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Apêndice B

r2 ~E = µ"
@2 ~E

@t2

−!
E =  (x, y, z)x̂ei(kz−wt)

r2 + 2ik
@ 

@z
− k2 = −w2µ" 

r2 = 0
@ 

@z
= 0

k2 = w2µ"

n =
k

k0
=

r

µ"

µ0"0



@2 

@z2

@2 

@x2
+
@2 

@y2
+ 2ik

@ 

@z
= 0

 = eiQ(z)(x2+y2)e−iP (z)

− 2x2
✓

2Q2 − k
@Q

@z

◆

− 2y2
✓

2Q2 − k
@Q

@z

◆

− 2

✓

2iQ2 − k
@P

@z

◆

= 0

2iQ2 − k
@P

@z
= 0

2Q2 − k
@Q

@z
= 0

Q =
k

2(iz0 − z)

P (z) = iln(iz0 − z)

 =
1

q

1 + z2

z20

e
−k

(x2+y2)(iz−z0)

2(z2+z20) e
itg−1( z

z0
)

w(z)2 = w2
0

✓

1 +

✓

z2

z20

◆◆

R(z)2 = z

✓

1 +

✓

z2

z20

◆◆

φ(z) = tg−1

✓

z

z0

◆



w R φ

r2 = x2 + Y 2 w2
0 = 2z0

k
= z0λ

π

φ =
w0

w(z)
e
− r2

w2(z) eik
r2

2R(z) eiφ(z)

E = E0
w0

w(z)
e
− r2

w2(z) eik
r2

2R(z) eiφ(z)

PNL

r2E −
✓

n2
0

c

◆2
@2E

@t2
=

4⇡

c2
@2PNL

@t2

✓

@

@z
− n0

@

@t

◆

E =
2⇡ik0
n2
0

PNL

k0 =
2πn0

λ
I = |E(z)|2

E(z) =
p

I(z)ei∆φ(z)

PNL = χ3|E|2 · E

@
p
I

@z
+
p
Ii
@∆φ(z)

@z
=

2⇡ik0
n2
0

χ3|E|2
p
I +

↵(I)
p
I

2

@∆φ

@z
= ∆n · k

@I

@z
= −↵(I) · I

I(z0) = I0e
−α0z0



n = n0 +
n2|E|2

2
+ n0 + γI

n0 n2 γ

n2(esu) =
cn0

4π
γ

I =
1

2

⇣cn0

4⇡

⌘

|E|2 = E2
0e

−2r2

w2(z)

✓

w0

w(z)

◆2✓
1

2

cn0

4⇡

◆

∆φ = γkI0

✓

1

↵0

− e−α0L

↵0

◆

Leff =
⇣

1−e−α0L

α0

⌘

∆n0 = γI0

∆φ0(t) = γk∆n0(t)Leff

∆φ(z, r, t) = ∆φ0(z, t)e
−2r2

w2(z)

∆φ0(z, t) =
∆φ0(t)

1− z2

z20

↵(I) = ↵ + βI

α β

I =
I0e

−αL

1 + βLeffI0
=
I0e

−αL

1 + q

q(z, r, t) = βI0Leff

∆φ =
γk

β
ln (1 + βI0Leff )

∆φ(z, r, t) =
γk

β
ln (1 + q(z, r, t))



I = |E|2

Ee =
E(z, r, t)e

−αL
2 ei∆φ

p
1 + q

∆φ

|q| << 1

Ee = E(z, r, t)e
−αL

2

1
X

m=0

qm

m!



Πm=0

✓

ik
γ

β
− 1

2
− n+ 1

◆]

P (z, t) =
R

I2πrdr

P (z, t) = Pi(t)e
( − αL)

ln (1 + q0(z, t))

q0(t)

Pi =
w2

0πI0
2

⇣

1 + z2

z20

⌘

1
βLI0

= 1
q0

Ee = E(z, r, t)e
−αL

2 ei∆φ(z,r,t)

ei∆φ(z,r,t)

ei∆φ(z,r,t) =
1
X

m=0

[i∆φ0(z, t)]
m

m!
e

−2mr2

w2(z)

E(z, r, t) = E(z, r = 0, t)e
−r2

w2(z)

Ea(r, t) = E(z, r = 0, t)e
−αL

2

1
X

m=0

[i∆φ0(z, t)]
m

m!

wm0

wm

e

✓

−r2

w2
m

− ikr2

2Rm
+iQm

◆



g = 1+ d
R(z)

w2
m0 =

w2
z

2m+ 1

dm =
kw2

m0

2

Rm = d

 

1− g

g2 + d2

d2m

!

✓m = tg−1

✓

d/dm
g

◆

w2
m = w2

m0

✓

g2 +
d2

d2m

◆

T =
1

S

1
X

m=0

1
X

n=0

1

m+ n+ 1
Gmn{cos

⇣

cmn
⇡

2

⌘

− ebmY 2
a cos

⇣

cmn
⇡

2
+ dmnY

2
a

⌘

}

Gmn =
1− senδsen2φ

2

[∆φ0(z, t)]
m+n

m!n!

bmn =
(

1 + x2
) 2m+ 1

x2 + (2m+ 1)2
+

2n+ 1

x2 + (2n+ 1)2

dmn =
4x (1 + x2) (m− n) (m+ n+ 1)

[x2 + (2m+ 1)2] [x2 + (2n+ 1)2]

cmn = m−n S = (1− e−2Y 2
a ) Ya =

ra
Dw0

x = z
z0

D = d
z0

T = 1− 4x∆φ0

(x2 + 1) (x2 + 9)



Anexos A



Effects of UV irradiation on the wettability of chitosan lms containing

dansyl derivatives

A.P.P. Praxedes a, A.J.C. da Silva b, R.C. da Silva b, R.P.A. Lima a, J. Tonholo b, A.S. Ribeiro b, I.N. de Oliveira a,

a Instituto de F́ sica, Universidade Federal de Alagoas, 57072-970 Maceió-AL, Brazil
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a b s t r a c t

The morphological and wetting properties of chitosan lms containing dansyl derivatives have been

investigated. By means of dynamic contact angle measurements, we study the modi cation of surface

properties of chitosan-based lms due to UV irradiation. The results were analyzed in the light of the

molecular-kinetic theory which describes the wetting phenomena in terms of the statistical dynamics

for the displacement of liquid molecules in a solid substrate. Our results show that the immobilization

of dansyl groups in the chitosan backbone leads to a pronounced enhancement of the UV sensitivity of

polymeric lms.

2012 Elsevier Inc.

1. Introduction

Physicochemical properties of natural polymers have attracted

a remarkable interest in the recent years due to their potential

application in the designing of new devices [1–3]. Because of their

biocompatibility, lms and membranes based on natural polymers

have also been widely used in medical and pharmaceutical applica-

tions, such as biosensors [2], drug delivery vehicles [4–6], water

and waste treatment [7], and biomimetic materials [8,9]. In this

context, polymeric systems derived from polysaccharides have

played an important role due to its excellent capability of being

structurally modi ed, leading to the adjustment of their properties

for speci c purposes [10]. As a consequence, the comprehension of

processes concerning the surface modi cations of such systems

has become an important step in the development of new techno-

logical applications.

Chitosan is a pseudo-natural polymer obtained from the deacet-

ylation of chitin (poly-N-acetyl-D-glucosamine) which is a polysac-

charide present in the exoskeleton of crustaceans and insects,

fungal biomass and mollusk shells [10,11]. In particular, chitosan

is derived from the partial or full replacement of a N-acetyl group

in the chitin by an amine group, with the acetylation degree (DA)

varying from null to an unity [11]. Although chitosan presents a

chemical structure similar to that of cellulose, the amine and

hydroxyl groups in its polymeric chain act as potential sites where

intermolecular interactions or modi cations in the chemical func-

tionality take place. These features of chitosan have been widely

explored in different processes, such as metal complexation

[10,12], enzyme immobilization [13], controlled drug releasing

[5,14] and sorption phenomena [10,15,16]. Further, chitosan con-

stitutes an ideal setup to produce functional lms due to its excel-

lent adhesive properties on solid substrates and high surface

energy [17–20]. A prominent example is the preparation of sensing

uorescent lms from the immobilization of dansyl derivatives in a

chitosan matrix [21,22]. Such lms have been characterized by the

observation of a dual uorescence associated with the existence of

a twisted intramolecular charge transfer phenomenon [21].

Recently, several works have been devoted to the study of struc-

tural modi cations in chitosan-based systems induced by UV irra-

diation [23–28]. In chitosan lms exposed to low-intensity UV

lamps, measurements of the static contact angle have revealed

an enhancement in the surface energy with the exposure time

[23]. Such a behavior has been associated with the increasing of

the surface polarity of lms caused by the scission of glycosidic

bonds and pyranose rings during the photo-oxidation process

[29]. A different scenario has been reported in lms exposed to a

pulsed KrF laser presenting a high uence [23,24]. In such a regime,

structural modi cations in chitosan lms were demonstrated to be

governed by the photo-ablation mechanism which is characterized

by the material ejection and the formation of a foam structure in

the lm [30,31]. UV effects has also been investigated on polymeric

blends containing chitosan [25,26,28], where a signi cant reduc-

tion of UV sensitivity has been observed. However, chitosan-based

blends exhibit a lowering of the mechanical properties upon UV

irradiation when compared with pure chitosan lms [25,26,28].

Although the effects of UV irradiation on the physical properties

of pure chitosan lms and chitosan-based polymeric blends
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have been widely investigated, the in uence of the UV radiation on

chitosan lms doped with dyes or uorophore compounds has not

been explored yet. In this work, we study the wetting properties of

chitosan lms containing dansyl derivatives, in special dansyl chlo-

ride and dansylglycine. Using a pulsed Nitrogen laser presenting a

lower uence than the ablation threshold, we determine how the

UV irradiation modi es the relaxation dynamics of the contact an-

gle of glycerol drops on the lms. By applying the molecular-

kinetic theory to describe the time evolution of the contact angle,

we estimate how the surface contribution to the wetting free en-

ergy and the surface density of adsorption sites are affected by

the pulsed UV laser. Our results show that the addition of uoro-

phore compounds plays an important role in the photomodi ca-

tion of surface properties of chitosan lms.

2. Material and methods

2.1. Sample preparation

Chitosan (85% DA) was obtained from Acros and dansyl deriva-

tives were purchased from Sigma-Aldrich. Polymeric solutions

were prepared by mixing in a 1:1 (v/v) ratio dansyl chloride or dan-

sylglycine solutions (0.58 mol LÀ1) in acetonitrile and chitosan

1.0% w/v in 0.25 mol LÀ1 acetic acid. Polymer lms were obtained

by casting the solutions of chitosan, chitosan-dansyl chloride or

chitosan-dansylglycine onto soda lime glass plates that were previ-

ously treated with the RCA protocol [32,33]. After solvent evapora-

tion, the samples were dried under air at room temperature.

2.2. Atomic force microscopy

Atomic force microscopy (AFM) images were acquired using a

Shimadzu SPM-9500J3 microscope with a scanner of 125 lm on

the x–y plane and 8 lm along the z axis. The instrument was oper-

ated in the contact mode and was controlled by SPMManager soft-

ware (version 2.11). The cantilevers were needles of Si3N4 (200 lm

length; Olympus) with a resonance frequency of 24 kHz and a

spring constant of 0.15 N mÀ1.

2.3. UV irradiation and contact angle measurements

The chitosan-based lms were irradiated in the air at constant

temperature (25 C), by using a pulsed Nitrogen laser (NL-100

Standford Research Systems) whose wavelength was 337 nm and

pulse width was 3.5 ns. The pulse energy was adjusted to be lower

than 100 lJ and the repetition rate was set in 1 Hz in order to avoid

thermal effects. A single convergent lens (f = 50 mm) was used to

expand the beam size, leading to an homogeneous irradiation of

chitosan lms placed at 35 cm from the focal point. At this con g-

uration, the laser uence is lower than the ablation threshold for

chitosan samples, which is estimated to be of the order of 1.0 J/

cm2 [24].

The wetting phenomena on the surface of chitosan lms were

investigated by using the sessile drop method. Glycerol drops were

deposited on the chitosan lms and the dynamic contact angles

were automatically acquired by means of an optical goniometer

CAM 101 (KSV Instruments). In particular, the time evolution of

the contact angle was determined from the digital analysis of glyc-

erol drop images which were captured in intervals of 16 ms. All

measurements were performed at a constant temperature (25 C)

and the procedure was repeated at least ten times.

2.4. FTIR spectroscopy

In order to study the chemical and structural changes in chito-

san lms associated with the UV irradiation and the addition of

dansyl derivatives, FTIR spectra were recorded using a Shimadzu

IR Prestige-21 spectrophotometer at the wavenumber range region

between 4000 and 400 cmÀ1. Free-standing chitosan-based lms

were prepared and all infrared spectra were recorded in the trans-

mission mode at 4 cmÀ1 intervals and 20 scans.

3. Result and discussion

The surfaces of all polymeric lms were mapped and their mor-

phological parameters were acquired by atomic force microscopy

(AFM) with the aim of observing the differences in the lm surface

associated with the interaction between dansyl derivatives and

chitosan. Representative two- and three-dimensional AFM images

of chitosan, dansyl chloride-chitosan and dansylglycine-chitosan

lms are shown in Fig. 1.

According to Fig. 1a, the chitosan lm presents a at homoge-

neous surface exhibiting a very low dispersion in the roughness

pro le. In Fig. 1b, we can observe that the dansyl chloride-chitosan

lms display a non-homogeneous surface with some roughness,

which can be associated with the chemical reaction between dan-

syl chloride and the amino groups of chitosan. In particular, dansyl

chloride-chitosan lms exhibit an expressive uorescence in the

region of 475 nm, which is directly associated with the formation

of a sulfonamide group in such systems [21,22], as schematically

represented in Fig. 2.

A distinct scenario can be observed in the AFM images of dan-

sylglycine-chitosan lms, as shown in Fig. 1c. Dansylglycine-chito-

san lms present rough surfaces where a random dispersion of

grains can be identi ed. The presence of such grains can be ex-

plained from the distinct interactions between the chloride and

glycine groups with the chitosan. While an effective chemical reac-

tion occurs between the dansyl chloride and the chitosan, the main

mechanism of interaction between dansylglycine and chitosan is

the formation of hydrogen bonds. In particular, the carboxylic

group of the dansylglycine tends to form a weak hydrogen bond

with amine groups of the chitosan [34,35]. In fact, such mechanism

of interaction has been explored in the fabrication of nanocompos-

ite lms based on chitosan and organometallic compounds [36,37],

as well as in the design of nano-chitosan blends as sensing materi-

als for glycine [38]. Similar to the organometallic-chitosan com-

posites, the formation of hydrogen bonds is weaker than the

intermolecular interaction between dansylglycine molecules, giv-

ing rise to the dansylglycine clusters in the chitosan lms. In this

case, dansylglycine-chitosan lms can be considered as a poly-

meric composite.

The analysis of AFM images provides several parameters that al-

low the characterization of the morphological structure at the sur-

face of polymeric lms. In Table 1, we present the arithmetic mean

roughness (Ra), the root mean square roughness (Rms), and the

surface area of the chitosan, dansyl chloride-chitosan, and dansyl-

glycine-chitosan lms. These data show that the morphological

parameters exhibit a strong dependence on the chemical structure

of the dansyl derivative used to prepare the lms, re ecting the

effective interaction between dansyl derivatives and chitosan. A

substantial enhancement in the average roughness is observed in

chitosan lms containing dansyl derivatives. However, dansylgly-

cine-chitosan lms present a surface area similar to that of

chitosan lms. Further, one can also notice that the dansyl

chloride-chitosan lms exhibit a large surface area when compared

with that observed in the other lms.
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Fig. 1. Representative two- and three dimensional AFM images of polymeric lms based on chitosan: (a) chitosan lm, (b) dansyl chloride-chitosan lm, and (c)

dansylglycine-chitosan lm. Notice that the morphological structure of the lm surfaces depends on the dansyl derivative used.
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In order to clarify the structural modi cations on the polymeric

chain due to addition of dansyl derivatives in chitosan samples, the

FTIR spectra of chitosan and dansylglycine-chitosan lms are pre-

sented in Fig. 3. For the chitosan lm, FTIR spectrum exhibits the

typical absorption bands at 3440, 2920 and 2880 cmÀ1, which rep-

resent respectively the stretching vibrations of AOH, ACH2, and

ACH3 groups. The absorption bands at 3370 and 1580 cmÀ1 are

characteristic of stretching and bending vibrations of ANH2 amine

group. The band peaks at 1409 and 1316 cmÀ1 correspond to the

vibrations of AOH and ACH groups in the pyranose ring. The

absorption band at 1630 cmÀ1 is attributed to the stretching of

AC@O carbonyl group which is associated to the existence of N-

acetyl units due to the degree of deacetylation around 85%. The

strong peak at 1080 cmÀ1 corresponds to the antisymmetric

stretching of CAOAC glycosidic linkage. Such IR spectrum for

chitosan is good agreement with previous reports [23,36,37,39].

Concerning the dansylglycine-chitosan lms, we observe that the

IR absorption spectra present a quite similar structure to that ob-

served in chitosan lms. In particular, no signi cant wavenumber

shift was observed for the most absorption bands. However, one

can notice pronounced modi cations in the absorption bands of

the stretching vibrations of the AOH group and the bending of

vibrations of the ANH2 group. More speci cally, the stretching

band of AOH group is shift from 3440 to 3368 cmÀ1 while the

bending band of the ANH2 group becomes more intense, with a

shift from 1580 to 1546 cmÀ1. Further, we can observe a shift from

3370 to 3290 cmÀ1 in the absorption band associated with the

stretching of the ANH2 group. The present data indicate the exis-

tence of hydrogen bond interactions between dansylglycine mole-

cules and chitosan polymeric chain.

In Fig. 4, we present the time evolution of the contact angle of

glycerol drops on chitosan lms for distinct UV exposures. We

can clearly observe that the dynamic of wetting is highly affected

by the UV irradiation of chitosan lms, depending on the number

of laser pulses used. We notice a pronounced reduction in the equi-

librium contact angle as the number of laser pulses is raised, which

results from the photochemical degradation of the lms. In fact,

the dynamic of wetting is governed by the effective interaction

on the drop/ lm interface, which varies as the chemical structure

on the lm surface is modi ed. Although chitosan lms present a

low absorption on the wavelength of the laser excitation [29], sev-

eral works have reported modi cations in the physical properties

of such systems due to the UV irradiation [24,39]. In particular,

the UV irradiation leads to the photo-oxidation of the chitosan,

with the formation of hydroxyl and carbonyl groups at the lm

surface. The formation of such polar groups induced by UV radia-

tion is well established in the current literature and it has been

identi ed by the increase (decrease) of the ratio between the char-

acteristics peaks for hydroxyl (glycosidic) and amine groups in the

Fig. 2. Schematic representation of the reaction between dansyl chloride and chitosan.

Table 1

Morphological parameters of polymeric lms: arithmetic mean roughness (Ra), root

mean square roughness (Rms) and surface area of chitosan, dansyl chloride-chitosan

and dansylglycine-chitosan lms. In each sample, the mapped area was 10 Â 10 lm.

Film Ra (nm) Rms (nm) Surface area (lm2)

Chitosan 1.506 2.172 100.137

Dansyl chloride-chitosan 8.539 10.693 100.952

Dansylglycine-chitosan 9.80 11.888 100.228
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Fig. 3. FTIR spectra of chitosan-based lms: chitosan lm (black line) and

dansylglycine-chitosan lm (red line). (For interpretation of the references to

colour in this gure legend, the reader is referred to the web version of this article.)
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Fig. 4. Time evolution of the contact angle of glycerol drops on chitosan lms for

different UV irradiations. One can notice a reduction of the equilibrium contact

angle as the number of laser pulses is increased.
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IR absorption spectrum of chitosan [29,39]. From the analysis of

FTIR spectra of chitosan lms after UV exposure (not shown), we

observed an increase around 10% in the ratio A3440/A1580, where

A3440 and A1580 are respectively the absorbance values of hydro-

xyl-stretching and amine-bending absorption bands. On the other

hand, we cannot observe a signi cant alteration in the ratio be-

tween the absorbance of glycosidic and amine groups. It is impor-

tant to stress that photodegradation process occurs along the

entire lms, mainly on the free surface of the lm due to the oxy-

gen presence, as schematically represented in the Fig. 5. As a con-

sequence, a pronounced enhancement of the effective interaction

at the interface drop/ lm takes place in wetting phenomena.

The time evolution of the contact angle can be analyzed in the

light of the molecular-kinetic theory for the displacement of the

contact line during the wetting phenomenon [40–42]. In such an

approach, the relaxation of the contact angle is governed by the

statistical dynamics of the liquid molecules in a region around

the contact line, denominated as the three-phases zone. Using

the Eyring activated-rate theory for the transport of non-volatile

liquids [43], the time evolution of a drop with a spherical cap shape

is given by:

@h

@t
¼ Àf ðhÞ

2ksh

g‘v ‘ n
p sinh

c‘v
2nkBT

ðcos h0 À cos hÞ ; ð1Þ

with

f ðhÞ ¼ À
p
3V

ð1=3Þ
ð2À 3 cos hþ cos3 hÞ4=3

ð1À cos hÞ2
: ð2Þ

Here, h represents the dynamic contact angle, h0 is the equilib-

rium contact angle, and f(h) is a function which depends on the

geometric shape of the drop. g‘ is the uid viscosity, c‘ is the sur-

face tension, and T is the temperature of the system. h and kB are

respectively the Planck’s and Boltzmann’s constants. v‘ is the vol-

ume of the unity of ow, de ned as v‘ =M‘/NAq‘, where NA is the

Avogadro’s number, q‘ and M‘ represent the mass density and

the molar mass of the uid, respectively. In Eq. (1), the parameter

n corresponds to the surface density of adsorption sites involved in

the wetting phenomenon, while ks is the frequency of molecular

displacements. ks is associated with the surface contribution gs
(per unit of area) for the activation free energy (per unit of area)

of wetting gw:

ks ¼
kBT

h
exp À

gs

nkBT
: ð3Þ

The activation free energy of wetting is de ned as the sum of

the surface energy contribution and the viscous energy contribu-

tion gv:

gw ¼ gs þ g
v
; ð4Þ

where the viscous contribution is de ned from

g‘ ¼
h

v‘

expðg
v
=nkBTÞ: ð5Þ

According to the molecular-kinetic theory, we can obtain n and

gs parameters from dynamic wetting measurements, once the vis-

cous contribution can be previously determined. In Table 2, we list

the mean values of these parameters which were computed from

the ts of ten measurements of glycerol sessile drops

(q‘ = 1.261 g/cm3, c‘ = 64.0 mJ/m2, g‘ = 0.945 Pa s) on the surface

of chitosan lms. We notice that the surface energy per unity of

area increases with the number of laser pulses, re ecting the pho-

todegradation of chitosan chemical structure and the enhancement

of the surface polarity.

Let us now consider the role played by the dansyl derivatives in

the wettability of chitosan. In Fig. 6, we show the dynamic contact

angle of glycerol drops deposited on the dansyl chloride-chitosan

lms. In non-irradiated lms, we notice that the equilibrium con-

tact angle is about 5 lower than in non-irradiated chitosan lms.

Such a reduction is mainly associated with the insertion of dansyl

groups in the chemical structure of the chitosan polymeric chain,

as schematically represented in Fig. 2. In fact, dansyl chloride intro-

duces new adsorption sites on the lm surface which re ects the

enhancement of the surface area observed in AFM images. Con-

cerning the UV irradiation, we can observe a pronounced reduction

of the equilibrium contact angle as the number of pulses is in-

creased, with a total reduction of almost 8 for ve laser pulses.

The parameters obtained from molecular-kinetic theory show that

the increase of the surface contribution for the wetting free energy

is accomplished by the raising of the surface density of adsorption

Fig. 5. Main mechanisms of photodegradation of the chitosan during the UV exposure: (a) rupture of glycosidic linkage and formation of a carboxylic groups in the absence of

oxygen, (b) production of hydroxyl group, and (c) formation of a carboxylic group in the presence of oxygen.

Table 2

Wetting parameters of chitosan lms obtained by tting the time evolution of the

contact angle with the molecular-kinetic theory.

Pulse numbers h0 n (1017 mÀ2) gs (mJ/m2)

0 86.5 ± 0.50 3.24 ± 0.08 13.6 ± 0.6

1 84.3 ± 0.60 3.09 ± 0.08 14.2 ± 0.4

5 81.3 ± 0.30 4.13 ± 0.09 17.9 ± 0.9
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sites involved in the wetting phenomenon. These results are sum-

marized in Table 3. Although a fraction of UV radiation is converted

in the uorescence process presented by the dansyl group, the de-

crease of the contact angle reveals a signi cant enhancement in the

surface polarity of the lm due to the photodegradation. These re-

sults indicate that the immobilization of dansyl groups on the

chitosan backbone reduces the photostability of the lms. Con-

cerning the analysis of photodegradation from FTIR spectra, it

was hindered in dansyl chloride-chitosan lms due to the loss of

the reference peak at 1580 cmÀ1, which corresponds to the bend-

ing vibrations of the amine group. Indeed, the amine group gives

rise to the sulfonamide group as a result of its reaction with the

sulfonyl chloride group of the dansyl derivative, as represented

in Fig. 2.

The effects of the UV irradiation on the wetting dynamics of

glycerol drops on dansylglycine-chitosan lms are presented in

Fig. 7. In non-irradiated lms, we notice that the equilibrium con-

tact angle is slightly lower than that observed on chitosan lms.

Contrasting with the dansyl chloride, the addition of dansylglycine

does not modify the wetting properties of chitosan lms, as one

can note from the parameters obtained frommolecular kinetic the-

ory (see Table 4). Differing from the dansyl chloride, dansylglycine

molecules are not immobilized on the chitosan chain and the resul-

tant structure corresponds to a composite with the same wetting

properties of pure chitosan lms. Such results are in agreement

with AFM images, which show that the introduction of the dansyl-

glycine slightly modi es the surface area of chitosan lms. In irra-

diated dansylglycine-chitosan lms, a pronounced reduction of the

equilibrium contact angle can be observed as the number of pulses

is raised. However, the values obtained for the density of adsorp-

tion sites and the surface contribution for the wetting free energy

are similar to that computed for glycerol sessile drops on undoped

chitosan lms. The FTIR measurements in dansylglycine-chitosan

lms revealed a decrease around 10% in the ratio A1080/A1546 upon

UV exposure (not shown). Here, A1080 and A1546 correspond to the

absorbance of the glycosidic-stretching and amine-bending

absorption bands, respectively. This result suggests that the addi-

tion of dansylglycine contributes to the rupture of glycosidic bonds

of the chitosan backbone.

The study of wettability of chitosan lms reveals that the addi-

tion of dansyl derivatives may increase the photodegradation pro-

cess. In particular, we observe that the photodegradation becomes

more pronounced when the guest compound is immobilized on the

chitosan backbone. Recent works have reported the sensitivity of

chitosan to the modi cation of its polymeric chain due to the intro-

duction of additives, such as camphorquinone [44], 1-naphtylace-

tic acid [45], and benzophenone [46]. In all cases, the chain

scission takes place in a sequence of steps that involves the rupture

of glycosidic bonds, formation of hydroxyl radicals, and the even-

tual loss of immobilized groups. Our results shows that the immo-

bilization of dansyl-chloride favors the UV photodegradation

rather than the addition of dansylglycine. Although the dansyl

chloride may exhibit a dual uorescence associated with the exci-

tation of twisted intramolecular charge-transfer and non-charge

transfer states, the former process is not expected to occur when

the molecules are attached to the polymeric chain [47,48]. In fact,

the chain contraction due to the effective attraction of polymer

segments tends to suppress the twisting of the dansyl group and

such a process cannot be directly associated with the enhancement

of the photodegradation observed on dansyl chloride-chitosan

lms. However, the energy absorbed by dansyl group during the

UV exposure can be transmitted to chitosan thus leading to a more

ef cient photodegradation.

4. Conclusion

In summary we studied the effects of the UV exposure on the

wettability of chitosan lms containing dansyl derivatives, in spe-

cial dansyl chloride and dansylglycine. From AFM images we ob-

served that the introduction of dansyl chloride affects the surface
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Fig. 6. Dynamic contact angle of glycerol drops on the surface of dansyl chloride-

chitosan lms previously irradiated by a pulsed UV laser. We observe that the

modi cation of chitosan by the insertion of dansyl chloride reduces the UV stability

of the chitosan lms.

Table 3

Wetting parameters of dansyl chloride-chitosan lms obtained by tting the time

evolution of the contact angle with the molecular-kinetic theory.

Pulse numbers h0 n (1017 mÀ2) gs (mJ/m2)

0 81.3 ± 0.40 3.58 ± 0.01 14.8 ± 0.7

1 78.8 ± 0.60 3.71 ± 0.01 16.7 ± 0.7

5 73.7 ± 0.90 4.60 ± 0.09 19.5 ± 0.7
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Fig. 7. Time evolution of contact angle of glycerol sessile drops on dansylglycine-

chitosan lms for distinct UV irradiations.

Table 4

Wetting parameters of dansylglycine-chitosan lms obtained by tting the time

evolution of the contact angle with the molecular-kinetic theory.

Pulse numbers h0 n (1017 mÀ2) gs (mJ/m2)

0 84.4 ± 0.90 3.27 ± 0.09 13.3 ± 0.3

1 79.0 ± 0.90 3.11 ± 0.09 13.9 ± 0.4

5 75.9 ± 0.50 4.36 ± 0.09 17.9 ± 0.3
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morphology of the lms, with a reasonable increase of the surface

area of the chitosan-based lms. In fact, the dansyl chloride is

immobilized on the polymeric backbone which results in the

enhancement of the number of adsorption sites involved on the

wetting phenomena. From the dynamic wetting of glycerol drops,

we notice that the insertion of dansyl groups on the polymeric

chain leads to the increase of the photodegradation of chitosan

lms during the UV exposure. On the other hand, the addition of

the dansylglycine in chitosan lms gives rise to a polymeric com-

posite with similar morphological and wetting properties of pure

chitosan samples. The present results indicate that wetting proper-

ties of the chitosan may be suitably modi ed by the immobiliza-

tion of uorophores on the polymeric chain, which becomes

more sensitive to the UV irradiation.
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Resumo: Neste trabalho foram preparados nanocompósitos baseados em quitosana e diferentes tipos de argilas usando 

polietileno glicol (PEG) como plastiicante. As amostras foram caracterizadas por espectroscopia de infravermelho 

(FTIR), difração de raios X (DRX), análise termogravimétrica (TGA/DTG), e por análise mecânica (ensaio de tração) 

com o objetivo de avaliar as interações entre a quitosana e a argila. Os ilmes de nanocompósitos preparados usando 

Bentonita sódica (Ben) apresentaram um aumento de 81,2% no valor da tensão máxima de ruptura e uma redução de 

16,0% no módulo de elasticidade (Young) em relação aos ilmes de quitosana com PEG (QuiPEG), evidenciando que a 

introdução da argila na matriz polimérica resultou em um ilme mais lexível e resistente, cujo alongamento na ruptura 

foi 93,6% maior que o apresentado pelo ilme de QuiPEG.

Palavras-chave: Argila organofílica, ilmes de nanocompósitos, biopolímero.

Preparation and Characterization of Polymer Nanocomposites Based on Chitosan and 
Clay Minerals

Abstract: In this work nanocomposites based on chitosan and different clays were prepared using polyethyleneglycol 

(PEG) as plasticizer. The samples obtained were characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), thermogravimetric analysis (TGA/DTG) and by mechanical 

characterization (tensile test) with the aim of investigating the interactions between chitosan and clay. The nanocomposite 

films prepared using sodium bentonite (Ben) showed an increase of 81.2% in the maximum tensile stress values and a 

decrease of 16.0% in the Young’s modulus when compared to the chitosan with PEG (QuiPEG) films, evidencing that 

the introduction of the clay into the polymer matrix provided a more flexible and resistant film, whose elongation at 

break was 93.6% higher than for the QuiPEG film.

Keywords: Organophilic clay, nanocomposite ilms, biopolymer.
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Introdução

Nos últimos 30 anos a produção e o uso de mateirias 

plásticos (polímeros) para fabricação de embalagens 

vem crescendo aceleradamente, principalmente devido à 

segurança e conveniêcia de sua utilização, aliados ao baixo 

preço e às suas boas qualidades estéticas. Entretanto, esse 

aumento significativo causa um impacto enorme em relação 

à quantidade de material descartado no meio ambiente, pois 

geralmente estas embalagens plásticas são produzidas 

a partir de poliolefinas (polietileno, polipropileno, etc) 

resultando em resíduos não degradáveis[1,2].

Os biopolímeros podem ser uma alternativa interessante 

para uso em aplicações onde a biodegradabilidade e/

ou a utilização de recursos naturais possam agregar 

valor ao produto final, particularmente, onde materiais 

plásticos baseados em derivados de petróleo são usados 

para aplicações com um tempo de vida curto, tais como 

embalagens. Desta forma, percebe-se que há uma grande 

necessidade no desenvolvimento de materiais poliméricos 

ambientalmente corretos, que não envolvam a utilização 

de materiais tóxicos ou nocivos na sua fabricação e que 

possam se degradar no meio ambiente, reduzindo os 

danos ambientais causados pela tecnologia atual. Por estas 

razões, o desenvolvimento de materiais biodegradáveis 

com propriedades diferenciadas tem se tornado um grande 

desafio para pesquisadores e engenheiros na área de 

desenvolvimento de novos materiais.

Os nanocompósitos poliméricos têm atraído grande 

interesse tanto da academia como da indústria, visto que 

estes apresentam propriedades físico-químicas diferentes 

entre os seus micro- e macro-compósitos. Em comparação 

com os polímeros puros, os nanocompósitos poliméricos 

apresentam uma série de propriedades diferenciadas, 
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tais como propriedades de barreira, aumento do módulo 

de elasticidade e da força de tração, retardância a chama, 

resistência à corrosão, etc[3].

Os biopolimeros com reforços em escala nanométrica 

são promissores para diversas aplicações. Vários 

nanoreforços (nanocargas) estão sendo desenvolvidos

atualmente, mas o tipo mais utilizado na preparação de 

nanocompósitos consiste nos silicatos em camadas. Isto 

se deve a sua disponibilidade, baixo custo e pelo fato de 

ser sustentável[1]. Os nanocompósitos polímero-silicatos 

em camada podem ser preparados usando argilo minerais 

não modificadas, geralmente do tipo Montmorilonita 

(Bentonita) do grupo das esmectitas[4,5], ou ainda a partir 

de argilo minerais cuja superfície é modificada pela troca 

dos íons Na+ presentes entre as lamelas do silicato, por 

cátions orgânicos, como por exemplo sais quaternários de 

amônio[6], originando um argilo mineral mais compatível 

com polímeros[7,8]. Além disso, a intercalação de espécies 

orgânicas em esmectitas é um modo de se construir 

conjuntos inorgânico-orgânico com microestruturas únicas 

que são controladas por interações hospedeiro-hóspede e 

hóspede-hóspede[9]. A inserção de moléculas orgânicas faz 

com que ocorra expansão entre os planos d(001) do silicato 

mineral, e muda sua natureza hidrofílica para hidrofóbica 

ou organofílica[10]. Sendo assim, a modificação da argila a 

partir da introdução de cátions baseados em sais orgânicos 

é uma alternativa interessante quando se deseja aumentar o 

espaçamento basal entre as lamelas da argila e proporcionar 

uma maior interação argila-polímero[11].

Dentre os biopolímeros que podem ser utilizados 

para preparar nanocompósitos baseados em silicatos 

lamelares, tais como amido[2], alginato[12], xiloglucano[13], 

e poli(ácido láctico)[14], a quitosana vem sendo bastante 

investigada[7,15-17] por ser um biopolímero natural encontrado 

em exoesqueletos de crustáceos, que se dissolve facilmente 

em ácidos orgânicos diluídos e que tem capacidade de 

formar filmes, fibras ou géis. Segundo Lavorgna et al.
[18], uma variedade de estratégias têm sido exploradas para 

melhorar as propriedades mecânicas e de barreira dos filmes 

de embalagens baseados em biopolimeros como a quitosana, 

incluindo a adição de plastificantes[19], a preparação de 

misturas que utilizam outros polímeros biodegradáveis[20], 

além da preparação de nanocompósitos[1].

Como a quitosana forma filmes quebradiços e com 

baixa resistência mecânica, a adição de um plastificante 

é importante no sentido de melhorar suas propriedades 

mecânicas e permitir a sua utilização como filme 

para embalagens. De acordo com Suyatma et al.[21], 

que investigaram o efeito dos plastificantes glicerol, 

etilenoglicol, polietilenoglicol e propilenoglicol nas 

propriedades mecânicas e de superfície de filmes de 

quitosana, o uso de plastificante melhora a ductilidade 

da quitosana. Foi reportado também que glicerol e 

polietilenoglicol foram os plastificantes que fornecerem os 

melhores resultados em relação à eficiência de plastificação 

e estabilidade à estocagem dos filmes de quitosana. 

Entretanto, Rodríguez-Núñez et al.[22] observaram que os 

filmes de quitosana preparados usando glicerol como agente 

plastificante apresentam coloração amarelada quando 

comparados aos filmes de quitosana pura, o que pode 

comprometer a qualidade estética dos filmes em relação à 

sua aplicação como embalagem.

Apesar de um grande número de trabalhos relacionados 

à preparação e à utilização de filmes de nanocompósitos de 

quitosana e argilo minerais serem citados na literatura, há 

poucos dados reportados descrevendo o efeito combinado 

de ambos argilo minerais e plastificantes no comportamento 

dos filmes de quitosana. Diante desse contexto, neste 

trabalho apresenta-se uma proposta de preparação de filmes 

de nanocompósitos de quitosana com diferentes argilas 

modificadas, utilizando polietilenoglicol como plastificante,

com o intuito de melhorar as propriedades mecânicas e 

térmicas destes materiais.

Experimental

Materiais

Quitosana (grau de desacetilação de 70%, Acros 

Organics), ácido acético (CH
3
COOH, Cromaline), 

polietilenoglicol (PEG, MM = 6000 g mol–1, Vetec), 

Cloisite  30B (Southern Clay Products Inc.), Nanomer I24 

e Bentonita sódica (Southern Clay Products) foram usados 

como fornecidos. As argilas foram gentilmente cedidas 

pela Braskem S/A.

Métodos

O teste de intumescimento de Foster foi realizado 

segundo o método descrito por Pereira[23] e consistiu em 

adicionar, lentamente e sem agitação, 200 mg de argila a 

25 mL de CH
3
COOH (0,25 mol L–1) contido em um proveta 

graduada de 50 mL. Em seguida o material foi agitado 

com o auxilio de um bastão de vidro por cinco minutos. A 

variação de volume na proveta foi medido após 24 h e 48 h.

A solução de quitosana foi preparada a partir da 

dissolução de 500 mg de quitosana em 50 mL de solução 

de CH
3
COOH 0,25 mol L–1. A mistura foi mantida sob 

agitação magnética por 24 h até completa dissolução da 

quitosana. As amostras de quitosana com plastificante foram 

preparadas a partir da adição de 25 mg de PEG (5% m/m) 

à solução de quitosana.

Os nanocompósitos foram preparados adicionando-

se, sob agitação magnética, 25 mg de argila Nanomer I24 

ou Bentonita sódica (5% m/m) a 50 mL de solução de 

CH
3
COOH 0,25 mol L–1. A mistura foi mantida sob agitação 

por 48 h com o propósito de intumescer a argila. Após esse 

período foram adicionados 500 mg de quitosana e 25 mg 

de PEG (5% m/m). A mistura permaneceu sob agitação 

magnética por mais 24 h a 25°C.

Os filmes foram preparados a partir da deposição das 

soluções de cada amostra (50 mL) sobre uma superfície 

de poliéster com dimensões de 5 × 7 cm. As amostras 

permaneceram por 5 dias em um dessecador em temperatura 

ambiente (25 °C) até completa evaporação do solvente. 

Todas as amostras foram preparadas em quintuplicata.

Os espectros de FTIR foram registrados utilizando 

espectrofotômetro Bruker IFS66. Os espectros de difração 

de raios X foram obtidos em um difratômetro modelo 

XRD-6000 com uma fonte de radiação de CuK a com 

voltagem de 30 kV e corrente de 30 mA no intervalo de 



Fiori, A. P. S. M. et al. - Preparação e caracterização de nanocompósitos poliméricos baseados em quitosana e argilo minerais

Polímeros , vol. 24, n. 5, p. 628-635, 2014630

2q entre 3° e 20°. As análises termogravimétricas (TGA/

DTG) foram realizadas em um equipamento Shimadzu 

Thermoanalyser TA-60, sob atmosfera de nitrogênio com 

fluxo de 20 mL min–1. A massa média das amostras foi de 

aproximadamente 6,0 mg.

Para medida de espessura seguiu-se as recomendações 

da norma ASTM D6988– 08[24], método “C”. Utilizou-se um 

Micrometro Externo Digital, IP40, 0-25mm, com precisão 

0,001mm, fabricado pela Digimess, sendo coletados dados 

em cinco pontos diferentes da amostra.

As medidas de resistência à tração e percentual de 

alongamento foram realizadas utilizando amostras dos 

filmes dimensões de 0,7 × 5,6 cm em uma máquina de 

ensaios - estática - servo-elétrica Autograph AG-X Plus 

Shimadzu, 100 KN/800 Kg. Todos os experimentos 

foram realizados a temperatura de 25 °C, seguindo as 

recomendações da norma ASTM D882-10[25].

Resultados e Discussão

Medidas de intumescimento das argilas

De acordo com os resultados apresentados na Tabela 1, 

foi observado que o maior percentual de intumescimento 

das argilas foi apresentado pela argila Nanomer I24 (I24) 

uma vez que a variação de volume após 48 horas aumentou 

cerca de 2400%.

De modo geral, as argilas hidrofílicas intumescem 

somente em meios polares, enquanto as argilas modificadas 

(organofílicas) intumescem em meios apolares ou pouco 

polares[26]. A Bentonita sódica (Ben), cujo cátion intercalado 

é o sódio, apresenta maior intumescimento em solventes 

polares. A argila I24, apesar de ser uma argila modificada 

cujas lamelas são intercaladas por cátions quaternários de 

amônio contendo um substituinte com cadeia alquílica 

(apolar) e um ácido carboxílico (polar) na extremidade 

(Figura 1a), apresentou um alto grau de intumescimento 

em solução de CH
3
COOH. Este comportamento pode ser 

atribuído a presença do grupamento ácido carboxílico no 

cátion intercalante, uma vez que o mesmo pode interagir 

com o solvente através de interações do tipo íon-íon e 

íon-dipolo. Além disso, pode haver também interações do 

tipo ligação de hidrogênio entre o grupamento carboxílico 

e o ácido acético, ambos não-ionizados, sem contar as 

interações do tipo ligação de hidrogênio com a água.

A argila Cloisite  30B (30B), além de apresentar 

cátions quaternários de amônio entre suas lamelas, 

possui grupos alquílicos (apolares e volumosos) ligados 

ao nitrogênio (Figura 1b), assim, esse arranjo estrutural, 

confere a essa argila uma menor interação com solventes 

polares, desfavorecendo o intumescimento em solução de 

CH
3
COOH. Sendo assim, de acordo com os resultados 

apresentados nos ensaios de intumescimento das argilas 

em meio de CH
3
COOH, a argila 30B não foi utilizada na 

preparação dos nanocompósitos.

Espectroscopia de Infravermelho – FTIR

Os espectros de FTIR da amostra de quitosana (Qui) 

(Figura 2a) e da amostra de quitosana com PEG (QuiPEG, 

Figura 2b) apresentaram comportamento similar, exceto 

pelo deslocamento da banda em 1597 cm–1 (d
NH2

) da 

quitosana para 1558 cm–1 na amostra de QuiPEG. A banda 

em torno de 2870 cm–1 corresponde ao estiramento C-H 

da quitosana[27,28], e as bandas em 1151 cm–1 (ν
assim.C-O-C

) 

Tabela 1. Porcentagem de intumescimento das argilas em solução 

de CH
3
COOH (0,25 mol L–1).

% Intumescimento 30B I24 Ben

24 h 0% 1400% 150%

48 h 50% 2400% 250%

Figura 1. Cátions intercalados nas lamelas das argilas a) I24 e b) 30B.
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e 1070 cm–1 (vibração do esqueleto envolvendo ν
C-O

) são 

características da estrutura do sacarídeo[29,30].

Na região entre 1700 cm–1 e 1400 cm–1 é possível 

observar que a banda correspondente a amida da quitosana 

é deslocada para baixas frequências nas duas amostras 

contendo as argilas. A banda correspondente ao NH
2
 

desloca para 1562 cm–1 na amostra de Quitosana / Ben 

/ PEG (QuiBen, Figura 2c) e para 1581 cm–1 na amostra 

de Quitosana / I24 / PEG (QuiI24, Figura 2d). Este 

deslocamento pode ser atribuído às ligações de hidrogênio 

entre a argila e os grupamentos amida da quitosana 

que facilita a intercalação das cadeias de quitosana nas 

lamelas da argila[18]. Além disso, a presença do PEG nas 

amostras também contribui para este deslocamento, uma 

vez que as moléculas de PEG também formam ligações de 

hidrogênio com os grupos amina da quitosana. Este mesmo 

comportamento foi observado por Lavorgna et al.[18] nos 

resultados de FTIR de amostras de quitosana com glicerol 

como plastificante.

Estabilidade térmica

A estabilidade térmica das amostras obtidas foi 

investigada por análise termogravimétrica (TGA e DTG). 

O termograma apresentado na Figura 3a mostra que Qui, 

apresenta uma pequena perda de massa entre 50 °C e 200 

°C, atribuída principalmente a perda de água (~ 5%). Uma 

redução de massa significativa entre 250 °C e 400 °C, 

corresponde à degradação e desacetilação da quitosana[31] 

com cerca de 55% em massa de resíduo sólido. Em 

relação às curvas para as amostras QuiBen e QuiI24, três 

patamares são evidenciados, sendo o primeiro atribuído a 

perda de água (em torno de 13% em massa para ambas as 

amostras), o segundo à degradação da quitosana (cerca de 

45% em massa de resíduo sólido), e o terceiro patamar está 

relacionado a presença de PEG[32]. Foi observado uma maior 

porcentagem de água nas amostras de nanocompósitos em 

relação à quitosana pura. Este comportamento pode estar 

relacionado à presença de moléculas de água adsorvidas na 

argila durante o processo de intumescimento.

As curvas relacionadas as amostras de QuiBen, e 

QuiI24 mostram que não há diferenças significativas entre 

as mesmas. Entretanto, a análise da Figura 3 e da Tabela 2 

mostra que o mecanismo de degradação da amostra de 

Qui é diferente quando comparado às amostras de QuiBen 

e QuiI24. E possível observar que a temperatura inicial de 

decomposição, bem como a temperatura a 50% de perda de 

massa da Qui desloca sistematicamente para temperaturas 

menores quando o PEG é adicionado (amostras de QuiBen 

e QuiI24). Portanto, as amostras contendo PEG e argila se 

decompõem mais rapidamente, sendo menos estáveis que 

a amostra de Qui.

A maioria dos trabalhos relacionados à preparação e 

caracterização de nanocompósitos de quitosana e argila 

reportados na literatura mostra que a formação de um 

nanocompósito melhora as propriedades térmicas do 

material, aumentando a sua temperatura de degradação[31]. 

Entretanto, o comportamento apresentado pelas amostras 

investigadas foi oposto ao esperado, onde foi observado 

que a degradação das amostras de QuiBen e QuiI24 ocorreu 

mais facilmente que no caso da Qui.

Apesar da presença da argila na amostra contribuir 

para a sua estabilidade térmica, a presença de PEG faz 

com que a temperatura de degradação da amostra diminua, 

conforme observado por Hassouna et al. em amostras de 

poli(ácido láctico) contendo PEG como plastificante[32] e 

por Suyatma et al. que investigaram o efeito de uma série de 

plastificantes, entre eles o PEG, nas propriedades mecânicas 

e térmicas de filmes de quitosana[21].

Figura 2. Espectros de FTIR das amostras de a) Qui, b) QuiPEG, c) QuiBen e d) QuiI24.
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Diferentes propostas podem ser discutidas no sentido 

de explicar o efeito catalítico do PEG na degradação das 

amostras de nanocompósitos: (i) a presença de plastificante 

na amostra faz com que ocorra uma diminuição na 

estabilidade térmica devido a sua ação de intercalar-se 

em torno do polímero rompendo as interações polímero-

polímero e (ii) os produtos de degradação do PEG, tais como 

CO
x
H

y
, H

2
 e H

2
O[33], gerados quando sua temperatura inicial 

de degradação é alcançada (280 °C)[32] podem promover a 

degradação da quitosana.

De acordo com a literatura, os resultados apresentados 

nas análises termogravimétricas de filmes de quitosana em 

fluxo de ar mostram a presença de outra etapa de degradação 

entre 450-700 °C, atribuída à degradação oxidativa dos 

resíduos carbonáceos formados durante a segunda etapa 

de degradação[31]. Nas amostras de QuiBen e QuiI24 foi 

possível observar uma etapa de degradação em uma faixa 

de temperatura similar (450-600 °C), entretanto, esta 

análise foi realizada em fluxo de nitrogênio. Sugere-se 

que a presença dos voláteis oriundos da degradação do 

PEG podem contribuir para iniciar a segunda etapa de 

degradação da quitosana.

Difração de raios x

A Figura 4 mostra os resultados de DRX das amostras 

de QuiBen, QuiI24 e de suas respectivas argilas. A 

argila Nanomer I24 apresenta um pico em 2q = 7,0° que 

corresponde ao seu plano cristalino d(001), com uma 

distancia interplanar de 1,26 nm, enquanto a Bentonita 

sódica apresenta um pico em 2q = 6,3° (1,40 nm). Nas 

amostras de QuiIBen e QuiI24 esses picos são deslocados 

para 2q = 4,5°, o que significa um aumento da distância 

entre as lamelas para 1,96 nm, indicando a formação de 

nanocompósito intercalado[34]. Como a intensidade do 

pico em 2q = 4,5° presente no difratograma da amostra de 

Figura 3. Curvas de TGA (a) e DTG (b) das amostras de a) Qui, b) QuiI24 e c) QuiBen.

Tabela 2. Temperatura relacionada a perda de massa obtidas a partir 

das análises termogravimétricas durante a degradação térmica da 

quitosana e de seus nanocompósitos em fluxo de N
2
.

Amostra Temperatura a 20% de 

perda de massa (°C)

Temperatura a 50% de 

perda de massa (°C)

Qui 308 374

QuiBen 213 313

QuiI24 180 310

Figura 4. Resultados de DRX das amostras de a) QuiI24, b) argila 

Nanomer I24, c) QuiBen e d) argila Bentonita sódica.
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QuiBen é menor em relação a amostra de QuiI24, sugere-

se que o nanocompósito QuiBen seja do tipo intercalado 

desordenado.

Propriedades mecânicas

A Tabela 3 mostra os resultados obtidos a partir dos 

ensaios de medida de espessura e tração dos filmes obtidos. 

Comparando-se os valores médios de espessura obtidos 

na análise dos filmes de Qui, QuiPEG, QuiI24 e QuiBen 

observa-se uma pequena variação entre eles (coeficiente 

de variação, CV = 7,3%), sugerindo que a introdução da 

argila na matriz polimérica não interfere significativamente 

na espessura dos filmes.

Relacionando os resultados com os apresentados na 

literatura, constatou-se que os mesmos são semelhantes aos 

observados por Thakhiew et al.[35], que estudou efeitos dos 

métodos de secagem e da concentração de plastificante nas 

propriedades mecânicas de filmes comestíveis de quitosana. 

Neste caso foram observados resultados na ordem de 15 μm 

± 0,06 μm para espessura média dos filmes produzidos. Tais 

resultados também podem ser comparados aos relatados 

por Khan et al.[36], e por Fernandes et al.[37] que obtiveram 

valores de espessura da ordem de 20-30 μm, em filmes 

transparentes de quitosana reforçados com nanofibras de 

celulose.

Resistência à tração e percentual de alongamento

O filme de QuiPEG apresentou um aumento de 

38% em relação a tensão máxima de ruptura, 95% de 

aumento na deformação e redução de 28,75% no módulo 

de elasticidade (Young) quando comparado à Qui, sendo 

portanto mais flexível que o filme de Qui. Os filmes de 

QuiBen apresentaram um aumento de 81,2% na tensão 

máxima de ruptura e uma redução de 16,0% no módulo 

de elasticidade em relação a QuiPEG, evidenciando que 

a introdução da argila na matriz polimérica resultou em 

um filme mais resistente, cujo alongamento na ruptura foi 

93,6% maior que o apresentado pelo filme de QuiPEG. Os 

filmes de QuiI24 apresentaram aumento na tensão máxima 

de 4,2% e de 8,0% na deformação máxima e alongamento 

na ruptura, além de uma redução no módulo de elasticidade 

de 2,0% em relação ao filme de QuiPEG.

A Figura 5 mostra o comportamento das curvas 

tensão-deformação das amostras de Qui, QuiPEG, QuiI24 

e QuiBen. Para o filme de Qui observa-se que a região 

correspondente ao comportamento elástico do material 

é finalizada em 12,03 MPa, onde a ruptura ocorre após 

atingir o limite de elasticidade. Este é um comportamento 

típico de um material frágil e quebradiço como os filmes de 

quitosana, que geralmente apresentam baixo alongamento 

na ruptura[21]. Os filmes de QuiPEG e de QuiI24 mostram 

comportamento similar ao de Qui, com formação de um 

material frágil e quebradiço, cuja região correspondente ao 

comportamento elástico do material é finalizada em 16,6 e 

17,3 MPa, respectivamente.

No caso do filme de QuiBen pode ser observado que na 

primeira região da curva de tensão-deformação o esforço 

tende a ser proporcional a deformação unitária (região 

elástica) até a tensão de 19,8 MPa (limite elástico). O 

ponto de rendimento está localizado entre 19,6 MPa e 20,4 

MPa, região em que se inicia a diminuição central na seção 

transversal ao longo do comprimento do filme, denominado 

ponto de estiramento. A tensão nominal cai após o ponto 

de redimento, mantendo-se constante até atingir uma faixa 

de 53% de deformação, com posterior aumento da tensão 

até o final da curva (encruamento) e completa ruptura 

em 30,2 MPa. Desta forma, o filme de QuiBen pode ser 

considerado um material dúctil que apresenta patamar 

de escoamento. Esta característica pode ser atribuída 

a uma maior interação entre a quitosana e a Bentonita 

sódica resultando em uma maior orientação das cadeias 

poliméricas da quitosana e, portanto, em um material com 

maior resistência mecânica que os demais investigados. 

Xu et al.[7] também observaram melhores propriedades 

mecânicas e térmicas em nanocompósitos de quitosana 

preparados com argila não organofilizada (montmorilonita 

Tabela 3. Propriedades mecânicas das amostras de Qui, QuiPEG, QuiI24 e QuiBen.

Amostra
Espessura Força Máxima

(N)

Tensão

(MPa)

Deformação 

máxima (%)

Módulo de 

Young (MPa)(mm) CV (%)

Qui 24,1 ± 6,5 27,3 2,0 ± 0,6 12,0 ± 4,8 2,1 ± 0,5 576,9 ± 42

QuiPEG 21,8 ± 2,8 12,8 2,5 ± 0,3 16,6 ± 3,6 4,1 ± 0,6 411,0 ± 58

QuiI24 24,1 ± 7,4 30,7 2,8 ± 1,0 17,3 ± 5,9 4,4 ± 1,8 403,7 ± 38

QuiBen 19,1 ± 2,4 12,7 4,0 ± 0,8 30,2 ± 4,2 7,9 ± 0,7 343,4 ± 25

Figura 5. Curvas de Tensão-Deformação das amostras de a) Qui, 

b) QuiPEG, c) QuiI24 e d) QuiBen.
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sódica) em relação àqueles preparados usando uma argila 
organofilizada (Cloisite 30B).

Conclusões

Foram obtidos nanocompósitos poliméricos baseados 
em quitosana e argilo minerais. Os resultados obtidos a
partir das análises de DRX, FTIR e TGA/DTG mostraram 
que a introdução da argila juntamente com o PEG na matriz 
da quitosana proporcionou a obtenção de uma estrutura 

intercalada (QuiI24) ou intercalada desordenada (QuiBen). 
Os resultados obtidos nas análises termogravimétricas dos 
materiais mostraram que o mecanismo de degradação da 

amostra de Qui é diferente quando comparado às amostras 
de QuiBen e QuiI24, onde foi observado que a temperatura 
a 50% de perda de massa da Qui desloca sistematicamente 
para temperaturas menores quando o PEG é adicionado 
(amostras de QuiBen e QuiI24). Esse comportamento indica 
que as amostras contendo PEG e argila se decompõem mais 
rapidamente, sendo menos estáveis que a amostra de Qui. 
O comportamento mecânico das amostras investigadas 
evidenciou que a adição de PEG contribui para melhorar 
a flexibilidade do filme de Qui, entretanto a adição da 
argila Nanomer I24 não alterou de maneira significativa 
as propriedades mecânicas do filme de QuiPEG. Os filmes 
de QuiBen apresentaram maior flexibidade e resistência 
mecânica que os demais filmes investigados, indicando 
que a adição de Bentonita sódica proporcionou a obtenção 

de filmes com melhores propriedades térmicas e mecânicas 
que a argila Nanomer I24.
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Abstract

The present work is devoted to the study of structural and wetting proper-
ties of chitosan-based lms containing silver nanoparticles. In particular, the
e ects of silver concentration on the morphology of chitosan lms are charac-
terized by di erent techniques, such as atomic force microscopy (AFM), X-
ray di raction (XRD) and Fourier transform infrared spectroscopy (FTIR).
By means of dynamic contact angle measurements, we study the modi ca-
tion on surface properties of chitosan-based lms due to the addition of silver
nanoparticles. The results are analyzed in the light of molecular-kinetic the-
ory which describes the wetting phenomena in terms of statistical dynamics
for the displacement of liquid molecules in a solid substrate. Our results show
that the wetting properties of chitosan-based lms are high sensitive to the
fraction of silver nanoparticles, with the equilibrium contact angle exhibiting
a non-monotonic behavior.

Keywords: Chitosan, Silver nanoparticles, Wetting phenomena, Surface
energy

1. Introduction

Natural polymers have attracted a remarkable interest over the past
decade due to their abundance, low cost, biodegradability and biocompat-
ibility, as well as their ability to form exible and free-standing lms for a
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large variety of applications[1, 2]. In particular, it has been demonstrated
that biopolymers derived from polysaccharides are suitable host materials
for metal nanoparticles, providing them chemical stability and a suitable en-
vironment for use in biological systems [3, 4]. In this context, chitosan has
played an important role due to its excellent capability of being structurally
modi ed, leading to the adjustment of their properties for speci c purposes
[5]. Chitosan is a pseudo-natural polymer obtained from the deacetylation
of chitin (poly-N-acetyl-D-glucosamine) which is a polysaccharide present in
the exoskeleton of crustaceans and insects, fungal biomass and mollusk shells
[5, 6]. The process of deacetylation of chitin takes place from the partial or
full replacement of a N-acetyl group in the chitin by an amine group [6]. The
presence of the amine group in the chitosan molecular structure has opened
the possibility of using such system in several practical problems, such as en-
zyme immobilization [7], controlled drug releasing [8, 9], sorption phenomena
[5, 10, 11] and metal complexation [5, 12]. Further, chitosan exhibits a high
surface energy and excellent adhesive properties on solid substrates, making
it an ideal setup to produce functional lms [13, 14, 15, 16].

It is well established that the introduction of metallic nanoparticles is
a successful procedure to induce profound physical and chemical modi ca-
tions in polymeric hosts for speci c purposes [17, 18]. The main reason is
that metallic nanoparticles exhibit interesting optical and electrical proper-
ties associated with the surface plasmon resonance, which can be tuned by
adjusting the size, shape and concentration of nanoparticles [19, 20, 21]. In
particular, mechanical, electric and optical properties of nanocomposites can
be reasonably modi ed by controlling the nanoparticles morphology added
in the polymeric host. A prominent example is the improvement in the
performance of photovoltaic devices due to the interplay between surface
plasmons of nanoparticles and exciton generation which enhances the mech-
anism of charge transfer [22]. Further, nanocomposites have been used in
sensor devices for biorecognition due to the high sensitivity of the surface
plasmon resonance to the external conditions [23, 24, 25]. Concerning ther-
mal and mechanical properties, it has been demonstrated that the addition
of nanoparticles may a ect the elasticity, thermal conductivity, and stability
of polymeric systems, depending on the concentration and size of the guest
particles [26, 27, 28]. As a consequence, the comprehension of processes be-
hind the surface and structural modi cations of such systems has become an
important step in the development of new technological devices.

Recently, special attention has been devoted to the modi cation of chi-
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tosan lms from the addition of silver nanoparticles, due to the large potential
of resultant materials for di erent applications [29, 30, 31, 32, 33, 34]. Sev-
eral studies have demonstrated that chitosan-silver nanocomposites exhibit a
high antimicrobial activity, which can be used in wound dressing [29, 30] and
water puri cation [32]. Because its cytotoxic e cacy and selectivity, such a
system also presents an antiproliferative activity against a series of cancer cell
lines [34, 36, 37]. Further, it has been shown that chitosan-silver nanocom-
posites can be employed as a low cost substrate for ultrasensitive detection of
molecules by using surface-enhanced Raman spectroscopy [33, 35]. Regard-
ing electro-optical properties, it has been reported that linear and nonlinear
refractive indices of chitosan-based nanocomposites are highly sensitive to
the concentration of silver nanoparticles [38, 39], opening the possibility of
using such soft materials in planar waveguide and optical signal processing.

Although biomedical applications of chitosan-silver nanocomposites have
been widely investigated, the in uence of the nanoparticles concentration in
the interfacial properties of chitosan lms has not been explored so far. In
this work, we study the concentration e ects on the wetting and structural
properties of chitosan-silver composite lms. By using the molecular-kinetic
theory to describe the time evolution of the contact angle, we estimate how
the surface contribution to the wetting free energy and the surface density of
adsorption sites are a ected by the nanoparticles concentration. Structural
properties of nanocomposite lms are also investigated from atomic force
microscopy (AFM), X-ray di raction (XRD) and Fourier transform infrared
spectroscopy (FTIR) techniques. Our results show that the addition of silver
nanoparticles plays an important role in the wetting and structural properties
of chitosan lms.

2. Material and methods

2.1. Sample preparation

Chitosan (85% DA, Mw 3 × 105) was obtained from Acros and silver
nanoparticles powder (150 nm in diameter) containing polyvinylpyrrolidone
(PVP) as dispersant was purchased from Sigma-Aldrich. All materials were
used as received. Chitosan solutions were prepared by dissolving chitosan
1.0% w/v in 0.25molL 1 acetic acid at room temperature and contentiously
stirred for 48 hours. Silver nanoparticles powder was added in chitosan so-
lutions at room temperature, with the nal solution being stirred until the
contents have been fully blended. Composite lms were obtained by casting
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chitosan-silver nanoparticles solution onto soda lime glass plates that were
previously cleaned. After solvent evaporation, the samples were dried under
air at room temperature. Resultant composite lms exhibit a mechanical
aspect similar to the cellophane, with the lm opacity increasing as the con-
centration of silver nanoparticles is enhanced.

2.2. FTIR spectroscopy

In order to study the chemical and structural changes in chitosan-based
lms associated with the addition of silver nanoparticles, FTIR spectra were

recorded using a Shimadzu IR Prestige-21 spectrophotometer at the wavenum-
ber range region between 4000 and 400 cm 1. Free-standing chitosan-based
lms were prepared and all infrared spectra were recorded in the transmission

mode at 4 cm 1 intervals and 20 scans.

2.3. Contact angle measurements

The wetting phenomena on the surface of chitosan lms were investi-
gated by using the sessile drop method. Castor oil drops were deposited
on chitosan-silver composite lms and the dynamic contact angles were au-
tomatically acquired by means of an optical goniometer Tetha (Attension
Instruments). The time evolution of the contact angle was determined from
the digital analysis of castor oil drop images which were captured in intervals
of 4 ms. All measurements were performed at a constant temperature (22 C)
and the procedure was repeated at least ten times for each concentration of
silver nanoparticles.

2.4. X-rays spectroscopy

X-ray di raction studies were carried out using a Shimadzu XRD-6000
di ractometer, with Cu K radiation source ( = 1, 54056A), with power of
40 kV and 30 mA. The di raction angle, 2 ¯theta, was varied from 5 to 70 de-
grees, with the di raction measurements performed at constant temperature
(22 C). The measurements were performed in free-standing chitosan-based
lms containing distinct concentrations of silver nanoparticles.

2.5. Atomic Force Microscopy

The morphology of chitosan-silver composite lms was characterized by
a Multiview 1000TM atomic force microscope from Nanonics (Israel). A Sil-
icon probe (resonant frequency f = 300 kHz, spring constant k = 35 Nm,
AppNano) operating in tapping mode was used. The scanning area was
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40×40 µm2, with a 512×512 pixels image to determine the roughness on
the nanoscale. Surface roughness has been characterized by atomic force mi-
croscopy in terms of the average roughness (Ra), root mean squared rough-
ness (Rms), and average height (Ha) using WSxM software [40].

Figure 1: AFM images of chitosan-based composite lms for di erent concentration of
silver nanoparticles: (a) c = 0.0 wt.%, (b) c = 0.2 wt.%, (c) c = 0.4 wt.%, and (d)
c = 0.8 wt.%. In all cases, the scale bar corresponds to a length of 8 µm. One can
notice a pronounced enhancement in the lm roughness as the nanoparticle concentration
is increased, due to the formation of large clusters of silver.

3. Result and discussion

In Fig. 1 is shown the AFM images of chitosan lms for di erent con-
centrations of silver nanoparticles, c, which was varied in the range of 0
0.8 wt.%. One can notice that the pure chitosan lm exhibits a smooth sur-
face, as shown in Fig. 1a. Although composite lms seem macroscopically
homogeneous, AFM images reveal that the lm roughness increases signi -
cantly as the concentration of silver nanoparticles is enhanced, as exhibited
in Fig. 1b-d. For c = 0.2 wt.%, we observe the formation of small clusters
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of nanoparticles that are uniformly distributed through the lm surface, as
presented in Fig. 1b. The number and size of silver clusters become larger
as the concentration is increased to c = 0.4 wt.%, with the presence of some
silver grains along the lm surface, as shown in Fig. 1c. At this point, we
have observed a severe reduction in the mechanical strength and elasticity of
composite lms. In Fig. 1d, one can note the formation of very large silver
grains in the lm surface for c = 0.8 wt.%, with a substantial increase in
the lm roughness. The analysis of AFM images provides several parameters
that allow the characterization of the morphological structure at the sur-
face of polymeric lms. In Table 1, we present the average roughness (Ra),
the root mean square roughness (Rms), and the average height (H) of the
chitosan-based lms. The morphological data reveal that the introduction
the silver nanoparticles promotes a pronounced modi cation in the surface
of chitosan lms, with the roughness increasing one order of magnitude for
high concentrations of silver nanoparticles.

Table 1: Morphological parameters of chitosan-based lms presenting di erent concen-
trations of silver nanoparticles: arithmetic mean roughness (Ra), root mean square
roughness (Rms) and average height (H). In each sample, the mapped area was 40×40 µm2.

Concentration (wt.%) Ra (nm) Rms (nm) Ha (nm)

0.0 4.6 6.5 32.6

0.2 19.3 25.3 131.0

0.4 31.4 40.5 201.2

0.8 50.8 67.1 320.7

In order to clarify the structural modi cations on the polymeric chain due
to the addition of silver nanoparticles in chitosan samples, the FTIR spectra
of chitosan doped with silver nanoparticles lms are presented in Fig. 2. For
pure chitosan lm, the FTIR spectrum exhibits the typical absorption bands
at 3440, 2920 and 2880 cm 1 , which represent respectively the stretching
vibrations of OH, CH2 , and CH3 groups. The absorption bands at
3370 and 1556 cm 1 are characteristic of stretching and bending vibrations
of NH2 amine group. The band peak at 1409 cm 1 and 1316 cm 1 corre-
spond to the vibrations of OH and CHgroups in the pyranose ring. The
absorption band at 1630 cm 1 is attributed to the stretching of C = O

6



400100016002200280034004000

Wavenumber (cm
-1

)

0.0

0.5

1.0

1.5

2.0

2.5

A
b
so

rb
a
n
c
e
 (

a
.u

.)

a

b

c

Figure 2: (Color online) FTIR spectra of chitosan-based lms for distinct concentrations
of silver nanoparticles: (a) pure chitosan lm (black line), (b) c = 0.04 wt.% (red line),
(c) c = 0.2 wt.% (blue line).

carbonyl group which is associated to the existence of N-acetyl units due
to the degree of deacetylation around 85%. The peak at 1080 cm 1 corre-
sponds to the antisymmetric stretching of the C O C glycosidic linkage.
Such IR spectrum for chitosan is in good agreement with previous reports
[41]. Concerning the chitosan-silver composite lms, one can notice that the
IR absorption spectra present a quite similar structure to the spectrum of
the pure chitosan lm. Indeed, we cannot observe any signi cant shift in
the position of absorption bands, indicating that a low e ective interaction
takes place between guest particles and the polymeric host. However, it is
observed a gradual reduction of the ratio A1080/A3440 as the silver concen-
tration is increased, where A1080 and A3440 are respectively the absorbance
values associated with the antisymmetric stretching of the glycosidic linkage
and the stretching hydroxyl group. More speci cally, we observe a reduction
around 15% in the ratio A1080/A3440 for c = 0.2 wt.%, which reveals that
the introduction of silver nanoparticles a ects the stability of the chitosan
polymeric chain.

The X-ray di raction (XRD) pattern of a chitosan lm is presented in Fig.
3. Here, we observe three peaks in the 2¯ range, occurring at 9.1 , 12.2 , and
19.1 . The present XRD pattern is characteristic of chitosan lms obtained
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Figure 3: XRD pattern of free-standing chitosan lms. The inset shows the XRD pattern
of chitosan powder presenting a deacetylation degree around 85%.

from casting of chitosan/acetic acid solutions [42, 43], with corresponding
d spacings (index): 9.77 A (100), 7.31 A (001), and 4.69 A (102̄). Indeed,
chitosan lms exhibit a polymorphism that depends on the method used
to prepare the lms, where an orthorhombic unit cell is reported for lms
obtained from casting chitosan/acetic acid solutions [43]. Such a XRD pat-
tern contrasts to that observed for chitosan powder (inset of Fig. 3), which
presents broad peaks at 11.7 and 20.2 , revealing the amorphous nature of
the polymer powder [44].

In Fig. 4, we show the XRD patterns of chitosan-based lms for distinct
concentrations of the silver nanoparticles. As one can note, the character-
istic peaks of chitosan XRD pattern are suppressed as the fraction of silver
nanoparticles increases. In particular, we observe the emergence of three
peaks in the 2¯ range, taking place at 38.3 , 44.5 and 64.7 . Further, we
notice that these peaks become more pronounced as the silver concentration
is raised, which can be directly associated with the formation of silver grains
at the lm surface. The present results indicate the silver aggregation in a
cubic phase, where (hkl) Miller index are shown in Fig. 4.

Regarding the e ects of the addition of silver nanoparticles on the wet-
ting properties of chitosan lms, Fig. 5 presents the time evolution of the
contact angle of castor oil drops on chitosan-based composite lms, for dis-
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Figure 4: XRD pattern of free-standing chitosan-based lms containing di erent fractions
of silver nanoparticles. Notice that silver peaks become more pronounced for high fractions
of guest particles, due to the formation of silver grains at the lm surface.

tinct concentrations of guest particles. Sesille drops measurements reveal
that the wetting dynamics is highly a ected by the concentration of silver
nanoparticles, which is characterized by a slow relaxation dynamics of castor
oil drops in the polymeric surfaces. Castor oil exhibits a high viscosity that
reduces the time needed for the contact angle to reach its equilibrium value.
Further, we observe a signi cant reduction of the equilibrium contact angle
due to the introduction of guest particles in chitosan lms. However, such
a reduction seems to be non-monotonic, once the equilibrium contact angle
for c = 0.8 wt.% is greater than that obtained for c = 0.2 wt.%.

The relaxation dynamics of the contact angle can be analyzed in the
context of the molecular-kinetic theory for the displacement of the contact
line during the wetting phenomenon [45]. In this model, the time evolution
of the contact angle is described in terms of the statistical dynamics of the
liquid molecules in a region around the contact line, denominated as the
three-phases zone. Using the Eyring activated-rate theory for the transport
of non-volatile liquids [46], the time evolution of a drop with a spherical cap
shape is given by:
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for three di erent concentrations of silver nanoparticles: pure chitosan lm (black circles),
c = 0.2 wt.% (red squares) and c = 0.8 wt.% (blue diamonds). Notice that the equilibrium
contact angle is a ected by the addition of silver particles.

t
= f( )

�

2ksh

v n

�

sinh

�

v

2nkBT
(cos 0 cos )

�

, (1)

with

f( ) =
3V

(1/3) (2 3cos + cos3 )
4/3

(1 cos )2
. (2)

Here, is dynamic contact angle, 0 represents the equilibrium contact angle,
while drop shape is de ned by the function f( ). l is the uid viscosity, l is
the surface tension, and T is the temperature of the system. h and kB are re-
spectively the Planck and Boltzmann constants. l is the volume of the unity
of ow, de ned as l = Ml/NA l, where NA is the Avogadro number, and
M represent the mass density and the molar mass of the uid, respectively.
In Equation 1, the parameters n and ks correspond to the surface density
of adsorption sites and the frequency of molecular displacements involved
in the wetting phenomenon, respectively. These parameters can be directly
obtained from the analysis of the relaxation dynamics of the contact angle,
with ks being associated with the surface contribution gs (per unit of area)
for the activation free energy (per unit of area) of wetting gw:

10



ks =
kBT
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gs
nkBT
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The activation free energy of wetting is de ned as the sum of the surface
energy contribution and the viscous energy contribution gv:

gw = gs + gv , (4)

where the viscous contribution is de ned from:

l =
h

l

exp

�

gv
NAkBT

�

. (5)

It is important to stress that the viscous contribution is previously de-
termined, once it only depends on the uid viscosity and the system tem-
perature. As a consequence, the molecular-kinetic theory can be used to
obtain the n and gs parameters from dynamic wetting measurements. In our
analysis, we have used castor oil as the probe uid, in order to prevent the
solubilization of chitosan-based lms during the contact angle dynamics. n
and gs were computed from the ts of ten measurements of castor oil sessile
drops ( = 0.96 g cm 3, l = 38.02 mJ m 2, l = 0.992 Pa s) on the surface
of chitosan-based lms, for distinct concentrations of silver nanoparticles.

In Fig. 6, we present the wetting parameters obtained in contact angle
measurements as a function of the concentration of silver nanoparticles. It
can be seen in Fig. 6a that the surface contribution to the wetting free
energy increases monotonically as the concentration of silver nanoparticles is
raised. Such a behavior may be associated with the emergence of an e ective
interaction between silver clusters and the carboxylic group presented in the
molecular structure of ricinoleic acid, which is the major component of castor
oil. Indeed, previous works have reported the use of castor oil as an e cient
capping agent in the synthesis of silver and gold nanoparticles due to the
carboxylic group [47, 48]. However, it observed that gs seems to converge to
a constant value in the limit of high concentrations of silver nanoparticles.
In fact, the surface energy tends to enhance as the number of silver clusters
increases, favoring an e ective interaction between the composite lm and
castor oil. On the other hand, the enhancement in the number of silver
clusters is suppressed by the emergence of silver grains at the lm surface
when the concentration of guest particles is raised, as presented in Fig. 1.
A similar scenario is observed for the surface density of adsorption sites, n,
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Figure 6: Wetting parameters of chitosan-based lms as function of the concentration of
silver nanoparticles: (a) Surface contribution to the wetting free energy gs, (b) surface
density of adsorption sites n, and (c) equilibrium contact angle 0. Such parameters were
obtained by tting the time evolution of the contact angle with the molecular-kinetic
theory.

which increases as the silver fraction is raised due to the formation of silver
clusters, as shown in Fig. 6b.

A contrasting behavior is observed for the equilibrium contact angle, 0,
which presents a non-monotonic dependence on the concentration of guest
particles, as shown in Fig. 6c. In particular, we notice that the equilibrium
contact angle decreases substantially as small fractions of silver nanoparticles
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are added in the chitosan-based lm. Such a reduction re ects the enhance-
ment of the surface contribution to the wetting free energy. However, the
surface roughness increases as the formation of silver clusters takes place, spe-
cially in the limit of high concentrations because large silver agglomerates are
formed. As a consequence, the equilibrium contact angle obtained from the
drop spreading in a rough surface tends to exhibit a larger value than that in
a smooth surface, due to the hysteresis-induced by the inhomogeneity of the
chitosan-based substrate [49]. Indeed, the interplay between the enhance-
ment in the surface energy and hysteresis-induced by surface roughness gives
rise to the non-monotonic dependence of the equilibrium contact angle on
the concentration of silver nanoparticles. The present result opens the pos-
sibility of an e ective control of the adhesion of the ricinoleic acid and other
fatty acids in chitosan lms from the addition of mettalic nanoparticles in
such substrate.

4. Conclusion

In summary we studied the e ects of the addition of silver nanoparticles
on the wettability and structural properties of chitosan-based lms. From
AFM images, we observed the formation of silver clusters as the fraction of
guest particles is increased, resulting in the enhancement of the lm rough-
ness. Further, FTIR measurements revealed that the introduction of silver
nanoparticles tends to induce the rupture of glycosidic bonds in the chitosan
chain, thus leading to a reduction in the mechanical strength of chitosan-
based lms. From the analysis of XRD patterns, we noticed the suppression
of typical peaks of chitosan lms obtained from casting due to the addition
of silver nanoparticles. In particular, we observed that characteristic peaks
of the silver aggregation in a cubic phase becomes more pronounced as the
silver grains emerge at the lm surface. Concerning the dynamic wetting
of castor oil in chitosan-silver composite lms, our results showed that the
surface contribution to the wetting free energy and the surface density of
adsorption sites increase monotonically as the fraction of silver nanoparticles
is raised. However, the equilibrium contact angle was observed to exhibit a
non-monotonic dependence on the silver concentration due to the interplay
between the roughness and surface energy e ects. Such results show that the
insertion of metallic nanoparticles can be used to tune and control the ad-
hesion of fatty acids in chitosan lms, as required in di erent biotechnology
applications, such as molecular immobilization [50, 51] and tumor-selective

13



drug delivery [52]. The present ndings indicate that wetting and struc-
tural properties of chitosan are sensitive to the addition of silver particles,
which may open the possibility to tailor new application based on such soft
materials.
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