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Abstract
Cotton was treated with β-cyclodextrin (BCD) and two derivatives of β-cyclodextrin (2-hydroxypropyl-β-cyclodextrin and
monochlorotriazinyl-β-cyclodextrin) to assess the optimal type for fixation with cotton. The experimental results showed
that treatment of cotton with BCD using the crosslinker BTCA resulted in higher fixation than the treatments with the other
two derivatives. The concentration of BTCA used did not significantly influence the amount of fixation of BCD on cotton.
FTIR-ATR spectroscopic analysis showed that the amount of ester formed on the fabric was influenced by the addition of
BCD on cotton with BTCA in comparison to crosslinking of only BTCA with cotton. The laundering tests showed relatively
poor washfastness of the β-cyclodextrins on the fabrics.
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Introduction
In this work, three different types of β-cyclodextrins
(β-cyclodextrin (BCD), 2-hydroxypropyl-β-cyclodextrin
(HP BCD), and monochlorotriazinyl-β-cyclodextrin
(MCT BCD) were attached to cotton. The aim of the work
was to determine the optimum type of β-cyclodextrin
for fixation on cotton and to check the influence of
crosslinker concentrations on fixation of BCD on cotton.
Additionally, the amount of ester formed on the fabric due
to crosslinked BCD cotton cellulose was assessed. BCD in
this work refers specifically to unmodified β-cyclodextrin,
while β-cyclodextrins refers to modified and unmodified
β-cyclodextrins in general and the three cyclodextrin types
used in this work as a whole.
β-Cyclodextrins are cyclic oligosaccharides composed
of glucose units linked by α-1,4-glycosidic bonds. Each
β-cyclodextrin unit has a hydrophobic cavity that can act
as a host for a hydrophobic guest molecule depending
on the size, geometry, and molecular weight of the guest
molecule. These types of host-guest complexes find
application in control release of various drugs in the
pharmaceutical industry and in other applications such as
slow release of fragrances, aromatic oils, additives in the
food industry, and so forth. Normally, a 1:1 complexation
ratio is found between the cyclodextrin molecule and the
guest molecule, while sometimes 1:2 or 2:1 ratios are also
found.1 The inclusion of antimicrobial activity on textiles by
incorporating antimicrobials as guest molecules in textilebound β-cyclodextrins are of particular interest.

Derivatives of β-cyclodextrin are formed by substituting
hydroxyl groups with alkyl or hydroxyalkyl groups on the
glucose units of the β-cyclodextrin molecule, leading to
changes in solubility and complex-forming selectivity.2
HP BCD is one such derivative of β-cyclodextrin. The
molecular weight of HP BCD is 1399 g/mol as compared
to 1135 g/mol for BCD.3 HP BCD is interesting due
to its increased solubility in water as a result of the
substituted hydroxyls with 2-hydroxypropyl groups in the
anhydroglucopyranose units, due to which the inclusion
complex forming ability is said to increase. Another
popular derivative for fixation on textile is MCT BCD.
MCT BCD, with an average molecular weight about
1560 g/mol, is particularly interesting because of the
substitution of hydroxyls in the anhydroglucopyranose
units with monochlorotriazinyl groups, which results in a
compound that can be fixed to cotton without a crosslinker.4
In this investigation, BCD and HP BCD were fixed to cotton
via 1,2,3,4, butanetetracarboxylic acid (BTCA) crosslinker.
BTCA is a non-formaldehyde based crosslinker that has
proven effective in terms of durable press performance in
comparison with other polycarboxylic acids such as citric
acid, malic acid, or succinic acid. BTCA has four carboxylic
acid groups, one to three of which are said to be involved in
crosslinking with cotton during the esterification reaction.
Cotton is known to esterify with BTCA during the curing
process in two steps: first, by formation of a five-membered

cyclic anhydride through the dehydration of adjacent
carboxyl groups, and second, by the formation of ester
links between the anhydride intermediate and cellulose.
Fig. 1 shows the mechanism of BCD fixation to cotton via
BTCA through the esterification reaction. This has been
verified by researchers with Fourier transfer infrared (FTIR)
spectroscopy.5 For bifunctional polycarboxylic acids such as
malic acid or succinic acid, only one carboxyl group is said
to be involved in esterification with cotton.6 Citric acid is
cheaper than BTCA and also more eco-friendly, however, it
is known to cause fabric yellowing.7 BTCA used at certain
application concentrations is also known to give flame
resistant properties to blends8 and to cotton9 (i.e., Class
1 flame retardant effect according to test method ASTM
D1230). BTCA is also said to be more resistant to hydrolysis,
and therefore, more wash durable as well.9,10
Sodium hypophosphite (SHPI) is a widely-used catalyst with
BTCA since it gives almost no yellowing and good wrinkle
recovery properties. It speeds up the process of BTCA
esterification with cotton by weakening hydrogen bonds
between the carboxylic groups. Use of SHPI reduces the
temperature required for cyclic anhydride formation when
compared to the use of BTCA alone.11 In general, SHPI is
also considered an optimal BTCA catalyst in comparison
with other catalysts, especially in terms of the durability of
durable press performance.12,13
The amount of BCD, HP BCD, and MCT BCD fixation
were assessed by simple gravimetric measurements and the
well-known phenolphthalein test. Cotton fixed to BCD was
characterized using FTIR-ATR spectroscopy and differential
scanning calorimetry (DSC). These two techniques were
only used for the BCD-treated cotton. Finally, durability
of the attached β-cyclodextrins was analyzed by repeated
laundering tests.

Experimental
Materials

The plain woven cotton (fabric density) 170 g/m2 was
obtained from wfk Testgewebe. BCD and HP BCD were
obtained from Roquette. BTCA, sodium hydroxide,
sodium carbonate, tris(hydroxymethyl)aminomethane
(Tris), phenolphthalein, and SHPI were obtained from
Sigma Aldrich. MCT BCD was obtained from CTD Inc.
Demineralized water was used in all experiments.

Various β-Cyclodextrin Treatments

Cotton fabrics were treated using the exhaustion method
at room temperature (RT) with the liquor to cloth ratio
(LCR) of 20:1. BCD treatment was done in a beaker where
the required amounts of BTCA (10, 30, or 60 g/L) and SHPI
were added to the calculated liquor volume and stirred
until they were dissolved. The required amount of BCD
was added (0, 40, 60, 80, or 100 g/L) and dissolved. Fabric
samples were placed inside the liquor and stirred for 5 min.
After treatment, the fabric samples were pre-dried at 110 °C
for 10 min, cured at 160 °C for 5 min, rinsed in water (60 °C,
5 min), rinsed with tap water, and finally air dried.
The curing temperature was kept at 160 °C, since it is
known that anhydride formation with SHPI occurs at this
temperature.14 The use of higher temperatures may lead
to higher esterification (i.e., more crosslinking of BTCA),
however, this would also lead to more tensile strength
loss.15 The BTCA to SHPI molar ratio used was 1:0.3.16 In
the literature, the BTCA to SHPI mass ratios of 3:1,11 2:1,17
and 1:118 were also reported. SHPI catalyst can be effective
starting from 0.3% (3 g/L) to 11% concentrations.19 To
check the influence of curing conditions and the influence
of the BTCA to SHPI ratio on the amount of BCD fixed on
cotton, a series of trials with increased curing temperature

Fig. 1. Attachment of BCD to cotton with BTCA.5 Source reproduced with permission from Elsevier.

(180 °C) and increased BTCA to SHPI molar ratio (1:1)
were performed and the fixation amount obtained was
compared to the amount achieved under standard treatment
conditions (160 °C, BTCA to SHPI molar ratio of 1:0.3).
For treatment with HP BCD (0, 40, 60, 80, or 100 g/L), the
same procedure was followed, with the exception that the
amount of BTCA used was only 30 g/L.
For treatment with MCT BCD (0, 40, 60, 80, or 100 g/L), the
procedure was the same as above with the exception that no
BTCA/SHPI was added and the treatment was performed
in alkaline medium (pH 11, 125 mM sodium carbonate
solution). The treatment time, pre-drying, curing at 160 °C,
and sample rinsing after the treatment were the same as in
the two previously mentioned cases.

Analysis and Measurement

Gravimetric Measurements
To assess the amount of β-cyclodextrin fixed, gravimetric
measurements were made before and after sample treatment
(Eq. 1). Before each measurement, samples were conditioned
at 20 °C and 65% relative humidity for 24 h.

Eq. 1
Wb is the sample weight before treatment and Wf is the
sample weight after treatment.
Quantification with Phenolphthalein
The amount of β-cyclodextrin fixed onto a fabric can be
estimated using an alkaline phenolphthalein solution.
Phenolphthalein can complex within the β-cyclodextrin
cavity. The absorbance of the alkaline phenolphthalein can
be measured with UV-vis spectrophotometer at 550 nm.
A calibration curve was made to plot the decrease in
absorbance of phenolphthalein solution with the increase in
concentration of β-cyclodextrin. For the calibration curve,
a series of test tubes were set up, each containing a 5 mL
solution (V in L). Each test tube contained 1 mL of varying
concentrations of β-cyclodextrins (C in g/L) made in the
buffer solution (Tris buffer solution, 0.05 M, pH 7), and 4
mL of phenolphthalein solution at a fixed concentration (in
g/L). From the curve fit equation, a relationship between
absorbance and concentration of β-cyclodextrins was
determined. The concentration of phenolphthalein and
sodium carbonate used were taken from the literature.20,21

The phenolphthalein working solution was prepared by
preparing a 4 mM stock solution of phenolphthalein in
ethanol, and taking 1 mL of this stock and mixing it with
4 mL of ethanol and 95 mL of 125 mM sodium carbonate
solution. The pH of this 0.04 mM phenolphthalein solution
was 11. For the fixed β-cyclodextrin quantification, 4 mL
of this phenolphthalein working solution was added to
1 mL of Tris buffer solution (0.05 M, pH 7), and samples
(2.5 cm × 2.5 cm) of β-cyclodextrin treated fabric was put
in this 5 mL solution. The final concentration of the 5 mL
phenolphthalein in the test tubes was 0.032 mM. Since
phenolphthalein can undergo photo-oxidation (sodium
carbonate at the concentration used was supposed to
stabilize it), the test tubes were covered with aluminum foil
and kept for 2 h in a dark cabinet. The absorbance of the
remaining solution was then measured at 550 nm using Cary
100 UV spectrophotometer (Agilent Technologies).
From the absorbances noted from the test tubes and the
curve fit equation, the mass of β-cyclodextrin in the 5 mL of
phenolphthalein solution and finally on the fabric could be
estimated. The mass of the different β-cyclodextrins (BCD,
HP BCD, and MCT BCD) fixed on cotton (F in mg/g) was
calculated using Eq. 2.

Eq. 2
C is the β-cyclodextrin concentration measured in g/L, V is
volume in L, and M is the dry weight of fabric sample in g.
To check for the influence of BTCA on phenolphthalein
quantification of BCD, homogenous absorbance tests were
done with phenolphthalein and BCD solutions containing
BTCA. A 0.04 mM solution of phenolphthalein was made
and divided into two beakers. In one beaker, 1 g/L of
BTCA was added. Then two series of test tubes were
arranged and one was filled with 4 mL of phenolphthalein
solution with BTCA and the other without the BTCA.
BCD solutions (1 mL) of various concentrations made in
0.05 M Tris buffer were then added to all the test tubes and
the absorbances were then measured at 550 nm with the
UV spectrophotometer.
FTIR-ATR Spectroscopy
BTCA crosslinks cotton through esterification reactions. The
effectiveness of crosslinking various amounts of BTCA on
cotton can be indirectly assessed using FTIR spectroscopy.
Crosslinking effectiveness is expressed in terms of degree
of esterification. The relative amount of ester formed on

different BTCA-treated cotton fabrics is obtained from the
ester peak intensity, while acid fixed to the fabric can be
derived by the carboxylate anion peak intensity in FTIR
spectroscopic measurements of these fabrics. The ratio
between the two peaks, called the carbonyl band intensity
ratio, gives the degree of esterification on the
crosslinked cotton.
This method is based on the semi-quantitative assessment
of degree of esterification by the measurement of the
carbonyl band intensities.6,22,23 The resulting ester carbonyl
band intensity ratio is correlated to the wrinkle recovery
angle and tensile strength of fabric treated with BTCA.15
Samples are pre-treated with sodium hydroxide (NaOH)
or ammonia vapor before analysis. It was reported that
the NaOH method of sample preparation is suitable only
for the assessment of degree of esterification on BTCAtreated cotton and not for cotton crosslinked with other
polycarboxylic acids.24 Pre-treatment of BTCA-treated
cotton with hydrogen chloride (HCl) vapor leads to the
protonation of ionized carboxylate groups
(–COO– to –COOH) on cotton. This consequently
shows up as a new peak at 1720 cm-1 in FTIR spectroscopic
analysis. This can be reversed with exposure of
BTCA-treated cotton to ammonia vapor.25
In this work, FTIR-ATR spectroscopic measurements
were performed to assess the influence of BCD fixation
with BTCA on the formation of esters on cotton.
BCD concentrations were varied along with BTCA
concentrations. The ester intensity of the fabrics were then
checked at standard curing conditions (i.e., cotton samples
were treated with 30 g/L and 60 g/L of BTCA and with 0 g/L
to 100 g/L of BCD), and the ester intensity on cotton was
measured. The influence of curing conditions on formation
of ester on BCD-treated cotton was also assessed (i.e., cotton
samples were treated with 0 g/L and 100 g/L of BCD and 30
g/L and 60 g/L of BTCA at altered curing conditions (such as
changed curing temperature and BTCA to SHPI ratio), and
the ester intensity was measured again.
Preparation for FTIR-ATR analysis involved treating cotton
fabric samples with 0.1 M NaOH for a minimum of 3 min,
washing off NaOH from the fabric, and then drying at 90°C
for 10 min before FTIR-ATR measurements. Values given
by the ammonia vapor method were not comparable to the
NaOH method. Ammonia vapor can complex with the BCD
cavity resulting in inconsistent measurements. Therefore, the
NaOH method of pre-preparation was used for FTIR-ATR
measurements in this paper.
FTIR-ATR spectra were obtained on a Bruker IFS 66/S
spectrophotometer, equipped with Silver gate ATR cell

employing a cylindrical Ge crystal (n = 4.0) with a diameter
of 7 mm and single reflection (SpectraTech). The samples
were tightly pressed against a Ge crystal. Spectra were
recorded over the range 4000–600 cm-1, with a resolution of
4 cm-1 and averaged over 128 spectra.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were
used to check the influence of BCD and BTCA treatment
on thermal decomposition of cotton. Cotton samples were
treated with 10 g/L, 30 g/L, and 60 g/L of BTCA, and 0 g/L
and 100 g/L of BCD at various curing conditions. These
measurements were made under a nitrogen flow of 20 mL/
min. Samples were first held isothermally for 1 min at 25 °C,
and then heated to 550 °C at the rate of 10 °C/min. Cooling
was done at the rate of 60 °C/min. Sample weights for these
measurements were around 9.3 mg to 9.8 mg.
Laundering Tests
Cotton was treated with BCD, HP BCD and MCT BCD
at 100 g/L application concentration. BCD and HP BCD
crosslinking with cotton was done with 30 g/L of BTCA (and
the earlier mentioned BTCA to catalyst ratio). Curing was
done at 160 °C for 5 min for all samples as previously. These
samples were laundered with 4 g/L of AATCC Reference
Detergent (without optical brighteners). Laundering was
done at LCR of 50:1 at 60 °C for 30 min. After laundering,
the samples were rinsed in tap water and then dried in the
oven for 15 min at 110 °C. Six repeated laundering cycles
were performed and the amount of fixation was assessed
after each cycle.

Results and Discussion
Gravimetric Measurements

Weight gain (W%) measurements vs. concentration of
β-cyclodextrins for various treatments are shown in Figs. 2a
and b. Fig. 2a shows weight gain results for treatments with
BCD at various BTCA concentrations, while Fig. 2b shows
results obtained for the treatments with all three types of
β-cyclodextrins (BCD, HP BCD, and MCT BCD) used. Even
when no BCD was added, W% values on cotton increased
with increased BTCA concentration (Fig. 2a). Use of 10 g/L
BTCA gave a steady increase in W% values with increased
BCD concentration. However, when greater amounts of
BTCA (30 g/L and 60 g/L) were used, there was no steady
corresponding increase in W% values with increased BCD
concentration. In the presence of BCD, W% values obtained
for the treatments with 30 g/L BTCA were lower than than
for samples treated with 10 g/L BTCA. All these facts imply
that BTCA concentration predominantly influences
W% values.

Fig. 2b compares W% values for cotton treated with
various types of β-cyclodextrin. Comparison was made
between BCD, HP BCD (both fixed with 30 g/L BTCA),
and MCT BCD treated fabrics. The influence of increased
β-cyclodextrin concentration on W% values was obvious
only for cotton treated with BCD (Fig. 2a). HP BCD showed
a slight loss in W% values with increased concentration,
while MCT BCD did not show any influence of increased
concentration on the amount attached to cotton (almost
constant W% values). These results indicate that W%
measurements, due to their high standard deviation and
inclusion of the crosslinker weight (for BCD and HP BCD),
did not accurately correspond to the actual fixation amount.
Fig. 2. a) W% values of cotton treated with varying concentrations of BCD and
10, 30, and 60 g/L BTCA. b) W% values of cotton treated with varying concentrations and types of β-cyclodextrins. BCD and HP BCD were fixed to cotton
with 30 g/L BTCA, while MCT BCD was attached directly to cotton. For both a)
and b), all values were an average of three measurements per value.
a)

10 g/L BTCA
30 g/L BTCA
60 g/L BTCA

Quantification of β-Cyclodextrins

From the amount of β-cyclodextrin fixed on the cotton,
shown in Fig. 3a as F (mg/g) against applied concentrations
of β-cyclodextrin (g/L) with various concentrations of
BTCA, there appeared to be no significant influence of
crosslinker concentration on fixation amount. It was also
noted that 30 g/L of BTCA resulted in lower standard
deviation in fixation values. The fixation of the different
β-cyclodextrins on cotton is also given in moles/g of cotton
in Table I.
Table I.
Calculated Amount of Fixed β-Cyclodextrins on Cotton
Application
Concentration
(g/L)

BCD with 30
g/L of BTCA
(moles/g)

HP BCD with
30 g/L of BTCA
(moles/g)

MCT BCD
(moles/g)

0

0

0

0

40

3.98 × 10

-6

1.29 × 10

1.47 × 10-6

60

5.93 × 10-6

1.59 × 10-6

3.04 × 10-6

80

7.39 × 10-6

1.94 × 10-6

2.21 × 10-6

100

7.78 × 10-6

2.40 × 10-6

1.73 × 10-6

-6

Table II.
Fixation F of BCD (100 g/L) at Different Curing Conditions
and BTCA Concentrations
F (mg/g)

SD

1:0.3

7.82

2.05

180

1:0.3

7.45

0.29

60

180

1:1

5.95

0.57

30

160

1:0.3

8.83

0.36

30

180

1:0.3

9.10

0.81

30

180

1:1

8.91

0.58

Treatment Conditions

Concentration of BCD (g/L)
b)

BCD + 30 g/L BTCA
+ 30 g/L BTCA

Concentration of β-Cyclodextrins (g/L)

BTCA
Concentration
(g/L)

Curing
Temperature
(°C)

BTCA:SHPI
Molar Ratio

60

160

60

The influence of curing conditions on the fixation of BCD
on cotton was also noted for 30 g/L and 60 g/L of BTCA
with 100 g/L of BCD. On changing the curing conditions to
a higher curing temperature and with an increased BTCA
to SHPI ratio, significantly increased fixation was not seen
in the case of 30 g/L of BTCA (Table II). When curing
conditions were changed in the case of 60 g/L of BTCA, no
significant change in the amount of BCD fixation was noted
with an increase in curing temperature to 180 °C. However,
with the additional increase in the BTCA to SHPI ratio from

Fig. 3. a) Amount of BCD fixed on cotton with varying applied concentrations of BCD and 10, 30, and 60 g/L of BTCA. b) Amount of
β-cyclodextrins fixed on cotton treated with varying concentrations and
types of β-cyclodextrins. BCD and HP BCD were fixed with 30 g/L of
BTCA, while MCT BCD was attached directly. For both a) and b), all values
are an average of three measurements per value.

a)

10 g/L BTCA
30 g/L BTCA
60 g/L BTCA

Concentration of BCD (g/L)
b)

BCD + 30 g/L BTCA
+ 30 g/L BTCA

The amount of fixation was greatest for the BCD, followed
by the other two derivatives of β-cyclodextrin (Fig. 3b and
Table I). For HP BCD, although the W% measurements
showed decreased W% values with increased concentration
of HP BCD applied, the measurement with phenolphthalein
showed a linear increase in HP BCD fixed on cotton. The
reason for the lower fixation of HP BCD as compared to
BCD on cotton under the same given fixation conditions
could be due to the long chain of the substituted
2-hydroxypropyl groups of HP BCD in place of hydroxyl
groups in the anhydroglucopyranose units,3 which are less
accessible for the required reaction. These substituted groups
allow increased solubility of HP BCD in aqueous solution
(solubility at RT was 100 g/L). However, these groups may
not guarantee increased fixation to cotton since fixation
is determined by the number of free –OH groups on the
C6 position of the glucopyranose unit of β-cyclodextrin
molecule available for esterification.26
An instability of the phenolphthalein measurements was
noted as predicted during the quantification of BCD fixed
on the fabrics in the presence and absence of BTCA. The
results of the homogenous tests done with phenolphthalein
and BCD in the presence and absence of BTCA can be seen
in Fig. 4, where absorbance A of phenolphthalein is shown
against concentration of BCD (g/L) in the presence and
absence of BTCA. In the presence of BTCA, the absorbance
(A) values of the phenolphthalein solutions increased
slightly, however, the readings stabilized with increased BCD
concentration. The slight phenolphthalein measurement
instability noted above was therefore ignored since this
instability appeared to resolve when the amount of BCD
fixed on the fabrics increased.
Fig. 4. Influence of BTCA on phenolphthalein in homogenous solution
containing BCD. All values are an average of three measurements per value.

with 1 g/L BTCA
without BTCA
Concentration of β-Cyclodextrins (g/L)

1:0.3 to 1:1 mole ratio at this higher curing temperature, the
amount of BCD fixation was in fact reduced (Table II). From
this data, even though a greater amount of BTCA was used,
increased curing temperature and catalyst concentration
may mean greater esterification, it may not mean increased
fixation of BCD.

Concentration of BCD (g/L)

FTIR-ATR

FTIR-ATR spectroscopic analysis was performed to
determine if BTCA esterification of cotton fabric was
influenced by the addition of BCD. For esterified cotton,
the 1720 cm-1 peak represents the overlap of the carbonyls
(C=O) from the acid and the ester of BTCA. Treatment
with NaOH converts the acid of BTCA on the fabric to
carboxylate anion resulting in a new increased peak at
1570 cm-1. After complete conversion of acid to carboxylate
anion with NaOH, intensities of the 1720 cm-1 peak reflect
the total ester on the fabric. The esterification degree of
the fabric was calculated by dividing the two mentioned
intensities. The resulting number is the average number
of ester groups formed per BTCA molecule. This result
indicates the effectiveness of BTCA as a crosslinking agent
or degree of esterification. For all FTIR-ATR data, the
spectra was normalized for the 1313 cm-1 peak. Present
experiments only dealt with data from the 1720 cm-1 (ester
intensity) peak.
Figs. 5a and b shows the FTIR-ATR spectra of cotton fabrics
treated with different concentrations of BCD and with 60
g/L and 30 g/L of BTCA. The differences in the ester peak
intensity can be seen among the various fabrics. This could
not be observed in the FTIR-ATR spectra of cotton treated
with 10 g/L BTCA (spectra not shown here).
Fig. 5c shows the ester carbonyl band (1720 cm-1) intensity
normalized at 1313 cm-1 of cotton fabrics treated with BTCA
and BCD under various curing conditions. The ester band
intensity represents the total amount of ester in the fabric—
ester groups between cellulose and single-bonded acid
molecules and ester groups crosslinking the cellulose and
BCD molecules. Crosslinking occured quite randomly on
cotton in the presence of BTCA due to the presence of the
different mono- or di-esters of BTCA. With BCD included,
additional permutations and combinations, such as BCDBTCA, BCD-BTCA-BCD, cotton- BTCA, cotton-BTCAcotton, cotton-BTCA-BCD, BCD-BTCA-cotton-BTCABCD, cotton-BTCA-BCD-BTCA-cotton, were expected.5,27
The first two combinations listed were washed away during
the rinsing step.
The ester intensity with increased BCD application
concentration with 30 g/L and 60 g/L of BTCA is given in
Table III. The ester intensity was slightly more when
60 g/L was used as compared to 30 g/L BTCA use. A trend
of reduced ester intensity with increased BCD application
concentration was noted. The total amount of ester formed
on the fabric increased with increased curing temperature
or increased BTCA to SHPI ratio as expected (Fig. 5c).
However, the addition of BCD in each case seemed to reduce

this peak intensity. Therefore when BCD was added to the
system, the relative degree of ester formation was reduced as
compared to when only BTCA was present.
Table III.
FTIR Ester Peak Intensity with Different Concentrations
of BTCA and BCD
BTCA
Concentration
(g/L)

BCD Application
Concentration
(g/L)

Ester Peak
Intensity (cm-1)

SD

30

0

0.372

0.029

30

40

0.346

0.021

30

60

0.334

0.022

30

80

0.296

0.016

30

100

0.291

0.013

60

0

0.390

0.007

60

40

0.393

0.058

60

60

0.357

0.023

60

80

0.351

0.057

60

100

0.343

0.007

Anhydride intensities at 1782 cm-1 and 1852 cm-1 showed
that with increasing BCD application concentration, these
intensities were reduced when 30 g/L of BTCA was used,
with a mixed trend when 60 g/L of BTCA was used (Table
IV). If anhydride intensities had increased while ester
intensities decreased, it could have been said that lower
esterification was due to lower mobility of the anhydrides
intermediate formed to access the cellulosic hydroxyl
groups. This is known to happen if the molecular weight
of a polycarboxylic acid is quite large.28 Since this was not
the case, this effect occurred unrelated to formation of the
anhydride intermediate.
Reactivity of carboxylic acids and alcohols towards
esterification are limited by steric hindrances.29 Steric
hindrances in BCD can have an influence on cellulosic
surface grafting.30 Therefore, steric hindrances could have
led to the reduction in ester formation between BTCA, BCD,
and cellulose when compared to ester formation with only
BTCA and cellulose, resulting in less BCD crosslinking.
The degree of esterification increased with BTCA amount,
therefore in general, the ester carbonyl band intensity ratio
increased with increased BTCA concentration.23,24 The ester
linkages were homogenously spread within the fabric, while
the carboxylates had higher concentrations on the outer
surface rather than in the fabric interior.22 Therefore, FTIR-

Fig. 5. a) FTIR-ATR spectra of cotton
samples treated with 60 g/L BTCA; (a)
untreated cotton and cotton treated
with (b) 0, (c) 40, (d) 60, (e) 80, and (f)
100 g/L BCD respectively. All samples
pretreated with 0.1 M NaOH prior to
measurement. b) FTIR-ATR spectra
of cotton samples treated with 30 g/L
BTCA and BCD. The legend shows the
BCD application concentration used.
c) Normalized ester peak intensity
with change in curing temperature
and BTCA:SHPI mole ratio shown in
brackets. BCD applied was 100 g/L, and
30 g/L and 60 g/L of BTCA were used.
All readings were an average of
three samples.

a)

b)
0 g/L
40 g/L
60 g/L
80 g/L
100 g/L

c)
30 g/L BTCA
60 g/L BTCA

ATR spectroscopy for calculation of the ester carbonyl band
intensity ratio was not used since FTIR-ATR spectroscopy
is a near surface analysis technique. Use of the carboxylate
intensity for degree of esterification calculations would lead
to erroneous results.
Table IV.
FTIR Anhydride Intensities with Different Concentration
of BTCA and BCD
BTCA
Concentration
(g/L)

BCD
Application
Concentration
(g/L)

Anhydride
Peak
Intensity
(1782 cm-1)

SD

Anhydride
Peak
Intensity
(1852 cm-1)

SD

30

0

0.341

0.018

0.346

0.022

30

40

0.337

0.016

0.339

0.015

30

60

0.323

0.018

0.332

0.023

30

80

0.300

0.017

0.304

0.020

30

100

0.295

0.022

0.296

0.023

60

0

0.302

0.024

0.315

0.020

60

40

0.334

0.016

0.341

0.021

60

60

0.300

0.038

0.305

0.028

60

80

0.311

0.041

0.315

0.038

60

100

0.309

0.012

0.311

0.013

combustion calorimeter (not shown here) showed no
significant differences between the various treatments on
cotton.
Fig. 6. a) DSC figures of treated and untreated cotton. b) DSC figures of
cotton treated with and without BCD at various curing conditions. Legends
for a) and b) include BTCA concentration (g/L), BCD concentration (g/L),
BTCA: SHPI mole ratio, and curing temperature (°C).
a)

b)

Differential Scanning Calorimetry (DSC)

According to mechanism put forth by Wu,31 the increased
amount of ester on cotton can lead to flame resistance—
esterification of the C-6 hydroxyl of cotton can prevent
the formation of levoglucosan by reducing cotton
depolymerization. Tetracarboxylic acid esterification leads
to increased thermal activation energy and thermal stability,
and greater char content (due to the increased carboncarbon network).
DSC spectra can show temperature and heat release changes
in materials during pyrolysis. In the current work, the
untreated cotton sample showed an endothermic peak
around 370 °C due to char formation. For flame retardant
treated cotton, thermal decomposition temperatures
measured by DSC were lowered by a significant degree
indicating the influence of flame retardants.32 The heat flow
curve of all treated samples showed a small endothermic
peak shift (Figs. 6a and b). However, no significant
decomposition temperature differences were noted between
the DSC curves of cotton samples treated with BTCA and
with BCD when compared with native cotton. A slight,
unrepeatable shift was noted when curing conditions were
increased in some cases. Additional tests using a microscale

Laundering Tests

Rigourous laundering tests were performed showing that the
amount of β-cyclodextrin fixed on the cotton reduced significantly with each wash cycle. Laundering conditions were
taken from the list prescribed in the ISO 105C06 standard.
MCT BCD was entirely removed after only one wash, while
BCD and HP BCD lasted for a few washes (Fig. 7). Lower
washfastness of ester linkages can be expected in the presence of BCD and HP BCD in comparison with crosslinking
of only BTCA with cotton. With only BTCA attached, all the
ester bonds (one to three formed) crosslink only with cotton,
while attached BCD or HP BCD have at least one ester linkage remote from the cotton portion of the molecule. Apart
from this, the addition of BCD into the system shows that
the ester formation is also lowered (seen by the reduced ester
intensity) in the system as compared to crosslinking with
only BTCA, probably due to steric factors. These two factors
result in the lower washfastness of the β-cyclodextrins fixed
with BTCA to cotton. However, the reason for low wash
durability of MCT BCD was not clear since the monochlorotriazinyl groups were expected to be covalently bound
to cotton. The phenolphthalein method of quantification
may lead to under estimation of β-cyclodextrins fixed onto
cotton. This would be due to steric hindrance of surface
β-cyclodextrin molecules preventing phenolphthalein molecules from entering β-cyclodextrins fixed inside the fabric.30
This direction of research needs further investigation. Some
preliminary results with washing at lower temperatures and
without detergent show better washfastness than
observed here.

Fig. 7. Influence of increasing number of wash cycles on β-cyclodextrins
functionalized cotton.

Conclusions
The results of this investigation show that β-cyclodextrin
(BCD) and two β-cyclodextrin derivatives (HP BCD
and MCT BCD) were successfully attached to cotton.
Attachment of BCD with BTCA on cotton showed a greater
amount of fixation than when MCT BCD and HP BCD
were used. Varying the amount of the BTCA crosslinker did
not have a significant influence on the amount of fixation
of β-cyclodextrins on cotton under the curing conditions
used. FTIR-ATR spectroscopic measurements showed that
the total amount of ester formed on the fabric was reduced
by addition of BCD in comparison to the only BTCAtreated cotton. DSC measurements showed no significant
differences in the thermal decomposition peak temperatures
due to BTCA treatment on cotton as compared to nontreated cotton, however all treated fabrics showed a small
endothermic shift in the heat flow curve.
Laundering tests showed that, under severe washing
conditions, the amount of β-cyclodextrins on cotton was
drastically reduced with each wash cycle indicating poor
washfastness. Despite poor wash durability, this technology
can be used in applications where washing is infrequent,
such as in wound dressings, where a BCD-treated textile
could host antibacterial molecules for slow and
controlled release.
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