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Abstract

It is a world wide recognized problem that fossil fuel-based plastics are causing pollution in our
ecosystem. This results in many issues for wildlife and poses various health risks to humans. That is
why the demand for sustainable biopolymers has increased over the years. One potential contender as a
sustainable alternative, is zein protein, which is a byproduct from corn in bioethanol production. This
protein has gained interest for many researchers due to its hydrophobic and �lm-forming abilities and
has been used as coatings in the food industry before. However, due to its brittle and glossy nature,
its potential for wide-scale application has been limited. To address this, researchers have used various
plasticizers to improve the 
exibility in zein �lms. In this project, fatty acids with a carbon tail length
between C6-C18 were investigated to determine their suitability as plasticizers for improving 
exibility.
The experiments were systematically designed to study the e�ect of the carbon tail length and the head
group. Among the tested fatty acids, caprylic acid was able to improve the elongation at break of the
�lm, con�rming that a tail of 8 carbons is the most optimal. Furthermore, hydrogen bonds were found
to play a dominant role in the plasticization of zein �lms. This was observed as the �lms with caprylyl
glycol were able to achieve higher elongation at break compared to the �lms with caprylic acid. These
�ndings suggest that fatty acids can serve as an e�ective plasticizer for zein �lms, provided there is a
right balance between a hydrophilic head and a hydrophobic tail.
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1 Introduction

1.1 Transition of fossil fuel based plastics to bioplastics

Plastic has become an essential material for the world, this is due to its advantageous properties.
It is strong and light, it has low conductivity, good insulation properties, strong mechanical properties,

exible designing capabilities and many more. This has caused plastics to be a valuable material in
many �elds. However, due to its reliance and versatility, plastics has become in abundance and used
worldwide. In 2022, the worldwide plastic usage was estimated to be 400 million tons (Pilapitiya and
Ratnayake, 2024). This high demand for fossil fuel based plastics has become a signi�cant problem, due
to pollution. It was estimated that by 2015, 5800 Mt was released into the environment as a result of
improper waste management. Furthermore, these plastics are highly stable, resilient and durable against
the environment, causing them to slowly degrade over long periods of time. This degradation is caused by
physical environmental processes, causing the release of microplastics. These microplastics will manage
to di�use in the air, water and land. Which eventually ends up in animals or humans. This is a concern
for many people and could potentially lead to health risks. As a result, there is growing pressure to
minimize plastic usage and improve waste management practices, but also creates a new demand for the
transition from fossil fuel based plastics to biobased plastics (Pilapitiya and Ratnayake, 2024).

Bioplastic are one of the promising solution, and are currently being developed as an eco-friendly
alternatives to conventional plastics. This is because bioplastics are derived from biological sources
making them typically biodegradable and environmentally safe. However, producing bioplastics with
similar mechanical properties as fossil fuel based plastics is a di�cult task, since many bioplastics are
weak, brittle, hydrophilic and have low thermal degradation temperatures. Therefor, development is still
needed for high grade bioplastics before all plastics can be replaced (Costa et al., 2023). However, in
certain �elds where plastics do not need such qualities is were potentially bioplastics can replace that
role.

Currently zein is in development as a potential sustainable alternative to plastics which could poten-
tially replace plastics in food packaging, as it has an ability to form �lms with hydrophobic properties.
It's an amphiphilic protein found in corn and a byproduct from bioethanol production, and because of
its low nutritional value it does not compete as food source, making it an ideal candidate for bioplastic
application. In the past, zein has been used as a coatings in the food and pharmaceutical industries,
for candies, nuts, and drugs, However, its applications where limited by it's poor mechanical properties,
especially brittleness (Mouzakitis et al., 2022).

Now researchers are developing various methods to produce �lms out of zein protein, one of the
commonly used approach is by solubilizing zein in an ethanol-water solution and casting it onto the
substrate. Although this approach is quite simple, it produces weak �lms and requires long duration of
drying since the majority of the solution is water and ethanol (Chen et al., 2014). To address this issue,
a novel method has been developed within the PCC chair group at Wageningen University & Research.
This method allows the zein �lms to be produced on a industrial �lm applicator by inducing phase
separation to create a dense coacervate phase with a lower water content. As a result, the �lms produced
are stronger and denser. However, despite the improvements in tensile strength, brittleness remains a
limitation.

To address this issue, plasticizers can be incorporated into the zein matrix to change the mechanical
properties of the �lm. One promising class of bio-based plasticizer are fatty acids, fatty acids are a
sustainable alternative to synthetic plasticizers. They are derived from natural sources such as, seeds,
vegetables, nuts and seeds. This makes them biodegradable, food-grade, and environmentally safe. Fur-
thermore, studies have shown that by casting the zein solution with fatty acids was able to improve the

exibility of the �lms while maintaining its hydrophobic properties (Tadele et al., 2023) (Xu et al., 2024).

1.2 The goal of the project

The aim of this project is to incorporate fatty acids into the zein coacervate to create 
exible zein
�lms over a time period of 6 months, the approach is to screen through all the selected fatty acids and
test the resulting �lms for their mechanical properties. Speci�cally, the objective is to identify trends in
how the chain length and the head group of the fatty acids a�ect the mechanical properties of the �lms.
Ideally, the project will yield improvements in the elongation at break and reducing its young's modulus
compared to standard zein �lms.
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1.3 Theoretical background

1.3.1 Zein protein

Zein is the major storage protein of corn and belongs in the class of promalines. It is a byproduct in
bioethanol production with low nutritional value (Calvez et al., 2021), therefor utilizing it as bioplastic
would not compete as food source. Furthermore, it is known that majority of zein protein consist of
repeated � -helix units, which can form various tertiary structures (Zhang et al., 2021) (Zhang et al.,
2015). As for it's amino acid composition, zein consist up to 50% of nonpolar amino acids, causing zein
to have hydrophobic properties such as the insolubility in water (Shukla and Cheryan, 2001).

Although, zein poorly dissolves into water, it is able to dissolve in ethanol. In a ethanol solution zein
is able to go through three phases. Starting from a high ethanol concentration, zein is able to exists as
a soluble molecule. Upon adding water, zein undergoes a liquid-liquid phase separation. As the water
concentration increases, zein eventually precipitates out of the solution as a solid. The liquid-liquid phase
separation of zein is where this study main interest lies, as this is a important process to produce zein
�lms in our project. This process is also known as coacervation, which occurs when macromolecules
separate into two phases due to environmental changes. The resulting mixture consists of a dense bottom
layer (the coacervate), consisting of dense droplets, and a top layer (the dilute phase). . (Wang et al.,
2023).

1.3.2 Plasticizer and it's mechanism of action

Plasticizers are additives added to change the physical properties of plastic often with the goal to
soften and improve the 
exibility of the end product. Furthermore, it can control the glass transition
temperature, Young's modulus, or viscosity (Ebnesajjad, 2016). These characteristics make plasticiz-
ers an useful tool, since manufacturers can have better control over their processing line by changing
these parameters. Although plasticizers have been commonly used in the plastic industry the action of
mechanism has not been understood completely, It's in generally acknowledged that plasticizers work
by interfering with the molecular interaction between the molecules, however, this principle has been
explained in various theories throughout literature. This principle of plasticization can be explained by
three theories (Zhang et al., 2021) (Wypych, 2004):

ˆ lubrication theory, here the plasticizer has some degree of attraction with the polymer and can �ll
the voids the polymer matrix and glides between it, the plasticizer can be considered as a lubricant
and improves the free movement of the polymer.

ˆ The gel theory explains that plasticizers attach to certain areas of the polymer, while the polymer
chains that don't have plasticizers surrounding them tend to aggregate. Additionally, some plas-
ticizers may cluster together. These interactions happen in an equilibrium, resulting in a gel like
state where the material is neither fully liquid nor fully solid.

ˆ Free volume theory, is where the plasticizer increases the free space of the matrix, improving molec-
ular mobility, in turn, it also decreases the glass temperature.

The mechanism of plasticization between zein and fatty acids is unclear. A couple hypotheses have
been proposed, It is expected that the hydrophilic head and the hydrophobic tail could have a plasticiza-
tion e�ect on the zein matrix. This is because the hydrophobic tail may interfere with the hydrophobic
forces of the zein proteins. Meanwhile, the hydrophilic head could interact with the hydrophilic regions
of the zein proteins to intererfere with the hydrogen bonds of the zein proteins. This interference may
loosen the protein matrix of the coacervate, creating a more 
exible zein �lm.

1.3.3 Plasticized zein �lms

In the literature, various plasticizers have been used to improve the 
exibility of zein �lms. Currently,
these �lms are prepared by dissolving zein and the plasticizer in a solution, followed by casting. One of the
commonly knowns plasticizer, polyethylene glycol, has been shown to signi�cantly improve the 
exibility
of zein �lms. For example, studies have shown that PEG alone can increase the elongation at break by up
to 200-240% (Paramawati et al., 2001)(Lawton, 2004). However, when PEG is combined with glycerol,
the elongation at break can even reach up to 500%, indicating that this combination has a synergetic
plasticization e�ect (Huo et al., 2018). Despite these improvements, the hydrophilic nature of PEG and
glycerol leads to an increase in water sensitivity, which is not favorable in hydrophilic environments. In
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another study, organic acids where explored as plasticizers for zein �lms. Here, the incorporation of lactic
acid was able to achieve an elongation at break of 400%. However, similar to PEG and glycerol, lactic
acid also results in an increase of water sensitivity (S•ozbilen et al., 2022).

Too address this issue, fatty acids have been used as plasticizer and for their hydrophobic properties. In
one study, fatty acid chlorides were chemically attached to modi�ed zein proteins, resulting in a signi�cant
improvement in elongation at break (up to 70%) and could maintain their hydrophobicity (Tadele et al.,
2023). This study also observed that longer fatty acid chains exhibited better plasticization ability.
However, another study found that if the fatty acid chain length is too long, the plasticization e�ect
decreases (Xu et al., 2024). This suggests that there is an optimal carbon chain length for fatty acids to
function e�ectively as plasticizers.
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2 Materials & Methods

2.1 Materials

Lab grade zein protein was obtained from Sigma-aldrich. Sorbic acid (� 99%) was obtained at thermo
scienti�c. Caprylic acid ( � 99%), Lauric acid (� 99%) were purchased from Sigma-aldrich. Oleic acid
(� 85:0%, GC), Caprylyl glycol ( � 96:0%), and Ethyl caprylate (>98%) where purchased at TCI (Tokyo
Chemical Industry). Ethanol (96.6%) was purchased at VWR Chemicals. Pure water was obtained from
the Mili-Q device. 22 x 31 cm PP/PAP substrate sheets, where obtained from O�ce essentials purchased
at the local shop Action in Wageningen, Gelderland, Netherlands.

2.2 Preparation of zein �lms

Zein was dissolved for 2 hours in an ethanol:water solution (80:20 v/v) at 10% (w/v) concentration in
an beaker covered with plastic �lm under continuous magnetic stirring. After mixing, water was added
to dilute the solution to 45:55 v/v. The mixture will then be mixed for another 5 minutes and then
settled for another 5 minutes. After mixing was done the solution was let to sediment for 10 minutes,
the supernatant was discarded and the coacervate (bottom phase) was poured into centrifuge tubes and
centrifuged for 10 minutes at 3000 RCF(g) at 20� C.

Once the centrifugation was done the desired amount of plasticizer was added and where mixed with
an ultra-turrax (IKA T10 basic) for approximately 90 seconds. Then, the coacervate was centrifuged
again for 10 minutes at 3000 RCF(g) at 20� C to remove bubbles.

The coacervate was then used to make �lms. This was done under a �lm applicator (ByKo-Drive XL,
BYK, Germany), where a thin plastic substrate sheet was placed on the machine �rst and then 10 ml of
coacervate was added on top. The machine sheared the coacervate over the substrate sheet at a speed of
30 mm/s at a �xed gap of 200 � m. The substrate sheets where then removed from the �lm applicator
and air dried at a room temperature of 20� C.

2.3 Testing the mechanical properties

The �lms were tested under a Dynamic Mechanical Analyser (DMA) MCR702e (Anton Paar, Austria).
To prepare the samples, the �lms were cut using handmade 3D-printed cutters approximately 6.5 x 30
mm. The samples were stored in a desiccator inside a humidity chamber with 50%� 7% relative humidity,
maintained using a saturated Ca(NO3)2 solution, at 20 °C for 2 days prior to measurement. The sample
was then manually attached between two clamps from the DMA at an initial distance of 24.5 mm and
pulled with a constant linear displacement rate of 0.001 1/s. This generates a stress-strain curve were the
elongation at break and young's modulus can be determined. To ensure reproducibility, �ve replicates
were prepared for each �lm.

2.4 Tested Plasticizers

All the plasticizers that have been experimented with can be seen in table 1. The ratio of coac-
ervate and plasticizer was chosen based on the solubility of the plasticizers, since, it was unknown if
the selected plasticizer would solubilize with the coacervate. So for the initial experiment the following
plasticizer:coacervate ratio were made which were 2%, 10%, 20% (w/w). With this, it could be seen at
which ratio the plasticizer would dissolve in the coacervate from here it would be �ne tuned by testing
other concentrations.

Table 1: Plasticizers used

Plasticizer Type Carbon tail Molecular weight (g/mol) Melting point � C
Sorbic acid Fatty acid C6 112 135
Caprylic acid Fatty acid C8 144 17
Lauric acid Fatty acid C12 200 43
Oleic acid Fatty acid C18 282 14
Caprylyl glycol Glycol C8 146 30-35
Sodium caprylate Fatty acid salt C8 146 240
Ethyl caprylate Ester C8 172 -48
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From the concentrations the weight fraction of dried zein �lms could also obtained this was done by
obtaining the coacervate weight, plasticizer weight, and the dry matter percentage of coacervate. The
formula follows: plasticizer

plasticizer+(coacervate � dry matter%) = wt%

2.4.1 Statistics of the mechanical analysis

From each produced �lm at a speci�c plasticizer fraction, 5 samples were cut out and measured under
the DMA. The mean and standard deviation (+/- 2 SD) of the elongation at break and young's modulus
were calculated with excel and matlab.
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3 Results and Discussion

The goal of this thesis project was to produce more 
exible zein �lms by incorporating fatty acids
as plasticizer. Since, fatty acids have been used before in bioplastics, are biodegradable, food grade,
and have hydrophobic properties. In addition, this would help to provide a better insight of which part
of the fatty acid plays a dominant role as a plasticizer. Therefore, the project was divided into two phases.

In the �rst phase, our aim was to determine the e�ect of the hydrophobic tail of fatty acids on the
mechanical properties of zein �lms. Therefore, the selected fatty acids were based on the length of the
hydrophobic tails. The selected fatty acids where: Sorbic acid, Caprylic acid, Lauric acid, and Oleic acid.

In the second phase, we investigated whether the head group of the fatty acids also had an impact on
the mechanical properties. This is important, since, not only the hydrophobic tail could have interaction
with the zein particle, but also the head group. Based on the results of the �rst phase, Caprylic acid with
a tail length of eight carbons showed the most promising results. Therefore, three additional plasticizers
with the same tail length were selected: Sodium caprylate, Ethyl caprylate, and Caprylyl glycol. With
these plasticizers, we can see systematically see the e�ect of the hydrophilic head of the fatty acid. As
sodium caprylate is a salt adding a charged compound in the system, ethyl caprylate being relatively
more hydrophobic, and caprylyl glycol more hydrophilic fatty acid.

Figure 1: Overview of the plasticizers used in this study
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