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a  b  s  t  r  a  c  t

�-Cyclodextrin  (�-CD)  is  capable  of forming  inclusion  complexes  but  cannot  form  a  direct  covalent  bond
with  textile  materials;  hence,  some  cyclodextrin  derivatives  have  been  synthesised  with  reactive  groups
to allow  them  to  chemically  bind  to various  substrates.  In  this  study,  �-CD  was  modified  with  itaconic  acid
containing  carboxyl  and  vinyl  groups  because  this  bifunctional  compound  can  be attached  to  �-CD  via  the
eywords:
-Cyclodextrin itaconate
otton fabrics
sterification
raft copolymerisation

esterification  reaction  and  because  its vinyl  group  can  perform  free-radical  polymerisation.  The  synthe-
sised  cyclodextrin  itaconate  was  characterised  using  elemental  and  thermal  analyses,  solubility  testing
and NMR,  FTIR  and  Raman  spectroscopy.  In  addition,  the  impact  of the  grafting  of  this  vinyl  monomer
on  the  performance  of  cotton  fabric  was  investigated.  The  presence  of  anchored  CD  nanoparticles  on  the
surface  of  the  fibres  was  demonstrated  by using  SEM  and  FTIR  as well  as the  ability  of the  attached  CDs
to form  inclusion  complexes.
. Introduction

Cyclodextrins (CDs) are macrocyclic compounds composed of
ix to eight (  ̨ = 6,  ̌ = 7, � = 8) d-Glucose units linked together by ˛-
1,4)-glycosidic bonds (Freudenberg & Cramer, 1948; Vögtle, 1991),
hich can be obtained from the degradation of starch with a glu-

osyltransferase enzyme (Croft & Bartsch, 1983; Sanger, 1980). In
Ds, each glucopyranose unit contains three free hydroxyl groups,
hich differ both in their availability and reactivity. Primary and

econdary hydroxyl groups in CDs are located on the lower and
pper ridges of the torus-shaped cavity (Dodziuk, 2006; Szejtli,
988). In addition, the molecule’s glycosidic oxygen atoms pro-
ide an electron-rich environment in the interior of the cavity
Ouziel & Kulke, 2007). Thus, due to the hydrophilic exterior and
ydrophobic interior of these compounds (Dodziuk, 2006; Szejtli,
988), CDs can incorporate a variety of hydrophobic compounds in
heir cavities, via host-guest complexation (Shao, Martel, Morcellet,

eltrowski, & Crini, 1996; Szejtli, 1982, 1996). Therefore because
f the molecular encapsulation property of CDs, they are used
n cosmetics (Wang & Chen, 2005), pharmaceuticals (Loftsson &

asson, 2001; Tabushi, 1982), chemicals (Szejtli, 1998), chro-

atography (Misiuk & Zalewska, 2008), textile dyeing and finishing

Buschmann, Knittel, & Schollmeyer, 2001; Cireli & Yurdakul, 2006;
umbasar, Atav, & Yurdakul, 2007; Savarino, Viscardi, Quagliotto,

∗ Corresponding author. Tel.: +98 2164542662; fax: +98 2164542600.
E-mail address: rmamalek@aut.ac.ir (R.M.A. Malek).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.047
© 2012 Elsevier Ltd. All rights reserved.

Montoneri, & Barni, 1999; Shibusawa, Okamoto, Abe, & Sakata,
1998; Szejtli, 2003; Voncina, Vivod, & Jausovec, 2007), foods and
several other industries (Del Valle, 2004).

In addition, a large number of cyclodextrin derivatives and their
preparation processes have recently been introduced with com-
pounds capable of reacting with their hydroxyl groups (Dodziuk,
2006; Ouziel & Kulke, 2007; Szejtli, 1997; Yoshinaga, 1992).
Amongst these derivatives, reactive cyclodextrins have also been
applied in textile industries (Buschmann et al., 2001; Otta, Zsadon,
Farago, Szejtli, & Tudos, 1988; Schmidt, Buschmann, Knittel, &
Schollmeyer, 2005) because natural or synthetic polymers con-
taining nucleophilic groups can react with these derivatives
by forming a covalent bond (Buschmann, Deuter, Knittel, &
Schollmeyer, 1988; Denter & Schollmeyer, 1996; Gaffar, El-Rafie,
& El-Tahlawy, 2004; Lee, Yoon, & Ko, 2000; Pöpping & Deratani,
1992; Reuscher & Hinsenkorn, 1996; Reuscher, Hirsenkorn, &
Haas, 1998; Szejtli, 2003). However, it seems that these com-
pounds have both advantages and disadvantages. For example,
monochlorotriazinyl-�-cyclodextrin (CDMCT), which is a commer-
cially reactive cyclodextrin derivative, is usually able to bond to
membranes, foils, films, textiles, leather, and chromatographic
separation phases, amongst others (Denter & Schollmeyer, 1996;
Reuscher & Hinsenkorn, 1996; Reuscher et al., 1998; Schmidt et al.,
2005). However, achieving accessibility to the cavities of all of

the fixed cyclodextrin molecules is not easy (Grechin, Buschmann,
& Schollmeyer, 2007; Schmidt et al., 2005). Hence, there is cur-
rently an increasing demand for improved reactive CD derivatives
with better stability after storage under different conditions and

dx.doi.org/10.1016/j.carbpol.2012.01.047
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rmamalek@aut.ac.ir
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rocesses without cleavage or the production of toxic or harm-
ul subsidiary products. Furthermore, it would be preferable for
he derivatives to not be comprised of complicated mixtures of
ariously substituted cyclodextrin derivatives and their isomers
Ouziel & Kulke, 2007).

To achieve this goal, in this study, a reactive derivative is pro-
ided in which the �-cyclodextrin was modified with a bifunctional
ompound containing carboxyl and vinyl groups via the esteri-
cation reaction. For this purpose, itaconic acid (IA) was chosen
ecause it is used worldwide to create useful polyfunctional build-

ng blocks in different biomedical fields, such as drug delivery
ystems (Okabe, Lies, Kanamasa, & Park, 2009). The structural infor-
ation of synthesised cyclodextrin itaconate was  characterised,

nd the grafting copolymerisation of this reactive cyclodextrin
n cotton fabric was studied. The presence of bounded CDI and
ts ability for molecular encapsulation were investigated by using
EM, measuring decreases in the absorbance intensity of phenolph-
halein and the inclusion complex formation of cyclohexane.

. Materials and methods

.1. Materials

�-Cyclodextrin (�-CD) and ceric ammonium nitrate (CAN) were
upplied by Sigma Aldrich Co. and used as received without fur-
her purification. Itaconic acid (IA) was supplied by Fluka Co., and
odium hypophosphite (SHP) was used as a catalyst as a labora-
ory grade chemical. The fabric (96 g/m2) was 100% cotton scoured,
esized, and bleached printcloth.

.2. Preparation of ˇ-cyclodextrin itaconate (CDI)

CDI was prepared by reacting �-CD (1 mol/L) with itaconic acid
2.6 mol/L) in the presence of sodium hypophosphite (0.33 mol/L)
s a curing catalyst in a semi-dry medium with a material to liquor
atio of 1:1.15, at 110 ◦C for 115 min  in a circulating air oven.
he cured sample was purified twice by washing with 200 mL  of
sopropyl alcohol and filtered with the suction filtration method
o remove unreacted ingredients, followed by drying at 60 ◦C
or 24 h. In our previous work, by applying the response surface

ethodology (RSM), the interactive effects of parameters affect-
ng the reaction mechanisms were investigated, and this optimum
onditions for synthesis of this product were determined by con-
rolling the reaction mechanisms (Nazi, Malek, & Moghaddam,
010). The yield of CDI under these conditions was  84% based on
-CD. Additionally, as an absolutely purified sample is essential

or characterisation, the sample was further purified to com-
letely separate the unreacted �-CD from the CDI. For this purpose,
eionised water was added slowly and carefully to the sample with
tirring to achieve complete dissolution. Then isopropyl alcohol
as added slowly and carefully to the solution with slow stirring
ntil the solution was cloudy. The CDI precipitated due to its insolu-
ility in isopropyl alcohol and was then separated by centrifugation.

Because in this work we proposed to produce reactive cyclodex-
rin containing vinyl functional groups for applying to modify
otton fabric, the ability of CDI for free-radical homopolymerisation
as investigated. The solutions containing CDI were warmed until

omplete dissolution occurred and then cooled down to room tem-
erature. Ceric ammonium nitrate (CAN) (0.015 mol/L) and nitric
cid (1%) were added to the solution to initiate polymerisation,

nd the sample was kept at 30 ◦C for 24 h in a closed tube with
tirring. The solution was then cast onto Teflon sheets. The films
ere allowed to dry at 25 ◦C for at least 24 h and then spread uni-

ormly over the sheets using acetone solution. These polymerised
ymers 88 (2012) 950– 958 951

cyclodextrin itaconate (PCDI) films were then dried and stored at
room temperature.

2.3. Modification of cotton fabric with cyclodextrin itaconate

In this study, CAN was applied to generate free radicals on the
surface of the fabrics. As previously reported, the consumption rate
of Ce (IV) is much higher in the case of CDI compared with �-CD
(Gaffar et al., 2004), and because the equilibrium complex forma-
tion constant of �-CD for Ce (IV) is lower than that of cellulose
(Lee et al., 2000), it seems that the initial Ce (IV) consumption rate
of CDI might be much higher than that of cellulose. Therefore, the
formation of free radicals on the cellulose chain backbone, occur-
ring before treatment with CDI, was thought to be advantageous
for grafting.

To investigate the method of graft copolymerisation on cotton,
three approaches were followed. In pad-thermofixation and semi-
continuous pad-batch methods, the samples were immersed in a
1% nitric acid solution containing (0.016 mol/L) CAN as the initia-
tor, padded twice for a wet pickup of 100% and then dried at room
temperature with air circulation for 5 min. These pre-treated sam-
ples were immediately employed for the next step, impregnated in
a solution containing 20 g/L CDI and padded twice through squeeze
rollers (pick up of 100%). In pad-thermofixation method, the sam-
ple was dried at 80 ◦C for 2.5 min  and cured at 165 ◦C for 1 min  and
in semi-continuous pad-batch method the sample was stored in
a plastic bag for 3 h. In a batch system, the sample was  placed in
an aqueous 1% nitric acid solution containing (0.016 mol/L) CAN at
30 ◦C for 30 min, followed by the addition of 100 g/L CDI. Then the
formation of graft copolymers on the cellulose chain backbone took
place at 50 ◦C after 2 h. The unreacted chemicals and homopolymers
were removed from the sample by extensive washing with hot and
cold deionised water. The treated fabrics were then dried at 100 ◦C
for 2 h and weighted.

To evaluate the effect of reaction parameters on the perfor-
mance of the modified fabrics, the samples were pre-treated with
CAN (0–0.015 mol/L), padded with CDI (10–50 g/L), then dried at
different temperatures (60–100 ◦C) for various times (1–5 min),
and finally cured at the temperature between 120 and 210 ◦C for a
length of time about 0.5–5 min  in the pad-thermofixation method.

2.4. Characterisation and evaluation techniques

To determine the solubility of �-CD and its synthesised deriva-
tive, an adaptation of the method proposed by Jozwiakowski and
Connors (1985) was used. Excess amounts of each sample were
placed in vials with 10 mL  of deionised water. The samples were
agitated by rotation in a constant-temperature bath at 25 ◦C until
equilibrium was  reached (for 10 h). The excess solid phase was sep-
arated from the solution phase by means of a filtration system. The
samples were placed in a 110 ◦C oven for 3 h and weighed to within
±0.0001 g.

Elemental analysis testing was carried out with an Elementar
Analysen System GmbH: vario MAX  CN automatic instrument. The
samples were kept under ambient conditions of 25 ◦C and 40% RH
for 24 h before measuring.

Thermogravimetric analysis (TGA) measurements were per-
formed using a Perkin Elmer thermogravimetric analysis device.
Weight rate changes versus temperature were evaluated whilst the
samples were heated from 20 to 600 ◦C at a rate of 10 ◦C/min.

Thermal analysis testing was conducted using a TA Instruments

DSC Model 2010 differential scanning calorimeter. Because thermal
decomposition of �-CD occurs at about 250 ◦C (Szejtli, 1988), each
sample was scanned at a rate of 10 ◦C/min over a range of 25–200 ◦C
under a nitrogen flow.
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Scheme 1. The probable esterification reaction of �-CD with IA.

Scheme 2. Schematic view of (a) the glucopyranoside ring with the atom numbering
52 M. Nazi et al. / Carbohydra

1H and 13C NMR  spectra were collected on a Bruker Avance 500-
Hz  NMR  spectrometer. Samples were run in dimethyl sulfoxide

DMSO) with an ambient probe temperature.
Fourier transform infrared (FTIR) spectra were recorded on a

icolet NEXUS 670 spectrophotometer at a resolution of 4 cm−1

ver a range of 400–4000 cm−1. The KBr disc method was used for
owder samples. ATR was applied for fabrics.

Raman spectra were recorded from 100 to 4200 cm−1 on a
ourier transform Almega Thermo Nicolet dispersive Raman spec-
rometer with a resolution of 4 cm−1.

The grafting rate was determined by the weight increase accord-
ng to the following equation:

raft yield (%) = W2 − W1

W1
× 100

here W1 and W2 are the weights of the dry fabric sample before
nd after grafting, respectively.

Tensile strength testing was carried out using an Instron Uni-
ersal testing machine, ASTM D-5035. The tensile strength loss was
alculated according to the following equation:

ensile strength loss (%) = TS1 − TS2

TS1
× 100

here TS1 and TS2 are the tensile strength of the control and mod-
fied fabrics, respectively.

The wrinkle recovery angle (WRA) was measured according to
ATCC standard method 66–1996 and any changes in the wrinkle
ecovery angle were calculated by the following equation:

elative WRA  (%) = WRA1 − WRA2

WRA1
× 100

here WRA1 and WRA2 are the wrinkle recovery angles of the
ontrol and modified fabrics, respectively.

Field emission scanning electron microscopy (FE-SEM) analysis
f the control and modified fabrics was performed using a Hitachi
odel S4160 FE-SEM with a Technics Hummer II sputter coater.
The presence of CDI was shown by the ability of phenolph-

halein to form inclusion complexes with �-CD and its derivatives
in alkaline solutions, pH ca. 11) based on complex formation caus-
ng a decrease in the absorption of light (Goel & Nene, 1995). For
his purpose, a specific weight of the fabric was immersed in phe-
olphthalein solution, and after 2 h, the absorbance intensity of the
olution at 550 nm was determined using a Cary 300 UV-Visible
pectrophotometer. The decrease in absorbance intensity was cal-
ulated according to the following equation:

ecrease in absorbance intensity (%) = control − test
control

×  100

here the control and test variables are the absorbance intensity of
he solutions containing control and modified fabrics, respectively.

To investigate the inclusion compound formation on the surface
f the modified fabric, samples were treated with cyclohexane in

 vacuum desiccator for 48 h at room temperature. Because cyclo-
exane is a hydrophobic compound and evaporates easily at room
emperature, evaporated cyclohexane molecules can be entrapped
n the cavity of CDs on the surface of modified fabric. The hydropho-
icity of the surface was determined by measuring the contact angle
sing an optical contact angle measuring instrument (OCA20).

. Results and discussion

.1. Preparation of ˇ-cyclodextrin itaconate (CDI)
.1.1. Tentative mechanism
Chemically reactive cyclodextrin was prepared via the reac-

ion of �-CD with itaconic acid to obtain vinyl monomers. IA is a
and the average orientation of the most important atoms and OH groups in CDs and
(b)  molecular structure of CDI (or RCD) and the atom numbering of cone-shaped CDI
covered with one d-glucose subunit and itaconate component.

bifunctional monomer that has carboxylic groups capable of modi-
fying �-CD by the esterification reaction and a vinyl group capable
of undergoing polymerisation, depending on the reaction condi-
tions used. As suggested by other researchers (Gaffar et al., 2004;
Yang & Wang, 1996), the esterification of �-CD by IA in the pres-
ence of a catalyst can be explained according to the cyclic anhydride
reactive intermediate mechanism (Scheme 1).

3.1.2. Solubility studies
The solubility results in water at 25 ◦C showed that the sol-

ubility of CDI (30.39 g/L) is clearly higher than that of �-CD
(18.51 g/L). However, after polymerisation, the solubility decreased
to 14.31 g/L.
It is well known that amongst three kinds of hydroxyl groups
of �-CD (Scheme 2b), electrophilic reagents initially attack C6-OH
groups (Dodziuk, 2006), and also, due to the strong intramolec-
ular hydrogen bonds formed on the wide side of cavity, the
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ig. 1. (a) TGA curves of PCDI, CDI and �-CD and the stages of weight loss process for
DI and PCDI and (b) TGA curve of �-CD and three stages of its weight loss process.

robability of itaconic acid reaction with the flexible C6-OH groups
s higher than the other hydroxyl groups (Scheme 2b). Moreover,
he presence of the new carboxylic groups allows for a favourable
ocal accommodation of H2O molecules around the CDI molecules,
esulting in their higher solubility in comparison to �-CD. How-
ver, as expected, the solubility of CDI after polymerisation (PCDI)
ecreases due to its higher molecular weight.

.1.3. Elemental analysis
The elemental analysis results indicated that the carbon and

ydrogen contents in �-CD were 39.1% and 6.7%, respectively,
hilst they were 40.6% and 6.5% for CDI, respectively. As mentioned

n the literatures, the number of water molecules inside and outside
f the cavity in �-CD (C42H70O35) is about 8–12 molecules (Bilal,
e Brauer, Claudy, Germain, & Létoffé, 1995; Raffaini & Ganazzoli,
007; Szejtli, 1988) so it seems that it is approximately eight under
mbient conditions. Thus, it can be assumed that the number of
ater molecules bound to one CDI molecule is the same as that

f a �-CD molecule. Therefore, the degree of substitution (DS) for
his reaction seems to be 0.2 per anhydroglucose or 1.4 itaconate
ubstitutions per CD molecule.

.1.4. Thermal analysis
The DSC curve of CDI showed an endothermic effect initiating

t approximately 25 ◦C, demonstrating that the mass loss of water
olecules in CDI took place at the same temperature for �-CD in

he hydrate state (Song et al., 2008; Szejtli, 1988). Water liberation,
hich was observed around 104 ◦C for �-CD, occurred at about

5 ◦C for CDI. The results also indicate that the release enthalpy
f water molecules for CDI (162 J/g) is clearly lower than that of
-CD (314 J/g). Therefore, it seems that the energy of the interac-

ions between the CD molecules of CDI in the solid state and the
ater molecules as well as the probability distribution of the water
olecules may  be different from �-CD.
Fig. 1 illustrates the thermogravimetric examination results for

-CD, CDI and PCDI. According to the TGA curves (�-CD (Fig. 1b);
DI and PCDI (Fig. 1a)), their weight loss processes can be divided

nto three stages. The decomposition temperature (T) correspond-
ng to a rapid weight loss, the temperature range (TR), the weight
oss (WL) at each stage of the thermal decomposition of �-CD, CDI
nd PCDI, and the residual loss (RL) at 355.6 ◦C are presented in

able 1. The first weight loss (stage a) in the temperature range
f 25–150 ◦C (Table 1) can be attributed to the release of water
olecules, including complexed water inside and non-complexed
ater outside the cavity. The second weight loss (stage b) in the
ymers 88 (2012) 950– 958 953

temperature range of about 210–355 ◦C (Table 1) is due to decom-
position of the main structure. Finally, a nonlinear decline of the
remnants appeared (stage c), corresponding to slow carbonisation
and incineration. It can easily be observed from Fig. 1a that stage b
of PCDI can be divided into two stages (d, d′) and that a new stage
appeared in the process of its thermal decomposition.

It is clear that there is a conceptual difference between the
thermal decomposition behaviours of these compounds. The onset
temperatures of the cyclic structure degradation of the �-CD, CDI
and PCDI samples were 314.56, 298.73 (stage b) and 290.18 ◦C
(stage d′), respectively. Therefore, as there was not much differ-
ence in the temperatures of the degradation onset, it seems that the
cyclic structure degradation (Szejtli, 1988) of the different samples
proceeded in a similar manner. However, due to decomposition
of the attached itaconate groups in CDI and PCDI, the molecule
degradation occurred at a lower temperature (about 212 ◦C in
stages b and d′). Furthermore, regarding the PCDI degradation, the
weight loss in stage d (occurring around 146–212 ◦C) was  approx-
imately 11 wt.% (Table 1); therefore, according to our calculations
(M C5H4O3 = 112 g/mol), it seems that this decomposition might be
related to the degradation of polymerised itaconate groups. Thus,
these results demonstrate a decrease in the thermal stability of CD
after reacting with itaconic acid.

3.1.5. NMR  analysis
In this study, NMR  spectroscopy with a magnetic field 500 MHz

was  used for characterisation of the itaconate cyclodextrin. As the
interaction between DMSO (used as a solvent) and hydroxylated
molecules through hydrogen bonding can affect the conformation
and reactivity of CDs (Schneider, Hacket, & Rüdiger, 1998), the
resolved signals for hydroxyl protons were closely examined.

According to 1H NMR, the proton signals of the anhydroglucose
units in CDI exhibited values similar to those of �-CD (Schneider
et al., 1998; Szejtli, 1988). Thus, it seems that there are no changes in
the CDI cyclic structure. Although, the OH-6 proton in CDI, in com-
parison with �-CD (Schneider et al., 1998), exhibited no chemical
shift, it showed a decrease in the width of the band, where its signal
appeared as a singlet in CDI instead of the triplet in �-CD. Thus, in
accordance with the difference in the OH-6 proton coupling con-
stant, it is expected that the esterification reaction between �-CD
and itaconic acid on the narrow side of cavity is more probable than
on the wider side.

1H NMR  spectra of CDI showed that CH2 resonances in the ita-
conate group (H(a)-10 and H(b)-10 in Scheme 2b) clearly occurred
as two  singlets at different chemical shifts of 5.7 and 6.1 ppm. In
addition, due to interference between the carboxymethyl groups’
proton signals (around 3.3 ppm) and the signals of anhydroglu-
cose units, the complete separation of these signals was  difficult.
It should be noted that the integration of NMR  spectra indicates a
degree of substitution values (DS = 1.4) calculated by this method
and confirms the earlier calculations based on other measurements.

13C NMR  shifts extend over a much larger scale than pro-
ton shifts and are particularly suited to identifying cyclodextrins.
The 13C NMR  spectrum of CDI in comparison with that of �-CD
(Schneider et al., 1998; Szejtli, 1988) was essential in confirming
carboxymethylation, as a diagnostic peak arising from the car-
boxylic carbon (C-11 in Scheme 2b) was observed around 172 ppm.
A new peak observed at 112 ppm might correspond to the ethy-
lene carbon ( CH2) in the itaconate group of CDI. Moreover, peaks
attributed to the methylene group (CH2) overlapped with multiple
peaks of the solvent around 40.6 ppm. Furthermore, this spectrum

did not show any additional peaks for C-9 or C-7 of the carboxylate
group in the itaconate component, as signals from quaternary car-
bons (C-9) and carbon without attached protons (C-7) had a very
low relative intensity.
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Table  1
Thermal decomposition process of �-CD, CDI and PCDI.

Compound Stage a Stage b Stage c

WL  (%) T (◦C) n H2O TR (◦C) WL  (%) T (◦C) TR (◦C) RL (%)

�-CD 14.11 86.11 10.36 25–150 66.90 330.22 282.52–355.60 18.27
CDI 8.72 94.12 6.86 25–150 63.11 321.88 212.37–355.59 27.62

Compound Stage a Stage d Stage d′ Stage d Stage d′ Stage d Stage d′ Stage c

WL  (%) T (◦C) n H2O TR (◦C) WL  (%) T (◦C) TR (◦C) RL (%)

.74 
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PCDI 10.53 88.96 8.44 25–150 10.96 51

: decomposition temperature with a rapid weight loss, TR: temperature range, WL

.1.6. FTIR and Raman analysis
Infrared and Raman spectroscopy are commonly used to iden-

ify the chemical structure of synthesised CD derivatives. Thus,
he infrared and Raman spectra of the cyclodextrin itaconate were
btained and compared with those of �-cyclodextrin, as shown
n Fig. 2a and b. The chemical structure of CDI can also be clearly
ecognised after polymerisation (PCDI spectra in Fig. 2a) in the FTIR
pectrum.

According to the FTIR spectra (Fig. 2a), the OH stretching vibra-
ion band of �-CD in the range of 3600–2800 cm−1 was broad up to
ower frequencies of 2400 cm−1 in CDI and PCDI due to the presence
f the itaconate carboxylic groups. It can be clearly observed that
he wide OH deformation vibration band of the �-CD’s hydroxyl
roup located at 1750–1590 cm−1, the intense band at 1640 cm−1,
nd the C O stretching of the carboxylic group and the C C stretch-
ng vibration present in IA at 1704 and 1628 cm−1, respectively

ight overlap with the C O stretching vibration band attributed to
he esteric carboxylic group of CDI, leading to peaks located at 1643
nd 1720 cm−1. However, the C O stretching band of the carboxylic
roup and the OH deformation vibration of CD were split into two
eaks at 1710 and 1637 cm−1 in PCDI, as the relative absorbance
and related to the C C group had disappeared from this region.

Similar overlapping trends were observed in the Raman spectra
Fig. 2b) in the range of 1840–1600 cm−1. Additional peaks with
eak bands at 1680, 3120, and 1727 cm−1 corresponding to C C

tretching, asymmetric CH2 stretching of vinyl and C O stretching
ibrations, respectively, indicate the presence of a double bond and
ster carbonyl groups in CDI.

.2. Application of CDI to cotton fabric

.2.1. Cotton fabric modified with CDI
The results show that graft yields of the fabrics modified with

DI were very low. It seems that the low reaction rate may  be
ssociated with the steric resistance of the CD groups. In addition,
ecause CDs have a much larger molecular size than other vinyl
onomers (Lee et al., 2000), when passing through small cellulose
icrofibril pores (Hajny & Reese, 1969; Klemm,  Philipp, Heinze,
einze, & Wagenknecht, 1998), their penetration into the amor-
hous region of the cellulose is less probable. Thus, grafting of CDI
ay  occur on the surface of the fabric. Moreover, based on the low

raft yield obtained for the three different procedures for surface
odification, it seems that in the pad-thermofixation and pad-

atch procedures, due to the limited number of monomers on the
urface, there were partial monomer aggregations capable of in situ
DI polymerisation and anchoring to cellulosic chains. Additionally,

n the batch process, because of CDI’s ability for homopolymerisa-
ion and in accordance with the characterisation results of PCDI, it

an be assumed that the monomers preferentially homopolymerise
n solution instead of bonding to cellulose.

The characterisation results of the fabrics modified by differ-
nt processes are summarised in Table 2, together with the results
169.02 326.74 146.84–212.63 212.63–355.64 26.92

ht loss and RL: residual loss.

of the control fabric and a sample treated with CAN according to
the pad thermofixation method without the application of CDI. It
was  found that, despite a reduction in the mechanical strength
and wrinkling ability due to the oxidation of CAN, graft copoly-
merisation of CDI can improve the performance of the samples.
In addition, the results of the absorbance intensity of phenolph-
thalein solution at 550 nm show the presence of CDI on the modified
cotton surface due to the formation of phenolphthalein inclusion
complexes in the cavity of the CD. Therefore, despite the low graft
yields, the characterisation results of the modified fabrics suggest
that the application of CDI via these procedures can improve the
performance of cotton fabrics.

3.2.2. ATR-FTIR of modified fabric
The reaction of CDI with cellulose was  confirmed by comparing

the ATR-FTIR spectra of the control fabric and the fabric modified
with CDI, as shown in Fig. 2c. The spectrum of the fabric modi-
fied with CDI showed a broad band at 2919 cm−1, corresponding
to the symmetric CH2 stretching vibration of CDI. Moreover, the
appearance of an additional peak at 1736 cm−1 can be attributed to
the C O stretching vibration of the carboxylic groups due to cellu-
lose oxide degradation and or the esterification reaction between
CDI and the cellulose.

3.2.3. Tentative mechanisms
It would be helpful to consider the probable modification mech-

anisms of cotton (Scheme 3) with CDI under the influence of
CAN used as the catalyst to induce free-radical polymerisation
and graft copolymerisation of CDI on cellulose. These reactions
would be expected to eventually occur via changes in the chem-
ical and physical nature of cotton during the overall process. The
graft copolymerisation of CDI on the cellulose may  occur after
the oxidation of cellulose by Ce (IV) (El-Alfy, Khalil, & Hebeish,
1981; Pottenger & Johnson, 1970), as shown in Eq. (1(a)).  Free rad-
icals of oxidised cellulose and the excess CAN most likely attack
CDI molecules to generate CDI free radicals (•CD). Thus, additional
reactions leading to further graft copolymerisation and network
formation via crosslinking according to Eq. (1(b)) and (1(c)) may
also take place. However, the linkage between cellulose and CDI
might also occur through esterification as a result of higher tem-
peratures (Eq. (2(a))),  and thermal graft copolymerisation and
crosslinking, as shown by Eq. (2(b)) and (2(c)), may  occur due to
the high curing temperature.

3.2.4. Performance evaluation of modified fabrics
3.2.4.1. Effect of CAN concentration. To investigate the effect of CAN
concentration on the mechanical strength and wrinkle ability of
modified samples, the fabrics were treated with different con-

centrations of CAN, padded with 20 g/L CDI and then dried and
cured at 165 ◦C for 1 min. The tensile strength loss and the relative
wrinkle recovery angle as a function of applied CAN concentration
are presented in Fig. 3a. According to the results obtained for the
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Fig. 2. (a) FTIR spectra of IA, �-CD, CDI and PCDI, (b) Raman spectra of �

ensile strength loss of a sample treated with this procedure with-
ut the application of CAN and CDI, there was not a significant
ifference between this sample and the control fabric; however,
he sample treated with CDI without CAN showed a large decrease
n its tensile strength. It seems that as the fabric was impregnated

ith an acidic solution of CDI (pH ∼ 4) and then exposed to heat,
ts mechanical strength strongly decreased due to the synergetic
egradation effect of acidic media and heating. In addition, despite
he fact that the cotton fabric lost about 34% of its original ten-
ile strength when it was treated with (0.016 mol/L) CAN alone, the
esults indicate that the tensile strength loss of the modified fabric
ith CDI decreased significantly from 32% to 12% as the CAN con-

entration was increased from zero to 0.016 mol/L. It is clear that
he significant loss in fabric tensile strength caused by CAN is due to

he oxidative effects of CAN on cotton. Thus, although it is expected
hat the tensile strength loss would increase with increasing CAN
oncentration, due to the graft copolymerisation of CDI, according
o mechanism (1) in Scheme 3, the tensile strength increases and

able 2
haracteristics of control and modified cotton fabrics.

Sample Method of CDI
grafting

Concentration
of CDI (g/L)

Tensil
(N)

Control cotton fabric – – 384 (1
Treated fabric with CAN alone – – 254 (1
Grafted fabric with CDI Pad thermofixation 20 365 (6
Grafted fabric with CDI Semi-continuous

pad-batch
20 373 (1

Grafted fabric with CDI Batch 100 367 (1

he values in parenthesis are showed standard deviation.
a These values are related to the wrinkle recovery angle of warp + weft totally.
nd CDI and (c) ATR-FTIR spectra of control and grafted fabric with CDI.

compensates for the oxidation effect of CAN. Furthermore, when
the CAN concentration was increased beyond its threshold and
up to 0.03 mol/L, the fabric lost more of its tensile strength. This
behaviour may  be because higher concentrations of CAN are able to
penetrate through more of the amorphous region of cellulose, even
though the monomers aggregate on the surface. Hence, it could
be assumed that, in this situation, the cellulosic chains prefer to
crosslink with each other instead of grafting with CDI and that their
probability of recombination increases. Thus, the tensile strength
decreased rapidly. Therefore, in the moderate range of CAN con-
centration, although the tensile strength loss of the modified cotton
fabric is attributed to cellulose degradation, the graft copolymeri-
sation of CDI could be responsible for the compensating increase in
tensile strength.
The effect of CAN concentration on the wrinkling ability of the
modified samples is also shown in Fig. 3a. It was found that if the
wrinkle recovery angle (WRA) of the treated sample was lower than
that of the control fabric, the relative WRA  would be positive such

e strength Elongation at
break (%)

WRAa (◦) Decrease in
phenolphthalein
absorbance intensity (%)

0.6) 9.73 (0.13) 192.36 (4.57) –
4.8) 7.54 (0.37) 198.34 (3.06) 4.21
.4) 9.39 (0.05) 177.34 (3.61) 12.41
7.9) 10.27 (0.19) 165.68 (2.28) 16.63

8.7) 9.70 (0.31) 188.54 (3.56) 16.41
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cheme 3. Reaction scheme showing modification of cotton cellulose under the in
CD).

hat the wrinkling ability would increase. It can be observed that
he wrinkling ability of the fabric treated without CAN rose slightly
ue to the acidic degradation of CDI at high temperature. Addi-
ionally, the relative WRA  shows a decreasing trend as the CAN
oncentration increases. At low CAN concentrations, due to the oxi-
ation effect of CAN, the hydrophilicity of the cellulose increased,
ut by further increasing the concentration, the initiator can pene-

rate through more of the amorphous region and the probability of
adical recombination and cellulosic chain crosslinking increases.
herefore, it seems that a lower concentration of CAN is useful due
o its lower effect on the wrinkling ability of fabrics.
e CAN and heating for graft copolymerisation and crosslinking (CDI is indicated as

3.2.4.2. Effect of curing temperature. Fig. 3b depicts the effect of the
curing temperature on the tensile strength loss and the relative
WRA  of fabric treated with CDI. To investigate the effect of the cur-
ing temperature on the mechanical strength and wrinkle ability of
the modified samples, the fabrics were treated with (0.016 mol/L)
CAN, padded with (20 g/L) CDI and then dried and cured for 1 min
at different temperatures. The results obtained indicate that the

decrease in tensile strength loss became moderate as the curing
temperature was  increased from 120 to 165 ◦C; however, the rate
of tensile strength loss increased substantially for higher curing
temperatures of up to 210 ◦C. These results suggest that at lower
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Fig. 3. Tensile strength loss and relative WRA  of the cotton fabric pretreated with (a)
CAN in different concentrations then treated with or without CDI, dried and cured
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Technology (AUT). The authors are grateful to the Collage of Tex-
t  165 ◦C for 1 min and (b) 0.016 mol/L CAN then treated with CDI, dried and cured
t  the different temperatures for 1 min.

emperatures, graft copolymerisation of CDI on the surface in accor-
ance with mechanism (1) in Scheme 3 is more likely than the other
echanisms. However, at high temperatures, the distribution of

DI as a crosslinking reagent across the fabric surface according
o mechanism (2) in Scheme 3 negatively affected the mechanical
trength.

The effect of curing temperature on the wrinkle ability of the
abrics modified with CDI is also illustrated in Fig. 3b. It can be
bserved that there was a marked decrease in the relative WRA  and
n the wrinkle ability of the modified fabrics with increasing curing
emperature. Therefore, it seems that at lower temperatures, the
rafting copolymerisation of CDI on cellulose is probable, although
 greater decrease in tensile strength and an increase in wrinkle
ecovery angle can be achieved by further increasing the curing
emperature, due to the crosslinking action of the cellulosic chains.
hese behaviours imply that the optimum conditions for the lowest
ymers 88 (2012) 950– 958 957

tensile strength loss and the lowest effect on the wrinkle ability
correspond to lower curing temperatures.

3.2.4.3. Optimum conditions. In this study, the effect of other fac-
tors, such as the curing time, temperature and time of drying, were
also investigated. Based on our results, it can be assumed that,
although factors such as CAN concentration and curing temper-
ature are more significant for the graft copolymerisation of CDI,
other factors may  control the mechanism for the modified fabric
with improved performance. In addition, the application of differ-
ent CDI concentrations in this procedure showed that, as CDI is
not able to dissolve uniformly at concentrations higher than 30 g/L,
higher CDI concentrations have a statistically insignificant effect on
the performance of the modified fabrics. Therefore, for this purpose,
the optimum conditions were estimated to occur for 0.016 mol/L
CAN, 20 g/L CDI, drying at 80 ◦C for 2.5 min  and curing at 165 ◦C
for 1 min. The characterisation results of a sample prepared under
these conditions are shown in Table 2.

3.2.5. Field emission scanning electron microscopy (FE-SEM)
FE-SEM was conducted to investigate the grafting contents of

the cotton fibres. According to the SEM micrographs, it was  clear
that the surface morphology of the grafted cellulosic fibres with
CDI differed from the control fibres. The nanoparticles (diameter:
∼470 nm)  on the modified fibres surface in the resulting micro-
graphs confirmed homogenous and uniform grafting of CDI.

3.2.6. Evaluation of inclusion complex formation on the surface
Images of a drop of water on the surface of the control and modi-

fied cotton fabrics after treatment with cyclohexane were obtained
using an optical contact angle measuring instrument. It is obvi-
ous that the fabric modified with CDI became highly hydrophobic
after treatment with cyclohexane, as its contact angle (approx-
imately 124◦) increased in comparison with the control fabric
(approximately 88◦). Therefore, it can be assumed that, although
the modified fabric is completely hydrophilic, it has the capability
of forming inclusion complexes with hydrophobic molecules.

4. Conclusion

A reactive �-cyclodextrin derivative was synthesised by react-
ing �-cyclodextrin and itaconic acid. Its structure was  characterised
using solubility studies, elemental and thermal analysis and NMR,
FT-IR and Raman spectroscopy methods, which showed agree-
ment with the expected results. In accordance with the results
obtained from instrumental analysis, itaconic acid can be reacted
with cyclodextrin via an esterification reaction, and the presence
of a vinyl group in this compound was found to be useful for pro-
ducing a new reactive cyclodextrin that can chemically bond onto
the surface of cellulose fibres via graft copolymerisation. By con-
trolling the mechanism for grafting the reactive cyclodextrin on
the cellulose, this modification does not show any negative effect
on the performance of cotton fabric. The results of inclusion com-
plex formation and SEM also demonstrated the accessibility of the
cyclodextrin cavities for molecular encapsulation on the surface of
cotton fabric.
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