L GENERAL SYMPOSIA | FUNCTIONAL ADDITIVES AND REACTIVE PROCESSING w

Thin Films from Modified
Poly(Glycolic Acid) with Excellent
Water Vapor Barrier

Marieke Hilhorst, Sara Caliari, Wouter Post,
Lambertus J. Kuijpers and Fresia Alvarado Chacon

DOI: https://doi.org/10.51573/Andes.PPS39.GS.FARP:1

December 2024



https://doi.org/10.51573/Andes.PPS39.GS.FARP.1

Thin Films from Modified
Poly(Glycolic Acid) with Excellent
Water Vapor Barrier

Marieke Hilhorst, Sara Caliari, Wouter Post, Lambertus J. Kuijpers
and Fresia Alvarado Chacon'!

Abstract: Commercial biodegradable polymers that combine high oxygen and water vapor barrier
properties are scarce. In the packaging industry multilayer materials are usually used to achieve
the barrier requirements, however they are usually not recyclable and will not biodegrade when
discarded. The outstanding barrier properties of poly(glycolic acid) (PGA) make it an excellent
candidate for a biodegradable oxygen and water vapor barrier packaging material. At the same
time, its processability into films using standard converting equipment is a major challenge.
Low melt strength, high processing temperatures, and fast crystallization at the die limit its
use in conventional packaging applications. Chain extenders are typically used to improve the
melt strength of polymers and thereby the overall processability, however they may affect the

intrinsic barrier properties of the material. This work studied the reactivity of PGA with
different chain extenders. It found that by using less than 2% reactive chain extenders
the processability of PGA could be highly improved while keeping the intrinsic barrier
properties of the material. After compounding PGA with the chain extenders Joncryl
and carbodiimide, stable flat sheet extrusion of the material was possible resulting in
sheets thinner than 10 ym. The multidirectional stretchability of the melt was improved,
showing an increase in the melt strength of the polymer. Barrier properties were mea-
sured, and it was found that the water vapor transmission rate (WVTR) is not affected
by the addition of the chain extender. This improvement in the processability of PGA
offers a promising solution for biodegradable high-barrier packaging materials.
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Introduction

Poly(glycolic acid) (PGA) is a remarkably interesting polyester for film and coating applications
due to its excellent barrier properties and its fast biodegradability in natural environments [1,2]. In
recent years more cost-effective production technologies were installed at an industrial level which
resulted in a reduction in market price. PGA is now an interesting material for cost-competitive
markets such as packaging. As a result, multiple PGA producers have appeared in the commodity
market [3,4]. In addition, innovative technologies have been developed to derive PGA from biomass,
which aids the decoupling of plastic products and packaging from fossil resources [5].

However, PGA’s processability in conventional thermoplastic equipment is a challenge. PGA has
a high melting point; therefore, it needs to be processed at temperatures above 200°C [6]. It also
has high crystallinity [7] and poor melt strength [8]. These properties limit the production of films
and sheets from this material with conventional processing equipment.

Copolymerization of glycolic acid, for example with lactic acid, offers the possibility to reduce pro-
cessing temperatures. It also influences the crystallinity of the polymer which, in turn, improves
processability. However, when changing the molecular structure, the gas and water vapor barrier
properties (highly dependent on the crystallinity) will be reduced. Even though barrier properties
reported for these copolymers can be comparable to other bench market polymers, they are out-
performed by the PGA homopolymer [7].

Mixing polyesters with other polymers is a conventional approach that is used to improve pro-
cessability and/or mechanical properties. However, there are practical and theoretical risks in this
approach. One potential issue is the possible de-mixing of the blend due to non-compatibility of
the polymers. Another challenge, specific to PGA, is that few other biodegradable polymers can be
processed at its high processing temperature. The alternative of blending PGA with non-biodegrad-
able polymers will completely negate the unique selling point of the material. The final and most
critical issue is the potential negative effect of blending on the excellent intrinsic barrier proper-
ties of the PGA. Until now, studies on PGA enhancement have focused on improving mechanical
properties without looking into the effect on the barrier properties [9-11].

Chain extenders are known to improve polyesters’ processability. A chain extender will connect
the different polymer chains by reacting with the end-groups. In the case of PGA, it is expected
that there are hydroxyl and/or carboxyl end-groups available for reacting. Literature show that
isocyanate-based chain extenders in amounts up to 3 wt.% are more efficient than methacrylate-
based ones due to differences in reactivity, resulting in improved thermal stability [8]. Furthermore,
chain extenders have been proven to reduce hydrolytic degradation, resulting in improved material
and product lifetime [12]. To obtain more insights on the effect of chain extenders on both process-
ability and functionality, this study investigates five different chain extenders for PGA. Results on
processability into thin sheets and barrier properties of the resulting products are reported.
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Materials and Methods

This research is conducted in two phases: phase 1 in 2021 with virgin PGA (V-PGA) with MFT of
18 g/10 min, and phase 2 in 2023 with the same batch PGA aged over time (A-PGA) with MFI of
66 g/10 min. In the meantime, PGA is stored in a vacuum sealed bag at 4°C. PGA Vytal J116 with
batch code 20210515-G-0304 supplied by PJChem is used in both phases. Carbonyl bis caprolac-
tam (CBC) supplied by DSM, Pyromellitic dianhydride (PMDA) supplied by Sigma Aldrich, Joncryl
ADR-4400 and Joncryl ADR-4468 supplied by BASF, and Carbodiimide Nexoll CDI/W supplied by
Euro-Chemicals are used as chain extenders. Zinc stearate supplied by Sigma Aldrich is used as
catalyst. V-PGA, A-PGA and their compounds are dried at 120°C in a Gerco dry-air desiccant dryer.
All additives are dried at 40°C in a vacuum oven for at least 4 hours prior to any type of processing.

A Haake Rheomix Polylab kneader is used to screen the reactivity with different agents. The kneader
is set to 225°C. The PGA is kneaded for 5 to 7 minutes (ensuring all material is melted), then the
additives are added and the mixture is kneaded for a total of 30 minutes. The following amounts
are added to V-PGA for the reactivity study: 0.5 wt.% CBC, 0.5 wt% PMDA, 0.2, 0.5 wt.% Joncryl
ADR-4400, 0.2, 0.5, and 1wt.% Joncryl ADR-4468.

The compounding is performed on a twin screw Berstorff ZE 25*40D extruder at a throughput of
5k g/h, 300 rpm screw speed with the following temperature profile: 20/80/160/180/190/190/20
0/205/205/205/215°C. V-PGA extruded only once without additives (VE-PGA) is also analyzed.
The following compounds are made V-PGA with 0.2 wt.% and 0.5 wt.% Joncryl ADR-4468 (V-0.2J
and V-0.5J respectively), both with and without zinc stearate (V-0.2JZ, V-0.5JZ). A-PGA is com-
pounded with 0.5 wt.% Joncryl ADR-4468 (A-0.5J) and 1.5 wt.% carbodiimide (A-1.5C). Melt flow
index (MFI) of the pure and produced compounds is measured according to ISO-1133 with Zwick
MFLOW MFI. All samples are measured using a standard weight of 2.16 kg and a temperature of
230°C.

Sample sheets are produced on a Dr. Collin tech line A20T single screw extruder equipped with a
150 mm wide adjustable slit die. The line extruder is run at 80 rpm with a temperature profile per
zone of 210/233/240°C and die temperature per section of 225/229/230°C.

Water vapor transmission rate (WVTR) is measured according to ASTM method E96-16 follow-
ing the desiccant method: silicate gel inside the cup, store cup with sample in room with higher
relative humidity. Samples are kept under controlled conditions (climate chamber) and weighed
with analytical balance (3-digit number). Weight gain or weight loss are plotted against time. Lin-
ear regression analysis allows the results to be expressed in g (water)/m? (foil) day or corrected to
100 um foil thickness. WVTR is applied at the temperature and specific relative humidity gradient
shown in the data.
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Oxygen transmission rate (OTR) is measured according to ASTM D3985-17 for dry condition and
ASTM F1927-14 at a specific relative humidity using an Ametek Mocon machine. Automatic con-
trolled relative humidity testing range is between 0 and 90% * 3%. Standard film test area (50cm?)
and film thickness: up to 3 mm. Result are expressed in mlO2/m? day.bar and corrected to 100pum
thickness.

Results and Discussion

Reactivity of Poly(glycolic acid)

Kneading experiments are performed to verify the reactivity of the selected additives with PGA
at the chosen temperature. Amounts chosen are based on known amounts typically used for PET,
because of the similar polymer end-groups and the high processing temperature. For the V-PGA
evaluated without additives, it was observed that at 225°C, 5 minutes are needed for complete
melting of the polymer and homogeneous viscosity distribution. This value is set as the minimum
processing time to study the reactivity with the different additives.

Chain extenders used are known to react either with the carboxyl or with the hydroxy groups
available in the PGA. The functional epoxide groups of Joncryl react with the carboxyl groups of
PGA polymers. In the case of carbodiimide, the carboxyl group will directly form an amide bond
with the primary or secondary amine. CBC and PMDA connect to the hydroxyl groups, CBC as a
monofunctional chain extender and PMDA as a multifunctional.

From the executed tests, it can be derived that additives reacting with carboxyl end-groups are the
most efficient when adding them in the same amount (1%). Figure 1 shows the torque measured
at the kneader for two trials with 1 wt% PMDA and 1 wt% Joncryl ADR-4468. When adding 1
wt.% Joncryl ADR-4468, a huge increase in torque at around 10 minutes (7 times higher than the
molten PGA) is observed. In contrast, for PMDA a decreasing line is observed; this shows that by
adding 1 wt.% PMDA at this temperature, no reaction takes place. After 30 minutes of kneading,
the torque with Joncryl is twice as high as the initial molten PGA, despite the expected thermal
degradation (torque decline with time). It was suspected that 1 wt.% of this type of Joncryl might
be too high to process the compound into sheets via sheet extrusion due to abundant crosslinking.
Therefore, lower amounts are used for further experiments. Enough reactivity is seen when add-
ing 0.2 and 0.5 wt.%, but significantly lower torques are observed. The reactivity is lower because
less amounts of molecules with reactive groups are available.
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Figure 1. Torque (Nm) vs time (min) as measured by the kneader. Left: PGA with 1 wt.%
PMDA and no reaction, right: PGA when 1wt.% Joncryl ADR-4468 is added.

Amounts of 0.2 wt.% and 0.5 wt.% of Joncryl ADR-4400 did not show any reactivity with the PGA.
Joncryl ADR-4400 has only 5 functional epoxide groups, while Joncryl ADR-4468 has 9 epoxide
groups available for reacting. Apparently, these amounts of Joncryl ADR-4400 are not enough.

When adding 0.5wt.% CBC or PMDA, no increase in torque was observed. This shows that no reac-
tion took place at the temperature and amounts used. It could be either that not enough hydroxyl
groups are available or that the required reaction temperatures are higher than the used tempera-
ture. PMDA and CBC are typically used in the chain extending of PA6 and PET, usually processed
at higher temperatures, above 230°C [6]. These tests were performed at a maximum temperature
of 225°C to avoid extensive thermal degradation of PGA, while reducing the viscosity enough to
allow mixing.

For polylactic acid, it is well known that zinc stearate can be used as a catalyst in combination
with Joncryl to accelerate its reaction time. Trials were done to confirm if the use of this catalyst
will also work with PGA. When adding 0.5 wt.% Joncryl ADR-4468, the measured reaction times
with PGA were as long as 7 minutes. By adding 150 ppm zinc stearate, the reaction times could be
decreased from 7 to approximately 3 minutes. Torque graphs are shown in Figure 2, where reac-
tion times are indicated between the orange lines.
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Figure 2. Kneader raw data showing the torque vs. time (blue curves) with the
reaction time (between orange lines). Left: PGA with 0.5 wt.% Joncryl ADR-4468,
right: PGA with 0.5 wt.% Joncryl ADR-4468 and 150 ppm zinc stearate.

Melt Flow Properties

Figure 3. Melt flow index—-MFI (230°C 2.16 kg) of the different pure and modified PGA
materials. Top: Results for virgin PGA (phase 1). Down: Results for aged PGA (phase 2).
The pattern filled bulk corresponds to a predicted value since no data is available.

Figure 3 shows the MFI results of a selection of manufactured PGA samples. The results of the
virgin PGA trial (phase 1) show that the compounding step has a significant effect on the polymer
viscosity. MFI increases by more than 20% which can be attributed to thermal degradation. The
decrease in MFI of this PGA after extrusion with the addition of Joncryl shows the effect of the
chain extender on the viscosities, probably due to crosslinking. In phase 2 of this study, PGA has
aged over time as the MFI more than tripled. This indicates a drastic decrease in molecular weight
over time. This is probably due to the rapid hydrolysis of PGA despite storing it at low tempera-
tures and in sealed bags.
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The addition of 0.5 wt.% Joncryl ADR-4468 to the aged PGA does not counteract the ongoing ther-
mal degradation, it even seems to increase it. However, the addition of 1.5 wt.% carbodiimide (not
used in phase 1) has a significant effect, counteracting the ongoing thermal degradation.

PGA Flat Sheet Processing

The PGA grades and modified PGA compounds were processed via flat sheet extrusion where the
maximal sheet-width of 15 cm is achievable. The thickness, highest achievable width and width
variation of the produced sheets can be found in Table 1. Some example sheets are also shown in
Figure 4. The processing of the virgin PGA leads to very narrow sheets that do not reach 5 cm at
a thickness lower than 20 um. The intrinsic low melt strength of the PGA results in a large varia-
tion in thickness and width. At similar or lower thickness than the virgin PGA, the Joncryl modi-
fied sheets showed to be much more stable with less necking, resulting in wider sheets with small
variation. These are the thinnest sheets that have been produced up to now with modified PGA.

Unfortunately, this effect was not observed for thicker sheets made with the aged PGA (A-0.5J).
This could be explained by the reaction speed of Joncryl, which could be too slow when competing
with the extremely fast thermal degradation at the extruder for these aged materials with expected
low molecular weights.

Sheets using combinations of Joncryl and zinc stearate could not be analyzed further. Though
zinc stearate helped increase the reaction speed of Joncryl ADR-4468, as seen in Figure 2, the flat
extrusion process is very unstable for thin sheets, so unstable that it was not possible to collect
samples for further analysis. Also, specks were seen in the sheets, probably due to alter crystalli-
zation mechanisms during re-processing.

Due to the low viscosity of the aged PGA, it was necessary to drastically increase the thickness
of the sheets to values around 100 um, this is why A-0.5J and A-1.5C are thicker as well. Again, a
large variation in the width of the sheets for the pure PGA can be observed and surprisingly also
for the Joncryl modified sheets. However, when modifying the aged PGA with carbodiimide, the
sheet extrusion process stabilizes and sheets at full width with small width variations are obtained.
The MFTI of the modified aged PGA grade showed to be slightly higher than the aged PGA. Most
probably, the viscosity is at the level of the predicted value of the extruded aged PGA or even lower.
Figure 4 shows an example of three typical sheets with lengths of around 20 cm and a maximum
width of 12 cm, only obtained for the sample A-1.5C.
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Figure 4. Left A-PGA, middle A-0.5]J, right A-1.5C.

Table 1. Dimensions of flat sheets produced.

Material Thickness (um) Highest achievable width (cm) Width variation (cm)
V-PGA 10 to 20 <5 ~2.5
V-0.2J 6 11 <0.5
A-PGA 80 9.5-13 ~4
A-0.5] 100 8-11 ~4
A-1.5C 70 12 <0.5

Barrier Properties of PGA Sheets

Figure 5. Water vapor barrier properties dependence on the thickness of the film.
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Barrier properties are largely dependent on the thickness of a product; therefore, water vapor and
oxygen transmission rates are usually corrected for thickness. However, this relationship is not
linear and especially for polyesters, depending on the crystallinity of the material [13]. When look-
ing into flat sheets, crystallinity and therefore barrier properties will also be affected by process-
ing conditions such as temperature and stretching at the die. Linear regression models have been
built, for example, for PE to allow the prediction of the minimum required thickness for achieving
the peak performance of the material [14]. Figure 5 shows the dependence of uncorrected water
vapor transmission rates on film thickness. Even with the limited amount of data input caused by
the inability to process all formulations, this model can help predict the layer thickness needed
to achieve the desired WVTR. It is interesting to notice that not only the pure PGA is fitted in the
model but also the Joncryl modified PGA. Transmission rates corrected for thickness are shown
in Table 2.

When correcting the values for thickness, water vapor transmission rates measured at two differ-
ent conditions are at the same level of around 3 g/m?.day for pure and modified PGA (see Table
2). These values are independent of the starting material (virgin or aged) and of the chain extender
used. Oxygen transmission rates are only evaluated for virgin PGA, pure and modified. Due to the
low OTR, measuring times are lengthy. Results show that the addition of chain extender does not
negatively affect the barrier properties. The modification of PGA with the reported chain extend-
ers preserves the excellent barrier properties of PGA. From this, it can be derived that the original
crystalline structure of the PGA polymer remains intact. More research into the crystalline and
molecular structure of the PGA is recommended to confirm this hypothesis.

Table 2. Top: water vapor transmission rate (WVTR) and bottom: oxygen transmission
rate (OTR) at the given conditions corrected for 100um thickness.

Material Sheet thickness (um) Wl;g;l}g(%ﬁ:f: é:;]% WQE)Png;ZC é:;,)]%

V-PGA 10-20 34%05

V-0.2J 6 251038

A-PGA 80 29106

A-0.5J 100 3.0£02

A-1.5C 70 25101
OTR (25°C, 0% RH, | OTR (25°C, 90% RH,

Material Sheet thickness (um) 100% O,) [mlO,/m?. 100% O,) [mlO,/m?.

day.bar] day.bar]
V-PGA 10-20 0.3+0.1 0.2%01
V-0.2J 6 0.3£0.1 0.5+0.2
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Conclusions

The use of Joncryl ADR-4468 and carbodiimide chain extenders to modify PGA has a positive
effect on processing properties. Full width sheets could be obtained, achieving for the first-time
flat sheets with thickness below 10 pm when using 0.2 wt.% Joncryl as an additive. The water
vapor and oxygen barrier properties of the modified PGA are preserved when using Joncryl and
carbodiimide as chain extenders, even when the virgin material has aged for two years. CBC and
PMDA do not show sufficient reactivity at the concentrations and conditions used in this study.
Chain extenders that react with PGA seem to counteract the effect of thermal degradation at the
extruder during processing; more research on the exact mechanism is needed. A simple model
to predict the WVTR values of flat sheets made of pure and modified PGA is proposed. With this
model the thickness of the PGA-layer needed to achieve certain WVTR can be estimated. This
study shows how the processing of PGA can be enhanced, which is one of the biggest hurdles to
using PGA as functional material in biodegradable barrier packaging products.

Acknowledgments

The authors acknowledge the government and the industrial partners for funding the project
LWV19220 Paper-based food packaging. This project was a public-private partnership funded by
the Top Sector Agri-Food and with the commitment of Unilever Innovation Centre Wageningen B.V,,
Koninklijke Douwe Egberts B.V., and Vaassen Flexible Packaging B.V. part of Clondalking Group.
Also, the “KB 34 Circular and climate neutral society” program under grant number KB-34-010-001.

References

1. P K. Samantaray et al,, “Poly (glycolic acid) (PGA): a versatile building block expanding high
performance and sustainable bioplastic applications,” Green Chemistry, vol. 22, no. 13, pp. 4055-
4081, 2020, https://doi.org/10.1039/d0gc01394c

2. F. Wu, M. Misra, and A. K. Mohanty, “Challenges and new opportunities on barrier performance
of biodegradable polymers for sustainable packaging,” Progress in Polymer Science, vol. 117, 2021,
https://doi.org/10.1016/j.progpolymsci.2021.101395

3. K. Yamane, H. Sato, Y. Ichikawa, K. Sunagawa, and Y. Shigaki, “Development of an industrial
production technology for high-molecular-weight polyglycolic acid,” Polymer Journal, vol. 46,
no. 11, pp. 769-775, 2014, https://doi.org/10.1038/pj.2014.69

4. K. J. Jem and B. Tan, “The development and challenges of poly (lactic acid) and poly (gly-
colic acid),” Advanced Industrial and Engineering Polymer Research, vol. 3, no. 2, pp. 60-70, 2020,
https://doi.org/10.1016/j.aiepr.2020.01.002

DOI: https://doi.org/10.51573/Andes.PPS39.GS.FARP.1 1


https://doi.org/10.51573/Andes.PPS39.GS.FARP.1
https://doi.org/10.1039/d0gc01394c
https://doi.org/10.1016/j.progpolymsci.2021.101395
https://doi.org/10.1038/pj.2014.69
https://doi.org/10.1016/j.aiepr.2020.01.002

10.

11.

12.

13.

14.

Thin Films from Modified Poly(Glycolic Acid) with Excellent Water Vapor Barrier

T. M. Gadda, M. M. Pirttimaa, O. Koivistoinen, P. Richard, M. Penttila, and A. Harlin, (2014,
January) The industrial potential of bio-based glycolic acid and polyglycolic acid. Appita [In-
novation]. 1.

H. de Beukelaer, M. Hilhorst, Y. Workala, E. Maaskant, and W. Post, “Overview of the mechani-
cal, thermal and barrier properties of biobased and/or biodegradable thermoplastic materials,”
Polymer Testing, vol. 116, 2022, https://doi.org/10.1016/j.polymertesting.2022.107803

M. A. Murcia Valderrama, R. J. van Putten, and G. M. Gruter, “PLGA Barrier Materials from CO2.
The influence of Lactide Co-monomer on Glycolic Acid Polyesters,” ACS Applied Polymer Materi-
als Journal, vol. 2, no. 7, pp. 2706-2718, Jul 10, 2020, https://doi.org/10.1021/acsapm.0c00315

L. Chen, X. Sun, Y. Ren, R. Wang, W. Liang, and X. Duan, “Influence of chain extenders on the
melt strength and thermal stability of polyglycolic acid,” Journal of Applied Polymer Science, vol.
138, no. 23, 2021, https://doi.org/10.1002/app.50551

R. Wang, X. Sun, L. Chen, and W. Liang, “Morphological and mechanical properties of biode-
gradable poly (glycolic acid)/poly (butylene adipate-co-terephthalate) blends with in-situ com-
patibilization,” RSC Advances, vol. 11, no. 3, pp. 1241-1249, Jan 4, 2021, https://doi.org/10.1039/
d0ra08813g

K. Wang, J. Shen, Z. Ma, Y. Zhang, N. Xu, and S. Pang, “Preparation and Properties of
Poly(ethylene glycol-co-cyclohexane-1,4-dimethanol terephthalate)/Polyglycolic Acid (PETG/
PGA) Blends,” Polymers (Basel), vol. 13, no. 3, Jan 31 2021, https://doi.org/10.3390/polym13030452

L.-F. Chang, Y.-G. Zhou, Y. Ning, and J. Zou, “Toughening Effect of Physically Blended Poly-
ethylene Oxide on Polyglycolic Acid,” Journal of Polymers and the Environment, vol. 28, no. 8, pp.
2125-2136, 2020, https://doi.org/10.1007/s10924-020-01752-5

X. Sun, L. Chen, R. Wang, M. Jiang, M. Sun, and W. Liang, “Control of hydrolytic degradation
of polyglycolic acid using chain extender and anti-hydrolysis agent,” Journal of Applied Polymer
Science, vol. 139, no. 25, 2022, https://doi.org/10.1002/app.52398

S. Marano, E. Laudadio, C. Minnelli, and P. Stipa, “Tailoring the Barrier Properties of PLA: A
State-of-the-Art Review for Food Packaging Applications,” Polymers (Basel), vol. 14, no. 8, Apr
18, 2022, https://doi.org/10.3390/polym14081626

K. Lahtinen and J. Kuusipalo, “Prediction of WVTR with General Regression Models,” presented
at the 11th Tappi European PLACE Conference, 2007.

DOI: https://doi.org/10.51573/Andes.PPS39.GS.FARP.1 12


https://doi.org/10.51573/Andes.PPS39.GS.FARP.1
https://doi.org/10.1016/j.polymertesting.2022.107803
https://doi.org/10.1021/acsapm.0c00315
https://doi.org/10.1002/app.50551
https://doi.org/10.1039/d0ra08813g
https://doi.org/10.1039/d0ra08813g
https://doi.org/10.3390/polym13030452
https://doi.org/10.1007/s10924-020-01752-5
https://doi.org/10.1002/app.52398
https://doi.org/10.3390/polym14081626

