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Abstract Cotton fabrics were modified with difunc-

tional polysiloxanes to impart biocidal and hydropho-

bic properties. The modification was performed in two

steps, using tetraethoxysilane in the first step, and then

polysiloxanes having in their structure both alkoxy

groups and long-chain quaternary ammonium salts in

the second step. The modified fabrics were tested for

the action of a mixture of five mold species that most

often cause decomposition of cellulose. The

hydrophobicity was determined by measuring the

water contact angle. Moreover, samples were evalu-

ated by SEM, FTIR Spectra and elemental analysis.

Results showed that multifunctional fabrics were

obtained with both biocidal and hydrophobic proper-

ties that are resistant to washing. All modified samples

showed protection against mold growth on level 2 and

a water contact angle up to 140�. The modification

does not cause any apparent changes such as

stiffening, color changes, or decrease in mechanical

properties.

Keywords Biocidal properties � Hydrophobicity �
Polysiloxanes � Cotton

Introduction

The growing interest in the ecological solutions to the

problems associated with the application of renewable

raw materials such as fibers and natural fabrics forces

manufacturers to search for innovations aimed at

increasing the use of the above materials. The lack of

resistance to microorganisms in natural textiles allows

them to be a favorable medium for the development of

microorganisms, e.g. fungi and bacteria that weakens

the textiles and are hazardous to human health.

Furthermore, their high absorption of moisture sup-

ports microbial development.

To avoid the above drawbacks, natural fibers are

subjected to some surface modifications that should

result in the formation of a biocidal and/or hydrophobic

barrier. One of the ways of modification of fibers and

natural fabrics is the immobilization of agents impart-

ing functionality to the silica sol formed as a result of

hydrolysis and condensation of silica precursors

(Brinker and Scherer 1989; Perliolatto et al. 2013;

Mahltig et al. 2005; Przybylak et al. 2016a, b, c). The

application of this method makes it possible to form on
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the surface of fibers a siloxane layer into which

incorporated are modifying agents and this improves

its mechanical properties and creates a barrier on the

surface. Many papers on the modification of fabrics by

the sol–gel method have been published by Textor and

Böttcher, who performed numerous optimizations

aimed at obtaining desired properties (Böttcher 2000;

Mahltig et al. 2009; Böttcher et al. 1999; Textor 2009;

Textor and Mahltig 2010; Textor et al. 2010). The

following agents have been applied to impart biocidal

properties to natural fibers: quaternary ammonium

salts (Chen et al. 2013; Lin et al. 2014; Qin et al. 2015;

Hou and Shi 2009), quaternary phosphonium salts

(Gao et al.2013; Cai et al. 2013), gold and silver

nanoparticles (Scholz et al. 2005; Tomšič et al. 2009;

Textor et al. 2010; Fouda et al. 2013), triclosan

(Ibrahim et al. 2015; Mahbubul and Sunderland

2015; Chen et al. 2010), N-halamines (Liu et al.

2013; Jiang et al. 2014; Ren et al. 2008a, b; Cheng et al.

2015; Wu et al. 2014; Chen et al. 2012), chitosan and its

derivatives (Shin et al. 2013; Wang et al. 2012; Xiao

et al. 2013). In our earlier study we have applied silica

sol (prepared from tetraethoxysilane) in which tri-

closan and quaternary ammonium salt were immobi-

lized, followed by using this product for the

modification of cotton fabrics. As a result of the those

processes, fabrics with excellent fungicidal and

hydrophobic properties (as well as resistance to

washing) were obtained (Foksowicz-Flaczyk et al.

2016).

Modification of natural textiles can be carried out

using organosilicon compounds containing at the same

time reactive groups, e.g. alkoxy groups, which are

susceptible to hydrolysis and condensation with hydro-

xyl groups (present on fiber surfaces) and functional

groups imparting desired properties to surfaces sub-

jected to the modification (Xie et al. 2010). Our research

group produced hydrophobic natural fabrics using

difunctional polysiloxanes and silsesquioxanes contain-

ing alkoxy groups and long fluoroalkyl chains. As a

result of the performed impregnation experiments,

highly hydrophobic and superhydrophobic fabrics were

obtained that were fully resistant to washing (Przybylak

et al. 2016a, b, c). The combination of our experience in

the modification of fabrics with difunctional polysilox-

anes and in the modification with silica sol containing

quaternary ammonium salts was an idea for a new way

of obtaining difunctional textiles with biocidal and

hydrophobic properties.

These studies were aimed at synthesizing new

difunctional polysiloxanes with biocidal activity and

applying them onto the surface of cotton fabrics.

Difunctional polysiloxanes were not employed so far

to impart biocidal and hydrophobic properties to

cotton fabrics.

In the present work we have employed difunctional

polysiloxanes, the structures of which contain alkoxy

groups capable of forming bonds with hydroxyl

groups of cellulose and long-chain quaternary ammo-

nium salts responsible for the biocidal activity. The

effect of the modification with tetraethoxysilane in the

sol–gel process on the effectiveness of the processes

was also studied. The samples were subjected to

microbiological tests, whereas hydrophobicity was

evaluated by measuring water contact angle.

Experimental

Materials

100% cotton fabric with 145 g/m2 was used for this

study. Before the modification process, the fabric was

bleached in a hydrogen peroxide bath.

Mold strains of Aspergillus niger van Tieghem,

Chaetomium globosum Kunze, Aureobasidium pullu-

lans (de Bary) Arnaud, Paecilomyces variotii Bainier

and Penicillium ochrochloron Biourge were pur-

chased from Pure Culture Collection of the Institute

of Fermentation Technology and Microbiology, Tech-

nical University of Łódź, Poland.

Tetraethoxysilane was obtained from ‘‘Unisil’’

(Tarnów, Poland), poly(dimethyl, hydrogen

methyl)siloxane 50/25 was provided by Wacker, and

allyl chloride, vinyltriethoxysilane, trialkylamines and

other reagents and solvents were purchased from

Aldrich.

Synthesis of difunctional polysiloxanes

The synthesis of this type of biocidal polysiloxanes

has been developed by research group and has not

been published previously. Synthesis of difunctional

polysiloxanes was carried in two steps. In the first step,

polysiloxane containing 10 trimethoxysilyl groups

was obtained by hydrosilylation, while in the next step

the reaction of quaternization was employed to

substitute chloropropyl groups (present in the
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intermediate product) with tertiary dimethylalkylami-

nes having alkyl chains of different length (12, 14, 16

carbon atoms). The course of the process is presented

in Scheme 1.

Polysiloxane with quaternary ammonium salt

In a three-neck round-bottom flask of 100 ml capacity,

equipped with a reflux condenser, a magnetic stirrer

and a thermometer, were placed 34 g of poly(di-

methyl, hydrogen methyl)siloxane 50/25, followed by

adding 9 g of vinyltrimethoxysilane and 5.7 ll of

Karstedt’s catalyst (10-5 mol Pt per mol SiH). The

mixture was heated at 100–105 �C for about 1 h with

continuous stirring. The reaction was monitored by

FT-IR spectroscopy (a partial disappearance of Si–H

band). Then 9 g of allyl chloride (30% excess) and

8.56 ll of Karstedt’s catalyst were added, followed by

heating at 110–115 �C for another 1 h with continuous

stirring. Monitoring of the reaction by FT-IR spec-

troscopy was conducted until the complete disappear-

ance of Si–H band. The excess of allyl chloride was

removed by evaporation under reduced pressure. The

product was obtained with the yield of 96%.

In the next step of the reaction, in the flask were

placed the obtained polysiloxane and a relevant N,N-

dimethylalkylamine at the mole ratio of 1:15. The

mixture was heated at 70 �C for 24 h. The product, in

the form of a dense liquid, was obtained with the yield

of 95%.

Spectroscopic characterization of polysiloxane

with substituted N,N-dimethyldodecylamine (P12)

1H NMR (CDCl3, 298 K, 300 MHz) (ppm): 0.22 (m,

393H, SiCH3); 0.71 (m, 70H, SiCH2); 0.99 (t, 45H,

CH3); 1.30 (m, 270H, -CH2-); 1.37 (m, 30H, CH2-

CH3); 1.77 (m, 30H, CH2); 3.31 (s, 90H, NCH3); 3.41

(t, 60H, NCH2); 3.59 (s, 90H, OCH3).
13C NMR (CDCl3, 298 K, 75.5 MHz) (ppm):

- 3.84 (SiCH3); - 1.35 (SiCH2); 0.49 (Si(CH3)2);

0.99 (Si(CH3)3); 7.80 (SiCH2); 8.97 (CH2Si);

14.02–31.65 (-CH2-); 50.73 (OCH3); 51.94 (NCH3);

65.21 (NCH2); 65.47 (NCH2).

n = 9 (P12)
n = 11 (P14)
n = 13 (P16) 

Scheme 1 Synthesis of difunctional polysiloxanes (P12, P14, P16)
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29Si NMR (CDCl3, 298 K, 59.6 MHz) (ppm): 7.40

(Si(CH3)3); 19.4 (Si(CH3)2); 22 (CH3SiCH2); - 45.90

(Si(OCH3)3).

Spectroscopic characterization of polysiloxane

with substituted N,N-dimethyltetradecylamine (P14)

1H NMR (CDCl3, 298 K, 300 MHz) (ppm): 0.22 (m,

393H, SiCH3); 0.71 (m, 70H, SiCH2); 0.99 (t, 45H,

CH3); 1.30 (m, 330H, -CH2-); 1.37 (m, 30H, CH2-

CH3); 1.77 (m, 30H, CH2); 3.31 (s, 90H, NCH3); 3.41

(t, 60H, NCH2); 3.59 (s, 90H, OCH3).
13C NMR (CDCl3, 298 K, 75.5 MHz) (ppm):

- 3.84 (SiCH3); - 1.35 (SiCH2); 0.49 (Si(CH3)2);

0.99 (Si(CH3)3); 7.80 (SiCH2); 8.97 (CH2Si);

14.02–31.65 (-CH2-); 50.73 (OCH3); 51.94 (NCH3);

65.21 (NCH2); 65.47 (NCH2).
29Si NMR (CDCl3, 298 K, 59.6 MHz) (ppm): 7.40

(Si(CH3)3); 19.4 (Si(CH3)2); 22 (CH3SiCH2); - 45.90

(Si(OCH3)3).

Spectroscopic characterization of polysiloxane

with substituted N,N-dimethylhexadecylamine (P16)

1H NMR (CDCl3, 298 K, 300 MHz) (ppm): 0.22 (m,

393H, SiCH3); 0.71 (m, 70H, SiCH2); 0.99 (t, 45H,

CH3); 1.30 (m, 390H, -CH2-); 1.37 (m, 30H, CH2-

CH3); 1.77 (m, 30H, CH2); 3.31 (s, 90H, NCH3); 3.41

(t, 60H, NCH2); 3.59 (s, 90H, OCH3).
13C NMR (CDCl3, 298 K, 75.5 MHz) (ppm):

- 3.84 (SiCH3); - 1.35 (SiCH2); 0.49 (Si(CH3)2);

0.99 (Si(CH3)3); 7.80 (SiCH2); 8.97 (CH2Si);

14.02–31.65 (-CH2-); 50.73 (OCH3); 51.94 (NCH3);

65.21 (NCH2); 65.47 (NCH2).
29Si NMR (CDCl3, 298 K, 59.6 MHz) (ppm): 7.40

(Si(CH3)3); 19.4 (Si(CH3)2); 22 (CH3SiCH2); - 45.90

(Si(OCH3)3).

Modification of cotton fabrics

The modification of the cotton fabrics was carried out

either in a one-step or a two-step process. All samples

were subjected to chemical modification in polysilox-

ane (P12, P14, P16) solutions, however, a part of them

was additionally modified in the first step with silica

sol. The durability of hydrophobic and biocidal

properties of the studied fabrics was determined after

the modification and after one and five washings at

40 �C for 1 h.

(a) Modification with silica sol (S)

Tetraethoxysilane (10 vol.%), distilled water (0.9

vol.%), dibutyltin diacetate (0.9 vol.%) and iso-

propanol (88.2%) were placed in a flask equipped

with a magnetic stirrer and a reflux condenser. A

15-min hydrolysis process was conducted at room

temperature and after that time the solution was

transferred into trays in which the cotton fabrics were

impregnated for 2 min. Then the excess of the

modifier solution was removed by squeezing followed

by drying the samples at 80 �C for 2 h.

(b) Chemical modification with polysiloxanes

(P12, P14, P16)

In a round-bottom flask equipped with a reflux

condenser and a magnetic stirrer were placed 5 vol.%

of isopropanolic solution of polysiloxane and 5 vol.%

of water to conduct hydrolysis for 15 min at room

temperature. The obtained solution was transferred

into trays and the bleached fabrics or tetraethoxysi-

lane-modified samples were impregnated for 15 min.

After impregnation, the samples were squeezed

followed by drying for 60 min at 80 �C and cured

for 3 min at 130 �C.

Characterization of polysiloxanes with quaternary

ammonium salt (P12, P14, P16)

Nuclear magnetic resonance spectroscopy (NMR)

Spectra of nuclear magnetic resonance 1H NMR

(300 MHz), 13C NMR (75 MHz), 29Si NMR

(59 MHz) were obtained on a Varian XL 300 spec-

trometer at room temperature using CDCl3 as a

solvent.

Characterization of modified samples

Determination of hydrophobic properties

The water contact angles (WCA) were measured using

an automatic video contact-angle testing apparatus

Krüss model DSA 100 Expert. A 10 lL volume of

water was applied onto the treated cotton fabrics and

the contact angle was determined from the video

camera images of the drop in the course of its

formation. Each measurement is an average from five

drops. The experimental error was ± 2%.
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Determination of the amount of modifiers applied

on fabrics (add-on)

The total dry solid add-on in cotton fabric samples (A)

has been determined by weighing a fabric sample

before (Wi) and after (Wf) modification by a given

composition and thermal fixing. Analytical balance

Ohaus was used for the measurements. The uptake

(Table 1) was calculated according to the following

equation:

A ¼ Wf � Wi

Wi

� 100

Determination of biocidal properties

The determination of the resistance of tested fabrics to

the action of molds was conducted according to the

standard EN 14119:2003 ‘‘Testing of textiles. Evalu-

ation of the action of microfungi’’. An agar medium

with pH 6.0–6.5 was used. The modified and unmod-

ified samples of cotton fabric were exposed to the

action of the following moulds: A.niger, C. globosum,

A. pullulans, P. variotii and P. ochrochloron. The

incubation of tested samples was conducted for

4 weeks at the temperature of 29 ± 1 �C and relative

air humidity at 90%.

After the tests, the evaluation of biocidal properties

was performed (according to the standard EN

14119:2003) on the basis of visual assessment con-

sisting in the determination of the growth degree of

molds, the size of inhibition zone expressed in mm and

the change in breaking force. The rating system for the

mold growth was as follows: 0—no visible growth

evaluated microscopically, 1—no visible growth

evaluated with naked eye but clearly visible micro-

scopically, 2—growth visible with naked eye, cover-

ing up to 25% of a tested surface, 3—growth visible

with naked eye, covering up to 50% of a tested surface,

4—considerable growth, covering more than 50% of a

tested surface, 5—very intense growth, covering all

tested surface.

The determination of breaking force of modified

fabrics using the strip method was carried out accord-

ing to the standard PN-EN ISO 13934-1:2013-07

‘‘Part 1: Determination of maximum force and elon-

gation at maximum force using the strip method’’ The

samples were conditioned at 65 ± 2% relative air

humidity and at 29 ± 10C for 24 h before the

determination of breaking force. The relative loss of

breaking force (expressed in %) caused by molds

action was calculated from the mean value of six

samples, using the formula:

S ¼ 100 �
�A
�B
� 100

where: A is the arithmetic mean value of breaking

force for all samples exposed to the action of molds, B

is the arithmetic mean value of breaking force for all

samples unexposed to the action of molds.

Studies of surface topography

The microscopic evaluation of surface changes of

modified and unmodified samples of the cotton fabric

was carried out using a Hitachi S-3400 N scanning

electron microscope (SEM), where samples were

coated with a thin layer of gold before performing

observations. Moreover, scanning electron micro-

scopy (SEM) images were taken using a FEI Quanta

250 FEG instrument equipped with a large field

detector (LFD) which records the secondary electrons

(SE). In the latter case (i.e. the LFD SE measurements)

the samples were not covered by any layer. The

microscope was operated at low vacuum mode (70 Pa)

and the accelerating voltage was 10 kV.

Table 1 Add-on values of modified samples before and after their washing

Sample code Before washing (%) After one washing (%) After five washings (%)

SP12 7. 9 ± 0.2 7.7 ± 0.2 7.1 ± 0.2

SP14 7.8 ± 0.2 7.8 ± 0.2 7.9 ± 0.2

SP16 7.9 ± 0.2 7.9 ± 0.2 7.7 ± 0.2

S—sol–gel process, P12, P14, P16—polysiloxanes
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Analysis of elemental composition of applied coating

The analysis was carried out by employing the SEM-

EDS technique to determine ultimate elements (Si, C,

O) present in modifying mixtures. A Hitachi S-3500N

scanning electron microscope (SEM) equipped with

EDS (energy-dispersive X-ray) detector (Ultra Dry

Silicon Drift X-ray Detector made by Thermo Scien-

tific) was used in the measurements.

FT-IR analysis

FT-IR spectra of the modifiers and modified fabrics

were taken on a Bruker spectrometer, model Tensor 27

with a Specac Golden Gate single reflection diamond

ATR accessory.

Results and discussion

Bleached cotton fabrics were modified with three

polysiloxanes (P12, P14, P16) of the general

formula 1. The samples were finished with above

mentioned chemicals by pad dry cure method. The

employed polysiloxanes were substituted with quater-

nary ammonium salts that are responsible for biocidal

activity and hydrophobic effect and alkoxy groups that

are capable of forming covalent bonds with hydroxyl

groups. The polysiloxanes differed in the length of

hydrocarbon chains of quaternary ammonium salt

(Fig. 1).

In the first instance, hydrophobicity of the studied

polysiloxanes (P12, P14, P16) was determined by

measuring water contact angle of unwashed samples

and those subjected to one and five washings. The

values of water contact angles of the polysiloxane-

modified samples are presented in Fig. 2.

The modification of natural fabrics by polysilox-

anes with built-in quaternary ammonium salts (P12,

P14, P16) resulted in hydrophobization of the fabrics

as reflected by values of water contact angles which in

most cases were above 110�. After washing the

hydrophobicity remained relatively stable, particu-

larly for samples modified by polysiloxane containing

built-in quaternary ammonium salt with 16 carbon

atoms in its alkyl chain (P16). To increase the

hydrophobic effect on the modified fiber surface, we

have applied tetraethoxysilane in the sol–gel process

in the first step. The modification of fabrics with

tetraethoxysilane enables the creation of a siloxane

layer with a large number of hydroxyl groups. The

formation of siloxane spatial structure with a large

number of OH groups can improve binding to

polysiloxanes with substituted quaternary ammonium

salts and result in their better orientation.

The values of water contact angles on the samples

modified in two-steps are shown in Fig. 3.

n = 9 (P12)
n = 11 (P14)
n = 13 (P16) 

Fig. 1 General formula of difunctional polysiloxanes

Fig. 2 Water contact angles on the samples modified

with polysiloxanes, measured before washing and

after one and five washings
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The application of two-step modification resulted in

imparting highly hydrophobic properties to cotton

fabrics (water contact angle above 140�, Fig. 4). It is

clearly seen that the formation of additional siloxane

layer by the sol–gel process substantially increased

hydrophobicity due to the creation of an additional

barrier protecting from water access. Moreover, as a

result of the sol–gel process the number of hydroxyl

groups on the fabric surface increased, which

improved the effectiveness of binding to polysiloxanes

containing quaternary ammonium salts built-in into

their structure (P12, P14, P16). It can be seen that the

longer hydrocarbon chain in quaternary ammonium

salt, the greater the durability of the applied modifi-

cation. The sample modified with the composition

SP16 did not change its contact angle even after

multiple washings. On the other hand, the sample

modified by polysiloxane containing the quaternary

ammonium salt with 12 carbon atoms in its chain

(P12) shows less resistance to washing.

All samples obtained in the two-step process have

been weighed before and after their modification, as

well as after one and five washings. The add-on value

was calculated on this basis (Table 1).

The add-on values are comparable for all the

samples. Even washing five times has not reduced the

add-on value, except for the sample modified with

polysiloxane substituted with quaternary ammonium

salt containing twelve-carbon atom chain (P12).

The modification of fibers with tetraethoxysilane in

the sol–gel process causes the formation of a siloxane

layer on their surface. Tetraethoxysilane hydrolyzes in

this process to give silanols that undergo condensation

among themselves as well as condensation with

hydroxyl groups present on the surface of cellulose

fibers. The formed siloxane layer abounds in free

hydroxyl groups on its surface, therefore its modifi-

cation (in the second step) by functionalized

polysiloxane (P12, P14, P16) enables a durable

(covalent) bonding of polysiloxane via condensation

of alkoxy groups (present in functionalized polysilox-

ane) with hydroxyl groups present in the siloxane layer

that covers the fibers (as a result of the sol–gel

process). This can be seen in SEM images of

unmodified fabric (Fig. 5a) and modified fabric

denoted as SP16 (Fig. 5b).

In the images (b,c,d) one can see a homogeneous

polysiloxane tightly surrounding each of the fibers. No

agglomerates or cracks in the polysiloxane layer are

visible in the image.

To estimate the thickness of the modifier layer we

have made cross-sections of fibers by means of freeze

cutting, followed by taking SEM images of the cross-

sections. (Figure 6).

Due to high flexibility and strength of polysilox-

anes, a precise cutting of polysiloxane layer to be flush

with fiber cross-section was impossible. In spite of the

application of freeze-cutting technique, the modifier

layer was breaking apart and extended beyond the

plane of cutting. In the image (Fig. 6 in the revised

manuscript) visible are thin layers of the modifier at

fibers ends that extend beyond the cutting area. The

analysis has shown that the modifier layer thickness is

of order of one tenth of micrometer; however, precise

measuring was not possible. This is why we employed

another method of layer thickness evaluation, using

the following eq. (Chen et al. 2017):

Fig. 3 Water contact angles on the samples modified in two-

steps, measured before washing and after one and five washings

Fig. 4 Contact angle of a water drops on the surface of the fabric modified with silica sol and polysiloxane a SP12, b SP14, c SP16
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h ¼ d W1 �W0ð Þqco
4W0qqp

where h is the thickness of the modifier layer, d is the

average diameter of pristine cotton fiber, W1 and W0

are weights of the cotton fiber weight after and before

the impregnation procedure, respectively; qco and qqp

are densities of cotton and polysiloxane, respectively.

In our study we have found that results obtained by

SEM measurements and weight calculations (using the

quoted formula) are identical, giving a thickness of the

formed layer of 177 nm.

The process of the modification and formation of

modifier layers on the fiber surface is presented in

Scheme 2.

To confirm binding of modifiers to the fabric, FT-

IR spectra were taken of modified samples and

unmodified fabric (Fig. 7).

In the spectra visible are differences resulting from

the attachment of organosilicon compound to cellu-

lose hydroxyl groups. The band at 3330 cm-1, that is

characteristic of free OH groups present on the fiber

surface, is slightly smaller which indicates bonding

between fibers and alkoxysilyl groups. Furthermore,

the spectra of the modified samples contain bands at

about 800 and 1260 cm-1, originating from Si–O–Si

symmetric stretching vibrations and Si–O–C stretch-

ing vibration shoulder, respectively. The band

expected at 1018 cm-1 (Si–O–Si) is overlapped with

a broad band between 950 and 1100 cm-1, attributed

to characteristic peaks of cellulose. Moreover, a band

is visible that confirms the presence of quaternary

ammonium salts in the structure of the modifiers,

namely at 2900 cm-1 which originates from stretch-

ing vibrations of C–H in CH2 groups present in long-

chain quaternary ammonium salts.

Fig. 5 SEM images of surfaces of unmodified sample a and modified samples b SP12, c SP14 and d SP16

Fig. 6 SEM images of surfaces of modified sample (SP16)
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The fabrics were also subjected to surface micro-

analysis to determine elemental composition of sam-

ples obtained as a result of modification. The

percentages of elements in the modified samples

before washing and after five washings is given in

Table 2.

The modification with all polysiloxanes, containing

built-in quaternary ammonium salts (P12, P14, P16),

resulted in changes in the elemental composition of

investigated samples. The results of elemental analysis

confirm that the modification was successful as

evidenced by 7% silicon in impregnated natural

fabrics. The introduction of quaternary ammonium

salts into polysiloxane structure has also been proved

by the presence of chlorine in the samples. Also,

silicon and chlorine contents in five-times washed

fabrics remained at roughly the same levels as those

before washing, which testifies to the resistance to

leaching of the waterproofing agent. The only sample

showing some reduction in silicon and chlorine

contents as a result of washing was SP12.

Biocidal activity of the modifications studied was

determined by exposing fabric samples to the actions

of five strains of molds. The fungicidal activity was

assessed on the five-degree scale (Experimental, 2.6.)

Results of fungicidal activity tests, carried out in

Scheme 2 Mechanism of

the two-step modification of

cotton fabrics
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accordance with the standard EN 14119:2003, are

presented in Table 3.

All applied modifiers protected against mold

growth on level 2 (up to 25% mold-covered surface)

and slight discolorations appeared on sample edges.

There are differences between samples washed one

and five times. The least resistant to washing were

fabrics impregnated by polysiloxane with built-in

quaternary ammonium salt having twelve carbon

atom-containing alkyl substituent (P12). The whole

surface of the aforementioned sample, subjected to

five times washing, was totally infected by mold and a

considerable reduction in breaking force occurred as

well. After a single washing, up to 50% of the sample

was covered by mold and a few percent decrease in

breaking force has been observed (Fig. 8).

In the case of the fabric modified by polysiloxane

with built-in quaternary ammonium chloride having

14 carbon atoms in its alkyl substituent (P14), a

moderate mold growth (up to 50% of tested surface), a

few percent decrease in breaking force and clearly

marked discolorations were observed after five wash-

ings. On the other hand, a single washing did not

deteriorate fungicidal activity compared to unwashed

sample (Fig. 9). However, neither reduction in break-

ing force nor damage of elementary cotton fibers were

not found. In SEM image, single fungal spores have

been observed, particularly well visible on fibers of the

fabric subjected to five washings (Fig. 10).

The fabric modified by polysiloxane with built-in

quaternary ammonium chloride containing 16 carbon

atoms in alkyl chain (P16) showed a very good

antifungal activity. No reduction in the antifungal

effect (compared to unwashed fabric) has been

bFig. 7 FT-IR spectra of the modified samples [in the region of

3600–2800 cm-1 (a), and 1400–700 cm-1 (b)]

Fig. 8 Samples after fungal infection tests, modified by

tetraethoxysilane and polysiloxane with built-in quaternary

ammonium chloride (12 carbon atoms in alkyl chain), [un-

washed (a), after one (b) and five washings (c)]

Table 2 Elemental

analysis of modified

samples (S – sol–gel

process, (P12, P14, P16 –

polysiloxanes)

Sample code C (%) O (%) Si (%) Cl (%)

Control 34.0 ± 0.2 64.8 ± 0.4 0.2 ± 0.02 0

SP12 34.0 ± 0.2 57.5 ± 0.3 7.1 ± 0.1 0.7 ± 0.1

SP12 59 washing 34.3 ± 0.2 58.1 ± 0.4 5.0 ± 0.1 0.2 ± 0.1

SP14 34.2 ± 0.2 57.8 ± 0.3 7.1 ± 0.1 0.7 ± 0.1

SP14 59 washing 34.3 ± 0.2 57.2 ± 0.3 7.2 ± 0.1 0.5 ± 0.1

SP16 33.8 ± 0.2 57.1 ± 0.4 7.1 ± 0.1 0.8 ± 0.1

SP16 59 washing 35.0 ± 0.2 57.1 ± 0.4 7.0 ± 0.1 0.7 ± 0.1

Table 3 The resistance of cotton fabric modified by

organosilicon compounds to the action of molds

Sample

code

Degree of mold growth (on

the scale from 0 to 5)

Relative loss of

breaking force

(%)

SP12 2 0

SP12 19

washing

3 2

SP12 59

washing

5 5

SP14 2 0

SP14 19

washing

2 0

SP14 59

washing

3 2

SP16 2 0

SP16 19

washing

2 0

SP16 59

washing

2 0

Control

sample

5 15

S—sol–gel process, P12, P14, P16—polysiloxanes
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observed both in the case of one and five-times washed

fabrics. Only at the sample edges a mold growth

occurred, covering up to 25% of sample area,

however, it did not cause discolorations (Fig. 11).

Neither the modification process nor mold growth

resulted in a reduction in fabric strength nor damage of

elementary cotton fibers. Slight post-impregnation

residues and single clusters of fungi are visible in SEM

images (Fig. 12).

The results indicate that all polysiloxanes with

built-in quaternary ammonium salts show a strong

biocidal effect, irrespective of the length of alkyl chain

on the amino group. This observation is in agreement

with the literature data that quaternary ammonium

salts with alkyl chains containing twelve or more

carbon atoms are the most effective from the point of

view of biocidal activity (Kaur and Liu 2016; Sun

2016). Long hydrocarbon chains show a greater ease

of perforating cell membranes of microorganisms thus

resulting in their death. Moreover, the length of alkyl

chain of quaternary ammonium salts also had an effect

on the durability of the performed modifications. One

can notice that the longer hydrocarbon chain the

greater durability. Silanes and polysiloxanes form

covalent bonds with cellulose hydroxyl groups via

alkoxy groups. The created layer forms an additional

barrier protecting fabrics and fibers from water access.

Summary

The modification of cotton fabric with difunctional

polysiloxanes containing built-in long-chain quater-

nary ammonium salts resulted in multifunctional

fabrics showing both hydrophobic and biocidal activ-

ities. The presence of alkoxy groups enables formation

Fig. 9 Fungal tests of samples modified by tetraethoxysilane

and polysiloxane with built-in quaternary ammonium chloride

containing 14 carbon atoms in alkyl chain. A view during testing

(left) and after testing (right). Unwashed sample (a) and samples

after one (b) and five washings (c)

Fig. 10 SEM images taken after fungal tests of samples modified by tetraethoxysilane and polysiloxane with built-in quaternary

ammonium chloride containing 14 carbon atoms in alkyl chain. Unwashed sample (a) and samples after one (b) and five washings (c)
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of covalent bonds on the modified surface, whereas

quaternary ammonium salts impart biocidal proper-

ties. Moreover, the created polysiloxane layer exerts a

positive effect on hydrophobocity. It has been

observed that the longer the hydrocarbon chains in

quaternary ammonium salts built-in into the polysilox-

ane, the greater the durability of the performed

modifications and their resistance to washing.

All samples denoted as SP16, irrespective of the

number of washings, exhibited a high biocidal activity

and strong hydrophobicity, which means that the

above modification is totally resistant to washing. No

decrease in breaking force under the influence of fungi

was observed in the samples modified with the

aforementioned composition. SEM images confirmed

that the modifying compositions covered fibers and

proved the absence of damage caused by fungi in the

fiber structure. The presented research is the first study

on the application of difunctional polysiloxanes with

alkoxy groups and quaternary ammonium salts to the

preparation of fabrics with biocidal and hydrophobic

propeties. The polysiloxanes employed for the mod-

ification of fabrics permit to cover fibers by a

homogeneous coating that is waterproof and at the

same time protects against fungi.
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Fig. 11 Fungal tests of samples modified by tetraethoxysilane

and polysiloxane with built-in quaternary ammonium chloride

containing 16 carbon atoms in alkyl chain. Left: A view during

testing. Right: after testing. Unwashed sample (a) and samples

after one (b) and five washings (c)

Fig. 12 SEM images taken after fungal tests of samples modified by tetraethoxysilane and polysiloxane with built-in quaternary

ammonium chloride containing 16 carbon atoms in alkyl chain. Unwashed sample (a) and samples after one (b) and five washings (c)

Cellulose (2018) 25:1483–1497 1495

123



References
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