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a  b  s  t  r  a  c  t

Chitosan  nanoparticles  (chitosan  NP) were  effectively  incorporated  onto cotton  fiber  surfaces  dur-
ing  a green  adsorption  without  any  cross-linking  agents  in  this  work.  The  interactions  between
cotton fibers  and chitosan  NP  during  the  green  adsorption  were  investigated  by  Fourier  trans-
form infrared  spectroscopy  (FTIR),  X-ray  photoelectron  spectroscopy  (XPS),  X-ray  diffraction  (XRD),
thermogravimetric-derivative  thermogravimetry  (TG-DTG)  and  scanning  electron  microscopy  (SEM)  in
eywords:
hitosan nanoparticle
otton fiber

nteraction
ydrogen bond
dsorption without cross-linking agents

detail. The  results  indicated  that the  intermolecular  hydrogen  bond  interactions  exited  between  the
hydroxyl  groups  of  cotton  fibers  and  the  amino  groups  of  chitosan  NP, and progressively  enhanced  with
the  increase  in  chitosan  NP mass  concentrations.  After  chitosan  NP adsorption,  the  acidity  of fibers  aug-
mented  and  the  crystallinity  index  of fibers  declined  owing  to the  increasing  interactions.  In addition,  the
hydrophobic  interactions  occurred  between  chitosan  NP and  crystalline  cotton  fibers,  thereby  resulting
in  the  preferential  adsorption  onto  the  hydrophobic  (2 0 0) crystallographic  plane.
. Introduction

Chitosan is the linear and typically 20% acetylated (1-4)-
-amino-2-deoxy-�-d-glucan, and it is obtained from chitin
Muzzarelli, 2012; Muzzarelli et al., 2012). Recently, chitosan
as been reported to be an excellent biopolymer for preparing
anoparticles due to its superior biodegradability, biocompatibility
nd mucoadhesive property (Hejazi & Amiji, 2003; Lehr, Bouwstra,
chacht, & Junginger, 1992; Vila, Sánchez, Tobío, Calvo, & Alonso,
002). Chitosan nanoparticles (chitosan NP) have been extensively

nvestigated as sustained-release carriers in gene and drug-delivery
ystems (Gan, Wang, Cochrane, & McCarron, 2005; Katas & Alpar,
006; Papadimitriou, Bikiaris, Avgoustakis, Karavas, & Georgarakis,
008; Saboktakin, Tabatabaee, Maharramov, & Ramazanov, 2010;
hang, Oh, Allen, & Kumacheva, 2004) and utilized in the fabri-
ation of functional cotton fabrics (Bashar & Khan, 2013). Owing
o the large surface area to volume ratio and high surface energy

Rajendran, Radhai, Kotresh, & Csiszar, 2013), the nanoparticles
ad a good affinity for cotton fabrics and could be finished on the
ber surface without any chemical cross-linking agents which
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generally contained certain harmful and hazardous compounds.
After chitosan NP treatment, the cotton fabric exhibited an excel-
lent antibacterial (Rajendran et al., 2013; Ye, Xin, Li, Lee, & Kwong,
2006) or superhydrophobic property (Ivanova & Philipchenko,
2012). Meanwhile, an aromatic cotton fabric with good laundering
durability and sustained fragrance release was prepared via the
green adsorption of fragrance-loaded chitosan NP (Hu et al., 2012).

However, most of the previous studies focused on the perfor-
mance and application of modified cotton fabrics via chitosan NP
treatment. The mechanism of the green adsorption process with-
out cross-linking agents has not been clear. The several studies on
the preparation and characterization of chitosan–cellulose films or
nanocomposites (Da Róz et al., 2010; Mesquita, Donnici, & Pereira,
2010; Li, Zhou, & Zhang, 2009; Phisalaphong & Jatupaiboon, 2008;
Rosca, Popa, Lisa, & Chitanu, 2005; Ul-Islam, Shah, Ha, & Park, 2011;
Wu et al., 2004) have been reported. The results from these studies
demonstrated that intermolecular hydrogen bonding (De Mesquita
et al., 2010; Phisalaphong & Jatupaiboon, 2008; Ul-Islam et al.,
2011; Wu et al., 2004) and electrostatic interactions (Da Róz et al.,
2010; De Mesquita et al., 2010; Li et al., 2009; Rosca et al., 2005)
occurred between chitosan and cellulose, consequently leading to
the good miscibility between the two components. On the basis

of these reports, a probable adsorption mechanism between cot-
ton fabrics and chitosan NP was  assumed in our previous study
(Hu et al., 2012). It showed that the nanoparticles could penetrate
into the 50–200 nm holes (Rous, Ingolic, & Schuster, 2006) on fiber

dx.doi.org/10.1016/j.carbpol.2013.10.023
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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urfaces depending on osmotic pressures and the hydrogen bonds
otentially developed between the hydroxyl groups of chitosan NP
nd cellulose. Additionally, the study from Ye et al. (2006) inferred
hat the chitosan NP could adhere firmly onto the cotton fabrics,

ost probably not only by physical interactions but also by certain
hemical bindings. To further comprehend the adsorption mecha-
ism, the current paper is aimed to study the interactions occurring
etween cotton fibers and chitosan NP during the green adsorption.

. Experimental

.1. Materials

Chitosan was purchased from Golden-Shell Biochemical Co. Ltd.
Zhejiang, China) with an average molecular weight of 150 kDa
nd a deacetylation degree of 90%. Sodium tripolyphosphate was
urchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
hina). The other chemical reagents used in the study were all
f analytical reagent grade. Cotton fabric was purchased from
ongdou Group Co. Ltd. (Jiangsu, China) with a specific weight of
20 ± 5 g/m2 and a thickness of 0.5 mm.  Before use, the cotton fab-
ic was cleaned by deionized water at 25 ◦C for 0.5 h and sodium
arbonate solution of 2.0 g/L at 95 ◦C for 2 h. The rinsed cotton was
ir-dried at 25 ◦C for 48 h.

.2. Formation of chitosan nanoparticles

Chitosan NP were prepared by the ionic gelation process based
n the report by Calvo, Remuñán-López, Vila-Jato, and Alonso
1997). The chitosan solutions with different mass concentrations
0.7, 1.4, 2.1, 2.8 g/L) were prepared by dissolving purified chitosan
n 1% (w/w) acetic acid solution with sonication at 800 W for 15 min.
he pH of chitosan solutions was adjusted to 5.25 with NaOH
olution (1 mol/L). The chitosan NP suspension was spontaneously
ormed by adding dropwise the 45 mL  sodium tripolyphosphate
olution into the 105 mL  chitosan solution under a magnetic stir of
50 rpm at room temperature for 60 min, keeping the weight ratio
f chitosan to sodium tripolyphosphate at 5:1.

.3. Adsorption of chitosan NP on cotton fibers

The neat cotton of 0.5 g was immersed in the 150 mL  chi-
osan NP suspension with a different mass concentration (0.6, 1.2,
.8, 2.4 g/L). The temperature and pH of the chitosan NP suspen-
ion were kept at 25 ◦C and 6.5, respectively. Without chemical
ross-linking agents, the green adsorption was carried out under
agnetic stirring at 250 rpm for 60 min  to obtain the chitosan
P-adsorbed cotton (chitosan NP-cotton). The treated cotton was
ir-dried at 25 ◦C for 48 h before the next characterization.

.4. Characterization

.4.1. Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) spectra of all

amples were obtained with a VERTEX70 spectrophotometer
BRUKER, Germany) in the wavenumber range of 4000–600 cm−1

o determine the functional groups of chitosan NP-cotton and inter-
ctions between chitosan NP and cotton fibers. The dried powders
f chitosan NP obtained via freeze drying for 20 h were mixed with
otassium bromide to form tablet samples.

.4.2. X-ray photoelectron spectroscopy (XPS)

In order to reveal the surface chemical changes of chitosan

P-cotton, X-ray photoelectron spectroscopy (XPS) analysis was
erformed using an AXIS ULTRADLD photoelectron spectrometer
Kratos, Japan) equipped with monochromatic Al K� radiation. The
mers 101 (2014) 812– 818 813

spectrometer was operated at 150 W,  15 kV and 15 mA.  The photon
energy was 1486.6 eV. A pass energy of 80 eV was  used in high-
resolution scans of C 1s and N 1s region. All calculated binding
energy values were relative to the C 1s photoelectron emission
signal occurring at 284.8 eV.

2.4.3. X-ray diffraction (XRD)
The crystalline structure of chitosan NP-cotton, as one of the

most important parameters for understanding the green adsorp-
tion, was  characterized by X-ray diffraction (XRD) using an X’ Pert
PW 3040 diffractometer (PANalytical, Netherlands). The patterns
were recorded in the region of 2� from 10◦ to 30◦ with Cu K�
(� = 0.15406 nm)  radiation at 40 kV and 40 mA.  The values of the
crystallinity index (CrI) of all samples were determined by the sur-
face method (Eq. (1)).

CrI (%) = SC

ST
× 100 (1)

where SC is the crystallinity area and ST is the total area.

2.4.4. Thermogravimetric-derivative thermogravimetry (TG-DTG)
Thermal analyses of all samples were carried out by

thermogravimetric-derivative thermogravimetry (TG-DTG) using
a Q5000 thermal analyzer (TA Instruments, USA) to determine the
interactions between chitosan NP and cotton fibers. The chitosan
NP were freeze-dried for 20 h to obtain the powdered samples. Each
sample of approximately 4 mg  was heated from 30 to 600 ◦C at a
heating rate of 10 ◦C/min under a constant flow of nitrogen.

2.4.5. Scanning electron microscopy (SEM)
The morphology of the cotton fiber after chitosan NP adsorption

was observed by an S-3400N scanning electron microscopy (SEM,
HITACHI, Japan) under an accelerating voltage of 15 kV. Each sam-
ple was  coated with a thin layer of uttered gold particles before
observation.

3. Results and discussion

3.1. FTIR analysis

FTIR spectra of chitosan NP, neat cotton and chitosan NP-
cotton treated with different chitosan NP mass concentrations were
shown in Fig. 1. The overlapped absorption bands in the region of
3200–3520 cm−1 were assigned to the O H and N H stretching
vibrations of cotton fibers and chitosan NP, respectively, as shown
in Fig. 1a. After chitosan NP adsorption, the broadband moved
slightly and became broader compared to the band of neat cotton.
Meanwhile it got increasingly weaker as the content of chitosan
NP increased. The results suggested that the intermolecular hydro-
gen bonds were formed between chitosan NP and cotton fibers (De
Mesquita et al., 2010) and gradually enhanced with the increas-
ing chitosan NP mass concentration. The probable mechanism has
been proposed that the intermolecular hydrogen bonds of cellulose
are broken down to form cellulose–chitosan hydrogen bonds, while
the intramolecular and intrastrand hydrogen bonds hold the net-
work flat of cellulose (Wu  et al., 2004). Besides, the displacement
of bands could also be attributed to the electrostatic interactions
between the positively charged amino groups of chitosan and the
negatively charged sulfate groups of fiber surface (Li et al., 2009).

In Fig. 1b the FTIR spectra of chitosan NP, neat cotton and
chitosan NP-cotton at the wavenumber ranging from 1710 to
1500 cm−1 were shown. The absorption in the spectrum of neat

cotton was the band at 1640 cm−1, which was  attributed to the
O H vibration band of the water present in cellulose (Watanabe
et al., 2006). From the spectrum of chitosan NP, the characteristic
absorption bands at 1635 cm−1 and 1535 cm−1 were assigned to
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to C O or O C O bonds. This was consistent with previous stud-
ies on XPS analyses of the cotton fabric or cellulose (An, Wang,
Li, & Huang, 2009; Freudenberg et al., 2005; Kontturi, Thüne, &
ig. 1. FTIR spectra of chitosan NP, neat cotton and chitosan NP-cotton treated wit
710–1500 cm−1.

he C O stretching vibration of acetyl groups and the N H bending
ibration of amino groups (Papadimitriou et al., 2008), respectively.
n the spectrum of chitosan NP-cotton, the N H absorption band
f amino groups was shifted to 1542 cm−1 after adsorption. Fur-
hermore, the intensity of the band progressively enhanced with
he increase in the content of chitosan NP. These results further
ndicated that the intermolecular hydrogen bonding interactions
xisting between cotton fibers and chitosan NP progressively aug-
ented with the increasing chitosan NP mass concentration, and

he amino groups of chitosan NP took part in the formation of these
ydrogen bonds (Chen, Dong, & Cheung, 2005; De Mesquita et al.,
010).

.2. XPS analysis

High resolution N1s XPS spectra of neat cotton and chitosan
P-cotton treated with different chitosan NP mass concentrations

ere shown in Fig. 2. An obvious N1s signal ranging from 403

o 397 eV was appeared in all chitosan NP-cotton samples after
dsorption. The major peak occurring at 399.5 eV was  attributed
o the nitrogen atoms which were bonded to carbon atoms or the

ig. 2. High resolution XPS spectra of the N1s peak of neat cotton and chitosan
P-cotton treated with different chitosan NP mass concentrations.
rent chitosan NP mass concentrations in the range of (a) 3520–3200 cm−1 and (b)

non-protonated amine groups (Matienzo & Winnacker, 2002). The
minor peak occurring at 401.6 eV was  belonged to the oxidized
nitrogen atoms or the protonated amine groups (Dambies, Guimon,
Yiacoumi, & Guibal, 2001; Matienzo & Winnacker, 2002). With the
rising content of chitosan NP, the intensity of N1s signals enhanced
accordingly, thus implying an increasing adsorption of chitosan NP
onto cotton fibers.

The high resolution C1s XPS data were utilized to further con-
sider the interactions between chitosan NP and cotton fibers. The
C1s spectra were resolved into three peaks of different intensi-
ties as shown in Fig. 3. The peak C1 at 282.2 eV was assigned to
C C or C H bonds. The peak C2 occurring at 284.0 eV was  due to
C O or C OH bonds. The last peak C3 at 285.3 eV was  attributed
Fig. 3. High resolution XPS spectra of the C1s peak of neat cotton and chitosan
NP-cotton treated with the chitosan NP mass concentration of 1.8 g/L.
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Table 1
The relative peak areas and ratios obtained from the C1s XPS spectra of neat cotton and chitosan NP-cotton.

Sample Relative peak areas (%) Ratios (%)

C1 C2 C3 C2/(C1 + C3)

Neat cotton 45.6 41.5 12.9 0.71
0.6  g/L chitosan NP-cotton 44.3 42.4 13.3 0.73
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In Fig. 5 the TG and DTG curves of chitosan NP, neat cotton and
chitosan NP-cotton treated with different chitosan NP mass con-
centrations were shown. From the TG curves in Fig. 5a, the minor
1.2  g/L chitosan NP-cotton 42.1
1.8 g/L chitosan NP-cotton 39.0 

2.4  g/L chitosan NP-cotton 37.8 

iemantsverdriet, 2003). From the spectra in Fig. 3, the peak C2
nd C3 increased with the respect to C1 after adsorption. The rel-
tive areas and ratios of C1, C2 and C3 peaks in the C1s spectra of
arious chitosan NP-cotton samples were presented in Table 1. As
he chitosan NP mass concentration increased, the peak areas of
2 and C3 gradually augmented but the area of C1 peak decreased,
onsequently resulting in the increasing C2/(C1 + C3) ratio. Accord-
ng to the previous study, the peak C2 was related to the acidity
f fibers, and the peaks of C1 and C3 were corresponded to their
asicity (Shen, Mikkola, & Rosenholm, 1998). Therefore, the acid-

ty of cotton fibers augmented due to chitosan NP adsorption. This
nding further evidenced the hydrogen bonding interaction took
lace between chitosan NP, as the proton donors, and cotton fibers
nd enhanced with the increasing chitosan NP mass concentration,
hereby resulting in the increase in the acidity of cotton fibers.

.3. XRD analysis

In Fig. 4 the XRD patterns of chitosan NP, neat cotton and
hitosan NP-cotton treated with different chitosan NP mass con-
entrations were shown. In the pattern of neat cotton, three
ignificant diffraction peaks were appeared at a 2� angle of 14.8◦,
6.4◦ and 22.6◦ corresponding to (1 1 0), (1 1 0), and (2 0 0) crystal-

ographic planes of cellulose I�, respectively (Isogai, Usuda, Kato,
ryu, & Atalla, 1989). A weak and broad reflection from 15◦ to 30◦

as appeared in chitosan NP, which was agreement with the litera-

ure (Puttipipatkhachorn, Nunthanid, Yamamoto, & Peck, 2001). As
he content of chitosan NP increased, the diffraction peaks of chi-
osan NP-cotton weakened and no additional reflections displayed,
hus implying the decline of the fiber crystallinity. The calculated

ig. 4. XRD patterns of chitosan NP, neat cotton and chitosan NP-cotton treated
ith different chitosan NP mass concentrations.
43.2 14.7 0.76
5.7 15.3 0.84
6.8 15.4 0.88

crystallinity index (CrI) and d-spacing of different cotton samples
were presented in Table 2. A modest decrease in the value of CrI was
observed with the increase in chitosan NP mass concentrations.
This fact could be explained by a slight penetration of nanopar-
ticles between the fiber chains leading to a less dense and less
ordered structure (Ciolacu, Kovac, & Kokol, 2010), and the effects by
increasing hydrogen bonds between chitosan NP and cotton fibers.
However, the d-spacing values of all crystallographic planes hardly
varied after adsorption, indicating the unit cell of cotton fiber was
not changed after chitosan NP treatment. After adsorption, a more
obvious decline of the diffraction peak belonging to the hydropho-
bic (2 0 0) crystallographic plane was  observed comparing with the
peaks of the hydrophilic (1 1 0) and (1 1 0) crystallographic plane.
This finding confirmed that chitosan NP preferentially adsorbed
onto the (2 0 0) crystallographic planes of cotton fibers due to the
hydrophobic interactions between them (Ciolacu et al., 2010).

3.4. TG-DTG analysis
Fig. 5. TG curves (a) and DTG curves (b) of chitosan NP, neat cotton and chitosan
NP-cotton treated with different chitosan NP mass concentrations.
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Table 2
The crystallinity index (CrI) and d-spacing of neat cotton and chitosan NP-cotton.

Sample CrI (%) d-Spacing (nm)

(1 1 0) (1 1 0) (2 0 0)

Neat cotton 64.6 0.604 0.539 0.393
0.6  g/L chitosan NP-cotton 63.7 0.595 0.536 0.390
1.2  g/L chitosan NP-cotton 62.5 0.600 0.536 0.394

w
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1.8 g/L chitosan NP-cotton 61.1
2.4  g/L chitosan NP-cotton 59.7 

eight losses observed at 30–100 ◦C were related to the evap-
ration of the moisture from samples. The major weight losses
f chitosan NP and cotton fibers observed at 200–400 ◦C were
ttributed to the decomposition of the chitosan and cellulose. After
dsorption, the TG curves of chitosan NP-cotton shifted to low tem-
erature and exhibited an decreasing weight loss with the increase

n chitosan NP mass concentrations. The finding indicated that the
ontent of chitosan NP adsorbed on cotton fiber surfaces progres-
ively increased with the rising chitosan NP mass concentration.
s can be seen from the DTG curves in Fig. 5b, a single peak of

he maximum decomposition rate was observed at 294 and 370 ◦C

n chitosan NP and neat cotton, respectively. In the DTG curves of
hitosan NP-cotton, the peak temperature was reduced from 368
o 353 ◦C, accompanying with a declining peak intensity, when
he chitosan NP mass concentration changed from 0.6 to 2.4 g/L.

Fig. 6. SEM images of (a) neat cotton and chitosan NP-cotton treated with different
0.596 0.535 0.390
0.612 0.548 0.399

This result was  related to the content changes of the nanoparticles
adsorbed on cotton fibers according to the TG curves. Meanwhile, if
there were no interactions between chitosan NP and cotton fibers,
the derivative weight peaks should remain sharp and well defined.
However, the reflection of chitosan NP at 294 ◦C disappeared in all
curves of chitosan NP-cotton samples after adsorption. This fact
provided an additional evidence for the formation of the inter-
molecular hydrogen bonds between chitosan NP and cotton fibers
during the green adsorption.

3.5. SEM analysis
The morphologies of neat cotton and chitosan NP-cotton treated
with different chitosan NP mass concentrations were shown in
Fig. 6. It could be observed that the neat cotton showed a smoother

 chitosan NP mass concentrations: (b) 0.6 g/L, (c) 1.2 g/L, (d) 1.8 g/L, (e) 2.4 g/L.
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urface than chitosan NP-cotton. After chitosan NP treatment, the
anoparticles of 200–300 nm appeared and spread over the cot-
on fiber surfaces, thus indicating chitosan NP could be coated
n cotton fibers during the green adsorption. With the increase
n chitosan NP mass concentrations, the amount of chitosan NP
dsorbed on the cotton fibers progressively increased. Meanwhile,
he spherical nanoparticels (Calvo et al., 1997; Hu et al., 2012) were
ncorporated onto the fiber surface and deformed their shapes to
at structure under a high chitosan NP mass concentration (above
.8 g/L). These results showed certain interactions existed between
hitosan NP and cotton fibers and enhanced with the increas-
ng content of chitosan NP during adsorption, thus confirming
he results obtained from the FTIR, XRD, XPS and TG-DTG analy-
is.

. Conclusion

From the foregoing discussions, it appeared that certain inter-
ctions took place between chitosan NP and cotton fibers during

 green adsorption. The FTIR and XPS results indicated the inter-
olecular hydrogen bonds were formed between the amino groups

f chitosan NP and the hydroxyl groups of cotton fibers, and grad-
ally enhanced with the rising chitosan NP mass concentration.
rom the XPS and XRD analysis, an increase in the acidity and

 decrease in the crystallinity index of cotton fibers after chi-
osan NP adsorption were evidenced, proving the presence of the
ncreasing interactions. The XRD measurements showed chitosan
P had different affinities for various crystallographic planes of
otton fibers, and a preference for adsorbing on the (2 0 0) crys-
allographic plane, demonstrating the hydrophobic interactions
xisted during adsorption. In addition, the TG-DTG results further
onfirmed the formation of hydrogen bonds between chitosan NP
nd cotton fibers. Based on these interactions, chitosan NP could
e adsorbed onto cotton fibers surfaces effectively without any
ross-linking agents, which was confirmed also by the SEM analy-
is.
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