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Abstract Cellulosic material is chemically modified

to impart crease-resistant properties to textile prod-

ucts. Due to health considerations formaldehyde-free

chemicals are preferred. For this purpose, (3-glycidy-

loxy)propyltrimethoxysilane (GPTMS) in combina-

tion with metal alkoxides aluminium isopropoxide

(AIP), titanium tetraisopropoxide (TTP), zircon te-

trabutoxide (ZTB) were applied to cotton raw material

and cotton fabrics which were pre-treated with butane-

1,2,3,4-tetracarboxylic acid (BTCA)/sodium hy-

pophosphite. The as-prepared samples were tested

for dry crease recovery angle, tensile strength, tear

strength, air permeability, contact angle and whiteness

index. The application of GPTMS/AIP resulted in

excellent crease resistance values, whereas TTP and

ZTB provided a moderate improvement of the wrinkle

resistance. The application of the hydrophobic methyl-

triethoxysilane, octyltriethoxysilane and Dynasylan

F8815 (fluoroalkylfunctional water-borne oligosilox-

ane) caused a significant increase in the contact angle.

Fourier-transform-infrared spectroscopy proved the

formation of an ester-linkage between BTCA and the

cellulose.

Keywords Cotton � Crease resistance � Sol–gel �
Organic–inorganic hybrid � Wettability

Introduction

Textile materials (fiber, yarn, woven and knitted

fabric, nonwoven) are applied in various areas of the

textile industry (apparel, household and technical

textiles). To fit the requirements of the final customers,

textiles products are subjected to a wide range of

processes (mechanical, chemical) in an attempt to

convey specific properties or functionalities to the

textile systems (Wei 2009; Schindler and Hauser

2004; Tao 2001; Shishoo 2005; Chapman 2010). Most

of the world’s apparel is made of cotton due to the fact

that cellulosic material has good strength, and it is

considered to provide comfortable textile fabrics

because of the fiber’s excellent moisture absorption

and wicking properties (Bashar and Khan 2013).

Cotton fabrics, however, are prone to wrinkling and

exhibit poor smooth drying properties after launder-

ing. In an attempt to minimize the tendency to wrinkle

cotton fabrics are chemically modified. The most

effective and low cost cross-linking agent, dimethy-

loldihydroxyethyleneurea (DMDHEU), tends to re-

lease formaldehyde, a potential human carcinogen

substance (Hewson 1994). Consequently, various

difunctional chemicals, including epoxides, aldehy-

des, isocyanates, vinylsulfones, and aziridines, have

been investigated as possible alternatives for
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DMDHEU. They failed to provide the desired perfor-

mance owing to the higher cost and lower effective-

ness (Yamamoto 1982; Frick and Harper 1981). Over

the last decades various attempts have been undertak-

en to find novel non-formaldehyde cross-linking

systems for cellulosic material to provide wrinkle-

resistant cotton (Bajaj 2002; Harifi and Montazer

2012; Dehabadi et al. 2013).

Thus, polycarboxylic acids (PCA), such as butane-

1,2,3,4-tetracarboxylic acid (BTCA) or citric acid, in

conjunction with phosphorus-containing catalysts have

been thoroughly investigated as a possible formalde-

hyde-free chemical agents. During the curing process

the PCA is converted to a five-membered anhydride

which is capable of reactingwith the hydroxyl groupsof

the cellulose thus forming ester linkages which impart

crease-resistant properties to the cottonmaterial (Welch

1990, 1992, 1994). A new approach based on an ionic

cross-linking mechanism was also developed. This

method is effected by subjecting cotton fabric to a

carboxymethylation using monochloroacetic acid and

sodium hydroxide, then by cationization using

3-chloro-2-hydroxypropyl trimethyl ammonium chlo-

ride (Nazari et al. 2012). Cotton fabrics also have been

modified by means of the sol–gel process to convey

crease-resistant properties (Schramm et al. 2014, 2004;

Schramm and Rinderer 2011). The sol–gel process is

based on the hydrolysis and condensation of metal or

semimetal alkoxides (e.g. Al, Si, Ti, Zr, Hf etc.). These

reactions which are conducted at relatively low tem-

peratures (chimie douce) result in the formation of an

amorphous three-dimensional metal oxide network

(Wright and Sommerdijk 2001; Hench and West

1990; Brinker and Scherer 1990). Textile materials

can be impregnatedwith the hydrolyzedmetal alkoxide

solution. Subsequently, the samples are annealed at a

specified temperature. The sol–gel method has been

applied to impart different properties to cellulosic

material, such as flame retardancy (Alongi and Malu-

celli 2013a, b),wettability (Bahners et al. 2008;Mahltig

andBöttcher 2003), abrasion resistance (Schrammet al.

2004), photocatalytic activity (Montazer and Hashemi-

kia 2012; Qi et al. 2006), or UV protection (Kan andAu

2014; Pan et al. 2012; Mahltig and Textor 2008). As a

result, new or improved surface properties are obtained.

The application of a finishing solution consisting of

BTCA and hydrolyzed 3-aminopropyltriethoxysilane

APTES to a cotton fabric at elevated temperatures

resulted in the formation of a crease-resistant agent that

is based on a polyimide-bridged polysilsesquioxane

(Schramm et al. 2014).

The objective of the present study is the application

of the sol–gel technology to convey crease-resistant

properties to cotton fabrics. For this purpose the

silicon alkoxides (3-glycidyloxy)propyltrimethoxysi-

lane (GPTMS) in conjunction with various metal

alkoxides (AIP, TTP, ZTB) were applied to cellulosic

material and treated at elevated temperatures.

Experimental

Materials

(3-Glycidyloxy)propyltrimethoxysilane (98 %,GPTMS),

methyltriethoxysilane (98 %, MTEOS), octyltriethoxysi-

lane (100 %, OTEOS) were obtained from Wacker

Silicone, Burghausen, Germany. Dynasylan F8815

(fluoroalkylfunctional water-borne oligosiloxane) was

supplied by Evonik Industries AG, Essen, Germany.

Aluminum isopropoxide (98 %, AIP), titanium tetraiso-

propoxide (98 %, TTP), zircon tetrabutoxide (80 % in

1-butanol, ZTB) were purchased from Sigma-Aldrich,

Vienna, Austria. Butane-1,2,3,4-tetracarboxylic acid

([99 %, BTCA) and ethanol [96 %, EtOH) were

purchased from Merck GmbH, Germany. Sodium hy-

pophosphite (98 %, SHP) was obtained from VWR,

Vienna, Austria. The chemicals were applied without

further purification. Deionized water (DI) was used

throughout the investigation. Desized, scoured, bleached

and mercerized 100 % cotton fabric (weave type: plain,

density warp: 52 yarn/cm, weft: 24 yarn/cm, weight:

109 g/m2) was supplied by Getzner Textil GmbH,

Bludenz, Austria and was utilized throughout the study.

Preparation of the finishing solutions

BTCA/SHP solution

BTCA (3.00 g, 12.81 mmol) and SHP (1.36 g,

12.81 mmol) were dissolved in 50 mL DI.

Alkoxide solutions

11.27 mL (50 mmol) GPTMS were dissolved in

10 mL EtOH. 2.70 mL HCl (c = 0.5 mol/L) were

added. The solution was stirred for 15 h at room

temperature (RT). The metal alkoxide solutions were
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separately prepared: AIP (0.51 g, 2.5 mmol, 5 mL

isopropanol, 0.12 mL DI); TTP (0.74 mL, 2.5 mmol,

5 mL isopropanol, 0.18 mL DI); ZTB (0.74 mL,

2.5 mmol, 5 mL 1-butanol, 0.18 mL DI); The solu-

tions were also stirred for 15 h at RT. The solutions of

the hydrophobic organotrialkoxysilanes (MTEOS,

OTEOS) were prepared as follows: MTEOS

(2.04 mL, 10 mmol) or OTEOS (3.18 mL, 10 mmol)

were dissolved in 5 mL EtOH and 0.54 mL HCl

(c = 0.5 mol/L) were added. The mixture was stirred

for 15 h at RT. Since Dynasylan F8815 is an aqueous

solution of a hydrophobic agent 5 mLwere added. The

finishing baths were produced by mixing the corre-

sponding components in a 50 mL volumetric flask

which was filled to the mark with EtOH.

Preparation of the cotton fabrics

The modification of the cellulosic specimens is shown

in Fig. 1. The BTCA pre-treated cotton fabrics were

prepared by impregnating pre-weighed cotton fabrics

with the corresponding BTCA/SHP solution applying

a two-roll laboratory padder (HVL 500 Mathis AG,

Niederhasli, Switzerland; air pressure 1 bar, rotary

speed 3 m/min). After condensation (180 �C, 1.5 min)

in a lab dryer (LTE, W. Mathis AG, Switzerland) the

fabrics were washed and dried at 105 �C for 2 min.

Subsequently, the cotton raw material and the BTCA

pre-treated cotton samples were impregnated with the

alkoxide solutions utilizing the two-roll laboratory

padder, dried in air, and cured at 140 �C for 15 min.

Then the finished samples were washed and dried at

105 �C for 2 min.

Characterization

The add-on of the fabric weight was calculated as

follows: add-on (%) = [(W2 - W1)/W1] 9 100; W1

and W2 are the weights of the fabric specimens before

and after treatment, respectively. Dry crease recovery

angle (DCRA) was measured according to ISO 2312:

10 test specimens were creased and compressed under

controlled conditions of time and load. After removal

of the creasing load the angle formed between the two

limbs was measured. The DCRA values render

possible the evaluation of a cross-linking reaction

between a crease-resistant finishing agent and the

cellulosic material. Tensile strength (TS) was deter-

mined with the Material Testing System Z010 (Zwick/

Roell, Ulm, Germany) according to DIN EN

ISO13934. Tear strength (Elmendorf) was evaluated

according to DIN EN ISO 13937 using an Elmendorf

tear strength tester (Hans Baer AG, Zurich, Switzer-

land). The measurement of the air permeability was

conducted according to DIN EN ISO 9237 using the

air permeability tester Textest FX 3030 LDM, Textest

Ldt, Zurich, Switzerland.

Colorimetric data measurements were conducted

with the Spectrophotometer CM-3610d from Konica

Minolta, Japan. The color data software CM-S100w

Spectra Magic NX V1.9 was used for data acquisition.

The whiteness index (WI) was calculated according to

CIE.

Fourier transform infrared spectroscopy (FT-IR)

spectra were recorded with a Bruker Vector 22

spectrometer using a DTGS detector. Since the FT-

IR/ATR technique provided poor spectra, the KBr

method was applied. Prior to the preparation of the

KBr pellets the cotton samples were cut into small

pieces and ground with a rotor mill ZM-1 (Retsch,

Haan, Germany). The spectra were the result of 200

scans. The spectral resolution was 4 cm-1.

The contact angles (CA) were measured using a

home-made CA measuring instrument, which consists

of a digital microscope camera (DigiMicro 2.0 Scale;

dnt GMBH, Dietzenbach, Germany). The data
Fig. 1 Scheme of preparation procedures for the GPTMS/

metal alkoxide modified cotton samples
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acquisition was performed by means of the software

Microcapture. A water droplet (15 lL) was deposited
on the cotton sample with a microliter syringe

(Hamilton, Bonaduz, Switzerland), and a precise

measurement of the CA was conducted using the

software ImageJ (Research Services Branch of the

National Institute of Mental Health, Bethesda, Mary-

land, USA), and the plugin Drop Analysis (Biomedical

Imaging Group, Ecole Polytechnique Federale de

Lausanne, Switzerland) (Stalder et al. 2006).

Results and discussion

As mentioned above GPTMS is an organotrialkoxysi-

lane that can undergo both the sol–gel polymerization

of the alkoxy functionality and the ring opening

reaction of the epoxy group, thus producing a hybrid

network that comprises organic and inorganic com-

ponents. To study the impact of finishing solutions that

contain GPTMS in combination with metal alkoxides

(AIP, TTP or ZTB), pristine and BTCA pre-treated

cotton samples were impregnated with various finish-

ing baths, dried and subjected to a curing process at

elevated temperatures. The hydrophobic organotri-

alkoxysilanes F8815, MT and OT were also incorpo-

rated into the treatment solution in an attempt to

modify the wettability of the cotton samples. BTCA

pre-treated cotton specimens were included in the

study to evaluate, if the application of GPTMS results

in an alteration of the physical properties (add-on,

DCRA, TS, tear strength, air permeability, CA and

WI).

The cotton samples are denoted as follow: RM: raw

material; M: cotton sample that were solely treated

with a hydrolyzed metal alkoxide solution; Al, Ti, or

Zr is referred to as cotton fabrics being cured with a

hydrolyzed AIP, TTP, or ZTB solution; M-F8815,

M-MT, M-OT: cotton samples being treated with a

mixture of metal alkoxide and a hydrophobic tri-

alkoxysilane; GP: cotton sample finished with a

GPTMS solution. GP-F8815, GP-MT, GP-OT, GP-

M: cotton fabrics impregnated with mixtures com-

prising GPTMS and either a hydrophobic organotri-

alkoxysilane or a metal alkoxide. GP-M-F8815, GP-

M-MT, GP-M-OT: cotton samples which were treated

with a mixture of GPTMS, metal alkoxide and a

hydrophobic organotrialkoxysilane. The BTCA pre-

treated cotton samples are indexed with the term B-.

Cotton fabric finished with GPTMS/metal

alkoxides

Table 1 presents the add-on and the physical–me-

chanical findings of the cotton fabrics which were

treated with the different finishing solutions contain-

ing GPTMS, MT, OT, the metal alkoxides AIP, TTP,

ZTB, and mixtures thereof.

Add-on

The add-on render possible the determination of the

amount of supplied chemicals added to the fabric. The

data reveal that the treatment of cotton fabrics with

finishing baths comprising only the hydrolyzed metal

alkoxide or a combination of the metal alkoxide with a

hydrophobic organotrialkoxysilane resulted in add-

ons of 1.0–2.1 %. The incorporation of GPTMS

resulted in a significant increase of the add-on

(10.6–13.2 %). This phenomenon is due to the fact

that 50 mmol GPTMS/50 mL were applied to the

cotton fabrics, whereas the concentrations of the metal

alkoxide were 10 or 4 mmol/50 mmol. Furthermore,

the hydrolyzed metal alkoxides possess a lower

molecular mass than GPTMS. With respect to the

metal alkoxide applied no significant difference of the

add-on can be observed.

Dry crease recovery angle

Cellulose-based materials demonstrate the undesirable

effect of creasing. If a cellulosic material is wetted the

hydrogen bonds linking the glucan chains will be

broken, and consequently the polymer chains can be

easily moved under stress. In the course of a subse-

quent drying process the hydrogen bonds will realign

in a different arrangement, such leading to the

formation of creases which are defined as folds being

introduced in a fabric unintentionally. To evaluate the

propensity of a cellulosic fabric to crease the crease

resistance is measured. The latter is defined as the

ability to recover from creasing and is specified in

terms of the DCRA (Froix and Nelson 1975; Huang

et al. 2007). The values of the DCRA measurements

are given in Table 1. Compared to RM no crease

resistance effect can be observed, when the cotton

fabrics were finished with metal alkoxide solutions

indicating that no cross-linking reaction between the

cellulosic chains has occurred, whereas the application
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of a finishing bath containing GPTMS results in an

improvement of the anti-wrinkle properties. The

combination of GPTMS and a metal alkoxide addi-

tionally increases the DCRA values. This phe-

nomenon can be observed only in the case of AIP.

The incorporation of either TTP or ZTB considerably

decreases the DCRA values.

Tensile strength

The TS describes the response of a textile material

when an external force is exerted on the cellulosic

specimen until it breaks. This mechanical property is

influenced by numerous parameters such as molecular

structure, fiber properties as well as the structure of the

fabric. Especially, cross-linking is a very contributing

factor to tensile properties, since cross-linking pre-

vents the dissipation of the strain energy and thus

worse tensile properties are obtained. The findings in

Table 1 make evident that almost no effect can be

observed when the cotton samples were finished with

metal alkoxide solutions. In contrast, the TS values of

GPTMS treated samples are reduced by 10 %. The

most significant decrease in TS can be observed for

GP-Al. All the TS results give evidence that a cross-

linking reaction has occurred. In the case of GP-Ti and

GP-Zr almost the same level in terms of the TS values

are obtained.

Tear strength

While TS of a fabric is useful as a quality character-

istic, tear strength, in contrast, is more directly

involved in the assessment of serviceability. The

reason for this is that in order to break a fabric by a

tensile stress, the applied force must be capable of

breaking many threads simultaneously, whereas to

tear a cloth, the threads are broken singly. The

inspection of the tear strength values reveal that a

reduction is observed when GPTMS is incorporated

into the finishing bath. The application of GPTMS in

combination with metal alkoxides results in a sig-

nificant loss of tear strength. These findings demon-

strate that the application of GPTMS/metal alkoxide

solutions is much more effective.

Air permeability

A textile fabric is a porous material which consists of

interlaced yarns or fibers. Various investigations have

shown that the structure as well as the surface of the

fabric affects the air permeability which is an impor-

tant parameter for a number of fabric end uses such as

industrial filters, tents and wind-resistant textiles. The

data of the air permeability are listed in Table 2 and

reflect that the values of the GPTMS/metal alkoxide

treated fabrics are significantly reduced indicating that

Table 1 Physical properties (add-on, DCRA, TS, tear strength) of the cotton samples being treated with various GPTMS/metal

alkoxide solutions

Code Add-on (%) DCRA (�) TS (%) Tear strength (%)

Al Ti Zr Al Ti Zr Al Ti Zr Al Ti Zr

RM 190.8 100.0 100.0

M 1.0 1.1 1.3 185 180 177 90.6 95.8 96.9 85.4 90.2 94.7

M-F8815 2.1 1.8 1.9 206 172 165 98.7 101.3 99.7 107.3 107.3 113.2

M-MT 1.5 2.1 1.4 187 186 167 97.4 93.5 99.2 93.9 80.5 101.3

M-OT 1.3 1.7 1.7 189 179 190 94.8 91.2 95.5 89.0 88.3 102.6

GP 11.3 263 92.9 82.4

GP-F8815 12.3 262 90.6 86.8

GP-MT 11.6 250 87.7 77.6

GP-OT 11.2 254 92.1 82.9

GP-M 10.8 12.2 11.2 289 222 203 82.1 87.5 92.4 63.4 60.5 55.3

GP-M-F8815 12.1 11.6 10.6 273 204 198 84.9 94.8 88.7 70.7 62.2 52.6

GP-M-MT 11.6 12.4 11.8 294 197 206 92.2 91.4 89.8 64.6 41.5 35.5

GP-M-OT 12.2 13.2 12.8 290 199 210 89.4 86.0 96.3 54.9 34.1 36.8
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the wind-resistant properties are improved. For those

cotton samples which were finished with GP-Al the

highest decrease in air permeability can be observed.

Wettability

The values of the CA measurements provide informa-

tion about the wettability properties of a textile

material. Functional hybrid materials exhibit various

surface properties such as hydrophilic (contact angle,

CA\ 90�), hydrophobic (CA C 90�) and super-hy-

drophobic surface (CA C 150�). However, when a

water droplet is deposited on a hydrophobic surface

which has a rough or heterogeneous texture the

measured CA is increased. This phenomenon is

described by the theory of Wenzel or Cassie and

Baxter which takes into account the roughness of the

surface (Wenzel 1936; Cassie and Baxter 1944; Kwok

and Neumann 1999). The CAs measured are shown in

Table 2. The findings make evident that the treatment

with the hydrolyzed metal alkoxides leads to an

enhancement of the hydrophobicity of the cotton

textile. The incorporation of a hydrophobic alkoxysi-

lane (F8815, MT, OT) into the finishing solution

causes a further increase in the CA values. Also

excellent hydrophobic properties are obtained when

the cotton samples are treated with a treating bath

which contains all three components. As expected, the

best CA values can be observed with respect to the

fluorinated alkoxysilane F8815. Figure 2 demon-

strates the water droplet being deposited GP-Al-MT

(2a) on GP-Al-F8815 (2b).

Whiteness index

When cellulosic material is exposed to heat thermal

yellowing occurs. This phenomenon is ascribed to

degradation processes. Three reactions are supposed

to cause this yellowing effect: the hydrolysis of the

glycosidic bond, the oxidation of the hydroxyl groups

and the dehydration of the cellulose backbone. These

undesired modifications can be accelerated by the

addition of additives. Yellowing through absorption is

caused by the presence of unsaturated conjugated

groups in the cellulosic material. The data shown in

Table 2 make evident that a significant decrease in WI

can be observed when the cotton fabrics were treated

with metal alkoxide solutions. An intensive reduction

is obtained when TTP is present.

BTCA pre-treated cotton fabric finished

with GPTMS/metal alkoxide solutions

The treatment of cellulose-based material with BTCA

in conjunction with SHP as catalyst improves wrinkle

recovery through an ester-linkage and it results in

Table 2 Physical properties (air permeability, contact angle, WI) of the cotton samples being treated with various GPTMS/metal

alkoxide solutions

Code Air permeability (l/dm2/min) Contact angle (�) Whiteness index

Al Ti Zr Al Ti Zr Al Ti Zr

RM 117.3 n.m. 71.1

M 96.3 111.0 87.0 114.6 120.3 124.3 56.1 17.1 58.4

M-F8815 90.7 105.3 88.0 149.5 151.3 154.0 48.5 13.5 56.6

M-MT 96.3 104.3 73.3 110.3 115.3 116.2 59.0 17.7 59.2

M-OT 96.7 97.3 71.0 132.5 128.1 136.2 63.2 39.2 57.1

GP 96.3 n.m. 58.7

GP-F8815 94.7 139.3 48.4

GP-MT 97.0 136.5 58.0

GP-OT 94.7 128.1 57.2

GP-M 84.0 83.3 110.3 112.5 118.3 115.4 58.4 25.9 58.2

GP-M-F8815 89.0 82.7 92.7 147.1 151.8 134.4 52.2 -20.3 54.7

GP-M-MT 63.0 98.0 95.0 145.4 141.3 146.7 60.8 -14.7 50.3

GP-M-OT 64.7 92.3 80.7 136.2 146.5 143.2 63.6 -9.9 50.8

n.m. not measurable
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different mechanical properties of the cotton fabric.

However, BTCA is too expensive to be used in

commercial scale operations, and therefore its content

in the formulation should be reduced. Therefore,

BTCA pre-treated cotton samples were finished with

various GPTMS/metal alkoxide solutions to study

their combined effect on the cotton fabric. In terms of

crease resistance the optimum results are attained

when the concentration of BTCA is 6 % (w/w) and

that of SHP is 3 % (w/w) (Welch 1988, 1990). Thus, in

the pre-sent study the portion of BTCA/SHP was

reduced by 50 %. First, the cotton specimens were

treated with a solution containing 3 % (w/w) BTCA

and 1.5 % (w/w) SHP. Then, the modified samples

were finished with various GPTMS/metal alkoxide

formulations (Fig. 1). The results of the add-on,

DCRA, TS and tear strength are shown in Table 3.

The findings make evident that the two-step process

results in an increase of about 4 % in the add-on values

compared to the values shown in Table 1. This

observation indicates that the capacity of BTCA pre-

treated fabrics to absorb GPTMS/metal alkoxide

solution is slightly increased.

In comparison to RM as well as B-RM the treatment

of the BTCA-finished cotton fabrics with hydrolyzed

metal alkoxide solutions leads to an improvement of

the DCRA values. The same phenomenon can be

observed when BTCA pre-treated cotton samples were

cured with finishing baths containing solely GPTMS.

Significantly poorer DCRA values are obtained when

the BTCA pre-treated cotton samples were finished

with GPTMS/metal alkoxide solutions indicating that

the cross-linking reaction between the cellulosic

chains is inhibited. The TS properties are strongly

diminished when metal alkoxides were incorporated

into the treatment bath. The same tendency can be

observed with respect to the tear strength values.

The findings in terms of air permeability, CA and

WI are presented in Table 4. A comparison of the air

permeability measurements make evident that the

values of all finished cotton samples are reduced,

indicating that the porosity in treated fabrics was

reduced. When the BTCA pre-treated samples were

treated solely with GPTMS the values of the air

permeability are slightly increased compared to the

BTCA untreated samples (Table 3). The data of the

CA measurements reveal that all cotton samples

exhibit excellent wettability properties. In comparison

to the values of the BTCA-untreated samples

(Table 3) no significant difference can be observed.

An inspection of the WI data demonstrates that the

finishing of the BTCA pre-treated specimens also

results in an increase in the yellowing effect.

FT-IR

Since FT-IR spectroscopy has proven an excellent tool

to provide valuable structural information, FT-IR

spectra of the treated cotton samples were recorded.

Figure 3a–c show the FT-IR spectra of the cotton

samples which were treated with an AIP solution (3a),

with a GPTMS solution (3b), and a finishing bath

containing GPTMS and AIP (3c). The absorption

bands which appear in the region of 1400–1200 cm-1

can be assigned to –CH– wagging and deformation

modes of the cellulose. It is important to notice that no

absorption band can be observed at 1255 cm-1

indicating that no epoxide ring is present (Carboni

Fig. 2 Contact angle measurement of GP-Al (a) and GP-Al-F8815 (b)
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et al. 2014). The vibration modes in the region of

1200–800 cm-1 can be attributed to the asymmetric

stretching vibrations of the C–O–C unit, the in plane

ring stretching modes as well as the –C–O– stretching

modes of the cellulose. In addition, the vibration mode

–Si–O–Si– (1100 cm-1) can be observed in this

region. The Al–O bond also absorbs in the same

region. Therefore it cannot be distinguished from C–O

vibration mode (Bradley et al. 2001). The correspond-

ing FT-IR spectra of the BTCA pre-treated samples

Table 3 Physical properties (add-on, DCRA, TS, tear strength) of the BTCA pre-treated cotton samples being treated with various

GPTMS/metal alkoxide solutions

Code Add-on (%) DCRA (�) TS (%) Tear strength (%)

Al Ti Zr Al Ti Zr Al Ti Zr Al Ti Zr

RM 191 100.0 100.0

B-RM 1.5 241 85.4 72.3

B-M 2.2 2.4 2.4 275 269 272 62.1 85.2 76.4 61.0 46.3 84.2

B-M-F8815 2.9 2.7 2.9 286 282 286 74.3 69.4 70.3 57.3 63.4 35.5

B-M-MT 1.8 4.5 2.7 273 267 263 69.6 67.3 66.1 34.1 50.0 89.5

B-M-OT 2.2 3.3 3.3 276 277 260 64.7 64.4 67.5 47.6 61.0 60.5

B-GP 14.7 299 78.7 55.8

B-GP-F8815 15.5 269 77.4 53.9

B-GP-MT 15.1 292 75.6 59.2

B-GP-OT 14.6 298 77.4 44.7

B-GP-M 14.8 17.8 14.9 252 256 229 63.1 60.0 49.3 9.8 12.2 14.5

B-GP-M-F8815 16.4 14.6 12.3 250 253 239 56.6 72.2 80.1 9.8 19.5 15.8

B-GP-M-MT 15.0 16.9 16.0 243 240 237 61.8 49.4 51.4 24.4 7.3 10.5

B-GP-M-OT 16.0 17.7 18.2 251 230 228 64.2 50.9 56.4 9.8 7.3 10.5

Table 4 Physical properties (air permeability, contact angle, WI) of the BTCA pre-treated cotton samples being treated with various

GPTMS/metal alkoxide solutions

Code Air permeability (l/dm2/min) Contact angle (�) Whiteness index

Al Ti Zr Al Ti Zr Al Ti Zr

RM 117.3 n.m. 71.1

B-M 63.0 109.0 95.0 140.9 139.0 145.45 55.2 0.4 54.6

B-M-F8815 66.3 104.3 93.3 146.5 144.1 146.94 52.6 -10.7 43.8

B-M-MT 63.3 95.0 90.3 129.3 136.1 131.2 59.7 18.2 55.8

B-M-OT 69.0 99.3 90.7 143.2 149.9 137.27 63.4 17.2 57.0

B-GP 113.7 n.m. 55.1

B-GP-F8815 115.7 132.1 43.8

B-GP-MT 109.3 124.3 55.1

B-GP-OT 111.0 121.2 54.7

B-GP-M 109.6 96.3 101.0 121.0 122.4 124.7 42.4 17.0 43.3

B-GP-M-F8815 66.0 104.7 87.7 147.09 147.17 147.72 38.5 0.8 21.0

B-GP-M-MT 104.7 71.3 100.7 135.3 143.18 138.93 53.5 -23.2 42.6

B-GP-M-OT 108.7 100.3 97.7 131.8 143.12 137.4 62.1 -22.8 47.7

n.m. not measurable
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are shown in Fig. 3d–f. In all three spectra one

additional peak at 1728 cm-1 can be seen, which is

ascribed to the ester carbonyl vibration mode deriving

from the reaction of the carboxylic group of the BTCA

with the hydroxyl groups of the cellulose.

Cellulose consists of long molecular chains of

anhydroglucose units, each of which bears one

primary and two secondary hydroxyl groups which

are capable of forming hydrogen bonds. Therefore, a

great deal of studies has been focused on the discus-

sion of hydrogen bonds. OH absorption bands which

appear higher than 3400 cm-1 are assigned to in-

tramolecular hydrogen bonds, whereas those at lower

wavenumbers than 3400 cm-1 appear due to inter-

molecular hydrogen bonds (Kondo and Sawatari 1996;

Hishikawa et al. 2005, 1999; Kondo 1997). Thus, the

shoulder at 3440 cm-1 can be ascribed to the

intramolecular hydrogen bonds, whereas the absorp-

tion bands at 3334 and 3278 cm-1 confirm the

presence of intermolecular hydrogen bonds (Fig. 3).

Effect of the process parameters

All the above-mentioned studies were focused on the

investigation of GPTMS as cross-linking agent in

combinationwith variousmetal alkoxides. Additionally,

the influence of hydrophobic agents (F8815, MT and

OT) was tested and the impact of the GPTMS/metal

alkoxide system has been assessed. The findings clearly

make evident that the finishing system GPTMS/AIP is

the most effective one under identical operating

parameters. Therefore, we investigated the impact of

the alteration of various process parameters on the

crease-resistant properties of sol–gel modified cotton

samples.

Concentration of GPTMS and AIP

The cotton samples were treated with a solution

containing 50 mmol/100 mL GPTMS and 2.5 mmol/

100 mL AIP. To evaluate the impact of the GPTMS

concentration cotton samples were finished with

finishing bath consisting of 2.5 mmol AIP and differ-

ent portions of GPTMS (5, 10, 20, 30, 40 mmol). The

samples were cured at 140 �C for 20 min. The results

are shown in Fig. 4a. The data verify that an increase

in the GPTMS concentration gives rise to a consider-

able improvement of the DCRA values. No significant

change with respect to the WI can be detected.

Therefore, it can be concluded that the reduction of the

WI does not stem from a degradation reaction of

GPTMS during the thermal treatment. As can be seen

Fig. 3 FT-IR spectra of

cotton samples: Al (3a), GP

(3b), GP-Al (3c), and BTCA

pre-treated cotton samples:

B-Al (3d), B-GP (3e), and

B-GP-Al (3f)
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from Fig. 4b the alteration of the AIP concentration

does not show a significant effect upon the DCRA

values and the WI values.

Effect of curing time and curing temperature

Figure 5a shows the influence of the curing tem-

perature on the DCRA as well as on theWI. The cotton

samples were treated with a 100 mL solution contain-

ing 50 mmol GPTMS and 2.5 mmol AIP. Subse-

quently, the specimens were subjected to a thermal

treatment at various temperatures (110–200 �C, 10 �C
intervals) for 20 min. The results make evident that an

improvement of the DCRA values can be observed as

the temperature is increased indicating that the extent

of the cross-linking reaction increases at higher curing

temperature. In contrast the WI values are decreased

when the curing temperature is increased. Figure 5b

reflects the alteration of the DCRA and WI values

when the curing time is gradually increased. By

inspection of the DCRA values it becomes evident that

the DCRA values are reaching almost the same level

when the curing time is 20 min or higher. The WI

drops after the treatment of 10 min and then remains

constant. The results reveal that the degradation of the

cellulosic material at elevated temperature causes the

reduction of the WI values.

Sequential application of GPTMS and AIP

To evaluate the impact of a step-wise application of

GPTMS and AIP, cotton samples were first impreg-

nated with the GPTMS solution (50 mmol/100 mL),

dried and cured at 140 �C for 20 min. Subsequently,

the as-prepared cotton sample was treated with an AIP

solution (2.5 mmol/100 mL) and cured under identi-

cal conditions. In a second experimental run the

sequence of the impregnation steps were reversed.

The data listed in Table 5 reveal that the two-step

treatment does not affect the DCRA values. However,

the cellulosic specimens do not reach the same DCRA

level as the sample which was treated with a finishing

bath containing both components (DCRA: 289�,
Table 1). The TS is reduced when BTCA pre-treated

samplesweremodified. The same effect can be observed

with respect to the values of tear strength and WI.

Cross-linking mechanism

As shown above, the best wrinkle resistance effect can

be achieved when both GPTMS and AIP are in the

same recipe. The GPTMS monomer contains three

hydrolysable methoxy groups and an epoxy-functional

organic unit. GPTMS is not miscible with water;

however, in the presence of a small amount of acid or

Fig. 4 Influence of

GPTMS concentration

(a) and AIP concentration

(b) on DCRA and WI

2820 Cellulose (2015) 22:2811–2824

123



base, the methoxy groups start to hydrolyze and are

converted to silanol groups which results in the

formation of a single-phase solution. The hydrolyzed

and partially hydrolyzed GPTMS monomers then

undergo condensation reactions to form dimers and

larger oligomers which are connected via siloxane

bonds. The condensation rate to dimers is low at pH 4,

and high in solutions with a pH[ 8 (Chu et al. 1997;

Gabrielli et al. 2013). It was found that the metal

alkoxides are able to catalyze the epoxide ring-

opening and the condensation reaction of GPTMS

(Jedlinski et al. 1979; Hoebbel et al. 2000; Lee et al.

2003; Williams and Lawton 2005). The hydrolysis of

the epoxide ring results in the formation of a diol

which can react with organic compounds (Parker and

Isaacs 1959). The extents of both reactions are not

affected by the metal atom. However, the amount of

the metal alkoxide strongly influences the degree of

the reactions (Hoebbel et al. 2001). At strong acidic

conditions the hydrolysis of the methoxy groups as

well as the epoxide ring begins whereas at basic pH

values the methoxy hydrolysis is slow and the epoxide

ring remains stable (Gabrielli et al. 2013).

From the results shown in Table 1 it is evident that

no crease-resistant effect can be observed, when the

cotton sample was treated with a finishing bath

containing only AIP (DCRA: 195�). An increase in

the DCRA value was obtained when GPTMS was

Fig. 5 Influence of curing

time (a) and curing

temperature (b) on DCRA

and WI

Table 5 Influence of the treatment sequence on the physical properties (add-on, DCRA, TS, tear strength, air permeability, WI) of

cotton samples and BTCA pre-treated cellulosic specimens being finished with GPTMS and AIP, respectively

Code DCRA (�) TS (%) Tear strength (%) Air permeability (l/dm2/min) Whiteness index

1st step 2nd step

RM 191 100.0 100.0 117.3 71.1

GPTMS Al 263 83.8 67.1 88.0 62.7

Al GPTMS 268 94.1 71.4 85.3 64.6

B-GPTMS Al 268 77.6 23.5 85.3 46.9

B-Al GPTMS 267 58.5 23.5 82.7 50.0
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applied as cross-linking agent (DCRA: 243�). The
combination of both chemicals results in the best

crease resistance performance (DCRA: 286�). There-
fore, it can be concluded that GPTMS is the effective

cross-linking agent. Since the hydrolysis reaction of

GPTMS has been conducted under acidic conditions it

is reasonable to assume that the cross-linking is

accomplished by monomeric or dimeric species of

GPTMS. Further, one can consider that the epoxide

ring has been opened in both species.

Taking into account all these, it may be hy-

pothesized that the thermal-induced cross-linking

reaction is effected either by the monomeric species

(Fig. 6a) or by a dimeric species (Fig. 6b).

Conclusions

Cotton material and BTCA pre-treated cotton materi-

als were treated with hydrolyzed GPTMS in conjunc-

tion with AIP, TTP and ZTB in an attempt to provide

cellulosic specimens with crease-resistant properties.

The results of the DCRA measurements revealed that

the best values were obtained when GPTMS was

applied in combination with AIP. TTP and ZTB were

less effective. TS and tear strength are reduced. The

thermal treatment brings about a yellowing of the

cotton fabric. The incorporation of MTEOS, OTEOS

and F8815 leads to an increase of the CA.

The finishing of BTCA pre-treated cotton fabrics

with a GPTMS solution or with metal alkoxide

solution gives rise to an increase in the DCRA values,

whereas the application of a GPTMS/metal alkoxide

finishing bath results in a reduction of the anti-wrinkle

properties.

The investigation of the process parameters make

evident that the curing temperature as well as the

curing time slightly increase the DCRA values,

whereas the WI is significantly lowered.

The application of DMDHEU-based cross-linking

agents provides DCRA values of about 300�, whereas
the treatment with BTCA/SHP causes DCRA values

Fig. 6 Cross-linking

mechanism of GPTMS and

the cellulosic chain
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of about 290 �C (Welch 1992). When cotton fabrics

were finished with BTCA and APTES, DCRA values

of 274� could be observed (Schramm et al. 2014). The

present study reveals that the finishing of cotton

fabrics with GPTMS/AIP solutions yields DCRA

values of 289�.
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