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Abstract

Viscous aqueous solutions of chitosan and polyvinyl alcohol (PVA) were blended to enhance mis-
cibility and avoid polymer phase separation. The mixtures were drop-casted and air dried to yield
composite film materials that were characterized by equilibrium water uptake, physical stability
in aqueous solution, and thermal stability. Chitosan/PVA blends have greater thermal stability,
unique morphology, and reduced solubility in acidic solution, thus extending the useful pH range
for chitosan as a sorbent material. The uptake properties of the films was investigated using me-
thylene blue (MB) and a p-nitrophenol (PNP) dyes, where it was found that each single component
polymer has greater uptake toward MB than PNP. A direct relationship between film composition
(chitosan:PVA) with solution pH and the uptake of MB was observed. The results are in agreement
with electrostatic interactions and contributions due to the hydrophobic effect for such composite
materials.
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1. Introduction

This study aims to investigate binary chitosan and PVA composite polymer films and their adsorptive properties
toward two types of organic dye molecules from aqueous solutions. We report the preparation of chitosan/PVA
composite films with enhanced properties for the selective sorption of environmental contaminants from
aqueous solutions. Their utility for environmental remediation or monitoring applications is proposed due to
their versatile mechanical properties and ability to cast into various shapes. Chitosan is a linear polysaccharide
composed of a-1,4-linked D-glucosamine units, with a variable acetylation of the amine groups depending on
the mode of preparation and isolation from chitin [1] [2]. Apart from environmental science applications, chito-
san is an emerging green biomaterial with diverse applications in biotechnology, pharmacology, and medicine
due to its unique physicochemical properties, including acid-base behavior, biodegradability, antimicrobial ac-
tivity, and mucoadhesive nature [3]-[6]. Polyvinyl alcohol (PVA), is a synthetic thermoplastic with hydrophilic
character [7] [8] with high tensile strength, elasticity, and moderate water solubility at elevated temperatures.
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PVA is biocompatible [3] [7] [8] and has been widely used for in vitro medical applications.

Composite blends of PVA and chitosan have been reported previously [4] [7]-[9]. Composite films offer ad-
vantages due to improvements in stability, biocompatibility, and mechanical strength relative to the properties of
the single components [8]. The membrane permeability of binary blends between N-succinyl chitosan with PVA
was reported [9] with similar sized organics [anionic benzenesulfonic acid (II), neutral styrene glycol, and catio-
nic theophylline (IIT)) with variable ionization states. This contribution examines the adsorption properties of
binary composite films containing chitosan and PVA by evaluating the uptake properties of composite films
with two representative model organic dyes [methylene blue (MB) and p-nitrophenol (PNP)] at specific pH and
concentration conditions. We anticipate that the results reported herein will contribute to a greater understanding
of the adsorptive properties of such composite materials and extend the utility of such materials for sorptive-
based applications.

2. Experimental
2.1. Film Preparation

Thin sheets of solid, flexible polymer were prepared by a solution casting method. Chitosan flakes (Sigma Al-
drich, low molecular weight, 80% deacetylated) were dissolved in 4.6% (w/w) acetic acid solution over 24 h.
The resulting gel was transparent and highly viscous. PVA (Sigma Aldrich, 146 - 186 kDa) was dissolved in
water (milli-Q system) at 80°C with stirring to obtain a 5% w/w solution that was allowed to cool to room tem-
perature. The solutions were combined in variable weight proportions to give the desired mass ratios of chito-
san/PVA, and mechanically mixed using a small, high-torque rotary tool at 2000 rpm for 10 min. After blending,
0.50 g of each mixture, the mixture was transferred to Pyrex petri dishes (5 inch diameter) and allowed to air-dry
at ambient conditions for 3 days. Dried films were then peeled from their dishes, and further dried at 50°C for 4
h. The films were cut into small squares (~4 mm per side) and transferred into 200 mL (0.25 M) aqueous NaOH
solution with occasional stirring for 2 h. The films were removed and placed in two successive portions of fresh
Millipore water (200 mL) for 15 min. and 2 h, respectively. Films were subsequently dried under vacuum for 12
h at 50°C and stored for future use in a desiccator.

2.2. Swelling Tests

The propensity of films to absorb water was measured gravimetrically. Dried film (~50 mg) samples were im-
mersed in distilled water for 20 h. After removal from the water, the films were gently blotted on tissue paper
(Fisher brand Delicate Task Wipers) to remove residual water, and reweighed. Experiments were performed in
triplicate, and the mean results are reported.

2.3. Thermogravimetric Analysis

Films were cut into small (~5 mg) pieces and placed in aluminum pans for thermogravimetric analysis (TGA) on
a TA Instruments Q-50. The temperature program was a linear ramp of 5°C'min”" up to a final temperature of
500°C. A nitrogen purge gas (10 mL-min ') was used during the TGA heating profile.

2.4. Degradation Tests

The resistance of films was tested for dissolution in aqueous acid solution. Dried samples (~20 mg) of film were
placed in 2 mL (0.1 M NaCl) adjusted to pH 1.6 using HCI. The vials were shaken horizontally at 2 Hz for 12 h
prior to oven-drying at 50°C for 2 h.

2.5. Equilibrium Uptake Measurements

The adsorption properties of films were evaluated using aqueous solutions of the model dyes MB and PNP. A 50
mM KH,PO, buffer at pH 5 was prepared by adjusting the pH using an aqueous solution of NaOH. A 50 mM
NaHCO; buffer at pH 9.0 was similarly prepared using NaOH. The film samples (60 mg) were transferred to 2
dram vials containing 3.00 mL of an aqueous dye solution: methylene blue (20 uM) at pH 5.0 or 9.0, 100 uM
PNP (pH 5.0), or 33 uM PNP (pH 9.0), respectively. The vials were sealed with an inert plastic film and shaken
horizontally at 2 Hz for 24 h. Incubated film solutions were then removed from the shaker and analyzed directly
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by UV-vis spectroscopy with quartz cuvettes. Samples were compared against an appropriate blank solution to
give initial and equilibrium concentration values, denoted Cy and C., respectively. Beer-Lambert calibration
plots of MB in aqueous solution yielded the following parameters: Ay = 660 nm (2.70 x 10° mol "L "-em™),
320 (9.50 x 10> mol L' cm™), and 400 (2.22 x 10° mol "L "cm™") for MB, and both neutral and anion forms
of PNP, respectively. Linear regression of the calibration plots yield the molar absorptivity of the dyes (MB or
PNP) that allow estimation of the dye concentration before adsorption (C,) and after adsorption (C,) by the po-
lymer films, according to Equation (1).

(C,~C,)xV
Q.= o €))

Q. is the quantity of adsorbate in the polymer phase adsorbed at equilibrium (mg-gfl), C, and C, are the ad-
sorbate concentrations (mg-L™") in aqueous solution, V is volume of adsorbate solution, and m is mass (g) of
polymer film.

3. Results and Discussion
3.1. Swelling Tests

The level of swelling (%w/w) of the polymer films was determined by the differences in weight (Wt) of swollen
films in the hydrated (swelled) versus the dry state, according to the Equation (2).

Swelling(%) = 100% x [WtW‘_Wt“WJ
wi,, @)

Table 1 lists the swelling data for neutralized films with variable composition. The results indicates that the
PVA content of the composites contributes more significantly to swelling than chitosan. This observation is
consistent with the greater hydrophilic character of PVA according to its overall water solubility. To determine
the effect of neutralization of residual acetic acid in the films, a swelling test was performed on a 1:1 chito-
san/PVA film that was not neutralized. By contrast, the non-neutralized film underwent rapid dissolution in an
environment of distilled water over a period of 15 minutes at quiescent conditions. Such behavior reveals the
importance of neutralization of chitosan on film solubility and stability towards polymer chain packing effects
and infiltration of solvent into the micropore domains of the film materials.

3.2. Stability Tests

In addition to swelling tests, the resistance of neutralized films to dissolution in aqueous solution was studied at
low pH conditions. Dried film samples were assessed for the degree of mass loss (w/w; %) by Equation (3),
Wt,—Wt,
"

Loss(%) =100% x [ 3)

where Wt; and Wt are the dry film weights before and after equilibration in water at pH 1.6.

Data from Table 2 indicates that composite films have slightly greater stability as the PVA content increases.
While PVA displays greater swelling in water, it does not dissolve unless higher temperature conditions (>60°C)
are used. Film stability is enhanced when the materials are properly neutralized with NaOH, including single
component chitosan films. This may be due to structural rearrangement of the composite, which occurs during
neutralization of the protonated amine sites of chitosan, leading to an increase in packing efficiency of polymer
segments and attenuated solubility, as reported by Ogawa et al. [10]. The change in morphology was related to
restructuring from a hydrated (L-2 form) to the anhydrous crystalline form of chitosan. After treatment with
NaOH, rinsing, and drying, the films that contain chitosan are slightly shrunken and more brittle. TGA results
confirm that acetic acid is eliminated by this treatment, and trace water is also removed, resulting in films with
reduced wetting characteristics and dissolution in water. This behavior was previously investigated where it was
concluded that the partial restructuring of chitosan from a hydrated phase to an anhydrous form is related to so-
lubility [10] [11].

3.3. Thermogravimetric Analysis

In addition to the swelling and dissolution characteristics of film samples, the thermal stability of single-and
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Table 1. Results of film swelling in water at ambient conditions.

Film Composition Neutralize Swelling
(chitosan/PVA) (topH 7) (Yow/w)

100:0 Yes 147% £ 12%

50:50 Yes 172% + 10%

35:65 Yes 201% + 11%

25:75 Yes 207% + 13%

5:95 Yes 206% + 16%

0:100 Yes 190% £ 2%
50:50 No Dissolves

Table 2. Degradative weight loss of film materials in aqueous solution (pH 2.0) at 298 K.

Composition (Ch: PVA)? Mass Loss (Yow/w)
100:0 5%
50:50 1%
35:65 2%
25:75 <1%
5:95 <1%
0:100 <1%

*Specifies whether residual acetic acid was present in film from preparation, or whether it was neutralized by treatment with NaOH.

binary-component films were investigated using TGA. Previous work [12] [13] on chitosan copolymers revealed
that the thermal stability of copolymers differed relative to pure chitosan. A chitosan film which had been neu-
tralized in aqueous NaOH was compared with a film of similar composition which was washed repeatedly with
distilled water.

The primary effect of film neutralization is evidenced by the elimination of residual acetic acid, which has a
thermal event centered at 162°C. This observation is consistent with elevated temperature loss profiles of water
bound within micropore sites of microporous materials. By contrast, the event at 162°C is absent in the TGA re-
sults of the neutralized films (cf- Figure 1). Acetic acid and water are anticipated to interact with polar domains
or micropore sites due to their comparable size and polarity. The thermal events for vaporization of water and
acetic acid are broad and shifted to higher temperature, suggesting that they are bound tightly within micropor-
ous domains [13] of the film. After neutralization with NaOH, the thermal event for acetic acid is absent
(~162°C) in the thermograms of Figure 2. The thermal event at 250°C - 300°C attributed to chitosan decomposi-
tion is also shifted to higher temperature after neutralization, supporting the creation of a unique crystal phase
after neutralization. In binary composite films (Figure 2), the stabilizing interactions between glucosamine units
and intermolecular interactions with PV A aides in stabilizing the composite film [14]. The presence of chitosan
and PVA results enhanced thermal stability, as evidenced by a new thermal event with a wider temperature
range for mixed films between 320°C - 375°C, in agreement with Yang et al. [4]. Enhanced thermal stability of
composite films may be due to H-bonding between components and improved packing of film components, as
evidenced by the TGA results for crystalline and amorphous forms of chitosan [13].

3.4. Dye Sorption

Dye sorption has been employed to estimate the textural and sorptive properties of polysaccharide-based mate-
rials containing amylose [14] and chitosan [15]-[17]. The equilibrium uptake (Q.) of PNP and methylene blue
was evaluated at fixed initial concentration conditions (cf. Equation (1)). The dependence of Q. on the relative
content of chitosan/PVA (w/w; %) was evaluated on the basis of the adsorption properties of single and binary
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Figure 2. Derivative TGA plots of neutralized chitosan/PVA films.

component films.

Casted films reveal negligible uptake of PNP at pH 5.0 and 9.0 (>1 mg/g) films that contain chitosan are pro-
tonated near pH 5 since this condition lies below the pK, (~5.6) of pristine chitosan. Protonation of the amine
sites of chitosan results in repulsive electrostatic interactions with attenuated sorptive uptake of PNP. By com-
parison, MB shows a clear trend in uptake according to the incremental chitosan content of the film at each pH
condition. The binding affinity to films containing chitosan is attenuated at pH 5 (below pK, of chitosan), in
agreement with a positive zeta-potential at the surface, or within the film interior. Protonation of the amine
group of chitosan (pK, = 5.5) is anticipated to exert a repulsive electrostatic interaction with MB at these condi-
tions [15]. The MB cation dye shows moderate binding to films of pure PVA, which can be viewed as more hy-
drophilic in nature with and electron rich domains suitable for binding with cation dyes. The interaction with
MB is reversed at pH 9.0, as evidenced by an attenuation of the uptake at low chitosan film composition, as seen
in Figure 3. At elevated pH, the screening of the formal charge of MB by hydroxide ions is anticipated at such
alkaline pH conditions. Thus, the favourable uptake of MB at pH 5 may be related to electrostatic attractions
between the polar functional groups of chitosan and PVA that favours complementary interactions. That the
composite exhibits a nonlinear trend in Q. vs chitosan composition (%) suggests that cooperative or synergistic
interactions may occur between each polymer segment. This could be due to macroscopic reorganization such as
localization of chitosan at the film surface during the casting process, the cooperative generation of favourable
binding sites between PVA and chitosan, or the steric disruption of favourable binding sites on one polymer by
the second polymer component. Relative to single component systems, composite films have other advantages
such as improved durability, improved thermal stability, and improved adsorption of mixed sorbates, eitherca-
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Figure 3. The effect of film composition (% chitosan) on uptake toward me-
thylene blue (MB) at variable solution pH at 298 K, where Co =20 uM.

tion and neutral forms. Chitosan—-PVA films of the type described herein are anticipated to have useful applica-
tions as coatings in biomedical devices or advanced drug delivery systems due to their unique properties and
stability [18]. Polymer blending of binary systems such as modified chitosan is currently under investigation to
evaluate the role of porogens [19], physical and chemical cross-linking [4] [20], or complex formation [21] with
metals or polyelectrolytes.

4. Conclusions

Composite polymer films of chitosan were prepared by blending and drop casting. Film characterization was
done by swelling, dissolution, and TGA experiments. While chitosan and PVA undergo swelling, PVA dis-
played greater uptake in distilled water at neutral pH conditions; whereas, chitosan undergoes substantial swel-
ling at pH conditions less than pH 5.5 (i.e. pH < pK,). The reduced stability of chitosan in binary film compo-
sites at pH conditions near its pK, is anticipated due to strong hydration of the ammonium ions along the poly-
mer backbone leading to favourable hydration and dissolution in water. Neutralized films showed markedly dif-
ferent physical, thermal, and solubility properties, as shown by their tunable solubility and enhanced stability of
binary films with variable composition.

PNP showed negligible binding to all films regardless of pH. The adsorption properties of binary composite
films were reduced at low pH for the composite films due to protonation of chitosan as evidenced by electros-
tatic repulsion with the MB cationic dye at pH 5. By contrast, binary films enriched with chitosan show high
MB uptake at pH 9. The blending of chitosan with PVA in films or other cast solid forms combines favourable
affinity for cationic substrates with the good affinity of PVA for neutral adsorbates. These favourable attributes
are extended by the improved mechanical and thermal properties of composite films and the resistance to
breakdown in water offered by a facile reaction of a base in aqueous solution in a manner analogous to photo-
chemical treatment of chitosan-based films [22]. The results presented herein provide evidence for the potential
application of chitosan/PVA films as a tunable sorbent material for cationic pollutants and the potential applica-
tion of such materials in environmental sensing devices, pollutant remediation or biomedical applications.
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