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Abstract

Cyclodextrins are cyclic oligosaccharides obtailgdenzymatic degradation of starch.They have
been used in recent years to functionalize testilbstrates. In this paper, a reactive cyclodextrin
derivative, monochlorotriaziny$-cyclodextrin, was covalently bonded to cellulosecotton fabric.
The grafted amount was determined by gravimetrithoteand the treated fabrics were analyzed by
Fourier transform infrared spectroscopy (FTIR) d@hdrmogravimetric analysis (TGA). Inclusion
compounds with phenolphthalein and the cyclodestgrafted to the cotton fabric were made in
order to verify that the cavities were availableifeclusion compounds. Triclosan was used to test t
inclusion and the release capabilities of the oleimaterial. Antibacterial tests of the cottonriab
treated with cyclodextrins and triclosan were penfed and the treated fabrics showed excellent
performance.

Keywords. Cotton, Cyclodextrin, FTIR, Cellulose, Triclosan.

1. Introduction

There is a continued interest in finding new waysfunctionalize textile surfaces in order to
impart diverse properties such as water repelli¢3), self-cleaning (3), UV protection (4) and
antibacterial (5). Water repellency and self clagnproperties prevent the stains from adhering to
clothes or eliminating them; therefore, reducing fitequency of laundry, time and detergent required
to remove the stains. Textiles with ultraviolet geiion and antibacterial properties could help
reduce the risk of skin cancer cases and reducespghead of infectious diseases respectively.
Recently, there has been an increasing interassimg cyclodextrins as a finishing agents on textil
surfaces (6-8).

Cyclodextrins are cyclic oligosaccharides obtaiaedyproducts of the enzymatic degradation of
starch. They consist of glucopyranose units linkgda-(1-4) bonds (9). The most common and
industrially available types of cyclodextrins are andy-cyclodextrin with 6, 7 and 8 glucose units
respectively. Cyclodextrins have a cone shapecttsire with the primary and secondary hydroxyl
groups on the outside. This characteristic shape ¢hem a unique property, the exterior is
hydrophilic while the interior of the cavity is kfiydrophilic. Therefore, cyclodextrins are capabl
of forming inclusion compounds with hydrophobic stances (10).

In the textile area, cyclodextrins have been usednfiparting properties such as: UV protection
(11,12), slow release of fragrances (13), insetgiaelivery (14) and antibacterial (15). Triclosan

561



J. Mater. Environ. Sci. 3 (3) (2012) 561-574 Cabraleset al.
ISSN : 2028-2508
CODEN: JMESCN

(C12H7CI30y) is broad spectrum antibacterial and antifungal.chemical name is 5-chloro-2-(2,4-
dichlorophenoxy)phenol. It is widely used in consunproducts and its complexation wifh
cyclodextrin has been previously studied (16,17icldsan is used in this study as the antibacterial
inclusion compound.

There are several methods to attach the cyclodexta textile surfaces (6). Physical methods
consist of dissolving cyclodextrin derivatives witlgdrophobic chains in the polymer solution prior
to the formation of the fibers. After the fibergeapun, cyclodextrins tend to migrate to the sexfac
making the cavities available for inclusions (6,18hemical methods include: (1) synthesis of
cyclodextrinderivatives with an ionic pendant growtich interacts with an ionic group attached to
the fibers(18), (2) synthesis of a reactive cyckide derivative, which is then grafted to textiMgh
the aid of a binder (19-21).

Several papers have been published using monottidéaiayl-p-cyclodextrin (MCT$-CD) on
textile materials (10,12,14,15,22-27). These mabtwotriazinyl groups are able to form covalent
bonds with nucleophilic groups, such as hydroxgugs in cellulose (26). These reactive groups are
widely used in the textile dyeing area as reactimehors for reactive dyes (28). The advantage of
using monochlorotriazinyp-cyclodextrin(MCTg-CD) over other methods of grafting is that it is
easily applied to the fabric under relatively milginditions and to the fact that it is the firstatze
cyclodextrins derivative produced on an indussle (29,30).

In this work, a reactive cyclodextrin derivative QW-3-CD) was covalently bonded to the
cellulose macromolecules of cotton fabric. Techegsuch as thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR) wased to characterize the functionalized cotton
fabrics. Afterwards, inclusion compounds with phehthalein and the cyclodextrin grafted to the
cotton fabric were made in order to correlate thmant of phenolphthalein in the solution with the
amount of grafted cyclodextrins. The release cdjpiaiof the functionalized fabric were testedtwit
triclosan. Antibacterial test of the cotton fabtieated with cyclodextrins and triclosan were
performed.

2. Experimental
Materials

Monochlorotriazinylg-Cyclodextrin  (MCTB-CD) was obtained from Wacker Chemical
(Germany). The analysis for MCICD shows that it has a degree of substitution.®t® 0.5 and an
average molecular weight of 1560 (Information pdexd by Wacker Chemical). Chemicals used in
the preparation of solution were purchased fronhdfiScientific: Sodium Carbonate ()T;) ACS
grade was used as catalyst, phenolphthalein wasdd&fe and ethanol was ACS grade. Triclosan
(>97% HPLC) was purchased from Sigma-Aldrich Cd. [Suis, Mo). All chemical reagents were
used as received. The fabric used in this study puashased from TestFabrics. It was desized,
scoured, and bleached 100% cotton. The cotton cfativaracteristics were: warp density of 39
yarng,elcm, weft density of 22 yarns/cm, yarn codr2h9 x 13 tex and a weight of 229.06 §/(6.8
oz/yd).

Fabric Treatment

MCT-B-CD was grafted to the cotton fabrics following eepously reported method (29).
Different MCT{3-CD concentrations in water (5, 10, 15, 20, 25n3@ %) were prepared and stirred
for 5 min. Then, Sodium Carbonate @8&;) was added to the solution (x/4, x is the amount o
MCT-B-CD). The solution was stirred for 5 min. The pHtbé solution was around 11.5. Cotton
fabric samples were dipped into the solution, sdake 5 min, and passed through a two roller
laboratory padder (BTM 6-20-190) at a speed of @%min and an air pressure of 41 kPa. The wet
pick-up was around 100%. The padded fabric sanvpéee dried at ST for 10 min by passing them
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through a Ben Dry-Cure Thermosol Oven and thendaird50°C in the same oven for 10 min.
Samples were thoroughly rinsed with water and dried

Weight Measurements

Samples were conditioned for at least 72 hour$at B% relative humidity and 21 + 1°C before
and after treatment and weighted. These are stancamditions for textile testing from ASTM
method D1776-98. The amount of M@IED grafted on cellulose macromolecules was detezchi
by a modified calculation based on the AATCC Testhrad 20A-2000 for nonfibrous content on
samples. The amount of MQFCD grafted to the fabric is expressed as percémtenght increase
(% weight increase=((m-img)*100, where rgis the initial weight of the conditioned fabrigydam
is the weight of the treated fabric after rinsimgying, and conditioning). Three specimens were
treated independently from each concentration.

Thermogravimetric Analysis

Thermogravimetric analysis was used to quantifyaimount of grafted cyclodextrins and thermal
stability of the fabric by measuring the weight ©ha as a function of temperature.
Thermogravimetric analysis of the cotton fabricswarformed using the Pyris1TGA equipped with
an autosampler for automatic testing of 20 sam(feskinElmer Shelton, CT). The thermograms
were recorded between 100 and 600°C with a heatitegof 10°C/min in a flow of nitrogen at 20
ml/min. The cotton fabric samples were cut into kipieces (between 1.5 and 2 mg) and placed in
the sample pan. Three measurements were perfommaeddach concentration. The Pyris software
was used to calculate the first derivatives ofthemograms (DTG).

FTIR measurements

In this work, we used universal attenuated totdleceance Fourier Transform Infrared
Spectrophotometer (UATR-FTIR) to monitor the change the infrared spectra of the samples
resulting from the treatment (31). Spectrum-Oneigopd with an UATR accessory (PerkinElmer,
USA) was used to record the FTIR spectra of théonofabrics in an environmentally-controlled
laboratory maintained at @52% relative humidity and 24 1°C. The UATR-FTIR is equipped with
a ZnSe-Diamond crystal composite that allows ctibecof the FTIR spectra directly from a sample
without any special preparation. The instrumerggaipped with a “pressure arm” which is used to
apply a constant pressure to the samples positionédp of the ZnSe-Diamond crystal. The amount
of pressure applied is monitored by the Perkin-EIREIR software. This ensures a good contact
between the sample and the UATR crystal.

Thirty FTIR spectra per sample were acquired fahesample to produce a total of 540 spectra
(30 spectra x 3 replications x 6 concentrationg)ll FTIR spectra were collected at a spectrum
resolution of 4 cil, with 32 co-added scans over the range from 460860 cni. A background
scan of clean ZnSe-Diamond crystal was acquiredrbefcanning the samples.

The Perkin-Elmer software was used to perform lp@setorrections, normalization and peak
integration of the spectra. The spectra were stdgjeto Principal Component Analysis (PCA) with
leverage correction and mean-center cross valigldtoxes checked using Unscrambler V. 9.6 Camo
Software AS (CAMO Software AS, Norway).

Phenol phthalein method

Phenolphthalein method is based on the decreaslesorbance of the phenolphthalein molecule
in alkaline pH solution due to the presence of agektrins. Phenolphthalein can form a complex
with cyclodextrins and the resulting change in cadameasured with a spectrophotometer at 552 nm.
A 4 mM solution of phenolphthalein in ethanol waggared and a 125 mM Sodium carbonate in
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distilled water was also prepared (32). To 200 riltree sodium carbonate solution, 2 ml of
phenolphthalein solution and 8 ml of ethanol wetdesl. The solution was mixed and 10 ml of the
prepared solution were added to a flask with knawrount of MCTB-CD powder or cotton fabrics
(cut in circular form with 3.8 cm in diameter). Aftmixing for 5 min, a portion of each flask was
placed in a cuvette and the absorbance of the isoluivas determined with a UV-VIS
spectrophotometer (Lambda 650, Perkin Elmer). Timdependent measurements were made from
each concentration.

Triclosan inclusion:
Triclosan was used to perform inclusions with MEGD grafted on the cotton fabrics (Figure 1).

Cl Cl
OH Cl

Figure 1. Chemical structure of triclosan.

Triclosan inclusion was performed as follows: A D@ol/l solution of triclosan in ethanol was
prepared. Cyclodextrin-grafted cotton samples warein small circles (3.8 cmin diameter) and
placed in 20 ml of triclosan solution for 24 hrieTsamples were removed, dried in an oven at 40°C
for 30 minutes, rinsed in distilled water and ir¥o@thanol-water solution and then dried again in an
oven at 40°C for 30 min. The 50% ethanolic soluti@s used due to the low solubility of triclosan in
water. There are some triclosan molecules adsodmedhe fabric surface that are not forming
inclusion compounds with cyclodextrins. These muales could interfere with the spectroscopic
guantification of the included compounds. Otheeagshers have used efficiently alcoholic solutions
for the removal of the adsorbed molecules on theléesurfaces (33). Then each sample was placed
in a beaker with 10 ml of ethanol for 24 hrs. Tbhligon of each flask was placed in cuvettes ard th
UV-VIS spectra were acquired. The maximum absorbaridriclosan was at 282 nm. A calibration
curve was made in order to calculate the amoutrtaddsan in the solutions.

Antimicrobial testing:

Antimicrobial tests were performed by determiniihg ttolony-forming unit (CFU) o8 aureus,
which is a measure of viable bacteria numbers asritieed in previous work (34). Briefly, a solution
of 2.5 ul/ml of bacteria was made and 20 of this solution was deposited on the cotton i@br
surface. Cotton samples were placed on LB platesiaven at 3. Cotton fabrics with the highest
MCT-B-CDconcentration in solution (30%) were cut in T diameter circles and the same
procedure for inclusion of triclosan was followethree replications for each concentration of
cyclodextrin grafted to the fabric were made.

3. Results and discussion

Weight Measurements

Figure 2 illustrates the reaction mechanism betwaslulose macromolecules and MGIED.
The cyclodextrin derivative is fixed to the cottioy a nucleophilic substitution reaction between the
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hydroxyl groups of the cellulose chain and the aitltazine ring. Hydrochloric acid is releasedaas
byproduct of the reaction.

0 HO Ho_ 9O HO o) °
HO
/j\A{OH onHo~( 0 5
HO
ol e s 1
HO NSy
l

HO j\ o N o
Na
NN OH OH OH OH OH OH
I 0 6H o 0\0 on OH AT o} 6 0\ o OH
cl + (OH o] OH —_— OH 0 O—<0OH o]
R HO o “— a0 Na,cO, HO o — oo
OH OH OH OH OH OH

N

Monochlorotriazinyl-3-cyclodextrin Cellulose Monochlorotriazinyl-3-cyclodextrin grafted to cellulose

Figure 2. Reaction between MCJ-CD and cellulose.

The relationship between the amount of METD grafted to the cotton fabric and the M@IGD
concentration in the solution is shown in figureThe non-linear increase of the percent add-oh wit
increasing MCTB-CD concentration in the solution is attributedthe saturation of cellulosic OH
groups at higher MCPB-CD concentrations.
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tho+

Figure 3. Percent Add-on expressed in % as a function of @D concentration in the solution
expressed in wiw %.
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FTIR measurements
Figure 4 shows representative FTIR spectra of atdécecotton fabric and MCF-CD-30% (cotton
treated with 30% MCT-CD concentration in the solution).

—-- Cotton 2
---------- MCT-p-CD-30%
@ E
-
=
2 1315 y 1
- 1364 | ' :
1639 1480 L - ; l
= shom sk 4 G4 )
1547 i ) 'ﬁjt*ﬁ i £ os1
= l LN e, 3 L 2
. #‘.;:-': o "«-::“:--_..,“." 7 ““'.U." kS B o '
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Wavenumber, cm™t
Figure 4. FTIR spectra of control (cotton) and sample treat¢h 30% MCT-CD concentration in
solution (MCT$-CD-30%).

Principal components analysis was performed orFHI& spectra of the control (untreated fabric)
and the treated fabric MCF-CD-30% in order to identify different groups ofespra. PCA is a
multivariate technique which involves a mathematicacedure that transforms a matrix of the FTIR
spectra to a matrix of mutually uncorrelated vdgabcalled principal components. Most of the
variability in the data is accounted in the firsingipal component (PC1). The second principal
component (PC2) accounts for most of the remaiaargability in the data (35). The plot of PC1 and
PC2 scores, depicted in figure 5, shows two distgnoups of spectra corresponding to the control
fabric and the treated fabric MQFCD-30%. One major component (PC1) explained 88%hef
variability and it distinguished the non-treatelrfa from the treated cotton fabric.
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PC2: 9%
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Figure 5: Principal components analysis of the FTIR speofrthe control and the treated fabric
MCT-B-CD-30%.

Figure 6 shows the plot of PC1 scores as funabowavenumbers. Several vibrations are
present mainly in the region from 1784 to1183cifihe integrated intensity in this regiomzgh.11s)
was calculated and was correlated with the M32TP concentration in the solution (Figure 7). Table
1 reveals statistically significant effect of theCW-3-CD concentration in the solution on the
integrated intensity in the range 1784-1183'cm
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Figure6: PC1 scores versus wavenumbers.
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Figure 7. FTIR integrated intensity from 1784-1183 ¢ras a function of MCTB-CD concentration
in the solution expressed in w/w %.

Table 1. Variance analysis: effect of the MQBFED concentration in the solution on the integrated
intensity hzgs-1183

Parameter df F Pr Obab”lty | 1784-1183
I nter cept 1 69099.47 0.000001
MCT-B-CD concentration 6 157.64 0.000001
0 50.3a
5 53.8b
10 56.2c
15 64.9d
20 66.8e
25 64.4d
30 715f
Error 623

df, degrees of freedont, variance ratio? Values not followed by the same letter are sigaiiily
different witha=5% (according to Newman-Keuls tests).

Thermogravimetric Analysis
TGA measurements were performed in order to cdeeflae thermal properties of the treated
samples with the amount of grafted cyclodextring. dompare the thermograms, the average
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inflection point (peak temperature) of the firstidative was obtained for each concentration. The
peak temperature is the temperature of the maxithenmal decomposition rate. Figure 8 shows the
plot of the average peak temperature as a funcidhe MCTH-CD concentration in the solution.
The increase of the amount of grafted cyclodexteasls to a decrease of the peak temperature. This
is due to lower peak temperature of MBICD compared to cotton and to the decomposition
byproducts of the grafted MCPF-CD, affecting the thermochemical pathway of thdlutese
decomposition. The peak temperature of METD is around 305°C, while for cotton this peak
temperature is around 390°C (experimental data)s,Tas the amount of MCF-CD on the fabric
increases the maximum decomposition rate getseshifb lower temperature. The trigger
temperature of each thermogram was also obtainedhloulating the temperature at which a weight
percentage changes more than 0.5%. Figure 9 shHmvavierage trigger temperature plotted as a
function of MCT$-CD concentration in the solution. The trigger temgture decreases as the MCT-
B-CD concentration in the solution increases. Téidue to the fact that MCF-CD-crosslinked has a
lower trigger temperature (around 220°C) when coetpo the trigger temperature of cotton fabric
(around 290°C).

In figure 10, the average weight percentage resadiige reaching 600°C is plotted against MET-
CD concentration in solution. There is a good noedr relationship between the amount of grafted
MCT-B-CD and the amount of char produced after therreabdhposition. It has been reported that
impurities in cellulose, such as salts, could catise char yield to change (36,37). Thus, it is
reasonable to hypothesize that the by-producthe@fdecomposition of MCB-CD react with the
cellulose substrate and cellulose degradation bytmts to produce a higher amount of char.

396 |

R’=(.692

(]
=]
[ ]

388 |

384 |

380 ¢
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376 |

0 5 10 15 20 25 30
MCT-B-CD concentration in solution

Figure 8. Peak temperature as a function of M@GD concentration in the solution expressed in
wiw %.
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Figure 9. Trigger temperature as a function of the MEGD concentration in the solution expressed
in w/w %.
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Figure 10. Residue percentage as a function of the MIBID concentration in the solution
expressed in wiw %.
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Phenol phthalein method

Phenolphthalein forms inclusion compounds with aglektrin. When the phenolphthalein is
included in the CD cavity in alkaline solutionsijsttransformed from the red colored dianion foom t
its colorless lactonoiddianion (38). This charaster makes phenolphthalein a very effective
colorimetric indicator to prove that the cyclodéxsr cavities are available for forming inclusion
compounds. The control and treated samples weresiged in a solution containing phenolphthalein
as described in the experimental section. The mmaxi absorbance of phenolphthalein in an alkaline
solution is at 552 nm. As shown in figure 11, wiie@ amount of grafted MCJB-CD on the fabric is
increased the absorbance at 552 nm is decreased.

1.3

= (.695

[
[}

Absorbance at 552 nm

[—
[y

[y

0.9

0.8 : : : : : : :
0 5 10 15 20 25 30
MCT-p-CD concentration in solution

Figure 11. Phenolphthalein inclusion: absorbance at 552 nna danction of the MCTB-CD
concentration in the solution expressed in w/w %.

Triclosan inclusion:

The measurement of the released amount of triclasanperformed as follows: first, triclosan was
included in the cavities, and then the amount ofeswdes released in ethanolwas monitored by the
UV absorbance of the solution.

Figure 12 shows the results of the release ofosah in ethanol by measuring the absorbance at
282 nm as a function of MCF-CD concentration in the solution. The results shibat triclosan
molecules are present in the control after rinsiAdnis is due to the low solubility of triclosan in
water and ethanol-water solution. It is importanpbint out that the amount of triclosan releasgd b
MCT-B-CD treated samples is higher than the untreatetblea For example, the average amount of
triclosan released in ethanol by the samples tleaitth 30% MCTg-CD concentration in solution is
enough to achieve a molar concentration 3.5 tingtseln than the control.
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Figure 12. Triclosan release: absorbance at 282 nm as a &umotithe MCTB-CD concentration in
the solution expressed in w/w%.

Antimicrobial testing:

It has been reported that triclosan has very paweritimicrobial properties. Therefore, MQSF-
CD treated cotton fabrics were immersed in triclos®lutions and rinsed as described in the
experimental section. To test the ability to remaselosam that is included in the cavities, the
samples were washed in ethanol. Figure 13 show<tieny Forming Unit ofS aureus of the
control and treated cotton fabrics. Untreated cottabric (sample A) does not exhibit any
antimicrobial properties. However, treated cottabric with MCT-CD and loaded with triclosan
molecules (sample B), has very strong antimicroa@ivity againstS. aureaus. When the fabric is
washed with ethanol to remove triclosan (samplet@g, fabric does not retain its antimicrobial
performance. This indicates that triclosan careagly removed from the cavity, which allows the
cavities to be available for other guest compounds.

4. Conclusions

In this investigation MCTB-CD was grafted to cotton fabric surfaces. The amafi MCT-CD
grafted to the fabric was correlated by gravimetneasurements, FTIR, and TGA. Good correlation
between the concentration in solution of MB-GD and the integrated spectra in the IR regiomfro
1784 t01183 cm (l1784.118) Was obtained. Thus, proving that FTIR with an UR\&ccessory is an
excellent tool to quantify the amount of cyclodedrgrafted to the surface. The values of the peak
temperature, the trigger temperature and the weightining at 600°C obtained from TGA were
correlated to the amount of grafted cyclodextriasaell. Phenolphthalein was used to determine if
the cavities of MCTB cyclodextrin were available for inclusions. The xmmaum absorbance of
phenolphthalein in alkaline solution (552 nm) wasrelated to the amount of cyclodextrins grafted
to the fabric. The higher the amount of cyclodewdrgrafted to the textile surface the lower the
measured absorbance. This is due to the fact tieighphthalein forms inclusion compounds with
the cyclodextrins. Furthermore, one inclusion coommbwas used to test the release capacity of the
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treated samples. Triclosan included in the cycltilex cavities and released in ethanol was
measured by the absorbance at 282 nm. The ambtritlasan released by the treated samples was
higher than the amount released by the non-treatedples. Moreover, the antibacterial test
performed on the samples showed that ME=CD treated samples with triclosan included in the
cavities had excellent antibacterial propertiesdiidnally, it was shown that the included triclasa
could be removed from the cavities; therefore tlawites were available to form inclusion
compounds with other molecules.

3.5E7
3E7
= 2.5E7
=
= 2E7
£
< 1.5E7
>
=
= 1E7
L
5E6

A B C
Figure 13. Antibacterial test of (A) untreated cotton (contydB) MCT-3-CD-30% treated samples
with triclosan included, and (C) MCF-CD-30% treated with triclosan and washed with etha
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