegradable cellular materials for 

drug delivery, medical (scaffolding) and packaging applications (cushioning, insulation) is due to its 

sustainable production and reasonably good mechanical, optical and barrier properties [1–4]. An 

inherently slow crystallization and poor foaming ability of semi-crystalline PLA limits its use for 

high-performance applications [5]. Exposing PLA to dense CO2 under isothermal and non-isothermal 

conditions can alter melt-strength and crystallization kinetics of the polymer and improve its foaming 

ability [6–12]. Already at pressures below 5 MPa, dense CO2 present in the polymer matrix acts like 

a molecular lubricant [9–11]. It enhances the chain mobility by weakening intermolecular and 
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intramolecular interactions [13] and reduces the melting (Tm) and crystallization temperature (Ts) as 

well as the melt viscosity [7,11]. Consequently, this affects the formed types, distribution, size and 

stability of crystals [6]. ScCO2 plasticizing is advantageous for the low temperatures processing of 

the heat and shear sensitive polymers and additives with less energy consumption [14,15]. 

Furthermore, a rapid depressurization of the system of PLA and dense CO2 induces supersaturation 

in the metastable melt phase, which results in the nucleation of CO2 bubbles [16,17]. The bubble 

nucleation, growth and connectivity are dependent on the viscosity and crystallinity of the 

polymer/gas solution. They are controlled by the operating conditions and the material shaping and 

cooling profile [14,16,18]. Whereas foaming with CO2 has been commonly carried out with 

amorphous polymers (i.e. polystyrene as one of the most frequently studied), foaming of semi-

crystalline polymers is more challenging due to very narrow foam-processing window which is result 

of their insufficient melt strength at high temperatures and crystallization at low temperatures [17]. 

To achieve foaming of semi-crystalline polymers within the processing window, a reasonable 

solubility of the blowing agent in polymer phase, high enough melt strength and availability of 

setting mechanisms (crystallization or vitrification) are required. In this regard, plasticizing effect of 

the CO2 used as a blowing agent is significant [19–21].  

High pressure differential scanning calorimetry (HP-DSC) enables in situ monitoring of thermal 

transitions of polymers and determination of thermal properties in presence of compressed fluids 

[15,22,23]. Available up-to-date reports on HP-DSC analysis of PLA are limited to the 

measurements at low to moderately high CO2 pressures (1 - 18 MPa) [22,24–26].  Huang et al. [22] 

reported the decreasing effect in Tm of PLA is levelled off in the pressure range of 15-18 MPa [22]. 

This could be due to a dominating hydrostatic effect, which decreases free volume in the polymer 

matrix and chain mobility, and change the melting behaviour of the polymer [22,27–29]. Therefore, 

the study of thermal transitions at even higher pressures would extend the up-to-date knowledge on 
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melting and crystallization behaviour of semi-crystalline PLA with providing new valuable 

information for a high-pressure process design.  

An outbreak and fast spreading of drug-resistant bacterial strains that cause fatal infections in 

humans and animals urged research on alternative and natural antibacterial agents and their 

incorporation into polymer materials used in biomedicine and food industry [30–36]. Thyme extracts 

and their most abundant component thymol have been proven for strong antibacterial activity against 

Gram-positive and Gram-negative bacterial strains [33,37,38] including methicillin resistant 

staphylococci [39]. Supercritical CO2 (scCO2) is a good solvent for thymol [15,40] and due to its 

high diffusivity into different polymer matrices it can be efficiently used for polymer loading with 

thymol [15,30,32,36,41].  

Sorption of scCO2 induces polymer swelling, which promotes incorporation and transport of loaded 

substances within a polymer matrix [42–45]. Polymers can be impregnated using scCO2 in a batch or 

semi-continuous process [15,31,46,47]. As for impregnations with plant extracts, the use of a 

coupled supercritical fluid extraction (SFE) and supercritical solvent impregnation (SSI) process is 

recommended [30,31,46]. It minimizes extract loss, processing time and energy consumption [31]. 

SSI allows the control of the amount and penetration depth of an impregnating substance as well as 

the resulting foam morphology by adjustments of pressure, temperature, depressurization rate and 

contact time [31]. In SSI processes scCO2 can be used as a “green” solvent, foaming agent and 

impregnation medium within one processing step [30,31].  

This study was aimed to investigate melting and crystallization temperatures of PLA within an 

extended CO2 pressure range (up to 50 MPa) as well as separate and coupled effects of sorbed scCO2 

and supercritical foaming on degree of crystallinity at various pressures using HP-DSC. The results 

of thermal analysis were applied for design of the batch and semi-continuous processes for 

production of PLA foams impregnated with natural antibacterial agents (thymol and thyme extract). 
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The results were used to explain the foam morphology and investigate alternative routes for further 

process optimizations.  

1. Material and Methods 

1.1. Materials 

Samples of commercial extrusion (PLA-E, IngeoTM
 Biopolymer 2003D, Mw ≈ 210000 g/mol) and 

injection grade (PLA-I, IngeoTM
 Biopolymer 3052D, Mw ≈ 160000 g/mol) polylactic acid were 

obtained from NatureWorks LLC (Blair, Nebraska, USA). The transparent beads of PLA-E and 

PLA-I with a density of 1237.0 kg/m³ are mixtures of poly(L-lactic acid) and poly(D-lactic acid) 

containing 4.25 ± 0.55 and 4.15 ± 0.45% D-isomer, respectively. Carbon dioxide (purity of 99.9%) 

was supplied by Messer-Technogas (Serbia) and Yara International (Germany). Indium (purity of 

99.999%, m 156.6 °CT  , m 28.45 J/gH  ) was purchased from Alfa Aesar GmbH & Co. KG 

(Karlsruhe, Germany). Thymol (purity > 99%, Sigma Aldrich, Germany) and the aerial part of 

cultivated thyme (Thymus vulgaris L) (donated by manufacturer BIOSS-Petrović Slobodan i ostali, 

Beograd, Serbia) were used for impregnation processes. 

1.2. High pressure differential scanning calorimetry 

A differential scanning calorimeter (C80, Setaram, France) in combination with an ultra-high 

pressure gas panel were used to study thermal properties of neat PLA and PLA foams under high 

CO2 pressure. It is used in three different methods aimed to study: 

1. Melting and crystallization temperatures, mT  and sT , at 0.1 - 50 MPa,  

2. Separate and coupled effects of sorbed CO2 and supercritical foaming within HP-DSC apparatus at 

various pressures, and 

3. Crystallinity of samples already foamed in high pressure view cell at pressures 10 - 30 MPa.  

All methods also carried out the degree of crystallinity ( c ). 
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For the first method, measurements at atmospheric and elevated pressure (10 - 50 MPa) were 

performed with crucibles with a volume of 12.3 mL and 3 mL, respectively. All samples were heated 

from 30 °C to 200 °C at a rate of 0.1 °C/min to eliminate previous thermal and stress histories, and 

kept at a constant temperature of 200 °C for 1 h. Afterwards, they were cooled down to 30 °C at the 

rate of 0.1 °C/min (Figs. 1a and 1b). Subsequently, these steps were repeated for the actual 

determination of mT , sT  and degree of crystallinity ( c ) (Figs. 1e and 1f, procedure of calculation is 

reported in supplementary materials Fig. S1). The heating rate has been chosen according to 

recommendation of the manufacturer (0.001 to 2 °C/min) and experience with HP-DSC 

measurements using other polymers [30,31] to reduce potential noises and thermal lag in the system. 

The melting enthalpy ( mH ) was calculated using the Calisto Data Acquisition software (Version 

1.38) by linear baseline integration. The overall crystallinity of the PLA samples was determined 

using Eq. 1 [48]: 

m cc
c 0

m

100 %
H H

H


 
 


.  (1) 

mH  is the experimental melting enthalpy, 
ccH  is the experimental cold crystallization enthalpy 

and 0

mH  is a theoretical enthalpy for 100% crystalline PLA with a value of 93.6 J/g [49]. Indium 

was used for the calibration of the temperatures and 
mH  at ambient and high pressures.  

Figure 1 

The second method is a simulated foaming process within the HP-DSC. For that purpose, the PLA 

samples, dried at 80 °C in vacuum, were placed in the DSC. The cells were pressurized to 10, 20 or 

30 MPa and then heated to 100, 120 or 140 °C, respectively, as in the batch foaming process 

(Fig. 1c). After reaching the process conditions, CO2 is released at a rate of about 0.8 MPa/s to foam 

the sample. At atmospheric pressure, the system is cooled down to 30 °C. In one case, the pressure is 

increased again to the foaming pressure to monitor thermal behaviour at an elevated pressure 
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(Fig. 1e), while in the second case the pressure remains at atmospheric pressure (Fig. 1f). In both 

cases, the temperature is increased to 180 °C.  

Finally, for the third method, the HP-DSC at atmospheric pressure was used to test PLA samples 

after batch-foaming to study their thermal properties (Figs. 1d and 1f). 

1.3. Impregnation  

Three types of supercritical solvent impregnation of PLA samples were investigated: 

 s-SSI: Static process without circulation of the supercritical solution to load PLA with thymol, 

 d-SSI: Dynamic process with circulation of the supercritical solution to load PLA with thymol, 

and 

 SFE-SSI: Coupled process of SFE and SSI operated in semi-continuous mode to load PLA with 

thyme extract. 

The s-SSI process was performed in a high pressure view cell (25 mL) equipped with a CCD camera 

described elsewhere [40] at CO2 pressures of 20 - 30 MPa and corresponding melting temperatures 

of the PLA samples (100 - 120 °C) for 2 and 24 h. The PLA beads were melted at 180 °C for 10 min 

in cylindrical glass recipients (d ≈ 10 mm, h ≈ 15 mm) in order to monitor swelling at the same time 

as the foaming process. For comparative analysis, also static foaming of PLA (s-F) without 

impregnation was performed in the same apparatus at the same operating conditions. The swelling 

extent (S) is calculated by comparing the rising PLA melt level ( h ) with the initial level ( 0h ), which 

are equivalent to the change in volume (volume after time tV  and initial volume 0V ) because the 

radius of the glass recipient is constant. The change in height of the melt surface is measured by the 

ImageJ Software: 

0 0

0 0

100 % 100 %tV V h h
S

V h

 
      (2) 
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The mass ratio of PLA (0.24 ± 0.01 g) and thymol was 1:1 at the beginning of the impregnation 

process. The decompression rate at the end of the process was 3 MPa/s. 

The d-SSI and SFE-SSI processes were performed in a laboratory scale unit (HPEA 500, 

Eurotechnica, Germany) presented in Fig. 2. It enables operations in batch, semi-continuous or 

continuous mode and consists of separate extraction (V = 280 mL, max 121 °CT  ) and impregnation 

vessels (V = 100 mL, max 250 °CT  ). The PLA samples (0.24 ± 0.01 g) within a cylindrical Teflon 

mould (din = 8.25 mm, dout = 10.35 mm, h = 20 mm) with perforated wall and bottom were placed in 

the impregnation vessel (Adsorber). 

In case of d-SSI process, thymol (1.8 g) in a glass recipient, covered with a wire mesh, was placed in 

the extractor vessel. Spherical glass beads (d = 6.8 ± 01 mm) were placed under and above the glass 

recipient to provide an evenly distributed flow through the vessel. The mean mass ratio of thymol 

and PLA ( T PLA/m m ) was 7.6 ± 0.4 to achieve a similar saturation of scCO2 with thymol as in s-SSI. 

In case of SFE-SSI process, thyme plant material ( Thyme 25 gm  ) was placed in the extractor inside a 

basket filling the whole cross section of the vessel to force scCO2 to flow through the plant material. 

The mass ratio of thyme and PLA ( Thyme PLA/m m ) was 102.3 ± 3.0.  

For both, d-SSI and SFE-SSI, the operating pressure of 30 MPa was applied. The extractor was then 

heated to 40 °C and the adsorber to 110 °C. The 10 °C increase compared to the s-SSI process was to 

compensate heat losses along pipes and gear pump in the HPEA unit. While d-SSI is performed in a 

single pressurizing step, SFE-SSI uses a semi-continuous mode. After achieving the operating 

conditions in both vessels, 2 h of circulation of the supercritical solution followed. After the 

circulation was stopped, only the adsorber was depressurized and then refilled and repressurized with 

fresh CO2. The circulation continued for additional 2 or 5 h. The mean decompression rates were 

3.8 ± 1.0 MPa/s. 
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Both processes (d-SSI and SFE-SSI) were categorized by the time of impregnation without (static, 

stt ) and with circulation (dynamic, dynt ) of the supercritical solution, gear pump frequency and the 

achieved loading.  

 

Figure 2 

 

The loading of thymol and thyme extract (L) is calculated using Eq. 3: 

PLA

100 %L

L

m
L

m m
 


  (3) 

Lm  is the mass of loaded substance and PLAm  the initial mass of PLA. The value of Lm  is calculated 

as the difference between masses of the impregnated PLA sample and PLAm weighted using an 

analytical balance (accuracy±0.01 mg). 

1.4. Analysis of PLA foams’ morphology  

The morphology of the neat and impregnated PLA samples was investigated by the field emission 

scanning electron microscopy (FE-SEM) using a Mira3 XMU TESCAN a.s. (Brno, Czech Republic) 

with an accelerating voltage of 10 kV. The foams were first immersed in liquid nitrogen for about 

5 min and fractured. Thereafter, the samples were coated with a thin layer of Au/Pd (85/15) using a 

sputter coater (POLARON SC502, Fisons Instruments, Ipswich) prior to FE-SEM.  

The foam porosity ε is calculated by Eq. 4: 

f

0

1 100 %





 
   
 

,  (4) 

where 0  is the density of the PLA beads with a value of 1237.0 kg/m³, f  is the density of the foam 

determined using a specific gravity bottle (pycnometer) with a volume of 25 mL by the water 

displacement method in accordance to ASTM D792-0022:  
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H2O 1
f

1 2 3

w

w w w







 
  (5) 

The density of water is H2O 997.9 kg/m³   at 21.6 °C, 1w  is the mass of the foamed sample, 2w  is 

the mass of the pycnometer filled with water and 3w  is the mass of the pycnometer containing both 

water and sample. 

All the measurement results within the study are expressed as mean values from triplicate 

measurements with standard deviation. 

 

2. Results and discussion 

 

To design a high pressure process, the knowledge of the melting and crystallization behaviour of the 

polymer exposed to a supercritical fluid is essential. It allows a better understanding of the 

phenomena and an identification of the operating pressure and temperature conditions. For that 

purpose, a research strategy, outlined by the following three steps, was used in the present study: 

1. Identification of melting and crystallization temperature ranges of PLA at pressures between 

0.1 and 50 MPa using a HP-DSC (see method 1, section 1.2) 

2. Design of batch and semi-continuous processes for supercritical impregnation and foaming of 

PLA at pressures and temperatures identified for PLA melting. It is followed by the 

optimization of impregnation time and operating regimes to maximize the thymol or thyme 

extract loading and foam morphology. 

3. Analysis of the influences of adsorbed CO2 pressure and PLA foaming on degree of 

crystallinity (methods 2 and 3, section 1.2) at the optimal operating conditions identified in 

the previous steps (2 and 3). 
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2.1. Thermal properties of PLA at various CO2 pressures   

The initial step was to obtain HP-DSC heating and cooling curves to determine melting and 

crystallization temperatures as well as melting enthalpies to calculate degree of crystallinity 

(Table S1). In Fig. 3, the melting curves for both PLA-types at pressures of 0.1 MPa to 50 MPa are 

displayed. Both polymers show a characteristic double peak melting, which is best pronounced at 

atmospheric pressure. This is due to morphologically different crystals [50]. The first appearing peak 

at a lower temperature is assigned to less organized and stable crystals as previously suggested by 

Yokohara & Yamaguchi (1970) [51]. The second peak, when more stable crystals are liquefied, is 

therefore taken as indicator for mT
 
[52] (Fig. S1). Appearance of two melting peaks in melting 

endotherms is result of lamellar rearrangements during crystallization and, consequently, presence of 

various crystalline structures in PLA. α’-crystals of PLA with high L-lactic acid content (96–100 %) 

grow at higher temperatures (155-165 °C). Less α’-crystals are formed at 140 °C or even below 120 

°C, and spontaneously transform into stable α-modification during heating [53,54].  

The curve at 10 MPa demonstrates the shift of mT  with CO2 pressurization. In the case of PLA-I 

(Fig. 3b), a greater mT  temperature depression occurs with a wider melting range of about 38 °C, 

whereas PLA-E (Fig. 3a) has a range of about 21 °C. 

 

Figure 3 

 

The phase transition temperatures as well as the crystallinity level of the PLA-E and PLA-I samples 

determined by HP-DSC at atmospheric pressure and CO2 pressures of 10 - 50 MPa are given in 

Fig. 4. A steep mT  (Fig. 4a) depression is identified with increasing pressures up to 20 MPa (PLA-I) 

and 30 MPa (PLA-E), respectively. This mT shift for both PLA samples indicates a plasticizing effect 

of CO2 on the polymers. Further pressure increase does not reduce mT  significantly (PLA-E) or is 
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almost imperceptible (PLA-I). The two observed depression regions on the mT  curve (Fig. 4a) can be 

addressed to “solubility effects” and “pressure effects” [20]. “Solubility effects” occur at moderate 

pressures by sorption of CO2. In this pressure regime the melting depression of PLA-E is between -

2.12 and -2.55 °C/MPa and of PLA-I between -2.14 and -3.68 °C/MPa. The mT  depression is in the 

same range as reported for semi-crystalline poly(L-lactic acid) exposed to CO2 by using HP-DSC at 

pressures of 2 MPa (from -2 to -7 °C/MPa) [24], visual method at 27.6 MPa (-2 °C/MPa) [20] or 

linear variable differential transformer technique at 41.4 MPa (-1.56 °C/MPa) [44]. The minimum Tm 

(so called "kink point") is attributed to the balanced CO2 dissolution in the polymer phase. Any 

further CO2 feed tends to shift Tm toward higher values [15,20]. 

 

Figure 4 

  

Crystallinity level of PLA samples was affected by cooling process. After a 56% drop of crystallinity 

level at pressures above 20 MPa compared to atmospheric pressure, a shift of χc towards higher 

values is observed, especially in case of PLA-I. An increase in saturation pressure promotes the 

nucleation of crystals, while the low cooling rate (0.1 °C/min) promotes the formation of more 

perfect crystals [8]. Consequently, the crystals growth prevails over their nucleation. It favours 

formation of the more ordered structures, which results in increase of crystallization temperatures 

(Ts) at pressures above 20 and 30 MPa [7,8]. At 20 MPa and 30 MPa the greatest depression of 

melting point of the PLA samples was observed (~97 - 115 °C, Table S1). These pressures were 

chosen for PLA impregnation experiments aiming to prevent degradation of thymol (< 142 °C [55]) 

and decreased heating requirements  ACCEPTED M
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2.2. Design and optimization of impregnation processes 

The s-SSI process aimed the optimization of the processing time regarding the thymol loading and 

foam morphology. It was performed in a view cell with pressures between 20 and 30 MPa and 

temperatures of 100 - 120 °C (determined by HP-DSC). For this purpose, PLA that is less plasticized 

by scCO2 (PLA-E) was used. The results on thymol loading in PLA-E are shown in Table 1. The 

impregnation is favoured by low scCO2 densities and increased process time. All achieved loading 

values are sufficient to ensure an antimicrobial effect of the polymer [56], even at the maximum CO2 

density of 661.9 kg/m³.  

 

 

For the evaluation of the PLA-E swelling extent, the s-SSI process was performed for 2 h and 24 h 

with and without (s-F) thymol within the ρCO2 range of 401.2 - 661.9 kg/m3. The addition of thymol 

affects the swelling significantly and results in about twice as high values than with scCO2 only 

(Fig. 5). Thymol acts as molecular lubricant which results in increased free volume of the polymer 

matrix of PLA and consequently higher gas sorption [41,46]. A prolonged exposure of PLA-E (24 h) 

to either scCO2 only or scCO2 with thymol has led to a 40 - 90% greater swelling extent in 

comparison to the first 2 h of exposure. The lowest swelling extents with thymol were achieved with 

the greatest scCO2 density.  

 

Figure 5 

According to the achieved thymol loadings and swelling behaviour during the static processes (s-SSI, 

s-F), a pressure of 30 MPa and a temperature of 100 °C (ρCO2 = 661.9 kg/m³) were chosen for the 

optimization of the dynamic processes performed in the HPEA unit. The d-SSI process was 
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optimized to maximize the thymol loading by the variation of a tst, tdyn and the gear pump frequency. 

The results are presented in Table 2. 

First of all, the circulation time tdyn of CO2 and the gear pump frequency were varied (regimes 1 - 3). 

Both had no significant influence on the thymol loading, because most of thymol remained inside of 

the glass recipient during the experiment. One reason could be related to the CO2 flow direction in 

the vessel from bottom to top, which enables a flow past the recipient without being loaded with 

thymol at all. For this reason, a static period (tst) of 2 h was used as starting condition. Thereafter, the 

reduced circulation frequency was used, and the processing time was varied (regimes 4 and 5). These 

modifications of the process were intended to allow a higher saturation of supercritical phase with 

thymol and allow more time for diffusion of supercritical solution (scCO2+thymol) into polymer 

matrix.  

 

 

Accordingly, introduction of the static processing of 2 h prior to additional dynamic led to almost no 

remaining thymol in the glass recipient, whereby thymol loading of PLA-E was almost twice as 

much as without a static pre-process for the same total processing time (regime 3). An increase in tdyn 

to 5 h (regime 5), resulted in additional 55% thymol loading increase in PLA-E. The same regimes 

with circulation (4 and 5) were applied for PLA-I impregnation. The PLA-I foams had 24% (regime 

4) and 82% (regime 5) lower thymol loadings compared to the PLA-E foams. In contrast to PLA-E, 

an increase of tdyn from 2 h to 5 h resulted in a decrease of about 60% of thymol loading in the PLA-I 

foam. This is due to a different plasticizing behaviour of the PLA samples. As demonstrated in 

section 2.1, the melting and crystallization temperatures of PLA-I are lower than PLA-E for CO2 

pressures up to 30 MPa. A higher plasticizing effect of PLA-I at 30 MPa and 110 °C favours an 

increased polymer chain mobility and their organization, which tends to a decreased free volume and 

lowers the sorption especially during longer exposure periods [46,58]. Unlike in the case of PLA-E, a 
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rise of c  of PLA-I from 20 to 30 MPa was evidenced, which indicates a faster crystallization of 

injection grade PLA in comparison to the extrusion grade PLA. An enhanced stiffness of the PLA 

matrix could constrain CO2 sorption as well as thymol. 

Regimes 4 and 5 were tested for the design of the SFE-SSI process, to extract thyme extract from the 

thyme plant and incorporate it into the PLA samples. The temperature in the extraction vessel 

(40 °C) was chosen in accordance with previous studies on SFE with thyme plant [33,59]. The 

adsorption vessel was operated at 110 °C. The results of the combined extraction and impregnation 

process are shown in Table 3. 

 

Running the SFE-SSI with the optimal settings for d-SSI process (regimes 4 and 5) yielded thyme 

extract loadings around 0.4% (Table 3). The longer processing time had a negative effect on thyme 

extract loading. In opposite to pure thymol, which strongly interacts with the polymer matrix through 

the hydrogen bonding between the carbonyl groups of polyesters and the hydroxyl groups of thymol 

[60], thyme extract does not interact with the polymer matrix [46]. Accordingly, desorption of the 

already impregnated extract from the carrier can occur with a prolonged process time [61]. To 

increase the loading of thyme extract, the SFE-SSI process was performed as a semi-continuous 

process by stepwise re-introducing fresh CO2 into the system every 2 h (regime 6). In contrast to 

regime 4, the static step was excluded to force CO2 to flow through the plant material. The gear 

pump frequency was increased to 30 Hz to facilitate mass transport. 

The first circulation period achieved loadings of 0.19% and 0.25% for PLA-E and PLA-I, 

respectively. To refill fresh CO2, only the adsorber was depressurized to minimize extract loss [61]. 

It led to 3 times higher impregnations after 2 additional hours of impregnation (0.70% and 0.62% for 

PLA-E and PLA-I, respectively). A further step did not contribute to an increase of thyme extract 

load. This could be due to desorption (extraction of the extract from the carrier) after reaching the 

equilibrium load for the given pressure and temperature conditions as previously reported [61].  
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2.3. Foam morphology 

All processes (s-F, s-SSI, d-SSI, SFE-SSI) produced PLA foams by depressurization of the system. 

The corresponding foam porosities are listed in Table 4. All obtained foams have micron meter-

sized pores (~15 - 200 μm) (Figs. 6-8).  

Evidently, the porosities of the PLA foams processed with s-F and s-SSI at same pressure and 

temperature conditions (30 MPa and 100 °C, ρCO2 = 661.9 kg/m³) are similar (60 - 66%, Table 4). 

The SEM images are presented in Fig. 6 and illustrate the effect of processing time and thymol 

loading on the morphology of the PLA-E foams. In the case of short processing time (2 h), the 

porosity of the foam is positively affected by the thymol loading (Table 4). The images with 

impregnated thymol (Fig. 6b) show larger, but still micron meter-sized (~100 - 200 μm), and evenly 

distributed pores with thinner lamellae than of the neat foams at the same operating conditions 

(Fig. 6a).  

Figure 6 

This could be due to the plasticizing effect of thymol on PLA [56,62], which leads to a reduced 

viscosity of the melted PLA thus allowing pores to grow larger during expansion. On the contrary, 

the porosity of the samples processed for 24 h is similar. The foams loaded with thymol had slightly 

lower porosities (Table 4). As discussed previously, a longer lasting exposure of semi-crystalline 

polymers to scCO2 can increase the chain mobility and their re-arrangements into more ordered 

structures. This phenomenon is promoted by the presence of thymol as an additional lubricant to 

scCO2 [15]. A prolonged soaking of PLA-E in scCO2 and thymol from 2 to 24 h (Figs. 6b and 6c) 

led to a thickening of pore lamellas as well as to a porosity decrease in the case of foams obtained by 

the s-SSI process (Table 4).  

 

The effect of the circulation time in d-SSI process on the morphology of the PLA-E foams loaded 

with thymol is demonstrated in Fig. 7. Both SEM images show uniform and connected pores next to 
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some larger pores with a perforated inner surface. An increased circulation time of scCO2 with 

dissolved thymol beyond 2 h of static mixing regime resulted in porosity increase. 

Figure 7 

 

Figure 8 

The bimodal structure was also observed for the PLA-E foams obtained by the SFE-SSI process 

(Fig. 8). It could be the result of a premature phase separation due to depressurization of a larger 

amount of CO2 compared to the static process. This leads to phase-separated fractions, building gas 

pockets which result in large cells [63,64]. Large cells reduce the bulk weight, while small cells 

promote the mechanical strength, which could be of interest for applications in tissue engineering 

and insulation applications [65–67]. The greatest porosities (74 – 76%) have been evidenced for the 

PLA foams obtained by the SFE-SSI process containing 0.6 – 0.7% of thyme extract (Table 4). This 

is assumed to be due to partial foaming during the adsorber decompression prior to refill of fresh 

CO2 into the system. After the first decompression the sample consists of a porous structure with 

CO2 bubbles trapped inside the matrix. By re-pressurizing the system, CO2 within the bubbles 

dissolve back into the matrix while fresh CO2 simultaneously penetrates the matrix from the outside. 

This prevents a total dissolving of all CO2 bubbles. Some of them remain and behave as nucleation 

cites during a following decompression step. They promote the nucleation at them. Therefore, more 

CO2 is within the polymer system and more pores are created that lead to increased porosities. 

Porosity decrease of the PLA-E foam with thyme extract produced by SFE-SSI process with two 

system re-pressurizations could be due to pore collapsing.   

The foaming itself could have an effect on degree of crystallinity. To confirm this assumption, the 

modified HP-DSC method described in section 1.2 was used to study the plasticizing and foaming 

effects on the crystallinity level of PLA. 
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2.4. Effects of sorbed CO2 and foaming on PLA crystallinity level analysed at atmospheric and high 

pressure 

The effect of foaming on the degree of crystallinity ( c ) of PLA-E was studied by methods 2 and 3 

as described in section 1.2, which are a simulated foaming process in the HP-DSC apparatus and the 

measurement of produced neat foams in s-F. The temperatures and pressures used are between 

100 - 120 °C and 10 - 30 MPa, respectively (Table S2). The results are visualized in Fig. 9. The 

measurements are performed either at atmospheric pressure (spheres) or at the same elevated 

pressure (diamonds) as the foaming itself. According to the atmospheric measurements, the PLA-E 

samples foamed in DSC and in the high pressure view cell (s-F process) at the same pressures, both 

have similar c  values and trends. Expectedly, the high pressure measurement of both non-foamed 

and foamed PLA-E samples in the DSC resulted in lower c  values in comparison to the 

atmospheric pressure measurements. This results from CO2 plasticizing effect that leads to polymer 

chains loosening. Therefore, less total energy in form of melt enthalpy is required to melt the 

polymer (Table S2).  

 

Figure 9 

The absolute mean percentage difference between foamed and non-foamed samples is at about 4.5% 

in the considered pressure range between 10 MPa and 30 MPa, and the melting enthalpy is reduced 

by about 20% (Table S2). The level of crystallinity was more affected by plasticizing effect of the 

scCO2 than supercritical foaming itself. The crystallinity level differs absolutely between 11% and 

18% in the same pressure range (differences between the DSC foams). Accordingly, the crystallinity 

level of the sample foamed at 30 MPa is higher compared to one foamed at 20 MPa, when measured 

by DSC at atmospheric pressure. This is not the case for foamed and non-foamed samples measured 

at elevated pressures. The crystallinity level of non-foamed samples stays almost constant with a 

slight increase at 50 MPa (Table S1). This knowledge is of great importance wherever this material 
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is used, at low or high CO2 pressures. On the other side, the crystallinity level of the polymer is 

changed by gas sorption in polymer matrix at the given pressure. 

 

3. Conclusion 

The present study reports on comprehensive analyses of sorbed scCO2 and supercritical foaming 

effects on melting and crystallization behaviour of the commercial PLA for extrusion and injection 

moulding. An HP-DSC apparatus was used to analyse the plasticizing effect of sorbed scCO2 under 

an extended pressure range, 10 to 50 MPa. The knowledge of the thermal behaviour was successfully 

employed to design and optimize batch and semi-continuous processes to incorporate natural 

antibacterial substances (thymol and thyme extract) into PLA and to foam it. Pressures of 

20 - 30 MPa and temperatures of 100 - 120 °C were used for batch foaming and impregnation of the 

samples with pure thymol. The optimal conditions were identified at 30 MPa and 100 °C regarding 

thymol loading (4.7 - 8.5%) and foam porosity (~ 60 - 65%). Batch impregnation of PLA with 

thymol and semi-continuous impregnation of PLA with thyme extract, both including supercritical 

fluid circulation, were performed at adopted optimal conditions to optimize the processing time and 

the circulation regime regarding loading and foam morphology. A load of 0.71 - 1.1% of thymol and 

0.6 – 0.7% of thyme extract was achieved. The semi-continuous process of SFE-SSI, which involved 

a partial depressurization of the system and refilling of fresh CO2, yielded the most porous foams of 

around 75% porosity. The HP-DSC was used to simulate foaming and monitor the heat flow in one 

step. The aforementioned measurements showed a more pronounced effect of the sorbed scCO2 than 

the supercritical foaming as well as their synergetic effect on decrease of PLA crystallinity level. The 

PLA foams obtained in this study can have great potential in food packaging, biomedical and 

insulation applications considering its porosity, biocompatibility and/or potential antibacterial and 

antioxidant activity. 
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Fig. 1. Various pressure and temperature profiles of HP-DSC measurements: a) – d) represent pre-

treatments of pure or foamed samples: Thermal pre-treatment of PLA at a) high and b) atmospheric 

pressure; c) Foaming profile; d) Batch foaming in view cell. e) – f) are measure profiles at e) high 

and f) atmospheric pressure. 
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Fig. 2. A schematic presentation of the HPEA unit for the d-SSI and SFE-SSI processes.  
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Fig. 3. Heating thermograms of a) PLA-E and b) PLA-I and cooling thermograms of c)  PLA-E  and 

d) PLA-I at atmospheric pressure and 10- 50 MPa of CO2 pressure. 
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Fig. 4. a) The melting temperature ( mT ), b) the crystallization temperature ( sT ) and c) the degree of 

crystallinity ( c ) of PLA-E and PLA-I at different CO2 pressures. 
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Fig. 5. The effect of sorbed scCO2 and thymol on the PLA-E swelling. 
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Fig. 6. SEM images of PLA-E foams processed at 30 MPa and 100 °C by a) 2 h s-F, b) 2 h s-SSI 

with thymol and c) 24 h s-SSI with thymol. 
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Fig. 7. SEM images of PLA-E foams impregnated with thymol by d-SSI process after 2 h of static 

and a) 2 h (regime 4) or b) 5 h of dynamic impregnation (regime 5). 
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Fig. 8. SEM images of PLA-E foams impregnated with thyme extract produced by SFE-SSI process 

using regime 6 with a) 2 + 2 h and b) 2 + 2 + 2 h of dynamic mixing regime. 
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Fig. 9. Effects of sorbed CO2 and supercritical foaming on crystallinity level of PLA-E. 
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Table 1 

Thymol loading in PLA-E achieved after 2 h and 24 h in s-SSI. 

p T ρ
CO2

a t L 

MPa °C kg/m³ h % 

20 120 401.2 

2 11.0 ± 1.2 

24 19.8 ± 0.8 

24 112 517.6 

2   7.9 ± 0.4 

24 11.4 ± 0.7 

30 100 661.9 

2   4.7 ± 0.4 

7   5.6 ± 0.4 

24   8.5 ± 1.6 

a Calculated using Span and Wagner EOS [57] 
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Table 2 

Achieved thymol loadings in the PLA samples by d-SSI process. 

Sample Regime t
st
 t

dyn
 

Gear pump 

frequency 

L 

 # h h Hz % 

PLA-E 

1 0 2 30 0.36 ± 0.05 

2 0 2 10 0.41 ± 0.06 

3 0 4 10 0.38 ± 0.06 

4 2 2 10 0.71 ± 0.11 

5 2 5 10 1.10 ± 0.19 

PLA-I 

4 2 2 10 0.54 ± 0.08 

5 2 5 10 0.20 ± 0.03 
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Table 3 

Thyme extract loading of the PLA samples processed by SFE-SSI process. 

Sample 

Number 

of cycles 

Regime m
CO2

/m
Thyme

 t
st
 t

dyn
 
Gear pump 

frequency 

L 

  # - h h Hz % 

PLA-E 

1 4 15.92 2 2 10 0.43 ± 0.04 

1 5 17.91 2 5 10 0.32 ± 0.03 

2 6a 

15.91 

0 

2 

30 

0.19 ± 0.02 

25.85 2 0.70 ± 0.07 

35.75 2  0.62 ± 0.06 

PLA-I 2 6a 

15.92 

0 

2 

30 

0.25 ± 0.02 

23.88 2 0.62 ± 0.06 

a Fresh CO2 is introduced every 2 h. 
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Table 4 

The foam porosities (ε) and densities (ρf) of the PLA-E and PLA-I samples with and without thymol 

(T) or thyme extract (TE). 

Sample Process ρ
CO2 t

st
 t

dyn
 ρ

f 
ε 

  kg/m³ h h kg/m³ % 

PLA-E s-F 

401.2 24 - 506.6 ± 16.3 54.8 ± 1.3 

517.6 24 - 427.6 ± 12.0 65.5 ± 1.0 

661.9   2 - 685.2 ± 99.6 44.6 ± 8.0 

661.9 24 - 426.0 ± 37.1 65.6 ± 3.0 

PLA-I s-F 661.9 24 - 477.7 ± 30.8 61.6 ± 2.5 

PLA-E + T s-SSI 

661.9   2 - 470.7 ± 42.5 62.4 ± 3.4 

661.9 24 - 490.3 ±   5.8 60.4 ± 0.7 

PLA-E + T d-SSI 

E: 909.9 

A: 622.3 

  2 2 472.2 ±   7.0 61.9 ± 0.6 

E: 909.9 

A: 622.3 

  2 5 433.2 ± 16.6 65.1 ± 1.3 

PLA-E + TE SFE-SSI 

E: 909.9 

A: 622.3 

  0 2 + 2 299.4 ± 20.0 75.8 ± 1.6 

E: 909.9 

A: 622.3 

  0 2 + 2 + 2 420.6±185 64.4±15.0 

PLA-I + TE SFE-SSI E: 909.9   0 2 + 2 320.5 ± 84.7 73.9 ± 6.8 
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A: 622.3 

E: Extractor; A: Adsorber. 
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