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B Introduction

Due to the conformation of the hydro-
phobic inner part and the hydrophilic
outer part of the cyclodextrins ring mol-
ecules, consisting of 6, 7 or 8 glucopyra-
nose units, referred to as a-, - or y-CDs
respectively, host-guest complexes of
cyclodextrins with molecules of suitable
structure were build. There is rising in-
terest in applying cyclodextrins and com-
plexes in the manufacturing of functional
materials with various properties, such
as anti-microbial [1], adsorption of un-
pleasant odours [2] and metal salts [3],
fragrance complexation and release [4],
drug sustained release [5], enhancing the
behaviour of textile fabrics [6], etc.

Natural fibres like cellulose and pro-
tein fibre possess fascinating molecules
with synergistic properties due to active
groups such as hydroxyl, amino, car-
boxyl and thiol groups. Natural fibres
have been widely applied as suitable
matrix in preparing the above-men-
tioned functional materials containing
CDs, which combine the adsorption
and wettability of natural fibres with
the capacity of CDs to form inclusion
complexes. In general, to form these
type of structures and satisfy the desired
fastness against washing, natural fibres
have been modified by different types
of CDs, with a permanent finishing ef-
fect. Accordingly, modification can be
accomplished by chemical or physical
means. Since natural fabrics are in di-
rect contact with human skin, the toxic
specification of cyclodextrin was stud-
ied [7]. Results indicate that they may
be harmful to the human body in very
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Abstract

Over the years, a multiplicity of grafting modification techniques have been studied to com-
bine the adsorption and wettability of natural fibres with the capacity of cyclodextrins (CDs)
to form inclusion complexes. The fixation of CDs on fibres is possible using crosslinking
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high concentrations. Since November
13, 2000, B-CD has been introduced as
a food additive in Germany. According
to OECD experiments, this compound
shows no allergic impact [8-10].

Nowadays, researchers have paid atten-
tion to finding new ways of functional-
ising natural fibres with supramolecular,
such as cyclodextrins to improve their
properties as well as the slow release of
fragrances, and antibacterial, antibiot-
ics, and insecticide delivery. A variety
of chemical and physical processes exist
for the modification of textile fibres with
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Figure 1. Graft mo-
dification of natural
fibres with non-reac-
tive CDs or CDs with
reactive groups.
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Polymeric Binder

» Nanocomposite dense polymer
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cyclodextrins, by way of spraying, pad-
ding, surface coating, and impregnation
to bind cyclodextrins onto natural fibres.
The structure of original CDs showed
that it cannot form a direct covalent bond
with fibres. The fixation of CDs on fibres
is possible using reactive derivatives of
cyclodextrins or crosslinking agents.

This review focuses on advances in the
modification of natural fibres with CDs.
Relevant aspects regarding methods of
modification suitable for non-reactive
CDs and reactive CDs are presented
(shown in Figure I).

Crosslinking Chemical

» Dimethyl dihydroxyvinyl urea
» Butane tetracarboxylic acid
» Citric acid

» Maleic anhydrides

» Polyaminocarboxylic acids

Non-reactive CDs

» Epichlorohydrin
» Bifunctional reactive dyes

Non-reactive CDs
Or
Reactive CDs

Reactive CDs

» CDs with reactive group
such as chlorotriazine group
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Figure 2. Reaction of cellulose wound dressing with a complex of p-CD and sodium diclofenac
by means of a cross-linking agent based on DMDHEU [12].
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Figure 3. Proposed grafting reaction of f-CD onto hydroxyl groups of cellulose via BTCA

[14].

Modification with non-reactive
CDs by chemical crosslinking

Chemical cross-linking methods that in-
volve the use of native CDs or reactive
derivatives and cross-linkers suitable to
bind the hydroxyl groups of CDs with
those of natural fibres have been devel-
oped, rendering high yields of grafting.
Crosslinking chemicals are compounds
with bi- or multifunctional groups ca-
pable of reacting with two other com-
pounds and forming covalent bonds.
These chemicals can also attach chemi-
cal compounds to fibres. The most con-
ventional crosslinking agents for non-
reactive CDs are N-methylol compounds
and polycarboxylic acids combined with
salts of weak acids as catalyst.
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Dimethyl dihydroxyvinyl urea
(DMDHEU)

The most widely used crosslinking
agents have been N-methylol agents or
formaldehyde reactants, DMDHEU in
particular, due to their efficiency and low
price [11].

A cross-linking agent based on DMD-
HEU was used for modifying wound
dressings with B-cyclodextrin [12].
The reaction of methylol groups of
DMDHEU with hydroxyl groups of cel-
lulose and B-CD (Figure 2) was achieved
by padding cellulose textiles using differ-
ent solutions with a wet pick up of 70%
and cured at 150 °C for 5Smin. The ab-
sence of DMDHEU leads to the form-

ing of a film of complex on the wound
dressing without binding to the cellulose
wound dressing. Therefore, the com-
plexes which are not linked to the wound
dressing could release themselves easily
in release conditions. The drug releas-
es itself rapidly from samples without
a crosslinking agent even in the first 8 hr
of testing. There are no linkages between
the complex and the wound dressing
without a cross-linking agent, and the
complex only attached itself physically
to the wound dressing. Therefore, the
unbounded complex leaves the wound
dressing quickly when placed in inflam-
mation conditions (aqueous solution with
pH = 7.4). The presence of B-CD in the
complex along with the drug extends the
release time, prolonging it to 48 hr.

Butane tetra carboxylic acid

As the effects of formaldehyde include
carcinogens in DMDHEU modifica-
tion, efforts have been made to develop
formaldehyde-free alternatives, includ-
ing mainly ionic crosslinking, polycar-
boxylic acid and glyoxal.

Poly (carboxylic acids) have been ap-
plied as formaldehyde-free crosslinking
agents to improve the performance of
natural fibres. Among the poly (carbox-
ylic acids), 1,2,3,4-butane tetra carboxyl-
ic acid (BTCA) with four carboxylic acid
groups is a non-toxic carboxylic acid that
is able to react with the hydroxyl groups
of cellulose fibres and form stable ester
bonds [13]. Esterification can occur with
heat alone or can be accelerated by the
presence of catalysts such as sodium hy-
pophosphite (SHP).

Voncina [14] also chose the pad-dry-cure
process to modify cellulose fabrics with
B-CD. The cellulose fabrics were pad-
ded by different baths containing f-CD,
BTCA and SHP with a pick-up of 150%,
dried at 110 °C for 10 min, and cured at
170 °C for 3 min. The cellulose fabrics
were successfully grafting modified with
B-CD based on the reaction of carboxyl
groups of BTCA with hydroxyl groups of
cellulose and B-cyclodextrin, as shown in
Figure 3.

Apart from individual cellulose fibres
grafted by CDs, as mentioned above,
complex CD-cellulose networks were
formed with cellulose fibres connected by
CDs and cellulose fibres linked together
via BTCA, resulting in less solubility in
the “super phosphoric” acid solution. It
is shown that an increase in the concen-
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trations of both the initial concentration
of CD and BTCA, the grafting ratio of
B-CD to the cellulose backbone also in-
creased. The influence of the BTCA mass
can be neglected due to the low molecu-
lar mass of BTCA compared to the mo-
lecular mass of 3-CD [15].

The reaction of B-CD and cellulose with
BTCA can involve either two carboxyl
groups or all four. While the cure tem-
perature near the melting point of BTCA
generally leads to greater fastness to
washing because the formation of ester
bonds between cellulose and BTCA was
more effective at 180 °C [16].

Citric acid

Citric acid (CA) is also a non-toxic car-
boxylic acid with three carboxylic acid
groups and with characteristics of be-
ing inexpensive, commercially avail-
able on the market and eco-friendly. By
the pad-dry-cure process, CA can form
a 5-membered cyclic anhydride inter-
mediate in the presence of SHP and then
forms an ester bond with the alcoholic
group of cyclodextrin and natural fibres
(Figure 4). Increasing the CA and/or
SHP concentrations will increase the car-
boxyl content of the treated fibres. Such
an increase reflects the higher efficiency
of CA at higher concentrations of SHP.
Increasing the amount of citric acid in
the modifying bath could increase the
availability and accessibility of CA mol-
ecules in the moiety of the fabric that can
react with the cellulose hydroxyls. Rais-
ing the curing temperature facilitates the
formation of citric anhydride intermedi-
ate. The latter reacts more easily with the
cellulosic hydroxyl to form ester linkage;
however, a higher curing time and tem-
perature leads to the yellowing of the
fabric [17,18].

Due to the use of polycarboxylic acids,
the solubility of CD (18 g-L™! at 20 °C)
was increased above to 100 g-L7!, ex-
ceeding the new limit of solubility and
forming an oversaturated system. This
observation can also be explained by the
saturation of the available cellulose hy-
droxyl groups in position 6 [19]. Gawish
[20] studied the effects of process param-
eters on the add-on ratio of B-CD on wool
fabric in the presence of CA and SHP or
sodium di-hydrogen phosphate (SDP)
using the pad-dry-cure technique. Nonyl
phenol ethoxylate nonionic wetting agent
and silicone softener were used for bet-
ter absorption and attachment of B-CD
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Figure 4. Cross-linking mechanism of cellulose and p-cyclodextrin inclusion complex [17].

on wool fibres. As the curing temperature
and time increase, the percentage add-
on of B-CD onto wool fabrics and the
yellowness index of the fabrics also in-
crease. SHP and SDP act as retarders and
not as catalysts, as they could decrease
the cross-linking between wool and citric
acid. This result could be attributed to the
capability of these two compounds to ac-
celerate both the formation of the cyclic
anhydride intermediate and the reaction
between the anhydride intermediate and
B-CD instead of the reaction between cy-
clic anhydride and wool because B-CD
has alarge number of free hydroxyl
groups, which leads to a decrease in the
available amount of citric acid, that is,
the cross-linking agent between the wool
and p-CD.

Low temperature oxygen plasma was
used to improve the absorption of B-CD
on wool fibres. Woollen fabric samples
were pretreated using radio frequency
low pressure plasma equipment with
oxygen gas, and then modified with solu-
tions containing B-CD, CA and SHP by
the pad-dry-cure process. Response sur-
face methodology was used to optimise
the process of grafting -cyclodextrin on
wool fabric. Besides the concentration
of B-CD and CA, two other independent
factors — plasma time and power, had
an increasing effect on the modification
evaluated by weight gain [21].

By the pad-dry-cure technique, Meh-
raz [22] modified silk fabric with
B-cyclodextrin using CA as the cross-
linking agent. The modifying reaction
also occurs through the dehydration of
CA under the curing temperature, which
yields acyclic anhydride intermediate
which can react with the hydroxyl groups

of silk fibroin and B-CD by esterification
reaction. The hydroxyl group of Glycine
is the major functional group that is re-
sponsible for the esterification of silk
fibroin. Both CD—-CA—-CD and Silk—CA—
Silk crosslinking may take place during
the modifying process, but CD-CA-CD
complexes are removed during the wash-
ing process, and the crosslinking of silk-
CA-silk is negligible compared to that of
CD-CA-Silk due to the higher number
of hydroxyl groups of B-CD than those
of silk fibroin.

Maleic anhydrides

Maleic anhydride is an unsaturated poly-
carboxylic acid which can react with
primary hydroxyl groups of cotton cel-
Iulose and B-CD to produce heteroge-
neous esterification products under the
influence of an acid liberating catalyst
like tri-sodium phosphate. Unsaturated
maleic anhydride can also undergo free-
radical polymerisation reaction when ini-
tiated by a relevant catalyst like ammo-
nium peroxodisulphate. Due to this dual
reaction, it is possible that a complex
cross-linked network is formed. B-CD
can also be incorporated in cotton fabric
following the pad-dry-cure technique,
employing maleic anhydride (an unsatu-
rated dicarboxylic acid) as the modifying
agent under the dual influence of the free
radical polymerization catalyst ammo-
nium peroxodisulfate [(NHy),S,0g] and
esterification catalyst tetrasodium pyro-
phosphate (NasP,05). B-CD can be es-
terified if treated with maleic anhydride
due to the presence of hydroxyl groups in
B-cyclodextrins [23].

Polyaminocarboxylic acids

Polyaminocarboxylic acids (PACAs)
are novel formaldehyde-free crosslink-

17



(o]

HN H2N

HzN

Figure 5. Schematic presentation of cyclodextrin fixation onto cotton fabric using PACAs [24].

ing agents for the fixation of -CD onto
cotton fabric, and are easily synthesised
by the carboxylation of polyamines. PA-
CAs can be fixed onto cotton fabrics via
esterification of the hydroxyl groups of
cellulose chains. Stepwise fixation and
simultaneous fixation were applied for
the fixation of B-CD onto cotton using
PACAs. In stepwise fixation, the cotton
fabrics were firstly treated with PACAs
and then dipped and padded with a solu-
tion of B-CD and sodium hypophosphite.
While PACAs and B-CD were employed
on cotton fabrics simultaneously in the
latter method [24]. In both cases two re-
actions occur: that between PACA and
the hydroxyl groups of the cotton fabric
(eaterification of cotton) and that between
PACA and the hydroxyl groups of the CD
molecules (fixation of CD onto cotton
textile via esterification, see Figure 5).

Glyoxal

Glyoxal is another formaldyhyde free
crosslinking agent with the advantages
of low cost, ready availability, high func-
tionality, and high solubility in water.
The dialdehyde groups in the glyoxal
molecule can produce crosslinks through
hemiacetal or acetal formation. An ether
bond is formed between glyoxal and
a hydroxyl group on the 3-CD molecule.
When the molecule of cotton cellulose
reacts with the B-CD/glyoxal mixture, an
ether bond is formed between the glyoxal
and the hydroxyl group of the cotton cel-
lulose in the fabric. B-CD is thus bonded
by ether linkages to cellulose molecules
in the cotton fabric [25].
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For glyoxal modification, drawbacks in-
clude strength loss and yellowing of the
treated fabrics. Crosslinking between
cellulose molecules causes fibre embit-
terment, thus reducing the mechanical
properties of the treated fabric. The con-
ventional curing system may also con-
tribute to a decrease in crosslinked fab-
ric’s mechanical strength because of the
uneven heating, which leads to non-uni-
form crosslink distribution throughout
the fabric.

Hebeish [25] applied microwave cur-
ing as a possible alternative to conven-
tional curing to improve the mechanical
properties of crosslinked cotton textiles.
This method can uniformly generate heat
throughout a textile substrate impreg-
nated and padded with solutions con-
taining glyoxal, B-CD, Al,(SO4); and
tartaric acid. Under the influence of the
catalyst and uniform curing, the cotton
cellulose, glyoxal and B-CD in the fabric
react as described above to form cova-
lently bonded networks, which decreases
strength losses without affecting the co-
lour intensity.

Epichlorohydrin

Epichlorohydrin is largely used for co-
valent bonding between epoxygroups
of epichlorohydrin and hydroxyl
groups of CDs and cellulose. Cellulose
fabric is firstly swelled in an NaOH
bath and then modified with epichloro-
hydrin in a bath containing NaOH and
B-CD [26, 27].

Szejtli firstly reported the grafting of
CDs onto cellulose fibres using epichlo-
rohydrin as a cross-linking agent [28].
Neto [29] succeeded in modifying cel-
lulose fabric by adding epichlorohydrin
solution together with the fabric without
alkalescent pretreatment. As compared
with other crosslinking agents, the reac-
tion between the crosslinking agent, cel-
Iulose and B-CD can proceed at a lower
temperature of 40 °C by the impregna-
tion method, which can avoid fibre dam-
age at high temperatures.

Bifunctional reactive dyes

The modification of cellulose fabric with
B-CD was also reported by means of het-
erobifunctional reactive dyes containing
monochlorotriazine and vinyl sulfone re-
active groups.

Wang [30] anchored B-cyclodextrin mol-
ecules to cellulose using heterobifunc-
tional reactive dyes to provide a chemi-
cal linkage. Dyeing and modifying of
the cotton fabrics were simultaneously
carried out in dyebaths containing het-
erobifunctional reactive dyes and B-CD.
The chemical structure of the dye deter-
mines its reactivity to both cellulose and
B-CD. The hydroxy groups on the cel-
Iulose and B-CD show similar reactive
behaviour. A f-cyclodextrin molecule
can only become anchored to the fibre
if one of the reactive groups on the dye
is able to react with one of its hydroxy
groups and the other with a hydroxy
group on cellulose. In this way, the dye
molecule acts as a crosslinker. An alter-
native possibility is that a B-cyclodextrin
molecule might be anchored by two dye
molecules, forming a longer bridge. Any
of these dyes is capable of reacting with
the hydroxy groups on both cellulose
and B-cyclodextrin under alkaline dyeing
conditions. At the same time, the active
chlorine atoms on the triazine ring can
also react with each of the two hydroxy
groups (one on B-cyclodextrin and the
other on cellulose). Blue dye was found
to anchor more B-CD to the fabric than
the other dyes under similar conditions.
Although all of the dyes are bifunctional,
each showed different reactivity to cellu-
lose and B-CD due to the different struc-
ture of their chromophores and bridge
groups. It is clear that the 3-CD concen-
tration on the fabric increases with an
increase in the initial concentration of
B-CD in the dyebath. However, when the
concentration of B-CD on fibre reaches
a certain value, the effect of the concen-
tration becomes less apparent.
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Agrawal [31] used heterobifunctional
and homobifunctional reactive dyes to
modify cotton with B-CD. It is clear from
the research results that crosslinking with
homo-bi-functional reactive dyes shows
better attachment than with heterobi-
functional dyes. The attachment reaction
mechanisms between the reactive dyes,
B-CD and cellulose fibre could be pro-
posed to explain this result.

A B-CD molecule can only become an-
chored to the fibre if one of the reactive
groups on the dye is able to react with
one of its hydroxyl groups and the other
with a hydroxyl group on cellulose, as
illustrated in Figure 6. It seems that an
attachment reaction to the heterobifunc-
tional reactive dye followed the reac-
tion mechanism: Cell-O-Dye-O-Cell,
B-CD-O-Dye-O-B-CD, Cell-O-Dye-O-
B-CD-O-Dye-O-Cell. The fabric samples
treated with heterobifunctional and B-CD
show less intense colour compared to
that of the homobifunctional reactive
dye treated samples, demonstrating the
above-mentioned three reaction mecha-
nism.

Modification with non-reactive
CD by polymeric binders

Nano-composite dense polymer

The sol-gel method has become an-
other technique to modify fibres by the
hydrolysis and condensation of metal
alkoxides, building alarge metal-con-
taining polymer network with a three-
dimensional structure. In general, the
sol-gel process was also applied for the
modification of fibres by the pad-dry-
cure method, which involves the evolu-
tion of inorganic networks through the
formation of a colloidal suspension (sol)
and gelation of a sol to form a network
in a continuous liquid phase (gel). As
precursors to preparing the sol, silicon
alkoxides [Si(OR)4] are the most com-
mon starting compounds containing reac-
tive alkoxide groups (-OR), which react
readily with water in the hydrolysis re-
action. The hydrolysis reaction replaces
alkoxide groups with hydroxyl groups
(—OH), which in the subsequent conden-
sation reaction produce metaloxane bonds
(M-O-M). Thus, in the pad-dry-cure
method, a dense nanocomposite polymer
film of 10 nm thickness is successfully
formed on the fibre surface by hydrogen
or covalent binding [32].

Fibres were modified with non-reactive
CD by the sol-gel method in Wang’s re-
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Figure 6. Schematic representation of chemical modifying reaction of a homobifunctional
reactive dye as the connector between [-CD and a cotton substrate [31].

searches [33,34]. Tetraethyl orthosilicate
(TEOS) and (3-Glycidoxypropyl) meth-
yldiethoxysilane (GPTMS) were chosen
as the precursor and coupling agent, re-
spectively. TEOS makes a sol and forms
a gel when crosslinked with GPTMS.

B-CD was dissolved before [33] or after
[35] the sol-gel solution formed. The sta-
bility of the sol-gel solution decreased
greatly in the presence of B-CD, due to
the reaction between the OH group of
B-CD and hydrolysed GPTMS. Then no
more than 0.5 mol-1"! B-CD was anchored
on the fabric by the two different pro-
cesses. The fabircs could be dipped and
padded by sol containing $-CD and then
treated by dyring and curing, or firstly
dipped and padded by pure 3-CD solution
and then modified by the sol-gel process.
As aresult, the latter method was more
feasible and beneficial to strengthen the
binding between cyclodextrin and fibres,
which improves the washing fastness of
the treated fabric.

B-CD can also be cross-linked by means
of awater-based organic solvent-free
approach to nanogels with a high active
B-CD content. Nanogels also show good
adhesion to surfaces with a size of 25 nm
under dry conditions [36]. Kettel [37]
prepared nanogels in water by the cross-
linking of B-CD with NCO-terminated
star-shaped prepolymer on the basis of
polyethylene oxide and polypropylene
oxide. Wool textiles were dipped and pad-
ded with a dispersion containing nanogel
particles, then dried at room temperature
and further at 80 °C. The coating formed
on the surface of the wool fabric was ana-
lysed by field emission electron micros-
copy. Agglomerations and dense distribu-
tion characterise the surface of the fabric.

Graft polymerisation of glycidyl
methacrylate

Active polymer radicals generated by
electric discharges initiate the graft po-
lymerisation of a vinyl monomer, and
a coating structure thereof can be formed
on fibre surfaces. Glycidyl methacrylate
(GMA) is widely used to form polymer
coatings due to the pendant epoxy group,
which can be chemically coupled with
a functional group, such as the —OH of
B-CD and natural fibres. The graft po-
lymerisation of GMA can be achieved
using different radical generation tech-
niques, such as chemically initiation,
photochemical initiation, plasma initia-
tion, enzymatic initiation, linear electron
beam radiation and gamma-rradiation
[38-40]. Graft polymerisation can be per-
formed using either pre-irradiation graft-
ing or simultaneous(mutual) grafting.

Hirotsu [41] firstly pretreated cellulose
fibres with glow discharge plasma to
form active radicals that can initiate the
graft polymerisation of GMA. And then
the GMA-grafted fibre was modified
with B-CD in NaCl water-dimethylfor-
mamide. The modification of cellulose
fabrics with B-CD was confirmed by the
mass increase in grafted fibre.

Linear electron beam radiation can also
be used to induce the grafting of GMA/B-
CD on cotton fabric. Fabrics were treat-
ed with a GMA or GMA/B-CD mixture
and then irradiated with a linear electron
beam accelerator to initiate a grafting re-
action. The previously radiation-grafted
cotton fabrics were retreated with f-CD
solution containing NaCl and NaOH.
Then modification of the GMA grafted
cellulose fabrics was completed probably
via the cleavage of the epoxide ring in the
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Cotton gauze

Figure 7. Steps of the functionalisation of cotton
gauzes with CDs by y-ray pre-irradiating and

grafting of GMA [45].

GMA grafted cellulose fabrics with -OH
in the B-CD molecule [42,43].

Desmet [44] functionalised cotton-cellu-
lose by the gamma-irradiation-induced
grafting of GMA to obtain a hydrophobic
cellulose with epoxy groups suitable for
further chemical modification. Two dif-
ferent grafting techniques were applied.
In pre-irradiation grafting, cellulose was
irradiated by 0C, y-rays (absorbed dose:
2.5-40kGy, dose rate: 6kGy™!) in air and
then immersed in a GMA monomer so-
lution, whereas in simultaneous graft-
ing, cellulose was irradiated in an inert
atmosphere in the presence of a mono-
mer. Pre-irradiation led to a more ho-
mogeneous fibre surface and simultane-
ous grafting resulted in a higher grafting
yield, but it showed clear indications of
some GMA-homopolymerisation, due
to the different grafting mechanisms (in
simultaneous grafting technology graft-
ing occurs mainly on the surface, while
pre-irradiation grafting is more homo-
geneous throughout the cross-section).
B-CD was added to the grafting solution
and immobilised onto the cellulose dur-
ing simultaneous irradiation. The mass
increase upon grafting was higher than in
comparable samples without B-CD add-
ed, indicating the incorporation of 3-CD.
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y-ray pre-irradiation grafting was also
used to modify cotton gauzes with GMA
groups, imparting B-CD covalently
bound to the GMA functionalized gauzes
(as shown in Figure 7). Low irradiation
doses (from 1 to 7.5 kGy) and relatively
low GMA concentration (10% v/v) were
chosen to prevent the degradation of cel-
lulose chains and to avoid homopolymer-
isation [45].

B Modification with reactive CD

Derivatives of CDs with a reactive group
reacting with hydroxyl groups of cellu-
lose were also applied for natural fabric
modification [6, 46-49].

MCT-B-CD was used for cellulose func-
tionalisation based on the coupling reac-
tion between the chlorotriazine group of
B-CD and nucleophilic surface groups
as per conventional dyeing processes
[50-52]. The chlorotriazine group can be
introduced to the B-CD molecule accord-
ing to the procedure described by Ren-
scher and Hinsenkorn [49].

MCT-B-CD was applied in the modifica-
tion of a cotton cellulose surface by the
covalent binding of the chlorotriazine part
of CD to cellulose hydroxyls. The pad-
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dry-cure process [53, 54] is the most com-
mon approach to modify cotton [55] or
hemp [56] fabrics with MCT--CD in the
presence of alkaline medium. The extent
of the reaction was increased with the in-
creased concentration of MCT-B-CD, due
to the greater availability of MCT-B-CD
in the proximity of the hydroxyl groups
of cotton cellulose. Hydrolysis of the
monochlorotriazinyl group was inevitable
along with the covalent reaction. The na-
ture and concentration of the catalyst
also influenced the extent of the reaction
[57, 58]. The best fixation of MCT-B-CD
to cotton fabrics was achieved at higher
temperature. And the reactivity of cotton
fabrics were enhanced by initially dipping
them in an aqueous solution of Na,CO;
and then leaving them to dry before the
pad-dry-cure process [59].

The cationisation of cotton fabric also
has a great effect on the covalent reaction
efficiency. The results obtained revealed
that cationised cellulose fabrics display
higher reaction efficiency with MCT--
CD than with MCT-B-CD pretreated cot-
ton, followed by cationisation. The cat-
ionic groups in the precationized cotton
fabric form an alkali site that might stim-
ulate in-situ the reaction between MCT-
B-CD and the pre-cationised cotton [60].
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The permanent grafting of MCT--CD
could also be carried out by dipping
cotton samples in an aqueous solution
of MCT-B-CD and sodium carbonate,
followed by squeezing and treating at
130~150 °C to minimise the reaction of
MCT-B-CD with air moisture [31, 61-65].
Biopolishing, a cellulose enzyme treat-
ment, raised the grafting yield of MCT-
B-CD remarkably [66].

Another comparable fixation uses a third
molecule as akind of intermediate be-
tween fibre and cyclodextrin. These
compounds react with both the hydroxyl
groups of cyclodextrins and textile fibre
functional groups e.g., cellulose hydrox-
yls. Furthermore, some network forma-
tion takes place, which leads to a com-
bined fixation and the entrapment of cy-
clodextrins [67].

So as to introduce a permanent soften-
ing effect on cotton fabric, butyl acrylate
(BuA) was selected to be graft poly-
merised with MCT-B-CD. Cotton fabrics
were in situ grafted with MCT-B-CD as
well as BuA using a potassium persul-
phate/ammonium persulphate mixture as
the initiatior, or grafted with the reactive
preformed polymer: MCT-B-CD grafted
with poly (BuA). Despite the great dif-
ferences in graft yield and grafting effi-
ciency found between the modified cot-
ton processed as per the first approach
and those of the second approach, the
two approaches succeeded in produc-
ing modified cottons with BuA moieties
along with RCD moieties [68].

Grafting the reactive preformed polymer,
MCT-B-CD grafted with poly(BuA),
onto fabric was better achieved when
applied with epichlorohydrin due to
crosslinks between the reactive pre-
formed polymer and epichlorohydrin.
In other words, the reactive preformed
polymer is grafted to cotton in the ab-
sence of epichlorohydrin only through
a substitution reaction involving the
monochlorotriazinyl group of the reac-
tive preformed polymer and the cotton
hydroxyls. In the presence of epichloro-
hydrin, on the other hand, extra chemi-
cal bonding resulting from the reaction
of it with the hydroxyl groups of both
the reactive preformed polymer and cot-
ton will come to play. Needless to say
that such extra chemical bonding will be
associated with the additional amount of
reactive preformed polymer chemically
attached to the cotton [69].
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MCT-B-CD can also be anchored to cot-
ton fabrics through chemical bonding
during the grafting of bifunctional glyc-
idyl methacrylate(GMA) monomers onto
cotton. The grafting of GMA onto cotton
cellulose involves the following three
steps: (1) the abstraction of hydrogen
atoms from cellulose by radiation leads
to the formation of cellulose macro radi-
cals; (2) grafting occurs via the addition-
al bond of the monomer in the presence
of a GMA monomer, and (3) subsequent
addition of monomer molecules. Cotton
fabrics were firstly completely immersed
in a GMA or GMA/MCT-B-CD bath, fol-
lowed by squeezing, irradiating and wash-
ing. Then the cotton fabrics grafted with
GMA or GMA/MCT-B-CD were retreat-
ed in a solution containing MCT-B-CD,
NaCl and NaOH at 80 °C for 1 h [70, 71].
MCT-B-CD anchoring to Cell-g-GMA
occured most probably via the mono-
chloro triazinyl group. It exhibited add-
on values which increase as the radiation
dose increases, which indicated that the
adverse effect of higher radiation doses is
offset, and instead the favorable effect on
the fixed MCT-B-CD is continued up to
a radiation dose of 5x10 KGy. The pres-
ence of a monochloro triazinyl group as
part of the MCT-B-CD molecule seems to
counterbalance the degradative action of
radiation even when employed at a dose
as high as 5x10 KGy [71].

B Conclusions

Natural fibres have been widely applied
as suitable matrix in preparing functional
materials containing CDs. To form func-
tional structures and satisfy the fastness
desired, natural fibres have been modi-
fied with a permanent finishing effect by
a multiplicity of grafting modification
techniques. In different reserches various
crosslinking chemicals such as DMD-
HEU, butane tetracarboxylic acid, citric
acid, maleic anhydrides, polyaminocar-
boxylic acids, glyoxal, epichlorohydrin
and bifunctional reactive dyes were cho-
sen to bind cyclodextrin with natural fi-
bres. The grafting modication based on
these crosslinking chemicals should bal-
ance the drawbacks with the grafting ef-
fect , drawbacks which include formalde-
hyde release, strength loss and yellowing
of the treated fabrics. Low temperature
oxygen plasma was used to improve the
absorption of cyclodextrin on natural fi-
bres. Dense nanocomposite polymer film
could also be formed to anchor cyclo-
dextrin on a natural fibre surface by the
pad-dry-cure method due to hydrogen

binding or covalent binding in the sol-gel
process. Natural fabrics could be treated
by sol containing B-CD or by firstly be-
ing dipped in and padded by pure B-CD
solution and then modified by the sol-
gel process. The latter method was more
feasible and beneficial to strengthen the
binding between cyclodextrin and fibres,
which improves the washing fastness
of the treated fabric. Graft polymerisa-
tion of vinyl monomer can be performed
using either pre-irradiation grafting or
simultaneous (mutual) grafting to form
a polymer coating, imparting cyclodex-
trins covalently bound to the function-
alised fabrics. Derivatives of CDs with
a reactive group such as a chlorotriazine
group were also applied for natural fabric
modification. The cationisation of cot-
ton fabric and use of a crosslinking agent
have a great effect on the covalent reac-
tion efficiency. Reactive CDs can also be
anchored to natural fibres through chemi-
cal bonding during the grafting of bi-
functional monomers onto fibres. These
grafting modification techniques were
successfully applied to combine natural
fibres with the capacity of cyclodextrins
to form inclusion complexes with various
special properties.
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MOVING TO
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2021

SAME LOCATION
SAME AGENDA
SAME NETWORKING
NEW DATES

The 2020 Global
Cotton Sustainability
Conference
will now take place from
2-4 March 2021 in Lisbon,
Portugal.

The conference will
still dial in on three key
themes:
Climate Action,
Innovation Now,
Social Sustainability
exploring how the sector
can collaborate in these
areas to create and drive
collective impact.

You can find up to date
information on the
conference website:
www.GlobalCotton.org
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