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Acrylic acid (AcAc) and 2-hydroxyethyl methacrylate (HEMA) were graft copolymerized onto the chito-
san backbone using radical initiation under different experimental conditions. The grafted products were
then characterized by FTIR, TGA, grafting and swelling index (%G and Q, respectively), Mechanical prop-
erties and biodegradability were determined. The study of the properties of the grafted films demon-

strated a marked influence of the concentration of acrylic monomers, time and temperature on the %G.
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In addition, both grafted films (CH-g-HEMA and CH-g-AcAc) showed a noticeable difference in their
mechanical behavior. CH-g-HEMA stands the highest deformation for longer periods in relation to smaller
strain values, whereas CH-g-AcAc shows better tension strain but lower deformation. Therefore, CH-g-
HEMA films have a vast potential for food biodegradable covering characterized by their mechanical
properties, non-toxicity and biodegradability.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan is a natural cationic polymer with a structural polysac-
charide commonly found in nature. Its unique chemical and biolog-
ical properties have attracted attention because of the potential
applications in areas, such as medicine, agriculture and industry.
Undoubtedly, the main reasons for this involve its appealing intrin-
sic properties, such as biocompatibility, biodegradability, non-
toxicity, film-forming ability, bioadhesivity, antimicrobial activity
against fungi, bacteria and viruses.

Biodegradability and non-toxicity allow chitosan to be a prom-
ising material for drug delivery, packaging and biomedical devices
(Andres et al., 2007; El Hadrami et al.,, 2010; Gupta and Haile,
2007; Harish Prashanth and Tharanathan, 2007; Sanpui et al.,
2008; Zhang et al., 2010).

However, chitosan and other natural macromolecular materials
such as agarose, dextran, cellulose and alginate, despite being good
matrixes, are mechanically weak and often difficult to apply.
Chemical modification of chitosan was sought to impart advanta-
geous properties for synthesizing newer materials has increasingly
drawn the attention of numerous studies; their main effort being
centered on the introduction of a second component, a hydropho-
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bic or hydrophilic polymer into the chitosan to form an IPN, a blend
or grafted products (Bayramoglu et al., 2007; Chang et al., 2007;
Chen et al.,, 2004; Rodkate et al., 2010; Vidyalakshmi et al., 2004;
Wang et al., 2008) without a photosensitizer.

A variety of grafted copolymers of chitosan and vinyl mono-
mers, including flocculants, ion-exchangers, drug delivery, affinity
matrixes, were synthesized and evaluated (Casimiro et al., 2005;
Dos Santos et al., 2006; Huang et al., 2006; Sanchez et al., 2007,
Sashiwa and Aiba, 2004; Trong-Ming et al., 2006). This chemical
combination of natural and synthetic polymers yields new materi-
als, through which the beneficial properties of the natural polymer
such as biodegradability and bioactivity remain unaltered. Graft
copolymerization using methylmethacrylate, acrylonitrile, acryl-
amide, glycidylmethacrylate, acrylic acid or vinyl acetate has been
reported utilizing a different kind of initiation such as Fenton’s re-
agent, photo-induction with or without a photosensitizer or radical
method under homogeneous and heterogeneous conditions
(Bakhshi et al., 2009; Dergunov et al., 2008; Harish Prashanth
and Tharanathan, 2003; Huang et al., 2007; Jalal Zohuriaan-Mehr,
2005; Liu et al., 2006; Lv et al., 2009; Zhou and Wu, 2011). In all
cases interesting new properties were found, including thermal
and physical stability, optimal swelling capacity, good barrier
properties or improved mechanical properties.

HEMA (2-hydroxyethyl methacrylate) (Singh and Ray, 1998; Li
et al.,, 2008) and acrylic acid (AcAc) (Jayakumar et al., 2011) are
well known hydrogel-forming monomers widely applied in the
graft copolymerization of chitosan to improve some properties or
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yield newer ones. Usually, they form three-dimensional-network
hydrogels which could retain large quantities of water without dis-
solution. They exhibit high mechanical strength and resistance to
many chemicals (Bayramoglu et al., 2007). Poly(acrylic acid) is
widely used in adhesives and super absorbent materials since its
pendant carboxylic groups are biocompatible and have antibacte-
rial properties (Che et al., 2008; Giiclii et al., 2009).

On the other hand, it is well known that fruit and vegetables are
perishable food, thus they need to be protected with some kind of
film so as to prevent them from decaying. This protection blocks
bacteria and other physical and chemical agents. Such covers must
be innocuous, i.e., they should not in any way contaminate the
food.

Nowadays, food packaging is usually made of PP, PE or PVC.
These materials are non-biodegradable and expensive to recycle,
constituting one of the main causes of environmental pollution.
Therefore, biocomposite films pose an interesting research chal-
lenge in solving the future of packaging technology.

Although several studies on grafted chitosan have been re-
ported, also using HEMA and AcAc, very few analyzed integrally
their properties for their potential application as active packaging.
The main objective of this research was to obtain biocomposite
films with dual effects, i.e., good mechanical properties maintain-
ing the advantageous properties of chitosan. These properties
could give them interesting application as active and biodegrad-
able food packaging material. With this purpose, AcAc and HEMA
were graft-copolymerized onto the chitosan backbone using radi-
cal initiation under different experimental conditions without
using any toxic crosslinkers. The grafted products were then char-
acterized by FTIR and TGA. The swelling degree, mechanical prop-
erties and biodegradability of the films were evaluated.

2. Materials and methods
2.1. Materials

The materials and reactives used were: low molecular weight
chitosan (CH, Aldrich) with a 15.5 acetylation degree, 345
KDa Mw; acetic acid solution HOAc 0.33 M (2% w/v); phosphate
buffer (pH =7.4); 2-hydroxyethyl methacrylate (HEMA, Sigma);
acrylic acid (AcAc, Fluka); ethanol (Merck); ammonium persulfate
(APS, Anedra). All reagents were of analytical grade and used with-
out purification.

2.2. Equipment

ATR spectra were carried out on a FTIR Perkin-Elmer 520 Spec-
trum One spectrometer. The data were collected using 4 scans,
nominal incident angle 45°. An internal reflexion diamond crystal
was used. The same pressure was applied on each sample over
crystal area.

Thermogravimetric measurements (TGA) of the polymers were
carried out on a Perkin-Elmer TGA-7 precision thermogravimetric
analyzer, in a nitrogen atmosphere, in the temperature range of
40-600 °C and at 10 °C/min heating rate.

2.3. Graft copolymerization reactions

The general procedure carried out for these reactions was:
45 mL of 2% w/v of low molecular weight chitosan (CH) stock solu-
tions in acetic acid aqueous solution (HOAc, 0.33 M) were put in a
flat-bottomed three-necked flask. Throughout the reaction time,
nitrogen was purged at room temperature through the stirred
solution. Freshly prepared potassium persulfate aqueous solution
(2mL, 7.4 mM) was added followed by dropwise addition of an

aqueous solution 0.11 M of HEMA or AcAc. The reaction was
conducted for different periods of time ranging from 2 to 4 h with
stirring at different temperatures (35, 50, 65, and 73 °C). Table 1
displays the reaction conditions and quantities used to prepare
the grafted samples. The reaction product was then precipitated
out with 5% ammonium hydroxide (NH4OH) solution until obtain-
ing a uniform gel. The precipitate was filtered and washed with
distilled water to remove the excess alkali; it was then exhaus-
tively washed with ethanol for the complete removal of homopol-
ymer. To insure that no residual monomers were left in the
products, the final extraction solvent was analyzed by UV spectros-
copy. No signal was obtained, showing that all the monomers were
already extracted. The grafted copolymers (CH-g-HEMA and CH-g-
AcAc) were dried in a vacuum desiccator.

The grafted percentage (%G) with respect to chitosan was gravi-
metrically analyzed in according to the variables studied: mono-
mer concentration, reaction time, pH and temperature in CH-g-
HEMA and CH-g-AcAc films, as seen in Eq. (1):

weight of grafted copolymer — weight of chitosan

weight of chitosan x 100

(M

%G =

2.4. Preparation of the films

A known weight of pure and grafted chitosan (previously
washed and purified as was indicated in 2.3) was dissolved in 2%
w/v acetic acid solution to obtain 1% w/v solution, which was then
stirred for 50 min and filtered to remove any non dissolved impu-
rities. Thirty milliliter of the solutions were then poured on glass
plate and dried at room temperature for 24 h and then at 30 °C
for others 24 h in an oven. After cooling, the films were peeled
off from the plate, and stored at room temperature (20 °C, 30%
HR) until used.

2.5. Swelling index (Q)

Dried samples (Wd) were immersed in distilled water for 24 h.
The swollen samples (Ws) were removed from the solution,
quickly wiped with filter paper and weighed. The maximum water
uptake (Q) of films was determined according to the following
expression of Eq. (2):

Q= [‘L\A’/ de} % 100 (2)

2.6. Mechanical properties

Tensile tests were measured with an Instron Universal dyna-
mometer at room temperature equipped with a 0.1 kN load cell.
The membrane thickness ranged from 80 to 110 pum. Tensile stress
(TS) was expressed in MPa and calculated by dividing the maxi-
mum load (N) by the initial cross-sectional area (m?) of the
specimen.

Table 1
CH (g), HEMA (mL) and AcAc (mL) used to prepared CH-g-HEMA and CH-g-
AcAc.

CH:acrylic monomer CH (g) HEMA (mL) AcAc (mL)
(molar ratio)

1:0.5 0.9003 0.35 0.18

1:1 0.9002 0.68 0.37

1:3 0.9007 2.04 1.15

1:6 0.9005 4.08 2.25
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Strain (&) was calculated as the ratio of the final length at the
point of sample rupture to the initial length of a specimen
(20 mm) and expressed as a percentage. For each polymer sample
at least five test tubes were used.

2.7. Permeability studies

2.7.1. Oxygen permeation measurements

High vacuum was made in an experimental permeation device
made up of two compartments separated by the film. One of the
compartments, the upstream chamber, was filled with oxygen, car-
bon dioxide or hydrogen gases at a given pressure and the perme-
ation of the gas through the film to the other compartment, or
downstream chamber, was monitored as a function of time with
a MKS pressure sensor (10~#-1 mmHg) via a PC. The permeation
equipment was immersed in a water thermostat at the tempera-
ture of interest 30 °C.

The permeation coefficient, P, was obtained by means of the fol-
lowing expression:

273 {VdL} i

~ 76 |ATp,

dpy(t)
jt 3)

t—o0

where Vg, A, L, and T represent, respectively, the volume of the
downstream chamber, the barrier of the permeation area, the mem-
brane thickness and temperature. The variables p,; and p, are the
pressures of the downstream and upstream chambers, respectively.
Usually, the permeability coefficient is given in barrers [1 bar-
rer = 1071 x cm>(STP)/(cm? s cmHg)].

2.7.2. Water vapor permeability measurements (WVP)

WVP was determined in duplicate for all films according to the
desiccant method described in the ASTM standard method (ASTM
E96M-10, 2010). Each film of 38.5 cm? was sealed onto an alumi-
num permeation cup (50 mm in diameter and 17 mm in depth)
containing dry CaCl, (0% RH) with silicone vacuum grease and a
ring to hold the film in place. The side in contact with the casting
plate surface was exposed inside the test cups. Once the films were
held, the test cells were then placed in a humidity chamber at
(70 £ 2) %RH and 25 °C. The permeability cups with the films were
weighted at intervals of 1 h during 12 h. Linear regression was
used to calculate the slope of a fitted straight line in a graph of var-
iation of mass versus time. The water vapor transmission rate
(WVTR) (kg s~! m~2) and the WVP (kg m Pa~! s~! m~2) were calcu-
lated from Eqs. (4) and (5), respectively:

WVTR = F/A (4)

WVP = (WVTR x e)/[S, x (RH; — RH,)] (5)

where F is the slope of the graph of variation of mass versus time
(kg s~1), A is the test area (cup mouth area), e is the film thickness
(m), Sp is the saturation pressure (Pa) at the test temperature, RH; is
the relative humidity in the humidity chamber, and RH; is the rel-
ative humidity inside the cell test.

2.8. Biodegradation process

The biodegradability test by composting on a laboratory-scale
was performed on the basis of ISO 14855 (1999): “Determination
of the ultimate aerobic biodegradability and disintegration of plas-
tic under controlled composting conditions”. The tests were con-
ducted in aerobic compost reactors at 25 °C, 60% moisture, and
using municipal waste mixture. The studies were carried out using
three replicate test reactors, three replicate samples in each test
reactor for each exposure time. Two blank reactors were included
in this biodegradation testing system. The blank reactors contained

only 90 g of municipal waste mixture. In the reference or test reac-
tors, CH film was mixed with municipal soil. The biodegradability
of CH and CH-g-HEMA films was determined by measuring the
amount of CO, trapped every 2 days and relating the results to
the calculated percent of the theoretical CO, production (Eq. (6)),
on the basis of the theoretical weight of the material under inves-
tigation. The experiments were done on two different types of mu-
nicipal waste: pristine municipal waste was first used; the assays
were then made on the waste used previously and already en-
riched with the degradation bacteria of the biocomposite films
studied:

Quitosan + O, — Biomass + CO, + H,0 (6)

In principle, the carbon dioxide released from the system of pro-
duction is fixed in sodium hydroxide and carbonate formed is ti-
trated with hydrochloric acid.

The reaction of CO, production was followed by a two-step
reaction (Kale et al., 2007). To determine the amount of CO, pro-
duced, the alkaline solution was titrated with 0.085 N HCl with
two end points followed by two indicators: phenolphthalein and
heliantina.

The amount of CO, produced by the biodegradation was calcu-
lated using the following Equation:

44 ><2.OmL )
2.000  0.5mL

In which V; is the volume of spent acid in the titration using helian-
tina as indicator, Cy is the concentration of standard solution of
HCl and 44 is the molar mass of CO,.

The % Biodegradation was calculated according to Eq. (8):

(CO2)1 — (COz)g
(CO,)

Mco2 (g) =2x Vz X CHCI X

% Biodegradation = x 100 (8)

teor

where (CO;)r (g) is the cumulative amount of CO, released per sam-
ple, (CO,)g (g) is the cumulative amount of CO, by the blank exper-
iment and (CO; )eor (g) is the theoretical amount of CO, produced by
the film.

3. Results and discussion
3.1. Synthesis

Polymer grafting reactions provide the potential for signifi-
cantly altering the physical and mechanical properties of the start-
ing materials. Some grafted polymers tend to form thin films,
which may be useful for packaging applications. Polymer grafting
is usually carried out by radical initiation, which is done either
by photoinduced free radical or free radicals initiators. For the for-
mer, the main disadvantage lies in the formation of homopolymers,
because the UV light generates free radicals directly on vinyl
monomers, thereby increasing homopolymerization (Harish Prash-
anth and Tharanathan, 2003), whereas with radical initiators the
free radicals are produced on specific sites, also increasing the
grafting efficiency. The reactive C-2 amino groups in chitosan read-
ily react in free radical initiated copolymerization. Therefore, they
are involved in the macroradical formation. However, we propose
the formation of grafted polyHEMA or polyAcAc onto chitosan
chains took place through the NH, group with partial formation
of an interpenetrating network and also crosslinkage between
the different chains. In the present research, ammonium persulfate
was used in different concentrations as a free radical initiator to in-
duce grafting. HEMA and AcAc were chosen as monomers to graft
the chitosan at different initial concentrations, and at variable
reaction times and temperatures. Fig. 1 shows the scheme of for-
mation of the different types of networks.
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Fig. 1. Scheme of grafted chitosan using acrylic acid or HEMA as monomers.

Table 2

Molar composition, grafting percentage and swelling index of CH-g-HEMA and CH-g-AcAc at 65 °C and 3 h reaction time.

CH:HEMA (molar ratio) Grafting (%) Swelling index

CH:AcAc (molar ratio) Grafting (%) Swelling index

Chitosan 0.0 11.9 Chitosan 0.0 11.9
1:0.5 10.1 5.1 1:03 9.8 20.1
1:1 235 18.4 1:1 15.0 245
1:3 91.2 8.9 1:3 32.8 14.4
1:6 165.7 5.9 1:6 823 6.3
3.1.1. Effect of monomer concentration 18
Table 2 shows the results of the grafted reaction of chitosan
with varying amounts of HEMA or AcAc. As seen, in both cases, i
15 g o

an increase in the grafting percentage correlates with an increase
in monomer concentration. However, the grafting reactions were
more effective using HEMA monomers than those of AcAc.

Probably, the reactivity of HEMA to copolymerize with CH is
better than that of AcAc, which could be more likely to
homopolymerize.

3.1.2. Effect of reaction temperature

Fig. 2 shows the graft content for the grafting reactions with
HEMA and AcAc onto chitosan using a ratio of 1:1 and pH 4.5 at dif-
ferent temperatures. In the grafted films of CH-g-HEMA, the graft
content initially increases with temperature at 35 °C, and then
slowly decreases. However, the influence of the temperature on
the grafted reactions does not have a pronounced effect (range of
10-15%). In CH-g-AcAc samples, the best graft content was ob-
served at 65 °C, due to the enhanced diffusion of monomer mole-
cules to the macroradical sites. Further to an increase in the
temperature results in a decrease in the graft content. This is ex-
pected when the chain transfer reactions with higher activation
energy could be favored at higher temperatures and in many cases,
this contributes more to an homopolymerization instead to a graft-
ing reaction. Besides, higher temperatures could contribute to a
degradation process of CH.

3.1.3. Effect of reaction time

Fig. 3 shows the variation of grafting reactions with time on
samples prepared using a ratio of 1:1, temperature 65 °C and pH
4.5, It is observed that the time for obtaining the higher grafting

- :
£ ,| |~WcHgHEMA ¥ \-
© - -@- - CH-g-AA . '
(L] ' '
® /
6 . l' ‘I
3~ .. -/ \
0 - , - : . r
30 45 60 75
Temp °C

Fig. 2. Effect of temperature on the %G of CH-g-HEMA and CH-g-AcAc.

reaction degree was two hours on CH-g-HEMA and three hours
on CH-g-AcAc. These results confirm that the effectiveness of the
grafting on chitosan is higher with HEMA than with AcAc.

3.2. Characterization
3.2.1. Spectroscopy characterization

The changes in the structure of grafted chitosan (CH-g-HEMA
and CH-g-AcAc) were examined by ATR FTIR spectroscopy as



756 A. Avila et al./Journal of Food Engineering 109 (2012) 752-761

30 _
. |
! | —m—CH-g-HEMA
25 | --8--CH-g-AA
20 4 "
E, _ \
£ 154 N .9 L
© ¢
I .
= s B,
10 4 K .
5 ot )
0 ” T T T T T T
1 2 3 4

Reaction time (Hours)

Fig. 3. Effect of reaction time on %G of CH-g-HEMA and CH-g-AcAc.

shown in Figs. 4 and 5, respectively. The IR spectra (Fig. 4) show
characteristic absorption bands of chitosan at 3350-3200 cm™"
(0-H and N-H), 1656 cm~! (amide I), 1528 cm~! (-NH, bending)
and 1381 cm™! (-CH,- bending). The absorption bands at 1156
(anti-symmetric stretching of the C-O-C bridge), 1084 and
1028 cm™! (skeletal vibrations involving the C-O stretching) are
characteristic of saccharide structure. As seen in the final products,
the band (-C=0, ester) of poly(HEMA) chains appears at
1728 cm™~!, demonstrating the presence of these polymers in the
grafted chitosan networks. The band (-C=C-, conjugated with the
carbonyl group) characteristic of monomer HEMA at 1640 cm™!
disappears as a result of the copolymerization.

The ATR spectra of the CH-g-AcAc are shown in Fig. 5. Previous
studies report that the absorption peak of carboxyl groups in pure
poly(acrylic acid) appears at 1720 cm~! (Liu et al., 2008a,b). Two
new absorption bands at 1720 cm™~! and 1545 cm™'can be as-
signed to the absorption peaks of the carbonyl groups and

carboxylate anion of poly(AcAc) covalently bonded onto chitosan
chain. These results indicate that the carboxylic groups of poly(A-
cAc) chain are dissociated into COO~ groups(reaction pH was 4.5)
which attract protonated amino groups of CH through electrostatic
interaction to form complex polyelectrolyte during the polymeri-
zation procedure.

3.2.2. Swelling

The swelling indexes (Q) of the CH-g-HEMA and CH-g-AcAc
products in water were previously shown in Table 2.

Chitosan films grafted with AcAc were able to absorb higher
contents of water than HEMA grafted chains. It is known that poly-
electrolyte salt formation produces an increase in swelling in aque-
ous solution. In the range explored, the chitosan:acrylic monomer
(1:1) relationship showed the highest swelling indexes. This
behavior could be assigned to the fact that these grafted chains
have the optimal length to give steric hindrance to the hydrogen
bond formation, characteristic of the native chitosan chain.

The films with lower and higher grafting percentages showed
lower swelling indexes in both cases. This could be explained as
follows: for those samples in which there is a higher composition
of one of the components, the other one could act as an intercross-
ing agent through secondary forces (hydrogen bond or electrostatic
interactions), resulting in a net collapse. In addition, the probable
crosslinking of HEMA and AcAc chains in the polymer network at
the highest grafting ratio may be responsible for the decrease in
swelling of grafted samples. The hydrophilic nature of chitosan re-
sults from the presence of free amino groups on the C-2 carbon.

During the grafting process, a substantial number of free amino
groups are blocked by the growing chains of the HEMA and AcAc.
These changes are also responsible for the decrease in swelling.

3.2.3. Thermogravimetric analysis

Fig. 6a and b shows the corresponding thermogravimetric
curves (weight loss % in relation to temperature) and their first
derivative curves of chitosan, CH-g-HEMA and CH-g-AcAc,
respectively.

The TGA of pure chitosan shows a weight loss in two stages. The
first stage ranges between 40 °C and 200 °C with about 15% weight
loss. This may be attributed to the adsorbed and bound water. The

100 e
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——
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w- CH-g-Hema 1:6

f . . . f

2000 1000
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Fig. 4. FTIR-ATR spectra of chitosan and CH-g-HEMA films at different molar ratios: 1:0.5; 1:1; 1:3; 1:6.



A. Avila et al./Journal of Food Engineering 109 (2012) 752-761 757

100 WM“«ML /’\\ S VA
" 7
i \ /f/ \/ﬂ Chitosan
o0 <
: N
100 Jrpaettae
*1 CH-g-AA 1:0,3
& |
e ol
_g ]
€
N |
S e CH-g-AA 1:1
2 !
]
100
95.: CH-g-AA 1:3
T

Wavenumbers (cm-1)

2000

ety

A s
A\ Vo
i

1640

1720

lw - - - -
1500 1000

Fig. 5. FTIR-ATR spectra of chitosan and CH-g-AcAc films at different molar ratios: 1:0.3; 1:1; 1:3.

second stage of weight loss starts at 200 °C and continues up to
300 °C. There was about 40% of weight loss due to the degradation
of polysaccharide. The TGA and its first derivative curve of CH-g-
HEMA sample (Figs. 6a and 7a respectively) undergo weight loss
in two stages at a lower grafting degree and in three stages at a
higher grafting degree. During the first stage, which starts from
40 °C and continues up to 200 °C, there is about 15% weight loss
of adsorbed and bound water in all the films. In the second stage,
which ranges between 200°C and 350°C in the CH-g-HEMA
1:0.5 and 1:1 samples, there is a weight loss of about 30%. This
may be due to the degradation of grafted chains in the films. When
the molar ratios used are 1:3 and 1:6, a third stage appears up to
450 °C (Kashiwazaki et al., 2009). This coincides with the presence
of another maximum as shown in Table 3, due to the degradation
of chitosan backbone by random chain scission.

The same behavior was observed for CH-g-AcAc (Figs. 6b and
7b). The first stage ranges between 40 °C and 200 °C with a molar
ratio of 1:3 and 250 °C in the molar ratio of 1:1 and 1:0.3. The gra-
phic also shows about a 10% weight loss in the film with a molar
ratio of 1:3 and 25% weight loss in the molar ratio of 1:0.3 and
1:1. This may be due to the loss of adsorbed water. In the second
stage, which ranges between 200 °C and 400 °C in 1:3 sample,
there is about 30% weight loss due to the degradation of the exter-
nal chains of the grafted chitosan (Kashiwazaki et al., 2009). A third
stage appears up to 385 °C in CH-g-AcAc 1:1 and 1:3, due to the
degradation of synthetic polymer.

The TGA data clearly indicate that the stability of chitosan has
been decreased by grafting with hydrophilic HEMA and AcAc.
When the unmodified chitosan is compared with the derivatives
of the grafted chitosan, we observe lower thermal degradation
temperatures and more degradation steps, especially when %G
increases.

3.2.4. Mechanical properties

Mechanical properties of chitosan, CH-g-HEMA and CH-g-AcAc
films of tensile stress are found in Figs. 8 and 9. They show the ef-
fect of different concentrations of monomer agents incorporated
into films and the consequent change in the properties. In the
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Fig. 7. First derivative curves of CH, CH-g-HEMA (a) and CH-g-AcAc (b) films.

Table 3
Peak temperatures in TG during thermal degradation of chitosan, CH-g-HEMA and
CH-g-AcAc films.

Sample G (%) IDT (°C)? FDT (°C)*
Chitosan 0.0 2482 3492
CH-g-HEMA 1:0.5 10.1 2493 3345
CH-g-HEMA 1:1 235 2189 356.8
CH-g-HEMA 1:3 91.2 2776 4376
CH-g-HEMA 1:6 165.7 2776 409.0
CH-g-AcAc 1:0.3 9.8 241.0 361
CH-g-AcAc 1:1 15.0 218.0 372
CH-g-AcAc 1:3 32.8 2132 372

2 IDT: initial decomposition temperature, FDT: final decomposition temperature.

range of the deformation studied, a greater decrease in tensile
stress is shown by the addition of HEMA and AcAc. The time and
deformation supported by the films under stress have been
evaluated.

Fig. 8 depicts the variation in stress in relation to the percentage
of deformation in CH-g-HEMA for different molar relations. It has
been observed that the 1:1 film undergoes the greatest stress
values with longer periods of deformation rates up to 20%. The
addition of high HEMA concentration lowered the deformation
modulus of the film (Xu et al., 2005). This suggests that these films
present a more thermoplastic behavior than that of chitosan
without grafting.

100
o = Chitosan
= = CH-g-Hema 1:0.5
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Fig. 8. Graphic representation of the stress (¢) in CH and CH-g-HEMA films in
relation to deformation ¢ (%).
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Fig. 9. Graphic representation of the stress (¢) in CH and CH-g-AcAc films in
relation to deformation & (%).

CH-g-AcAc 1:1 membranes are observed to undergo small
deformations under high stress values (Fig. 9). In CH-g-AcAc films
the ¢ values always decreased when the ratio is increased. This
shows that these films behave like fibers, i.e., that they can support
high stress without deformation, but are fragile, brittle and easily
broken. The tensile stress (TS) and deformation (&) values at break
of the CH-g-HEMA and CH-g-AcAc films with the different HEMA
and AcAc ratios were obtained from Figs. 8 and 9, respectively
and summarized in Table 4. These results indicate that the TS val-
ues of the films decrease first with the addition of synthetic poly-
mer, then they reach maximum values at 71 MPa for CH-g-AcAc
1:1, and 54 MPa for CH-g-HEMA 1:1. The TS then decreases with
a further increase in the grafting ratio. The decreasing TS values
of the films, in the chitosan-monomer ratio of 0-0.5 and 1-6 could
be attributable to the formation of intra-molecular hydrogen bonds
of the synthetic polymer rather than to that of the inter-molecular
hydrogen bonds, resulting in a phase separation between the two
main components (Xu et al., 2005).

Young’s moduli of the chitosan films were 4.7 GPa. The maxi-
mum value was observed at 3.3 GPa in CH-g-AcAc films 1:1 and
2.14 GPa in CH-g-HEMA films1:1. In the CH-g-HEMA films, the
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Table 4
Tensile stress (TS) and deformation (¢) at break of chitosan, CH-g-
HEMA and CH-g-AcAc films.

Sample TS (MPa) & (%)
Chitosan 96 10
CH-g-HEMA 1:0.5 41 20
CH-g-HEMA 1:1 54 22
CH-g-HEMA 1:3 33 14
CH-g-HEMA 1:6 32 9
CH-g-AcAc 1:0.3 40 2
CH-g-AcAc 1:1 71 3
CH-g-AcAc 1:3 17 1

0,06

0,04

0,02

0,00 7=

0,08

0,086

0,04

Pressure, mbar

0,02

0,00 2=

0,08

0,06 -

0,04 |

0,02 -

10000 15000

Time, s

20000

Fig. 10. Variation of the pressure of () oxygen, (O) carbon dioxide and (A)
hydrogen as a function of time at 30 °C and 1 bar in chitosan (top), chitosan-HEMA
1:0.5 (middle) and Chitosan-HEMA 1:1 (bottom) membranes. Lines represent the
leaks of the system.
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Table 5
Water vapor permeability (WVP) values of CH and CH-g-HEMA
films.
Films WVP (g/Pa~'s 'm™1)
CH 1.77 x 10713
CH-g-HEMA 1:0.5 2.00 x 1013
CH-g-HEMA 1:1 240 x 10713
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Fig. 11. Rate of biodegradation as a function of time in chitosan and CH-g-HEMA
1:1 films.

Young’s moduli always decreased from the value obtained in the
chitosan films. The CH-g-AcAc had a higher Young’s modulus com-
pared with that of CH-g-HEMA. This observation is most probably
related to the reaction between amino groups of chitosan and
carboxylic groups of AcAc from adjacent chains, resulting in the
formation of a stiffer material.

Additionally, the T of poly(HEMA) is about 80 °C, differing from
poly(AcAc) with a Tg of 106 °C. Dong et al. (2004) have reported
that the T, of chitosan is around 200 °C, which is very close to
the degradation temperature onset. On the other hand, Dos Santos
et al. (2006) have demonstrated through DMTA studies that grafted
chitosan with HEMA shows a perfect miscibility between the
poly(HEMA) and chitosan. This observation justifies the mechani-
cal properties found in these results and the thermoplastic behav-
ior of CH-g-HEMA.

3.2.5. Permeability studies

It is known that polysaccharides and proteins films have effec-
tive barriers to gases (El-Azzami and Grulke, 2007). Specifically,
chitosan has low permeability to oxygen and carbon dioxide, and
its permeability is dependent on the water content (Li et al.,
2008). Fig. 10 shows the gas permeability of chitosan, compara-
tively with CH-g-HEMA 1:0.5 and 1:1. The covalent introduction
of the HEMA by grafting decreases the permeability of quitosan.
Probably, this could be explained due to the increase of the tortu-
osity of the grafted films.

Table 5 shows the WVP for chitosan and grafted films. It was ob-
served that the WVP slowly increases with grafting and with the
initial concentration of the HEMA. However, these WVP values
are the same or lower than those found in other films frequently
used for packaging (Lopez-Gonzalez and Riande, 2006; Berins,
1991). However, it is known that although the permeability to
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gases in dried films of polysaccharides is low, if the material
spends long time in contact with wet food, it swells and allows
for an increase of its permeability to gases.

3.2.6. Biodegradation studies

The CH-g-HEMA films were chosen for performing biodegrada-
tion assays due to their optimal mechanical properties and their
potential packaging applications.

Fig. 11 shows the rate of biodegradation of chitosan and CH-g-
HEMA 1:1 films in terms of days of exposure to degraded
environments.

In Section 2.7 two kinds of experiment were explained. In
Fig. 11 they were named as CHland CH2 of chitosan films and
CH-g-HEMA 1 and CH-g-HEMA 2 of chitosan:HEMA 1:1 films used
in experiments 1 and 2, respectively.

Fig. 11 shows, in all cases, two stages of the biodegradation pro-
cess of the films, which can be defined as the biodegradation phase
(linear portion of the curve) and the plateau. The phase of the bio-
degradation curve of almost all films showed a high slope generally
observed in the first 10 days of experience; the biodegradation pro-
cess would then become slower and produce a plateau.

The CH2 sample was placed for testing biodegradation in muni-
cipal waste in the same bottle in which the experiment of biodeg-
radation had been carried out with the CH1 sample. It can be
assumed that the waste on which we placed the CH2 sample was
enriched with bacteria that had degraded the CH1 sample. This
could provide insights into the fact that the percentage of biodeg-
radation for CH2 and CH-g-HEMA 2 samples was higher than that
of sample 1. Moreover, in only 20 days the CH2 sample degraded
85% at a rate greater than that of the CH1 sample, while CH-g-
HEMA 2 films showed 45% of biodegradation during the same time.
Probably, the fact that biodegradation only affects CH chains leads
to a weakening of the network integrity.

4. Conclusion

The studies and characterization of the physical chemical prop-
erties of the grafted films demonstrated the major influence attrib-
uted to the concentration of acrylic monomers, time and
temperature on the %G. In addition, both grafted films (CH-g-HEMA
and CH-g-AcAc) showed a pronounced difference in their mechan-
ical behavior. CH-g-HEMA supports the highest deformation for
longer periods in relation to smaller tension strain, whereas CH-
g-AcAc showed better tension strain but lower deformation.

Therefore, the films of CH-g-HEMA have a great potential for
food biodegradable covering showing non-toxicity and biodegrad-
ability. Those films keep the chitosan advantages, namely, good
barrier properties to oxygen penetration and very good protection
properties of specific foods.
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