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ABSTRACT

Within the packaging industry, the increasing demand for sustainable packaging is
driving research towards renewable coating materials for paper or paperboard with high
barrier properties against gas, water vapour and odours. Poly(vinyl alcohol) (PVOH), a
water soluble and biodegradable polymer, is a real option for sustainable packaging
when applied as either a coating for paper and paperboard packaging or an independent
packaging film. Since its application is limited in high humid environments, several
modification methods including chemical crosslinking with glutaraldehyde (GA), salt
treatment with sodium sulphate solution, heat treatment and nanoclay incorporation
have been investigated in order to improve its barrier to water vapour and also thermal
stability and mechanical properties. An extensive range of crosslinking times between
GA and PVOH have been assessed. The crosslinked PVOH and salt treated films show
an improvement in water vapour barrier properties by 60-70%. Whereas, heat treatment
and clay addition show an improvement of 20-57%, in which the water vapour barrier
properties increase with increasing heat treatment temperatures (40°C to 180°C) or clay
contents (5 to 20 wt%). Additionally, crosslinking PVOH/Clay films with GA improves
their water vapour barrier properties comparable to those of crosslinked PVOH films.
Apart from the heat treated films, all the modified PVOH films possess higher thermal
stability than neat PVOH films as evidenced by thermogravimetric analysis
measurements. Combinations between heat treatment and crosslinking with GA as well
as crosslinking on one side of PVOH films have been investigated. The films annealed
at 180°C prior to crosslinking on both sides do not dissolve in hot water (90°C) even
with short crosslinking time (5 minutes) and their water vapour barrier properties derive
mainly from their enhanced crystallinity. The respective one-side crosslinked PVOH
films show comparable water vapour barrier properties and thermal stability, but were

dissolvable in hot water.

The diffusion of crosslinking solution into the PVOH films has been studied using in-
situ FTIR. It has been shown that the crosslinking solution can rapidly penetrate and
diffuse from the top to the bottom of the film (50-60 pm).

The crystallinity of PVOH films after subjection to different modification methods have
been investigated using various techniques, including FTIR, Raman and XRD. It has
been shown that the crystallinity increases with heat treatment whilst decreases after
crosslinking with GA. On the contrary, treating PVOH films with sodium sulphate
solution for different lengths of time did not change the crystallinity of the films. When
clay is present in PVOH films with 5 wt%, the crystallinity is not affected but increases
slightly and significantly with 10 and 20 wt% clay loading, respectively.
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CHAPTER 1

Introduction

1.1 OVERVIEW

In recent years, the term "sustainability” has been widely used in our society.
People describe a product or material as sustainable if it is environmentally,
economically and socially sustainable [1]. Plastics can be considered as very
positive sustainable materials because of their energy savings potential and
intrinsic recyclability and energy recovery options. Plastics consume 4% of the
world's oil production and use much less energy in their production compared to
other materials. In addition, plastics have contributed to economic growth and
offered a wide range of worthwhile careers together with training and
development. Packaging is the largest end-use sector for plastic [2]. In
comparison with other packaging materials, plastics have played very important
roles in conventional packaging due to their lightweight, resource efficient and
good barrier properties. For example, glass packaging is easily damaged and
heavy, paper materials lack transparency as well as water resistance and metal
packaging has transparency, damage and weight issues. There are wide varieties
of plastics used in packaging such as the thermoplastics (polyethylene,
polypropylene, polyvinyl chloride, polystyrene, nylons and polyester) and the
thermosets (phenol-formaldehyde resins and glass fibre-reinforced polyesters) [3].
Some plastics used in packaging may be considered more sustainable than others.
The problem being that packaging plastics are mainly based on petroleum
resources and have triggered concerns within the environment because of their
waste disposal problems [4,5]. According to Tolinski [2], the term
"sustainability” is commonly used to represent environmental aspects, which
relates to the use of renewable and natural materials that have no negative effects
on human (or animal and plant) health. Also, any product that accumulates as
waste in the environment is classified as unsustainable. The accumulation of
plastics in the environment adversely affects land, waterways and oceans and

1
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as to preserve the gas barrier properties in relatively high humidity environments

[11].

Coatings materials can be removed from paper. The recycling of a zein-wax-
coated paper product was reported by Parris et al. [20]. The authors demonstrated,
by using a-chymotrypsin enzyme to hydrolyse the zein present in the zein-wax-
coated Kraft paper, the coating materials could be cleanly removed from the
paper fibres (more than 97%). Moreover, Back [21] also reported the removal of
dispersed wax under hot alkaline conditions for the recyclable packaging paper

materials.

Biopolymers as renewable coatings have been widely developed in recent years
although there has been no definitive agreement for their definitions.
Biopolymers have been defined as polymeric biomolecules synthesised by living
organism [22,23] or, in another description, biopolymers are polymers
manufactured from renewable or biological resources using biological or
cohventional chemical processes [2]. Based on these definitions, biopolymers are
not related to any petroleum-based resource. In addition, the property of
biodegradability should be taken into account when considering whether a
polymer is a biomaterial. The fact is that a fully biobased plastic may be non-
biodegradable, and a 100 percent fossil fuel-based plastic can be biodegradable.
According to European Bioplastics [24], biopolymers can be either biobased or
biodegradable, or both and are classified into three main groups: 1) (partly)
biobased resourced and biodegradable such as polylactic acid (PLA) synthesised
by fermentation of maize or wheat, or polyhydroxyalkanoates (PHA) produced
by bacterial fermentation, 2) fossil fuel resourced and biodegradable such as
polycaprolactone (PCL) prepared from polymerisation of caprolactone, a
petroleum-derived material [13] and 3) bio-resource and non-biodegradable such
as bio-polyethylene (bio PE) manufactured from bioethanol made from various
natural feedstock including sugar cane, sugar beet or rice. Fig. 1.2 describes in

detail the classification as well as some example polymers.
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dry products and in locations with relatively low average humidity and low
temperatures (23°C, 50% Relative Humidity (RH)), as opposed to tropical
conditions (35°C, 90% RH) [5]. The amount of PVOH used can be minimised
when applied as a coating on paper or board (as opposed to films) because the
mechanical strength of the package, and hence the protection it provides, is

provided by the paper or board.

1.2 AIMS AND OBJECTIVES

Aims:

To enhance the water vapour barrier as well as mechanical properties of PVOH
when applied as either a coating for paper and paperboard packaging or an
independent packaging film.

It should be noted at this stage that PVOH coatings onto paper have not yet been
studied but are a real potential application. The additional complications derived
from PVOH coated paper such as, thickness variations throughout the coating
due to uneven cellulose fibres of the paper or increased chance of pinholes in the
coating have been eliminated from the investigation, this allows a more thorough
understanding of the coating itself rather than any influence from the

paper/paperboard.

Objectives:

¢ To critically assess the effectiveness of the crosslinking mechanism
between PVOH films and glutaraldehyde (GA) and any subsequent changes in

water vapour barrier and mechanical properties

% To characterise the effect of salt treatment on PVOH films towards
improving water vapour barrier properties and also its role within the

crosslinking process with GA.

¢ To heat treat PVOH in order to control the extent of crystallinity and

then assess any further changes when undergoing crosslinking reactions with GA.

7



¢ To investigate the presence of nanoclay in PVOH films affecting the
water vapour barrier properties. In addition, effects of crosslinking with GA on

the properties of PVOH/Clay films are also assessed.

% To characterise the effects of poly(ethylene glycol) as a plasticiser in
PVOH and PVOH/Clay films on the water vapour barrier and mechanical
properties and then evaluate further changes when the plasticised films are

crosslinked with GA.

Layout of thesis:

To aid comprehension the aims and objectives are described below with

reference to their location within the thesis

1) The crosslinking reaction between PVOH films and GA was studied and its
effects on the films properties in terms of water and water vapour barrier and
mechanical properties were evaluated. GA was chosen because it has been
considered an effective and efficient crosslinker for PVOH and would provide a
number of crosslinks to act as barrier to the diffusion of water vapour through the
films. Extents and location of modification were carefully controlled in order to
determine the optimum balance between improved barrier properties whilst
minimising any possible adverse effects such as flexibility or biodegradability.
An underlying theme of the crosslinking process was to ascertain whether it
could be achieved effectively at only the uppermost surface of the PVOH film in
order to reduce the amount of crosslinking required and cost. The information
gained is also relevant to the preparation of membranes for pervaporation
application. The location of the crosslinks within the film may help to optimise

the transport of one species over another and the integrity of the film [29,36].
This treatment method is reported in Chapter 3.

2) Modification of PVOH films using salt treatment with sodium sulphate was
investigated and is described in Chapter 3. In previous work reported by several
authors [34,35,37,38], salt treatment was performed by adding salt with different

amounts to PVOH in solution which was then dried to form films. In this
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films. The other techniques used include Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, X-ray diffraction (XRD), contact angle
measurement and dynamic mechanical analysis (DMA). Furthermore, the

thermal stability of films was taken into account using thermogravimetry (TGA).
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CHAPTER 2

Theoretical aspects and characterisation methods

2.1 THEORETICAL ASPECTS OF MATERIALS AND TREATMENT
METHODS USED

2.1.1 Poly(vinyl alcohol) (PVOH)

Poly(vinyl alcohol) cannot be produced directly from its monomer because vinyl
alcohol monomer (CH,=CH-OH) is not stable in the free state and is immediately

interconverted to a more stable form, acetaldehyde [25] :

H,C—=CH
OH 0

Commonly, PVOH is prepared through hydrolysis of poly(vinyl acetate). Firstly,
poly(vinyl acetate) is produced by suspension or solution polymerisation of vinyl
acetate, usually in methanol (Fig. 2.1). Methanol acts as a chain transfer agent
during the polymerisation and enables the molecular mass to be adjusted to
various values. The lower the methanol content, the higher the molecular mass.

Methanol also serves to remove the heat produced during polymerisation [39].

n H)C==CH initiator |~

—_— > CH, CH 1
C A
0 0
o /
0=C 0=cC
CH3 CH3
viny] acetate polyvinyl acetate

Figure 2.1 Polymerisation of vinyl acetate
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Subsequently, poly(vinyl acetate) is dissolved in methanol in the presence of a
catalyst (usually sodium hydroxide) and converted to PVOH. This is called the
hydrolysis (or alcoholysis) process (Fig. 2.2). The major impurity in PVOH is
sodium acetate which has to be removed following the hydrolysis process [39-
42]. This by-product in commercial PVOH is typically low and may reach
several percentages (0.11% to 9.6%) [43] .

B N NaOH '| i ] .
TCH—CH— ———— CHZ—(IZH CH,—CH + Na O—ﬁ——CH3
CH;0H /H,0

/ TR HO J [ <|) J
0=cC X / y

\ 0=c

CH,4 =
R 4 CH,

. . Sodium acetate
Poly (vinyl acetate) Poly (vinyl alcohol)

(Impurity)

Figure 2.2 PVOH preparation via base-catalysed hydrolysis process.

HO—C—CHy—CHy—CH—CHy——CH—

] | | ®
o) OH OH

H3C—C—CH,—CH—CHy—CH— (b)
(l)l OH OH

Figure 2.3 End structures of PVOH which contain
(a) carboxyl group and (b) carbonyl group

The end structures of PVOH may contain carboxyl, carbonyl or benzoyl groups
depending on the manufacturing process. If PVOH is produced from a
polymerisation of vinyl acetate polymer in methanol solution, the end structure
contains carboxyl groups while PVOH obtained from the polymerisation initiated
by benzoyl peroxide has a benzoyl end structure. In addition, impurities of the

monomer (for example, acetaldehyde impurity in vinyl acetate) during the

12



polymerisation process can result in a ketone-type end group of PVOH [41]. Fig.
2.3 illustrates the carboxyl and carbonyl end-group structure of PVOH.

Since the hydrolysis reaction does not occur completely, PVOH still contains an
amount of residual acetyl groups which may be adjusted as low as possible by
controlling the concentration of catalyst, reaction temperature and time. In fact,
PVOH could be considered a copolymer of PVOH and poly(vinyl acetate) [31].
Based on the content of acetyl groups remaining in the product after hydrolysis,
PVOH is classified into partially hydrolysed and fully hydrolysed grades. The
physical properties of PVOH, especially solubility and swellability depend on the
degree of hydrolysis of the polymer. Partially hydrolysed PVOH has higher
solubility and swellability in water than fully hydrolysed materials, whereas fully
hydrolysed PVOH generally has higher crystallinity, tensile strength and tear
resistance. During the hydrolysis process, the hydroxyl groups replace the acetate
groups of poly(vinyl) acetate making the material more sensitive to water.
However, a higher degree of hydrolysis which results in a higher concentration of
O-H groups actually reverses the solubility in water due to strong hydrogen
bonding formed between O-H groups producing crystalline zones in the polymer
[44]. Maximum solubility can be found in 88% hydrolysed PVOH and PVOH
ranging from 87-89% of hydrolysis are soluble in cold water. To dissolve fully

hydrolysed PVOH, it is required that water be heated to higher temperature,

approximately 90°C.

PVOH is a semi-crystalline polymer. Structures of PVOH can be atactic,
syndiotactic or isotactic where atactic polymers expose highest crystallinity and
isotactic-rich polymers show poor crystallinity. Bunn [45,46] denied all former
assumptions about the crystalline structures of PVOH which had O-H groups
placed on the same side of the plane of the carbon chains (isotactic). According
to the author, by using X-ray diffraction, in the high crystalline PVOH structure,
the O-H groups were randomly placed in left- and right-hand positions of the
zigzag plane of the carbon chains (atactic). That crystallinity is affected by
stereoregularity was reported to be associated with differences in hydrogen
bonding. In comparison with atactic PVOH, the syndiotactic polymer has more

regular arrangement of O-H groups along the polymer chains leading to a higher

13
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applications in the healthcare industry as disinfectant for instruments such as
endoscopes, surgical instruments and dental equipment where these instruments
are immersed in an aqueous GA solution for a specific length of time then rinsed
with clean water [76]. In biological electron microscopy, GA acts as a fixative by
crosslinking proteins and enzymes to kill cells quickly in order to prevent their

decay [77].

2.1.2.2 Crosslinking reaction between GA and PVOH

In recent years, GA has been broadly used as a crosslinking agent to improve the
properties of PVOH films in terms of chemical, thermal, mechanical stability and
barrier properties. Bolto et al. [29] has highlighted and reviewed the crosslinking
reactions with different ratios between PVOH and GA which were performed by
previous authors. It was concluded that in comparison with other crosslinking
agents, GA was more effective than formaldehyde or glycidyl acrylate. In
addition, crosslinked products from GA and PVOH swelled less in water than

those obtained by heat treatment processes to increase crystallinity.

There are three recognised methods to produce crosslinked PVOH films using

GA:

1) The first method is termed the phase inversion technique [78] which consists
of casting, precipitation and crosslinking. In this technique, aqueous PVOH
solution is cast on a support (metal, glass plate or non-woven cloth) before being
precipitated in a non-solvent bath (for example, acetone, sodium sulphate
solution) to form a porous membrane [66,79]. Then the porous membrane is

crosslinked with GA in a crosslinking solution.

2) The second method to generate crosslinked PVOH films using GA is to
initially form the films on a support then immerse the dry films in a crosslinking
solution to induce the acetalisation [80]. This method is employed in this

research

3) For the third method, GA is introduced directly into the aqueous PVOH

solution with or without the presence of a catalyst, followed by film casting. The
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dry films without catalyst are subsequently immersed in an aqueous acid catalyst

solution to induce the crosslinking [81,82].

An aqueous crosslinking solution typically contains GA, acid catalyst and salt.
The salt solution creates a reaction medium for the crosslinking to take place. It
does not take part in the reactive process but functions to "salt out" or insolubilise
PVOH, i.e., it causes the PVOH to precipitate out of solution [82]. Various
unreactive salts can be used, including sodium sulphate, potassium sulphate and
sodium phosphate to prevent the dissolution of PVOH. The most common salt
used is sodium sulphate. Catalyst can be any acid such as sulphuric acid,

hydrochloric acid, etc., where the former is more commonly used than others.

Aqueous salt solutions can be replaced by acetone. Yeom and Lee [80]
successfully fabricated crosslinked PVOH membranes using GA in acetone
solution. The crosslinked films were reported to be very stable in aqueous
solutions and could be applied in the pervaporation separation of water-acetic

acid mixtures.

During the crosslinking reaction, O-H groups of PVOH are consumed by GA
producing crosslinked products with acetal linkages (Fig. 2.5). The crosslinking
makes the polymer network more tightly compact, resulting in less space for
species to permeate through the membrane. The resistance to permeation is also

higher for larger species [29].

CH, C

HC—OH H H HO——CH
| | | | H' °< °
cH, *+ O O + CH, — HC—(CH,);—CH
0= (Hy), o | o~ o
HC—OH HO—TH
(§3H2 CH,

%

Figure 2.5 Crosslinking reaction between PVOH and GA
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crosslinking with GA [83]. Chemically crosslinked PVOH films exhibited higher
tensile strength (~1.5 times) than those prepared by heat treatment. However, this
was applicable just in the dry state of the materials. When in wet conditions,
crosslinked membranes were fragile while the heat treated films were more
flexible indicating better elasticity. When extending the post-treatment time, the
morphology of crosslinked membranes did not change as significantly as those of
the heat treated membranes; the porosity degree was nearly constant for the
former yet decreased for the latter. This was explained by the nature of the
different post-treatment methods. In the crosslinking process, polymer chains
were fixed by GA while in the heat treatment process, the PVOH molecules
gained sufficient energy to re-arrange the polymer structure to be less porous.
However, Ahmad et al. [79] showed the morphology changed in porous PVOH
membranes when crosslinking with different GA amounts. It was also found that
when increasing the crosslinking time, the morphology changed and the pore size

distribution decreased.

Drug release from swellable PVOH has been shown to be controlled by
crosslinking density and PVOH content [74]. PVOH (97.5-99.5% hydrolysed,
M,, = 72,000) hydrogel was prepared by a crosslinking reaction with GA. The
crosslinking density was increased when increasing the GA/PVOH ratio resulting

in a decrease of swelling degree which helped to prolong the drug release process.

2.1.3 Sodium sulphate and its influence on the properties of PVOH

Figure 2.6 Structure of sodium sulphate
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degree; for example, Wang ef al. used infrared spectra whilst Mallapragada used

differential scanning calorimetry (DSC).

The crystallinity of PVOH can be determined using different methods, including
X-ray diffraction, density measurements, DSC and infrared spectroscopy [51].
From DSC measurements, the degree of crystallinity is calculated based on the
ratio between the heat of melting of PVOH crystals and the heat needed to melt a
100% crystalline PVOH sample [98]. Infrared spectroscopy (IR) has been used
as an effective method to investigate the crystallinity of PVOH. The peak at
1141-1145 cm™ represents the crystallinity of PVOH [99] and efforts have been
made to determine the degree of crystallinity of PVOH based on this specific
peak. Peppas [49,51] was one of early authors who proposed Equation 2.1 for
calculating the degree of crystallinity based on FTIR spectra wherein the peak at

1425 cm™ was used as a reference peak:
D. (%)= A (a/b)-B 2.1

Where D, — degree of crystallinity (%); a and b — peak heights at 1141 and 1425
cm’, respectively and A, B — coefficients which were calculated via calibration.
The authors did not describe the calibration method but stated that the value of A
was 102.6, but reported different values of B in two separate reports (63.6 [49]
and 10.236 [51]).

Another expression for the degree of crystallinity using a relationship between
band intensities at 1144 and 1097 cm™ was reported by Korodenko [40] when
investigating the effect of sodium acetate on the structure of PVOH with

reference to density measurements, Equation 2.2
D, (%) = 0.82 (A1144/ A1097) (2.2)

was suggested to compare the crystallinity between different samples. However,

issues associated with choice of baselines were not clearly explained.

A peak at 854 cm™ may also be utilised as a reference peak for determining the

crystallinity using Equation 2.3:

D. (%) = A (a/b) + B (2.3)
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where a and b are the heights of absorbance bands at 1141 and 854 cm”,
respectively [100]. Unfortunately, the values for the coefficients A and B were

not reported.

One of the most recent studies by Tretinnikov and Zagorskaya [37] determined
the crystallinity of PVOH films using FTIR. PVOH films were heated to various
temperatures to induce crystallinity and accessed by both X-ray diffraction and
infrared analysis. The intensities of the absorbance bands at 1144 cm™ relative to
those at 1094 cm™ (Fig. 2.7) were measured and then plotted against the
crystallinity degrees calculated from XRD data. An equation to calculate the

crystallinity degree was established using Equation 2.4:
D, (%) = 89.5 (a/b) — 13.1 (2.4)

Where D, — degree of crystallinity (%), a — intensity of the peak at 1144 cm™, b —
intensity of the peak at 1094 cm™.

1094
0.50 - |

0.45 -
0.40 -
0.35 1 1144
0.30
0.25 -
0.20 -

Log (1/R)

0.15 -
0.10 -

-

0.05 -

0.00 T T T T T T T T T T 1
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumber (cm'?)

Figure 2.7 Diagrammatic representation for calculation of peak
intensities for determining crystallinity of PVOH based on
Tretinnikov and Zagorskaya studies [16]. The peak at 1094 cm™ is
used as the reference peak.

Water absorption within a PVOH film has a relationship with crystallinity. When

the crystallinity degree increases, the water permeation decreases. Also, the
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mechanical properties of PVOH increase with an increase in degree of

crystallinity [83].

Care should always be exercised during the heat treatment of PVOH since above
a certain range of temperatures over certain time periods, PVOH decomposes.

This can occur before reaching the melting point temperature [67,68].

2.1.5 Montmorillonite (MMT) and PVOH/ MMT Nanocomposites

2.1.5.1 Montmorillonite (MMT)

Clay minerals are layered silicates which are used popularly in polymer
nanocomposite preparations. Layered silicates or phyllosilicates are natural or
synthetic minerals consisting of aluminosilicate layers stacked together [101,102].
The layer thickness of clay is in the nanoscale, about 1 nm and the lateral
dimension varies from 30 nm to several micrometers or larger [103]. The layered
structures of clays are constructed from silicon tetrahedral sheets and aluminium
octahedral sheets [104-107]. A tetrahedral sheet is composed groups of four
oxygen ions at four tips surrounding a silicon ion at the centre while the
octahedral sheet is built from groups of six oxygen ions or hydroxyl groups
occupying six tips and an aluminium ion at the centre. The tetrahedral and
octahedral sheets are joined together by sharing of the oxygen atoms. Unshared
oxygen atoms are present in hydroxyl form. When a single tetrahedral sheet is
fused with a single octahedral sheet, a 1:1 layered silicate structure is formed. A
2:1 layered silicate structure is created from two tetrahedral sheets fused to and
sandwiching an octahedral sheet of aluminium (Fig. 2.8). Clays consist of many
silicate layers stacked together and separated by regular van der Waals gaps
which are called the interlayer space or gallery. In the dry state, clay layers exist
in face-to-face stacks like a deck of playing cards. The forces that hold the stacks
together are relatively weak, thus allowing small molecules including water,
solvents and monomer as well as polymer to enter into the galleries, causing the

lattice to expand.
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