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ABSTRACT

The aim of this doctoral dissertation research was to use the nanotechnology processes of plasma
surface pre-treatment and sol-gel finishing to impart long-lasting novel multifunctionalities, i.e.,
low-adhesion super-hydrophobicity, oleophobicity, self-cleaning properties, flame-retardancy
and antibacterial properties, to textiles. The plasma surface activation and etching of cotton and
polyester fibres by low-pressure water vapour and oxygen plasmas were used as a pre-treatment
to improve the water- and oil-repellent performance as well as the durability of the sol-gel
coatings. The used sol-gel treatments were (i) the surface deposition of Stöber silica particles
followed by the in situ growth of the TEOS-based particle-containing polysiloxane layer to
create the rough, bumpy surface topography of the fibre surface, and (ii) the fabrication of the
organo-functionalized hybrid coatings using fluoroalkyl-functional oligosiloxane (FAS) and
1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF) for water- and oil-repellency, P,P-diphenyl-N(3-(trimethoxysilyl)propyl) phosphinic amide (SiP) and 10-(2-trimethoxysilyl-ethyl)-9-hydro-9oxa-10-phosphaphenanthrene-10-oxide (Si-DOPO) for flame retardancy and 3-(trimethoxysilyl)propyldimethyloctadecyl ammonium chloride (SiQ) for antibacterial properties. Furthermore,
organocyclotetrasiloxane

2,4,6,8-tetrakis(2-(diethoxy(methyl)silyl)ethyl)-2,4,6,8-tetramethyl–

cyclotetrasiloxane (T4) was used to increase the coating’s orientation and adhesion. The water
vapour and oxygen plasma pre-treatments improved the water- and oil-repellency performance
of the FAS and SiF coatings formed on the cotton fibre surface, respectively; however, they did
not markedly influence the coating’s adhesion ability, thus not improving the washing fastness of
the coatings. In contrast, in the case of polyester fibres, although the water vapour plasma pretreatment did not influence the water and oil repellency of the FAS coating, the washing fastness
of the coating was markedly improved. Both Si-DOPO and SiP increased the thermo-oxidative
stability of the cotton fibres and retarded glowing combustion. Compared to Si-DOPO, SiP
provided an approximately two-fold higher total quantity of dry solid add-on at the same
concentration of the applied sols and provided very high hydrophobicity. Therefore, an
approximate 2-fold lower concentration of SiP compared to that of the Si-DOPO provided a
comparable thermo-oxidative stability. The water- and oil-repellent, antibacterial, and flameretardant properties of the SiF, SiQ and SiP precursors were successfully associated in the
multifunctional

two-

(SiF-SiP

and

SiF-SiQ)

and

three-component

(SiF-SiQ-SiP)

organofunctionalized polysilsequioxane coatings formed on the cotton fibre surface. The
cooperative action of the SiF, SiQ and SiP components in the three-component coating provided
the cotton fabric with exceptional and novel multifunctional properties, including simultaneous
vi
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high hydrophobicity (water static contact angle of 135°), oleophobicity (n-hexadecane static
contact angle of 117°), antibacterial activity (bacterial reduction of 100 % for both E. coli and S.
aureus), enhanced thermo-oxidative stability and “glow” retardancy. Creation of the roughened,
bumpy surface topography by the surface deposition of Stöber silica particles followed by the in
situ growth of the TEOS-based particle-containing polysiloxane layer was a highly efficient pretreatment for improving the water- and oil-repellency performance and washing fastness of the
FAS coating. This procedure enabled the fabrication of the long-lasting “Lotus effect”
accompanied by an exceptionally high oleophobicity. The structure of the multifunctional threecomponent water- and oil-repellent, antibacterial, and flame-retardant hybrid polysilsesquioxane
coating was optimised to increase its washing fastness to cotton fibres. By including T4 as the
fourth component in the multifunctional SiF-SiQ-SiP coating, the washing fastness of the coating
was increased, and this was even more pronounced if silica particles followed by the in situ
growth of the TEOS-based particle-containing polysiloxane layer were deposited on the cotton
fibre surface in the pre-treatment process.

The structural optimisation also led to the

improvement of the functional properties of the coating, which exhibited the “Lotus effect”
(water static contact angle of 161° and water roll-off angle of 4°) and simultaneously
demonstrated high antibacterial activity (the R values for E. coli and S. aureus were 81.6 and 100
%, respectively), enhanced thermo-oxidative stability and “glow” retardancy. The only weakness
of the optimised coating is the impairment of its oleophobicity.

Keywords: plasma, sol-gel, textile, multifunctionality, low-adhesion super-hydrophobicity,
oleophobicity, self-cleaning properties, flame-retardancy, antibacterial properties
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ABBREVIATIONS AND SYMBOLS
𝐴

atomic fragment

𝐴+

positive monoatomic ion

𝐴𝐵

diatomic molecule

𝐴𝐵 +

positive diatomic ion

𝐴𝐵 −

negative diatomic ion

a.c.

alternating current

𝐵

atomic fragment

𝐵−

negative monoatomic ion

𝐵∗

excited atom

[CO]/[CO2]

the carbon monoxide/carbon dioxide ratio

4(SiF-SiP)

two-component sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF and SiP at concentrations
corresponding to 4 % SiF (4 % SiF and 3 % SiP)

4(SiF-SiQ)

two-component sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF and SiQ at
concentrations corresponding to 4 % SiF (4 % SiF and 3.9 % SiQ)

4(SiF-SiQ-SiP), MC

three-component sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF, SiQ, and SiP at
concentrations corresponding to 4 % SiF (4 % SiF and 3.9 % SiQ and
3 % SiP)

4(SiQ)

sol-gel coating formed by the application of the sol of the SiQ
precursor at concentration corresponding to 4 % SiF (3.9 % SiQ)

6(SiF-SiP)

two-component sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF and SiP at concentrations
corresponding to 6 % SiF (6 % SiF and 4.5 % SiP)

6(SiF-SiQ-SiP)

three-component sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF, SiQ, and SiP at
concentrations corresponding to 6 % SiF (6 % SiF and 5.8 % SiQ and
4.5 % SiP)

6(SiQ)

sol-gel coating formed by the application of the sol of the SiQ
precursor at concentration corresponding to 6 % SiF (5.8 % SiQ)
xiv

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016

C16

n-hexadecane

CAH

contact angle hysteresis

CO

cotton

CO(SP1+IS)−FAS

cotton fabric coated with coating formed by the in situ growth of a
TEOS-based particle-containing polysiloxane layer (IS) over the
surface-deposited Stöber silica SP1 particles and formation of the
FAS coating in the next step

CO(SP2+IS)−FAS

cotton fabric coated with coating formed by the in situ growth of a
TEOS-based particle-containing polysiloxane layer (IS) over the
surface-deposited Stöber silica SP2 particles and formation of the
FAS coating in the next step

CO(SP3+IS)−FAS

cotton fabric coated with coating formed by the in situ growth of a
TEOS-based particle-containing polysiloxane layer (IS) over the
surface-deposited Stöber silica SP3 particles and formation of the
FAS coating in the next step

CO/(MC+T)

cotton fabric coated with the multicomponent sol-gel coating formed
by the application of the equimolar sol mixture of the precursors SiF,
SiQ, SiP and TEOS at concentrations corresponding to 4 % SiF (4 %
SiF and 3.9 % SiQ and 3 % SiP and 1.6 % TEOS)

CO/(MC+3T)

cotton fabric coated with the multicomponent sol-gel coating formed
by the application of the equimolar sol mixture of the precursors SiF,
SiQ and SiP at concentrations corresponding to 4 % SiF (4 % SiF
and 3.9 % SiQ and 3 % SiP) in combination with TEOS at
concentration corresponding 3-fold equimolar to 4 % SiF (4.8 %
TEOS)

CO/(MC+T4)

cotton fabric coated with the multicomponent sol-gel coating formed
by the application of the equimolar sol mixture of the precursors SiF,
SiQ, SiP and T4 at concentrations corresponding to 4 % SiF (4 % SiF
and 3.9 % SiQ and 3 % SiP and 6.9 % T4)

CO/(S1I)-(MC+T4)

cotton fabric coated with coating formed by the in situ growth of a
TEOS-based particle-containing polysiloxane layer (I) over the
surface-deposited Stöber silica S1 particles and formation of the
(MC+T4) coating in the next step
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CO/(S2I)-(MC+T4)

cotton fabric coated with coating formed by the in situ growth of a
TEOS-based particle-containing polysiloxane layer (I) over the
surface-deposited Stöber silica S2 particles and formation of the
(MC+T4) coating in the next step

CO/2(SiF)

cotton fabric coated with sol-gel coating formed by the application of
the sol of the 2 % SiF precursor

CO/4(SiF)

cotton fabric coated with sol-gel coating formed by the application of
the sol of the 4 % SiF precursor

CO/4(SiF-SiP)

cotton fabric coated with two-component sol-gel coating formed by
the application of the equimolar sol mixture of the precursors SiF and
SiP at concentrations corresponding to 4 % SiF (4 % SiF and 3 %
SiP)

CO/4(SiP)

cotton fabric coated with sol-gel coating formed by the application of
the sol of the SiP precursor at concentration corresponding to 4 %
SiF (3 % SiP)

CO/6(SiF)

cotton fabric coated with sol-gel coating formed by the application of
the sol of the 6 % SiF precursors

CO/6(SiF-SiQ-SiP)

cotton fabric coated with three-component sol-gel coating formed by
the application of the equimolar sol mixture of the precursors SiF,
SiQ, and SiP at concentrations corresponding to 6 % SiF (6 % SiF
and 5.8 % SiQ and 4.5 % SiP)

CO/4(SiF-SiQ-SiP),

cotton fabric coated with three-component sol-gel coating formed by

CO/MC

the application of the equimolar sol mixture of the precursors SiF,
SiQ, and SiP at concentrations corresponding to 4 % SiF (4 % SiF
and 3.9 % SiQ and 3 % SiP)

CO/SiP

cotton fabric coated with sol-gel coating formed by the application of
the sol of the SiP precursor

d.c.

direct current

DBD

dielectric barrier discharge

DOPO

9-hydro-9-oxa-10-phosphaphenanthrene-10-oxide

DOPO–VTS

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide–
vinyltrimethoxysilane

E. coli

Escherichia coli
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EDS

energy-dispersive X-ray spectrometry

FAS

fluoroalkyl-functional oligosiloxane

FT-IR

Fourier transform-infrared

GD

glow discharge

HMPA

hexamethyl phosphoramide

I

inductive effect

IS, I

the in situ growth of a TEOS-based particle-containing polysiloxane
layer

LOI

limiting oxygen index

MC

three-component

sol-gel

coating

corresponding

to

the

sol

concentration of 4 % SiF, 3.9 % SiQ and 3 % SiP
O/C

the oxygen/carbon atomic ratio

OES

optical emission spectroscopy

OP

organophosphonate

PEG

poly(ethylene glycol)

POSS

polyhedral oligomeric silsesquioxanes

QAS

quaternary ammonium salt

QPS

quaternary phosphonium salt

R

alkyl group

Rʹ

organic or organofunctional group

RF

radiofrequency

RFD

radiofrequency discharge

S. aureus

Staphylococcus aureus

(SP1+IS), S1I

the in situ growth of a TEOS-based particle-containing polysiloxane
layer (I) over the surface-deposited Stöber silica S1 (or SP1) particles

(SP2+IS), S2I

the in situ growth of a TEOS-based particle-containing polysiloxane
layer (I) over the surface-deposited Stöber silica S2 (or SP2)
particles

(SP3+IS)

the in situ growth of a TEOS-based particle-containing polysiloxane
layer (I) over the surface-deposited Stöber silica SP3 particles

SEM

scanning electron microscopy

Si-DOPO

10-(2-trimethoxysilyl-ethyl)-9-hydro-9-oxa-10phosphaphenanthrene-10-oxide
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SiF

1H,1H,2H,2H-perfluorooctyltriethoxysilane

SiF-SiP

two-component sol-gel coating, including SiF and SiP precursors

SiF-SiQ

two-component sol-gel coating, including SiF and SiQ precursors

SiF-SiQ-SiP

three-component sol-gel coating, including SiF, SiQ and SiP

SiOP, SiP

P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic amide

SiQ

3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride

SN

nucleophilic substitution

SP1, S1

Stöber silica particles with average diameter of 50 ± 15 nm

SP2, S2

Stöber silica particles with average diameter of 230 ± 20 nm

SP3

Stöber silica particles with average diameter of 780 ± 30 nm

(MC+T)

multicomponent sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF, SiQ, SiP and TEOS at
concentrations corresponding to 4 % SiF (4 % SiF and 3.9 % SiQ and
3 % SiP and 1.6 % TEOS)

(MC+3T)

multicomponent sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF, SiQ and SiP at
concentrations corresponding to 4 % SiF (4 % SiF and 3.9 % SiQ and
3 % SiP) in combination with TEOS at concentration corresponding
3-fold equimolar to 4 % SiF (4.8 % TEOS)

(MC+T4)

multicomponent sol-gel coating formed by the application of the
equimolar sol mixture of the precursors SiF, SiQ, SiP and T4 at
concentrations corresponding to 4 % SiF (4 % SiF and 3.9 % SiQ and
3 % SiP and 6.9 % T4)

(S1I)-(MC+T4)

coating formed by the in situ growth of a TEOS-based particlecontaining polysiloxane layer (I) over the surface-deposited Stöber
silica S1 particles and formation of the (MC+T4) coating in the next
step

(S2I)-(MC+T4)

coating formed by the in situ growth of a TEOS-based particlecontaining polysiloxane layer (I) over the surface-deposited Stöber
silica S2 particles and formation of the (MC+T4) coating in the next
step

T

1 mol of TEOS

3T

3 mol of TEOS
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T4

2,4,6,8-tetramethyl-2,4,6,8tetrakis(2(diethoxy(methyl)silyl)ethyl)cyclotetrasiloxane

TEOS

tetraethoxysilane

Tmax1

the first degradation step

Tmax2

the second degradation step

TMOS

tetramethoxysilane

ToF–SIMS

time-of-flight-secondary ion mass spectrometry

TPOS

tetrapropoxysilane

UV

ultraviolet

W

water

XPS

X-ray photoelectron spectroscopy

𝑇𝑒

temperature of electrons (K)

𝑇𝑖

temperature of ions (K)

𝑇𝑛

temperature of neutrals (K)

𝑇𝑝

temperature of the plasma system (K)

𝑉𝑓

floating potential (V)

𝑉𝑝

plasma potential (V)

𝑓𝐿𝐴

total area of the liquid-air interface (m2)

𝑓𝐿𝑆

total area of the liquid-solid interface

𝑘𝐵

Boltzmann's constant (1.38 x 10−23 J/K)

𝑚𝑒

mass of electrons (kg)

𝑚𝑖

mass of ions (kg)

𝑛𝑒

the number density of electrons (m-3)

𝑛𝑖

the number density of ions (m-3)

𝑛𝑛

the number density of heavy particles (atoms, molecules and ions)
(m-3)

𝑞𝑡

charge density of the inserted particle (C)

𝑟𝑓

roughness factor

𝛾𝐿𝐴

interfacial tension of liquid-air (mN/m)

𝛾𝐿𝑆

interfacial tension of liquid-solid (mN/m)

𝛾𝑜𝑖𝑙

surface tension of oil (mN/m)
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𝛾𝑝𝑒𝑛𝑡𝑎𝑛𝑒

surface tension of pentane (mN/m)

𝛾𝑆𝐴

interfacial tension of solid-air (mN/m)

𝛾𝑤𝑎𝑡𝑒𝑟

surface tension of water (mN/m)

𝜀0

vacuum electric permeability (8,859 x 10−12 F/m)

𝜃

static contact angle (°)

𝜃(C16)

static contact angle of n-hexadecane (°)

𝜃(W)

static contact angle of water (°)

𝜃𝑎𝑑𝑣

advancing contact angle (°)

𝜃𝐶𝐵

apparent contact angle in the Cassie-Baxter state (°)

𝜃𝑟𝑒𝑐

receding contact angle (°)

𝜃𝑊

apparent contact angle in the Wenzel state (°)

𝜆𝐷

Debye shielding length (m)

𝜔𝑝

oscillation frequency of plasma electrons (rad/s)

R

separation distance between two particles (m)

Rmolar

H2O/precursor molar ratio

r

radial distance (m)

Tc

ignition flaming combustion temperature (C°)

Td

temperature of degradation (C°)

Tmax1

temperature of the first stage of the thermo-oxidative decomposition
(C°)

Tmax2

temperature

of

the

second

stage

of

the

thermo-oxidative

decomposition (C°)
Tonset

starting temperature of the thermo-oxidative decomposition (C°)

α

tilting angle (°)

𝜈

vibrational quantum number, 𝜈 = 0,1,2,3

υe

thermal velocity of electrons (m/s)

υi

thermal velocity of ions (m/s)

𝑒

electron charge (1,602 x 10−19 C)

𝑓

frequency (Hz)

𝜃

apparent contact angle of a liquid droplet (°)

𝜋

mathematical constant (3.14159)

𝜔

angular frequency (rad/s)

𝜙(𝑟)

Debye-Hückel potential at distance r
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INTRODUCTION

Technical textiles which have been defined as textile materials and products manufactured
primarily for their technical and performance properties rather than their aesthetic or decorative
characteristics (The Textile Institute, 1994) have a wide range of applications in agriculture,
fishing, building and construction, technical components of footwear and clothing, geotextiles
and civil engineering, technical components of furniture, household textiles and floorcoverings,
filtration, conveying, cleaning and other industrial uses, medical and hygiene textiles,
automobiles, shipping, railways and aerospace, environmental protection, packaging, personal
and property protection, and sports and leisure (Byrne, 2000). Therefore, the fabrication of hightech protective textiles is important for different applications. Examples of these applications are
tents, sleeping bags and survival suits, fire-protective and heat-resistant garments, biological and
chemical protective clothing, water- and oil-proof garments, diapers, arctic survival suits,
surgical gowns, caps and masks, and patient drapes. These protective garments are designed to
provide protection from certain hazards, such as fire and heat, extreme weather conditions and
infections (Horrocks and Anand, 2000). The development of high-tech, high-performance
protective textiles is closely related to the production of nanomaterials (nanoparticles,
nanocoatings) and their integration either into conventional textile processing techniques or into
newly developed techniques, which give rise to high-tech processing techniques, such as
nanofinishing, nanocoating, nanocomposite coating, nanodying, nanocomposite fibre spinning,
and the electrospinning of nanofibres (Joshi and Bhattacharyya, 2011; Yetisen et al., 2016).

The eco-friendly nanotechnology processes of plasma surface-treatment and sol-gel finishing
provide an outstanding opportunity for the development of novel, upgraded high performance
and durable textile-protective functionalities, such as water- and oil-repellency, soil-repellency,
antimicrobial properties, anti-static properties, conductivity and flame-retardancy. The advantage
of plasma surface-treatment (Gorjanc and Mozetič, 2014; Gorjanc et al., 2013) and sol-gel
(Mahltig and Textor, 2008) technologies is that they enable the nano-sized modifications of the
textile fibre surface without changing the bulk properties of the fibre. This allows combining the
specific properties of conventional textiles with those of new high-performance advanced textiles
arising from the nano-sized surface modifications, which is beneficial for the expansion of the
use of conventional textiles in the area of high-tech textiles.
1
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Plasma (polymerisation, surface activation and etching) and sol-gel technologies enable
changing natural cotton’s high hydrophilicity and oleophilicity, easy creasing and soiling, low
microbial resistance and high flammability properties into water and oil repellency (Montarsolo
et al., 2013; Hoefnagels et al., 2007; Kale and Palaskar, 2010), crease resistance (Schramm et al.,
2014), soil repellency (Manatunga et al., 2016), antimicrobial (Tomšič et al., 2011; Simončič et
al., 2012) and flame-retardant properties (Hu et al., 2012; Alongi et al., 2012(a); Edwards et al.,
2012). In the case of hydrophobic synthetic polyester with an easily charged surface, low surface
reactivity and low thermal stability, it is possible to increase adhesion at the water repellent
coating-fibre surface (Chou and Cao, 2003) to create antistatic properties (Textor and Mahltig,
2010) and increased thermal stability (Carosio et al., 2011).
The ‘‘soft chemistry’’ or ‘‘chimie douce’’ of the sol-gel processing of hybrid
organotrialkoxysilane and organofunctional trialkoxysilane precursors (Schmidt, 1985)
represents

an

exceptional

strategy

regarding

the

environmentally

friendly

surface

functionalization of textile fibres through the deposition of thin hybrid films from the liquid
phase (Mahltig et al., 2005 (a)). During the formation of the hybrid polysilsesquioxane film,
interactions between the polysilsesquioxane network and the fibre surface also occur, which
induce a spontaneous self-organization of the hybrid film on the textile fibre surface, i.e.,
“dangling” organic moieties R' face outwards from the surface. Depending on the chemical
structure of the organic group, different protective surface properties can be tailored. Some
functional properties of the organo-functionalized polysilsesquioxanes on textiles together with
the corresponding chemical structure of the the organic group, R', are presented in Table 1.

The outstanding advantage of these innovative hybrid systems is the opportunity for combining
the thermally stable polysilsesquioxane network with different protective properties originating
from the corresponding molecular structures of the organofunctional moiety. Furthermore, the
sol-gel application of a mixture of three or more organofunctional trialkoxysilane precursors
represents an exceptional and simple method for the development of a multifunctional
multicomponent coating with selected protective properties.

2
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Table 1: Examples of functional properties provided by the specific organic group R' in the
precursor.
Functional property

Structure of R'

Ref.

of R'
Water repellency

(CH2)nCH3

(Mahltig and Böttcher,

Alkyl

2003)

(CH2)2(CF2)nCF3

Oil repellency

(Vilčnik et al., 2009)

Perfluoroalkyl
OCH2CH3

Flame retardancy
H2CH2C

P

(Alongi et al., 2012(b))

O

OCH2CH3
Diethyl[2-ethyl]phosphonate
CH3 Cl +
N
(CH2)nCH3

Antimicrobial
activity

(Simončič et al., 2012)

CH3
Dimethylalkyl ammonium chloride

Electrical

OH

conductivity

NH
H2CH2CH2C

CH2

(Mičušík et al., 2007)

CH2
N
CH2

1-(3-(1H-pyrrole-1-yl)propan-2-ol)-aminopropyl

Antistatic property

(CH2)nNH2
Aminoalkyl

(Textor

and

Mahltig,

2010)

The washing fastness and performance of the formed hybrid nanocoating are not only dependent
on the structure of the precursor but also greatly influenced by the chemical and morphological
properties of the fibre. The chemistry of the fibre surface dictates the strength of the chemical
bonds formed between the fibre surface and the coating (Simončič et al., 2010), which influences
the coating durability. For the covalent attachment of the hybrid silsesquioaxane polymeric
coating and the achievement of high adhesion and a high degree of orientation, the fibre surface
3
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should be rich with hydroxyl groups that can condense with the precursor silanol groups.
Otherwise, only weak physical adhesion between the fibre surface and the coating is possible
through hydrogen and dipolar-dipolar interactions. The surface morphological properties of the
fibre influence the final architecture of the formed coating by enabling or preventing the
formation of dual micro and nano-roughness, which plays a very important role in achieving the
high-performance water and oil repellent properties (Nosonovsky, 2007; Gao and McCarthy,
2006 (a); Tuteja et al., 2008).

Studies have addressed the improvement of the adsorption capacity of fibres and the adhesion of
the hybrid polysilsesquioxane coatings (Montarsolo et al., 2013; Chou and Cao, 2003; Mahltig,
2011) or silica particles (Carosio et al., 2011) by introducing a plasma pre-treatment in the
modification process. Plasma containing active oxygen species enables a uniform and highly
controllable fibre surface oxidation and etching, which enables the incorporation of hydroxyl
groups onto the surface of cotton and polyester fibres and increases the surface roughness (Vesel
et al., 2008; Gorjanc et al., 2010; Samanta et al., 2010; Bhat et al., 2011). The surface oxidation
enhances the interactions between the fibre surface and the coating, and the increased surface
roughness can improve the performance of the water and oil-repellent hybrid coating.

Furthermore, the increase of the surface roughness by the surface deposition of silica particles
was reported to enhance the water- and oil-repellency (Manatunga et al., 2016; Gao et al., 2009;
Li et al., 2015; Hoefnagels et al., 2007; Leng et al., 2009).

Therefore, the goal of this doctoral dissertation research was to create a novel and durable highperformance protective multifunctional water- and oil-repellent, antibacterial, and flameretardant textile by combining the nanotechnological processes of plasma surface pre-treatment
and sol-gel finishing. For this purpose, the main established objectives were as follows:
– to carefully select the organofunctional trialkoxysilane precursors, which will provide
water- and oil-repellency, antibacterial and flame-retardant properties;
– to reach an effective plasma surface activation and etching of the fibre for the improvement
of the water- and oil-repellency as well as durability of the hybrid coating by choosing the
specific parameters of the plasma pre-treatment;
– to prepare sol mixtures of the selected precursors at the specific concentrations and
4
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– to achieve a cooperative or synergistic action of organofunctional moieties in the
multicomponent hybrid polysilsesquioxane coating in order to create a high-performance
multifunctionality;
– to select the specific conditions for the surface deposition of silica micro- and/or
nanoparticles on the fibre surface in the pre-treatment process in order to improve the
water- and oil-repellency as well as durability of the hybrid coating and
– to improve the functional properties and the durability of the hybrid multifunctional
coating by including an appropriate sol-gel precursor with the reactive groups, i.e.
crosslinking agent in the sol mixture.

The main established research hypotheses were as follows:
– the careful selection of the specific organofunctional trialkoxysilane precursors and their
concentrations in the sol mixtures will enable the achievement of the cooperative or even
synergistic action of the organofunctional groups in the multifunctional hybrid protective
coating;
– the performance of the formed hybrid coating will be directly influenced by the chemical
and morphological properties of the fibre;
– the increase in the number of reactive hydroxyl groups on the fibre surface and in the
surface roughness by the plasma pre-treatment will improve the adhesion and the waterand oil-repellency of the hybrid coating;
– the surface-deposited silica micro- and/or nanoparticles prior to the creation of the hybrid
coating will enable the formation of the dual micro- and nano-roughness;
– the inclusion of sol-gel crosslinking precursor in the hybrid coating will increase the
coating’s adhesion and washing fastness.

The chosen textiles were cotton and polyester fabrics. The plasma characteristics during the
treatment were investigated using optical emission spectroscopy (OES). The morphological and
chemical changes in the fibre surfaces induced by the plasma and sol-gel treatments were
analysed using atomic force microscopy (AFM), scanning electron microscopy (SEM), Fourier
transform-infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), time-offlight-secondary ion mass spectrometry (ToF–SIMS) and energy-dispersive X-ray spectrometry
(EDS). The functional properties of the sol-gel-coated fabrics were investigated using static
5
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contact angle measurements with water and n-hexadecane, sliding (roll-off) angle measurements
with water, oil repellency test, the water/alcohol repellency test, the ice-releasing test,
antibacterial testing against Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli, thermogravimetric analysis in an air atmosphere, the vertical flammability test
and cone calorimtry.

6
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LITERATURE REVIEW

2.1

PLASMA

2.1.1 Plasma – the fourth state of matter

Gaseous plasma, as a macroscopically neutral partially ionized gas whose charged particle
density is sufficient to screen any dc electrical potential at a length much smaller than the typical
linear dimension of plasma (Mozetič, 2011), exhibits properties of the fourth state of matter,
whose existence was first elucidated by Crookes in 1879 (Crookes, 1879).

A progressively increased energy supplied to solid matter increases the thermal kinetic energy of
closely packed constituents (atoms/molecules) and enables them to overcome the binding
potential energy and enables the solid matter to transit through four distinct physical states in the
sequence of solid, liquid, gas and plasma. Phase transitions from the solid state to the liquid state
and from the liquid state to the gas state occur abruptly at a well-defined temperature for a given
pressure, whereas the phase transition from the gas state to the plasma state occurs gradually
with an increase in temperature. This is one of the reasons that the transition from the gas state to
plasma cannot be rigorously classified as a phase transition. The transformation of gas into
plasma starts after the dissociation and ionization energies of the neutral particles are reached,
when charge carrier electrons and ionized atoms start to emerge. The plasma characteristics are
defined by the density and temperature of plasma particles, which are recognized as plasma
parameters. The density of negatively charged particles in plasma is balanced by that of the
positively charged particles, which makes plasma macroscopically electrically neutral (Fridman,
2008; Bittencourt, 2004).

2.1.2 Debye shielding and plasma frequency

Although it is a gaseous medium, the interactions that occur between the charged particles in
plasma give rise to completely new features to the plasma state compared to that of the classical
gas. In a classical gas (under a pressure not much larger than atmospheric pressure), binary shortrange interactions occur between electrically neutral species, including van der Waals attractive
7
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forces. The short-range van der Waals attractive force is proportional to 1/R7 (R is the separation
distance) and it changes into a repulsive force after a sufficiently small distance between two
particles is reached. In plasma, long-range electromagnetic interactions occur. These are dictated
by the Coulomb force law according to which the attractive or repulsive Coulomb forces are
proportional to 1/R2, enabling each charged particle in plasma to interact simultaneously with
many other surrounding charged particles over long distances. These interactions are responsible
for the phenomenon of collective behaviour in plasma in which plasma particles act collectively
to neutralize any external stimulus.

Without any external stimulus, plasma has a spatially uniform and equal distribution of ions and
electron densities except in strongly electro-negative gases. In oxygen, for example, the density
of positively charged ions is equal to the sum of electron and negative ion densities. Insertion of
an additional charged particle in initially neutral plasma induces an infinitesimal perturbation
and redistribution of all surrounding charges, i.e., the repulsion of particles of the same polarity
and the attraction of particles of the opposite polarity. This results in the formation of the
charged “cloud” of the opposite polarity to the polarity of the inserted charged particle,
consequently resulting in the formation of a small, finite potential in plasma. The potential of the
charged cloud shields or screens the potential of the test particle (Callen, 2003; Moisan and
Pelletier, 2012; Bittencourt, 2004; Yamamoto and Okubo, 2007; Bellan, 2006) and is called the
Debye-Hückel potential (primarily called the Yukawa potential), 𝜙 (Piel, 2010; Bellan, 2006).
The Debye-Hückel potential at distance 𝑟, 𝜙(r), is given by Equation (1):

𝜙(𝑟) =

𝑞𝑡
𝑒𝑥𝑝(−𝑟⁄𝜆𝐷 )
4𝜋𝑟 2 𝜀0

(1)

where 𝑞t is the charge density of the inserted particle and 𝜀0 is the vacuum electric permittivity,
which is equal to 8,859 x 10−12 F/m.
The nominal radius of the shielding cloud, 𝜆D , is defined as the Debye shielding length, which
can be determined for the individual contributions of electrons and ions (Piel, 2010; Lieberman
and Lichtenberg, 2005) as follows:
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𝑘𝐵 𝑇𝑒 𝜀0
𝑛𝑒 𝑒 2

(2)

𝑘𝐵 𝑇𝑖 𝜀0
𝜆𝐷𝑖 = √
𝑛𝑖 𝑒 2

(3)

𝜆𝐷𝑒 = √

where 𝑘B is Boltzmann's constant, which is equal to 1.38 x 10−23 J/K, 𝑒 is the electron charge
equal to 1,602 x 10−19 C, 𝑇e and 𝑇i are the temperatures of the electrons and ions, and 𝑛e and 𝑛i
are the number densities of electrons and ions.
For 𝑟 ≪ 𝜆D , electrical neutrality cannot be achieved, and the potential 𝜙(r) is equal to the
potential of the inserted charged particle in a vacuum. Achieving electrical neutrality by the
shielding effect is possible only outside the Debye sphere (𝑟 ≫ 𝜆D ). Therefore, only for a plasma
volume much greater than that of the Debye sphere can plasma be considered electrically neutral
on average, while not being exactly neutral, i.e., quasineutral (Bellan, 2006). Similar to how the
inserted charged particle induces the generation of the shielding cloud around it, the potential of
the inserted electrode in plasma induces the shielding effect. The scale length of this shielding
region is a few Debye lengths and is called the sheath (Bellan, 2006).

The shielding (screening) phenomenon also occurs at the interface between the plasma and the
walls that surround the plasma or the plasma and any object inserted into the plasma. This
plasma sheath is always generated as a positively charged boundary layer. The reason for this is
that there is at least a 100-times higher thermal velocity of electrons compared to that of ions
(𝑇e ≥ 𝑇i and 𝑚e ⁄𝑚i ≪ 1, where 𝑚e and 𝑚i are the masses of electrons and ions, respectively)
(Lieberman and Lichtenberg, 2005). The fast-moving electrons much more rapidly escape from
the plasma than massive ions, while some of the escaped electrons become lost to the wall. This
accumulation of the negative charge at the wall surface induces the simultaneous formation of
the positively charged boundary layer. The potential drop trough the sheat can be calculated
according to Equation (4) (Mozetič, 2011):

𝑉𝑝 − 𝑉𝑓 =

𝑘𝐵 𝑇𝑒
𝑚𝑖
𝑙𝑛 (
)
2𝑒
2𝑚𝑒

(4)
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where 𝑉f is the floating potential and 𝑉p is the plasma potential.

The potential drop repels electrons and negatively charged ions directed toward the wall while it
simultaneously accelerates the positive ions entering the plasma sheath. This phenomenon causes
an ion bombardment of the surface of any substrate inserted into the plasma. Because the
amounts of positive and negative charges that left the plasma to form the plasma sheath are
equal, the plasma bulk maintains its quasineutrality (Mozetič, 2011; Chen and Chang, 2003;
Lieberman and Lichtenberg, 2005).
The collective behaviour of plasma is also responsible for the phenomenon of the “plasma”
frequency, which is considered as an important parameter for the characterization of the plasma
state. Every time fast-moving electrons vacate their normal positions, they leave behind an equal
amount of positive charges, which attract electrons back to this location. After moving back and
setting their positions, electrons continue to oscillate back and forth so rapidly, that ion
oscillations can be neglected and ions can be considered in the stationary condition. The
oscillation frequency of plasma electrons, 𝜔p , is given as follows:

𝑛𝑒 𝑒 2
𝜔𝑝 = √
𝑚𝑒 𝜀0

(5)

This oscilation frequency is called the electron plasma frequency, and it is dependent on the
electron density in plasma (Chen and Chang, 2003).

2.1.3 Plasma ionization degree and temperature

According to the ionization degree, plasma systems occur as fully ionized and partially ionized
with the ionization degree in the range of 10−7–10−4.
Examples of fully ionized plasma systems are the earth’s magnetosphere, the solar plasma in the
interior and photosphere as well as plasmas generated in a laboratory for nuclear fusion (Piel,
2010; Fridman, 2008; Callen, 2003; Bittencourt, 2004). Temperatures for the investigated
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astrophysical plasmas range from 1 to 100 eV (1 eV = 11605 K), whereas temperatures of the
fusion plasmas are in the range of tens to thousands of eV.
Partially ionized plasmas include the earth’s ionosphere as well as various types of gas
discharges. The temperature of electrons in weakly ionized plasmas is a few eV, whereas the ion
temperature is almost equal to room temperature (Bellan, 2006).

The solar plasma is an example of a plasma system in thermodynamic equilibrium because the
temperature of all ions and electrons is equal and equivalent to the plasma temperature (Chen
and Chang, 2003; Moisan and Pelletier, 2012). This phenomenon occurs when the densities of
the charged particles are sufficiently high so that freely moving electrons, having a temperature
that significantly exceeds that of the ions, can collide with ions often enough to ensure
equalization of their energies and can achieve thermodynamic equilibrium (Bellan, 2006). A
plasma system in thermodynamic equilibrium can be completely characterized by the
temperature of the plasma system, 𝑇p , and the total number density of heavy particles (neutral
atoms, molecules and ions), 𝑛n (Chen and Chang, 2003; Moisan and Pelletier, 2012).
Plasmas with charged particle densities that are not sufficiently high to establish thermodynamic
equilibrium, i.e., plasma systems far from thermodynamic equilibrium, are called nonequilibrium plasmas. The non-equilibrium plasma is also called non-thermal or cold plasma. The
temperature of ions and neutrals may be equal to ambient temperature, whereas the temperature
of electrons is in the range of 1-10 eV (1 eV = 11605 K; 𝑇e ≫ 𝑇i ≈ 𝑇n ). The number density of
charged carriers is in the range of 10−8–1013 cm−3 (Lieberman and Lichtenberg, 2005). Because
small and light electrons cannot heat large and heavy ions and neutrals, the temperature of heavy
particles is almost equal to room temperature. Non-equilibrium plasma is also called twotemperature plasma and is typically found in weakly ionized gas discharge plasmas. Each specie
in the two-temperature plasma system can be characterized by its own temperature, i.e., the
temperature of electron, 𝑇e and the temperature of ion, 𝑇i , which is approximately equal to the
temperature of the neutral, 𝑇n (Moisan and Pelletier, 2012; Fridman 2008). The temperature of
3

3

plasma electrons and ions is associated with the average kinetic energies ( 2 𝑘B 𝑇e and 2 𝑘B 𝑇i ) and
the second-order thermal velocities υe2 and υi2, as follows (Perucca, 2010):
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𝑚𝑒 𝜗𝑒2
𝑇𝑒 =
3𝑘𝐵

(6)

𝑚𝑖 𝜗𝑖2
3𝑘𝐵

(7)

𝑇𝑖 =

2.1.4 Collisions in weakly ionized plasma

In partially ionized plasma, the predominately occurring collisions are between charged and
neutral particles; these are short-range charge-neutral interactions. Because neutrals have no
external electric field, ions and electrons cannot interact with them unless the charged particle
approaches the neutral particle at sufficiently small interatomic distances. In a collision with the
neutral, the charged particle scatters away from it. Depending on whether the internal energy of
the colliding particles is changed, scattering is classified as elastic or inelastic. Elastic scattering
induces no change in the internal energy of the colliding particles, whereas inelastic scattering
can cause ionization and/or excitation of atomic-level transitions, the production of radicals and
metastable molecular states (Bellan, 2006; Fridman, 2008).

The commonly generated weakly ionized plasma under laboratory conditions is electrically
driven discharge in gas, in which the light and fast-moving electrons preferably acquire kinetic
energy from the electric field with respect to neutrals and ions. Driven by this energy, electrons
inelastically collide with heavy particles often enough so that the chemical processes of
dissociation, ionization and excitation can overcome recombination processes, i.e., to sustain the
plasma. Collisions of interest in weakly ionized plasmas are electron collisions with molecules.

Inelastic electron collisions with molecules can result in different dissociative and
nondissociative chemical processes (Chen and Chang, 2003; Lieberman and Lichtenberg, 2005;
Fridman, 2008). Taking the example of a diatomic molecule, AB, these processes are presented
in Figure 1.
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𝑒 − + 𝐴𝐵 → 𝐴 + 𝐵 + 𝑒 −
𝑒 − + 𝐴𝐵 → 𝐴𝐵 + + 𝑒 − + 𝑒 −
𝑒 − + 𝐴𝐵 → 𝐴+ + 𝐵 + 𝑒 − + 𝑒 −
𝑒 − + 𝐴𝐵 + → 𝐴 + 𝐵 ∗

dissociation
ionization
dissociative ionization
dissociative recombination

𝑒 − + 𝐴𝐵 → 𝐴𝐵 − → 𝐴 + 𝐵 −

dissociative electron attachment

𝑒 − + 𝐴𝐵 → 𝐴+ + 𝐵 − + 𝑒 −

polar dissociation

𝑒 − + 𝐴𝐵 − → 𝐴𝐵 + 𝑒 − + 𝑒 −

electron impact detachment

𝑒 − + 𝐴𝐵(𝜈 = 0) → 𝐴𝐵 −

vibrational and rotational excitation

𝐴𝐵 − → 𝐴𝐵(𝜈 > 0) + 𝑒 −

Figure 1: Dissociative and nondissociative chemical processes resulting from the inelastic
collisions of electrons with molecules.

Processes in Figure 1 include dissociation, nondissociative ionization and dissociative ionization,
dissociative recombination, dissociative electron attachment, polar dissociation, electron impact
detachment and vibrational and rotational excitation. They are described as follows:
– dissociation – after the excitation of a molecule AB to an unstable state, the molecule AB
dissociates, while the excess energy is converted into the translational energy of molecular
fragments;
– nondissociative ionization and dissociative ionization – if the energy transferred to a
molecule by the electron does not greatly exceed the ionization potential, and then
formation of a stable AB+ occurs, whereas dissociative ionization occurs when the
transferred energy greatly exceeds the ionization potential;
– dissociative recombination – capturing of an electron by a positive ion AB+ results in a
dissociation of the molecule and the production of fast, excited neutral fragments;
– dissociative electron attachment – attachment of an electron results in the formation of a
stable, negative ion fragment and neutral;
– polar dissociation – production of a negative ion without electron capturing;
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– electron impact detachment – collision between an electron and negative ion AB– that
results in the formation of a neutral AB by electron detachment and
– vibrational and rotational excitation – capturing of an electron by molecule AB results in
the formation of a vibrationally or rotationally excited state of AB through the formation of
an intermediate AB–.

Additionally, the collisions between ion-ion, ion-neutral and neutral-neutral can result in an
elastic scattering, resonant and nonresonant charge transfer, positive-negative ion recombination,
associative detachment, transfer of excitation, rearrangement of chemical bonds, and different
three-body processes (Chen and Chang, 2003; Lieberman and Lichtenberg, 2005).

2.1.5 Gas discharge plasmas

Gas discharge plasma can be simply produced by applying an electric potential, V, across the two
parallel conducting electrodes inserted into a glass tube, which is filled with gas usually et low
pressure. The gas discharge is schematically presented in Figure 2 (Lieberman and Lichtenberg,
2005).

By increasing the voltage up to a certain point at which a sufficient effective electrical energy is
generated, the current abruptly increases. This abrupt current increase occurs when gas “breaks
down” to form plasma, i.e., charge carriers. These charge carriers are further accelerated by the
electric field, transferring their energies to gas molecules through collisions, thus generating
more charge carriers. Simultaneously, the recombination processes occur until the steady state of
the plasma is achieved. The latter example of plasma is known as a low-current, high-voltage
glow discharge. The density of charged particles in weakly ionized plasma is a small fraction of
the density of neutral gas (Lieberman and Lichtenberg, 2005; Fridman, 2008).

Figure 2: Schematic presentation of a gas discharge plasma (Lieberman and Lichtenberg, 2005).
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The types of weakly ionized plasma are defined according to the mechanism of their generation,
with the pressure range and the electrode geometry depending on the specific applications of the
plasma. The most common discharges that are used to treat the textiles are:
– glow discharge (GD);
– dielectric barrier discharge (DBD);
– corona discharge (CD) and
– radiofrequency discharge (RFD).

The application of a sufficiently high voltage between two parallel electrodes inserted into a gas
results in an electrical discharge through the gas and a continuous current flow through the
discharge, i.e., direct current (d.c.) glow discharge (GD). This discharge is visible as a
homogenous luminous discharge across the electrodes. The accelerated electrons excite and
ionize gas molecules through inelastic collisions with them. Because these excitation processes
are followed by the de-excitations and emission of optical radiation, the discharge is visible as a
glow. The formed ions, being accelerated towards the cathode by its electric field, induce the
secondary emission of electrons at the cathode, thus creating additional electrons. The continuity
in the electron and ion production enables the glow discharge plasma to exist as a self-sustained
continuous discharge. The applied potential difference between two electrodes decreases almost
to zero close to the cathode and represents the potential drop of the formed sheath (characterized
by the domination of the positive space charge), which in this case, is called the “cathode dark
space”. The plasma potential remains nearly equal to zero through the largest part of the
discharge, which is the so-called “positive column”. The anodic part consists of a transitional
layer to the anode but the electric field next to the anode is much lower than next to the catode
(Bogaerts et al., 2002; Piel, 2010).

The dielectric barrier discharge (DBD) is generated when an alternating current (a.c.) voltage
with frequencies of 50 Hz to 1 MHz is applied between two parallel electrodes, where at least
one of these is covered with a dielectric material (quartz, ceramic material). Randomly
distributed microdischarge filaments are generated, crossing the discharge gap. The dielectric
barrier discharge is also called “silent discharge”. The dielectric barrier discharges operate at
approximately atmospheric pressure. A greater amplitude of the applied voltage gives rise to a
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larger number of microdischarges. The charge carriers, flowing from the microdischarge to the
dielectric material, accumulate at the dielectric surface to reduce the electric field of the
microdischarge. This interrupts the charge current and results in a very short lifetime of the
microdischarge filament, which is on the order of a few nanoseconds. The consequence of this
short lifetime of the dielectric barrier microdischarge is a limited charge transfer and a very low
overheating followed by molecule excitation and the emission of optical radiation. Typical
electron energies are in the range of 1-10 eV, and the average electron density is in the range of
𝑛𝑒 = 1014–1015 cm−3 (Bogaerts et al., 2002; Conrads and Schmidt, 2000; Fridman, 2008; Tendero
et al., 2006).

The corona discharge (CD) is generated when a high negative pulsed d.c. voltage is applied
between two electrodes while the cathode is in the form of a wire. The discharge of the negative
corona appears around the wire and takes the form of a lighting crown. Similar to the case of the
d.c. glow discharge, the positive ions, formed through the inelastic collisions with electrons, are
accelerated towards the wire where they induce the secondary emission of electrons. Electrons
are further accelerated toward the plasma in the form of a streamer in which “front streamer”
electrons carry energies of approximately 10 eV, whereas energies of “tail streamer” electrons
are on the order of 1 eV. The short time-scale pulses of the source prevent plasma heating and
allow its generation as a strongly non-equilibrium plasma. Corona discharge operates at
approximately atmospheric pressure. In the setup of a positive corona, the wire-cathode is
positively polarised and acts as the anode (Bogaerts et al., 2002; Fridman, 2008; Tendero et al.,
2006).

The radiofrequency discharge (RFD) is generated by applying high-frequency electromagnetic
fields using the radiofrequency range (𝑓 = 𝜔⁄2𝜋) of 1-100 MHz. By placing electrodes outside
the closed vessel in which the plasma discharge occurs, the risk of plasma contamination by
impurities from electrodes is minimized, which represents a great advantage over the other types
of discharges. The RFD can be generated at both low and atmospheric pressures, but is mostly
generated at low pressure. The commonly used frequency for the RF discharge plasma
generators is 13.56 MHz. This frequency of electromagnetic waves is lower than the electron
plasma frequency and higher than the ion plasma frequency, indicating that ions, in contrast to
electrons, cannot follow the changing RF field (Mozetič et al., 1997). These high frequencies of
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electromagnetic waves induce the coupling of the input power in the discharge. Two types of
power coupling in the RF discharge can be distinguished, i.e., capacitive and inductive.
Accordingly, RF discharges can be classified into capacitively coupled discharges and
inductively coupled discharges.

In the case of capacitively coupled discharge, the power coupling in the discharge occurs
between the capacitive sheaths of two electrodes, which can be placed either inside or outside of
the insulating walls of a closed vessel. After the alternating current (a.c.) voltage in the
radiofrequency range is applied between these two electrodes, both will act alternately as the
cathode and anode, so that each of them can charge up negatively in the first half-cycle and
release the charge in the next half-cycle. In this manner, the quasi-continuous discharge is
generated. The half period of the frequency of the alternating voltage must be less than the time
required for the insulating surface to charge up. The electron density is in the range of 𝑛𝑒 = 109–
1010 cm−3 (Bogaerts et al., 2002; Conrads and Schmidt, 2000; Piel, 2010).

The difference in the mass between electrons and ions causes an intrinsic phenomenon
characteristic of a capacitively coupled discharge, the so called “self-bias”. The self-bias
develops because of the lower mobility of ions, consequently, the less pronounced charged up of
capacitors by the ion current. This explains why the ion energy near the powered electrode can
reach energies of a few hundred electron volts, which has been applied in a plasma etching
processes and plasma-enhanced chemical vapour deposition (Piel, 2010).

The inductively coupled discharge is generated by applying the RF currents to the inductive coil,
which can be arranged as a flat spiral in a planar configuration or a cylindrical spiral surrounding
the walls of a closed vessel. The RF current in the coil generates a RF magnetic flux, for which a
time-varying density induces a solenoidal RF electric field. This electric field accelerates
electrons and sustains the plasma. The electron density is in the range of 𝑛𝑒 = 1012–1013 cm−3
(Bogaerts et al., 2002; Conrads and Schmidt, 2000; Cvelbar et al., 2008; Fridman, 2008).

Depending on the applied power and gas pressure, two modes of the inductively coupled plasma
can be generated: the low-power electrostatic mode (E-mode) and the inductive mode (H-mode).
The E-mode is generated by the RF electric field of the spiral or coil, and it is characterized by a
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plasma density of 109–1010 cm−3. The H-mode is characterized by the generation of an electron
flow, i.e., the ring current inside the skin layer in the direction opposite to the RF current in the
exciter coil. This mode causes higher plasma densities, which are in the range of 1012–1013 cm−3
(Piel, 2010; Zaplotnik et al., 2011).

Contrary to the capacitively coupled discharge, the inductively coupled discharge is
characterized by a low drop in voltage through the sheath and moderate ion energies.

2.1.6 Plasma surface modification of an organic substrate

Nonequilibrium plasma is a reactive medium whose action can be controlled at the nano-scale
level. Because the plasma bulk temperature is equal to ambient temperature, this reactive tool
can be used for the modification of surfaces of heat-sensitive polymers and textiles. Additionally,
the application of plasma treatments as short-lasting, dry, solvent-free and eco-friendly has the
potential of being a green technology, whose utilization is more favourable than the conventional
wet processing technologies (Shishoo, 2007; Morent et al., 2008; Jelil, 2015).
The exact mechanisms of the plasma-polymer surface interactions are very complex, and to date,
are not completely understood. In general, plasma reactive species (electrons, ions, excited
neutrals, atoms, radicals and photons) react with the polymer’s outermost layer, causing
chemical and micro- and nano-scaled physical surface modifications, i.e., surface polymerisation
and activation, and surface etching and cleaning (Figure 3) (Fridman, 2008; Rauscher et al.,
2010).

The use of a polymerisable gas,

such

as

tetrafluoroethylene, acrylic acid,

and

hexamethyldisiloxane, as the feeding gas for discharge generation enables a radical-promoted
polymerisation process at the plasma-treated organic substrate surface. The plasma
polymerisation process on the substrate surface is initiated by the fragmentation of the gaseous
monomer molecules in the plasma, after which formation of the polymer network on the
substrate surface occurs; it is strictly specific for each used reactive polymerisable gas (Fridman,
2008). This plasma process enables the formation of different functional coatings on the textile
surface (Hegemann, 2006; Kale and Palaskar, 2010; Edwards et al., 2012).
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Figure 3: Schematic presentation of different modifications of the surface of an organic substrate
by plasma treatment.

The use of a non-polymerisable feeding gas, such as argon, air, nitrogen, or oxygen, enables
surface activation and surface etching. Contrary to the surface polymerisation, the surface
activation by plasma is relatively non-specific process. The surface activation is initiated by
plasma reactive particles and UV radiation, which cause breaking of R-H and C-C bonds and the
formation of the organic radical R(•) and atomic hydrogen. The subsequently induced chain
radical reactions at the substrate surface lead to the formation of novel functional groups, such as
hydroxyl, carbonyl, carboxyl, and amine groups, which enrich the surface functionality and
increase the surface polarity of the substrate. In the case of oxygen-containing plasmas, the
surface activation process includes the formation of an active organic peroxide radical RO2(•)
produced in the reaction of the free polymer radical R(•) and molecular oxygen (Gheorghiu et al.,
1997; Andreozzi et al., 2005; Wertheimer et al., 1999). Plasma surface etching occurs as physical
sputtering by ion bombardment (in the case of high-voltage sheats) and as chemical etching by
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the volatilization of the products from surface chemical reactions caused by atomic oxygen and
electronically excited oxygen molecules. Plasma surface etching modifies the substrate surface
topography and the roughness level at the micro- and nano-scale through polymer chain scission
and occurs simultaneously with surface activation (Shishoo, 2007; Rauscher et al., 2010;
Fridman, 2008; Chan et al., 1996). By the controlled action of energetic plasma ions, the surface
etching can be conducted as a surface cleaning process. As a process of removing surface
impurities, plasma surface cleaning is very useful in the field of textiles, where the cleaning of
manufacturing impurities from the textile surface is mandatory to obtain a good adhesion of the
agent applied in the further textile processing (Keller et al., 2005; Wang et al., 2013; Gorjanc et
al., 2010; Bhat et al., 2011; Karahan and Özdoğan, 2008).

2.1.6.1 Textile surface activation and etching by plasma

The processes of surface activation and etching of textiles occur simultaneously during plasma
treatment with non-polymerisable feeding gases, i.e., chemically inert gases, such as argon and
helium, and reactive gases, such as air, hydrogen, nitrogen, oxygen, water vapour, carbon
dioxide or gas mixtures. The resulting degree of surface activation and etching is highly variable
and depends on the type of the chemistry of the textile surface, the type of gas used for the
discharge generation and other plasma parameters influencing the intensity of plasma treatment.

The interactions of the polymer with the plasma containing active oxygen species start with the
formation of a free polymeric radical R(•), which is generated by the action of atomic oxygen,
ions and UV photons. In the case of poly(ethylene terephthalate), the primary formed radicals,
i.e., -phenyl•, -phenyl-CO• and -phenyl-COO•, recombine with a H• radical or liberate CO, CO2
and the -phenyl• radical. These radicals react further with atomic and molecular oxygen in chain
radical reactions, which propagate the polymer degradation followed by the liberation of CO,
CO2, H2O, H2, H• and OH•. Simultaneously, the competitive process of crosslinking occurs by
the recombination of two neighbouring aryl radicals (Gheorghiu et al., 1997; Krstulović et al.,
2006). The formation of a cellulosic radicals during the interaction with plasma lead to a
liberation of hydroxyl groups and H• as well as to the formation of the -COO• radical by the
attachment of a molecular oxygen from the plasma (Andreozzi et al., 2005). Upon the oxygencontaining plasma treatment, the incorporation of oxygen-containing groups, such as C–O, O–
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C=O and C=O (carbonyl-, carboxyl- or hydroxyl functional groups), at the expense of the C-C
and C-H bonds is detected for both poly(ethylene terephthalate) (Vesel et al., 2008; Riccardi et
al., 2003; Wei et al., 2007) and cotton (Inbakumar et al., 2010; Gorjanc et al., 2010; Patiño et al.,
2011). Simultaneously, surface etching occurs, resulting in morphological surface changes and
increased surface roughness of both poly(ethylene terephthalate) (Kan, 2007; Wei et al., 2007;
Samanta et al., 2010; Poletti et al., 2003; Raffaele-Addamo et al., 2006) and cotton (Bhat et al.,
2011; Karahan and Özdoğan, 2008; Ma et al., 2010; Sun and Stylios, 2006).

Plasmas containing an excess of active oxygen species, such as air and O2 plasmas, provide very
fast and invasive oxidation of polymer radicals. Plasmas containing trace amounts of an active
oxygen species (less than 0.1%), such as argon and helium plasma, show two competitive
processes occurring at the polymer surface, i.e., cross-linking and oxidation. The competitive
processes of cross linking between neighbouring polymer radicals and their reaction with the
highly reactive oxygen species result in a large oxygen surface incorporation through the
formation of an oxidized cross-linked structure (Gheorghiu et al., 1997; Andreozzi et al., 2005;
Morent et al., 2007; Borcia et al., 2006; Karahan and Özdoğan, 2008; Mihailović et al., 2010;
Tourrette et al., 2009). Nitrogen incorporation onto the polyester and cotton surface during the
air or nitrogen plasma treatments was found to be barely detectable, even for the extended
treatment times (Borcia et al., 2006; Inbakumar et al., 2010) or in the case of the nitrogen
plasma, detectable in smaller concentrations compared to the incorporated oxygen (Tourrette et
al., 2009). This implies the extremely higher rate of the surface oxidation process. The extent of
the incorporation of hydroxyl and carboxyl functionalities onto the poly(ethylene terephthalate)
surface by the CO2 plasma treatment is comparable to that of the O2 plasma when the same
plasma parameters were used for the generation of both plasmas. The generation of the same
reactive species, i.e., atomic oxygen, from both CO2 and O2 plasmas, where CO2 and O2
molecules have similar dissociation energies, results in the similar surface activation and surface
recombination processes (Vesel, 2011).

The highly effective surface oxidation of cotton and polyester by the argon plasma is followed
by the etching effect, which is higher compared with that of the helium, air, and O2 plasmas,
most likely because argon has the largest mass of bombarding ions, which cause more intensive
physical etching (Karahan and Özdoğan, 2008; Demir et al., 2011; Poletti et al., 2003;
21

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016
LITERATURE REVIEW

Mihailović et al., 2010; Raffaele-Addamo et al., 2006). The etching of polyester by plasma
generated from the mixture of argon and air (1:1) is less prominent and less symmetric than that
of pure air plasma, whereas this mixture shows a synergistic action in surface activation due to
the promotion of the oxygen surface incorporation by the argon’s physical etching (Fang and
Zhang, 2009; Andreozzi et al., 2005). Additionally, the Ar/air plasma is more prominent in the
polyester surface activation than CO2, water vapour and He/O2 plasmas (Hossain et al., 2006).
Compared to nitrogen plasma, oxygen plasma introduces more pronounced morphological
changes of the cotton fibre surface due to the more intensive chemical etching (Shahidi et al.,
2010).

The increase in the plasma parameters, i.e., pressure (in the case of the low-pressure plasma
treatment) and plasma power, as well as prolonged exposures intensify the interaction between
the plasma and the surface of cotton and polyester, irrespective of the used feeding gas. The
intensified plasma action enhances the incorporation of the oxygen-containing functional groups
(Guo et al., 2009; Raffaele-Addamo et al., 2006; Borcia et al., 2006; Shin and Yoo, 2008;
Karahan and Özdoğan, 2008; Inbakumar et al., 2010) as well as the etching effect (RaffaeleAddamo et al., 2006; Poletti et al., 2003; Wei et al., 2007; Takke et al., 2009; Demir et al., 2011).
Prolonged exposures to plasma increase the surface roughness up to a certain point, after which
smoothing of the surface starts to occur (Raffaele-Addamo et al., 2006).

Surface activation by the incorporation of oxygen-containing polar groups and the etching
processes of the cotton and polyester surface increase the surface polarity and energy (Samanta
et al., 2009), consequently improving the hydrophilic characteristics of both cotton (Patiño et al.,
2011; Inbakumar et al., 2010; Karahan and Özdoğan, 2008; Vaideki et al., 2009; Bhat et al.,
2011; Sun and Stylios, 2006; Malek and Holme, 2003; Temmerman and Leys, 2005) and
polyester fabrics (Besada et al., 2011; Borcia et al., 2006; Hossain et al., 2006; Kan and Yuen,
2013; Mihailović et al., 2010; Salem et al., 2011; Samanta et al., 2009; Wei et al., 2007; Xu et
al., 2003; Inbakumar and Anukaliani, 2009). The hydrophilization effect improves wettability,
which becomes enhanced with increasing plasma pressure, treatment time and power to a certain
point, after which saturation occurs. The increased surface polarity and energy of the plasmatreated polyester fibres improve their capacity to capture moisture, which reduces the surface
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charge density and improves the antistatic performance (Kan, 2007; Gotoh and Yasukawa, 2010;
Samanta et al., 2010; Chongqi et al., 2010).

The increased surface energy and improved hydrophilic characteristics of the plasma pre-treated
cotton and polyester fibre surfaces improve their adhesion ability and reactivity in a wide range
of different wet textile processes. The oxygen-containing plasma treatments improve the
reactivity of cotton towards the reactive and natural dyes (Bhat et al., 2011; Gorjanc et al., 2010;
Patiño et al., 2011; Sun and Stylios, 2004) and the reactivity of polyester towards disperse, basic
and some natural dyes (Shahidi et al., 2015; Raffaele-Addamo et al., 2006) as well as the digital
printing performance of both cotton and polyester (Yuen and Kan, 2007; Park and Koo, 2014;
Fang and Zhang, 2009). Additionally, oxygen-containing plasma treatments increase the
adhesive properties of the polyester towards particles, such as Ag, montmorillonite and TiO2,
thus improving their antibacterial activity, flame retardancy and antibacterial-UV protective-selfcleaning properties, respectively (Gorenšek et al., 2010; Carosio et al., 2011; Mihailović et al.,
2010). In the case of cotton, the oxygen-containing plasma pre-treatment also increases the
loadings of TiO2 and Ag (Mihailović et al., 2011; Shahidi et al., 2010). Other examples of the
successful use of the improved surface activation by oxygen-containing plasma pre-treatment are
the fabrication of (1) durable antimicrobial cotton due to the increased concentration of the
adsorbed antibacterial agent thymol, which covalently bonds to the cellulosic surface (Shahidi et
al., 2014), (2) permanently hydrophilic polyester due to the improved adhesion between the
hydrophilization agent poly(ethylene glycol) and polyester surface through intensified hydrogen
bonding between the ether groups of poly(ethylene glycol) and the plasma-generated carboxyl
groups of polyester (Takke et al., 2011), and (3) a significantly improved effect of silicone
softener efficiency on polyester (Parvinzadeha and Ebrahimi, 2011). Furthermore, plasmaincorporated oxygen-containing functionalities onto the cotton and polyester surfaces enhance
the interface adhesion with the organo-functionalized polysiloxane hybrid coatings, which
covalently bond with cellulosic hydroxyl groups and plasma-generated hydroxyl groups on
polyester (Montarsolo et al., 2013; Chou and Cao, 2003).
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2.2

SOL-GEL

2.2.1 Introduction to the sol-gel process

The sol-gel process is a synthesis route for the fabrication of high-purity oxide materials with
tailored chemical and physical properties (Brinker and Scherer, 1990; Assink and Kay, 1991;
Livage, 2004). The sol-gel process involves the formation of a sol – a stable suspension of
colloidal particles in a liquid - and its transition to a gel – a porous three-dimensional continuous
solid network surrounding and supporting a continuous liquid phase (“wet gel”). The study of the
sol-gel processing of tetraethoxysilane was first conducted by Ebelmen in the mid-1800s when
he observed that the total hydrolysis of tetraethoxysilane followed by condensation leads to the
formation of the silica gel, which forms a clear monolithic product upon aging (Hench and West,
1990; Brinker, 1988; Schmidt et al., 1984). The sol formed by hydrolysis of the precursors, such
as metal alkoxides, contains reactive monomers. During the sol-gel process, reactive monomers
polymerise through condensation reactions into a continuous cross-linked porous inorganic
network, which forms a gel (Schubert, 2015). Evaporation of the solvent from the gel induces
shrinkage of the gel network and the formation of an amorphous structure called a xerogel.
Heating transforms this amorphous structure into a crystalline structure, which gives rise to
dense ceramics. By controlling the reaction conditions, the shape of the oxidic polymerisation
product can be controlled and tailored into thin coatings, aerogels, monosized powders, and
fibres (Figure 4) (Brinker and Scherer, 1990; Hench and West, 1990).
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Figure 4: Schematic representation of the different routes in the sol-gel process (Brinker and
Scherer, 1990).

Hydrolysis and condensation reactions in the sol-gel process can occur via hydrolytic (aqueous)
or non-hydrolytic (non-aqueous) mechanisms, depending on whether water or an organic solvent
is used. The main difference between these two mechanisms is the reaction rate, which is higher
in the case of the hydrolytic mechanism due to the high reactivity of the metal oxide precursors
towards water. The moderate reactivity provided by the organic solvents allows slower reaction
rates (Niederberger and Pinna, 2009).

The precursors used in the aqueous sol-gel process consist of a metal or metalloid element,
which can be surrounded by various ligands, i.e., inorganic metal salts or organic metal
alkoxides (Corriu and Leclercq, 1996). Metal/metalloid alkoxide precursors are more commonly
used than inorganic metal salts due to the unpredictability of the aqueous chemistry of the
inorganic metal salts. Alkoxide precursors of metalloid Si and metals Ti, Al and Zr prevail in the
industry due to their low cost, whereas the broad use of silicon alkoxides in sol-gel technology is
due to their lower reactivity and more controllable kinetics (Brinker and Scherer, 1990; Schmidt,
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1988; Wen and Wilkes, 1996). Some examples of alkoxide precursors of Ti and Al are presented
in Figure 5.

(H3C)2HCO

OCH2CH2CH2CH3

(H3C)2HCO

Ti

Al
H3CH2CH2CH2CO

OCH2CH2CH2CH3

OCH(CH3)2

(H3C)2HCO
Titanium isopropoxide

Aluminium n-butoxid

Figure 5: Structures of alkoxide precursors of Al and Ti.

2.2.2 Aqueous sol-gel processing of silicon alkoxide precursors

2.2.2.1 Classification of silicon alkoxide precursors

The higher electronegativity of silicon compared to Ti, Al and Zr makes silicon less susceptible
to nucleophilic attack, making silicon alkoxides less reactive, consequently moderating the rate
of the hydrolysis and condensation reactions. As a metalloid, silicon exhibits the properties of
metals and non-metals (Brinker and Scherer, 1990). The broadly used silicon alkoxide precursors
are tetraethoxysilane, TEOS (Si(OC2H5)4), and tetramethoxysilane, TMOS (Si(OCH3)4), which
are esters of silicic acid derived from methanol and ethanol, respectively (Figure 6). TEOS and
TMOS are liquids, whereas the third member of this series, tetrapropoxysilane TPOS
(Si(OC3H7)4) (Figure 6), is a crystallized solid (Kessler, 2015).

H3CO
H3CO

H3CH2CH2CO

H3CH2CO
Si

OCH3

H3CO
Tetramethoxysilane (TMOS)

H3CH2CO

Si

OCH2CH3

H3CH2CO
Tetraethoxysilane (TEOS)

H3CH2CH2CO

Si

OCH2CH2CH3

H3CH2CH2CO
Tetrapropoxysilane (TPOS)

Figure 6: Structures of tetraalkoxysilanes.
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The replacement of alkoxide groups with a nonhydrolysable organic substituent gives rise to
organoalkoxysilanes or organofunctional alkoxysilanes, RʹnSi(OR)4-n, (Figure 7(a)), where Rʹ
represents a nonhydrolysable alkyl or organofunctional (–(CH2)3NH2, –(CH2)2(CF2)5CF3, –
(CH2)3Cl) substituent, respectively. OR is a hydrolysable alkoxy group and n = 1 – 3 (Brinker
and Scherer, 1990). Examples of the organotrialkoxysilane and organofunctional alkoxysilane
are presented in Figures 7(b) and 7(c).

H3CO
H3CO

H3CO
Si

(CH2)11CH3

H3CO

Si

(CH2)3Cl

H3CO

H3CO
Dodecyltrimethoxysilane

(a)

(b)

3-chloropropyltrimethoxysilane

(c)

Figure 7: Structures of organotrialkoxysilane (a), and examples of organotrialkoxysilane (b) and
organofunctional alkoxysilane (c) precursors.

Organoalkoxysilanes or organofunctional alkoxysilanes belong to the group of hybrid organicinorganic materials. In general, the hybrid organic-inorganic materials include organic and
inorganic components intimately mixed on the molecular scale. Depending on the type of
interactions that connect these two components, hybrid materials are divided into two distinct
classes. A schematic representation of the classification of hybrid organic-inorganic materials is
presented in Figure 8.

Class I hybrid materials are characterized by weak bonds (hydrogen, van der Waals or ionic
bonds) between organic and inorganic phases. The examples of this class are blends of inorganic
particles with organic polymers and interpenetrating inorganic and organic networks. In the case
of class II hybrid materials, organic and inorganic phases are linked through covalent bonds
(Sanchez et al., 2005; Kickelbick, 2006; Boury and Corriu, 2002).
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Hybrid organic-inorganic materials

Class II

Class I

Blends

Interpenetrating
networks

Organo- and organofunctional
alkoxysilanes
Rʹn–Si(OR)4-n

Bridged silsesquioxanes
(OR)3Si–Rʹʹ–Si(OR)3

Organo- and organofunctional
dialkoxysilanes
Rʹ2–Si(OR)2

Organo- and organofunctional
trialkoxysilanes
Rʹ–Si(OR)3
Rʹ = Network
forming

Polyhedral oligomeric
silsesquioxanes (POSS)
Rʹ–(SiO3/2)n (n = 6, 8, 10, …)
(OR)3Si–R''–Si(OR)3

Rʹ = Network
modifying

Figure 8: Schematic representation of the classification of hybrid organic-inorganic materials
according to the nature of bonding between the organic and inorganic phases (Sanchez et al.,
2005).

Currently, the most explored representatives of class II hybrid materials are organoalkoxysilane
and organofunctional alkoxysilane precursors, as well as bridged silsesquioxane precursors
(OR)3Si–Rʹʹ–Si(OR)3, where Rʹʹ represents an organic spacer (Kickelbick, 2006; Hüsing and
Hartmann, 2009; Wen and Wilkes, 1996; Sanchez et al., 2005; Schottner, 2001). Another
representative of class II hybrid materials is polyhedral oligomeric silsesquioxanes (POSS), (RʹSiO3/2)n (n = 6, 8, 10, …) (Jerman et al., 2010; Jerman et al., 2011). The main difference between
organoalkoxysilane and bridged silsesquioxane precursors is their cross-linking ability, arising
from the number of polymerisable groups. The lower cross-linking ability of the
organoalkoxysilanes compared to that of the bridged silsesquioxanes allows the generation of
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linear polymers and cyclic oligomers in the case of organodialkoxysilanes Rʹ2–Si(OR)2 (hybrid
elastomers) or open network structures in the case of organotrialkoxysilanes Rʹ–Si(OR)3.
Depending on the molecular structure of Rʹ in organofunctional trialkoxysilane, the Rʹ moiety
can act as a network former or a network modifier (Schmidt, 1985; Sanchez et al., 2005). The
network forming organic moieties are polymerisable groups, such as vinyl, methacryloxy, and
epoxy groups. The network-modifying moieties are non-hydrolysable and non-polymerisable
organic groups, which decrease the crosslinking degree by blocking the formation of bonds at the
silicon atom. In addition to the network-modifying effect, these embedded organic moieties also
act to functionalize the polysilsesquioxane network. The latter is strictly defined by the chemical
structure of the organic moiety, and examples are alkyl, phenyl, perfluoroalkyl, aminopropyl,
and mercaptopropyl (Schmidt, 1985; Sanchez et al., 2005; Kickelbick, 2006; Baney et al., 1995).
Some examples of organotrialkoxysilanes with network-forming and network-modifying organic
moieties are presented in Table 2.
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Table 2: Examples of organotrialkoxysilanes with network-forming and network-modifying
organic moieties.
Property of Rʹ

Structure of precursor
H3CH2CO
H3CH2CO

Si

CH
CH2

H3CH2CO

Vinyltriethoxysilane

H3CH2CO
H3CH2CO

Network forming

O
Si

(CH2)3O

C
C

H3CH2CO

CH2

H3C
Methacryloxypropyltriethoxysilane

H3CH2CO
H3CH2CO

Si

(CH2)3O

CH2

H3CH2CO
O
3-(Glycidoxypropyl)triethoxysilane
H3CH2CO
H3CH2CO

Si

CH2CH2(CF2)7CF3

H3CH2CO
1H,1H,2H,2H-Perfluorodecyltriethoxysilane

H3CH2CO
H3CH2CO

Network modifying

Si

CH2CH2NH2

H3CH2CO
2-aminoethyltriethoxysilane
H3CH2CO
H3CH2CO

Si

CH2CH2CH2SH

H3CH2CO
3-mercaptopropyltriethoxysilane
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2.2.2.2 Hydrolysis and condensation reactions

Because of the immiscibility of water and silicon alkoxides, the hydrolysis and condensation
reactions of silicon alkoxide precursors usually proceed in their parent alcohols, which act as
homogenizing agents. The aqueous sol-gel processing of silicon alkoxide precursors involves a
series of hydrolysis and condensation polymerisation reactions, as presented in Figure 9. The
hydrolysis reaction of silicon alkoxides results in the replacement of the alkoxide groups with
hydroxyl groups (–OH) from the water molecules. Hydrolysed precursors can react with each
other or with non-hydrolysed silicon alkoxides in the water-forming or alcohol–forming
condensation reactions, respectively, to produce siloxane bonds (Si–O–Si) and the connected
SiO4 tetrahedra, i.e., a three-dimensional polysiloxane network. Both hydrolysis and
condensation are reversible reactions. Therefore, the esterification of the silanol groups occurs as
the reverse of the hydrolysis, and the hydrolytic or alcoholic depolymerisation of the siloxane
bond (≡Si–O–Si≡) occurs as the reverse of the water– or alcohol–forming condensation,
respectively (Brinker and Scherer, 1990).

hydrolysis

RO
RO

Si

RO

OR + H2O
esterification

RO

RO
Si

OH + ROH

RO

water condensation

Si

OH + HO

Si

Si

O

Si

+ H2O

Si

O

Si

+ ROH

hydrolysis
alcohol condensation

Si

OR + HO

Si
alcoholysis

Figure 9: Precursor hydrolysis and condensation reactions.

31

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016
LITERATURE REVIEW

The sol-gel hydrolysis and condensation polymerisation processes as well as the structure of the
final product are influenced by the following reaction conditions:
– H2O/precursor molar ratio, Rmolar;
– the type of catalyst;
– the pH;
– the solvent and
– steric and inductive effects.

Influence of the H2O/Si molar ratio, Rmolar
According to the over-all hydrolysis and condensation reactions of tetraalkoxysilane, a H2O/Si
molar ratio, Rmolar, of 2 is sufficient for the completion of the aforementioned reactions.
For Rmolar values lower than 4, the alcohol-producing condensation mechanism is favoured,
whereas for Rmolar values higher than 4, the water-forming condensation reaction is favoured. An
increased H2O/Si molar ratio promotes hydrolysis as well as depolymerisation (Brinker, 1988).
Influence of the type of catalyst
The rate of hydrolysis is the slowest at the isoelectric point of silicon alkoxide, which is between
2.5 and 4.5 and depends on different parameters (Kickelbick, 2006; Schubert, 2015). By
decreasing/increasing the pH below/above the isoelectric point of the silicon alkoxide, the rate of
hydrolysis increases (Brinker and Scherer, 1990; Dubitsky et al., 2000). Therefore, the
hydrolysis of silicon alkoxides is usually an acid- (H3O+) and base- (OH-) catalysed reaction. In
addition to the acid- and base-catalysed hydrolysis, the hydrolysis can also be catalysed by the
use of nucleophilic catalysts, such as F-, N-methylimidazole, or hexamethyl phosphoramide
(HMPA) (Brinker and Scherer, 1990; Aelion et al., 1950; Corriu and Leclercq, 1996; Iler, 1952;
Brinker, 1988).

The acid-catalysed hydrolysis and condensation reactions occur via a proton-assisted SN1
mechanism, as presented in Figure 10. The acid-catalysed hydrolysis/condensation starts with a
fast protonation of the oxygen atom in the ≡Si−OR/≡Si−OH group and continues by the
formation of a positively charged tetra-coordinated alkoxide. The positive charge on oxygen
withdraws the electron density from the silicon atom and makes it more susceptible to
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nucleophilic attack by a water/silanol group. After the nucleophilic attack, the water
molecule/silanol group acquires a partial positive charge from the protonated oxygen, which
results in the formation of a good leaving group, i.e., alcohol/water. Simultaneously, a proton
catalyst is regenerated, and the ≡Si−OH/≡Si−O−Si≡ bond is formed. In the case of the
condensation reaction, fast protonation of the silanol group occurs preferentially on the most
alkaline silanol groups, which are the silanol groups of a monomer and the silanol end groups of
weakly branched oligomers (Brinker and Scherer, 1990; Corriu and Leclercq, 1996; Parashar et
al., 2001; Schubert, 2015; Kessler and Seisenbaeva, 2008).

Figure 10: Proton-assisted SN1 mechanism of acid-catalysed hydrolysis.
Base-catalysed hydrolysis and condensation reactions occur via an SN2 mechanism, as presented
in Figure 11. In the base-catalysed hydrolysis and condensation reactions, OH− and ≡Si−O− are
formed by deprotonation of water and ≡Si−OH, respectively. The nucleophilic attack of
OH−/≡Si−O− on the silicon initiates the formation of a five-coordinated silicon intermediate.
Charge transfer within the intermediate step occurs, leading to the release of an RO− anion in the
hydrolysis reaction and an RO− or OH− anion in the condensation reaction; the RO− further
reacts with water and regenerates the hydroxide catalyst. During the condensation reactions,
deprotonation favourably occurs on the most acidic silanol groups, which are silanols of larger,
highly condensed species (Brinker and Scherer, 1990; Corriu and Leclercq, 1996; Schubert,
2015).

Figure 11: SN2 mechanism of base-catalysed hydrolysis.
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Influence of the pH
During the sol-gel polymerisation process of silicon alkoxides, hydrolysis and condensation
reactions compete with each other. Depending on the rates of the hydrolysis and condensation
reactions, the sol-gel process can result in the formation of linear polymers and their cyclization
or three-dimensional branched structures.

The polymerisation process proceeds in three different modes, depending on the applied pH
range, i.e., below pH 2, pH 2-7 and above pH 7.

In the pH range below pH 2, the hydrolysis and condensation reactions are acid-catalysed,
whereas the rate of the hydrolysis exceeds the rate of the condensation. An Rmolar value higher
than 4 provides complete hydrolysis of silicon alkoxides, after which the water–forming
condensation occurs. The water–forming condensation reaction occurs between the most acidic
silanol group and the most basic silanol group, i.e., through the monomer addition. Because of
the low depolymerisation rate and poor restructuring, these conditions result in weakly branched
structures. When the Rmolar value is lower than 4, the condensation reactions start to occur
between the partially hydrolysed species, and networking does not go to completion. This results
in polymers of high viscosities, which can entangle and interpenetrate one another without
gelling (Brinker and Scherer, 1990; Brinker, 1988).

In the pH range of 2-7, the rate of depolymerisation reactions increases, whereas the rate of
hydrolysis of silicon alkoxides decreases and reaches a minimum at approximately pH 7.
Hydrolysis occurs via the acid-catalysed mechanism, whereas condensation occurs via the basecatalysed mechanism. Due to the preferable condensation between the most basic and the most
acidic silanols, the initial condensation reaction between two monomers is low, but further chain
growth by growing the larger species at the expense of the smaller ones, cyclization and
branching occur faster. The increased Rmolar values increases the rates of silicon alkoxide
hydrolysis and depolymerisation reactions. Rapidly occurring hydrolysis goes to completion and
initiates the start of the condensation reaction sooner. Simultaneously with the condensation
reaction, depolymerisation and recondensation occur, leading to the formation of highly
branched polymers. The Rmolar value lower than 4 results in incomplete hydrolysis and slower
condensation (Brinker and Scherer, 1990; Brunet, 1998; Depla et al., 2011).
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Above pH 7, both hydrolysis and condensation reactions are base-catalysed and involve
deprotonated species. For pH values higher than 7, the rate of hydrolysis increases, and for a
molar ratio, Rmolar, higher than 4, the hydrolysis goes to completion. The repulsion between the
ionised species causes low condensation of silanols from monomers. However, once the siloxane
bond is formed, the condensation reactions further proceed preferentially between the most
acidic silanols located on highly condensed species and the most basic silanols in monomers. As
a result, the growth of particles proceeds as growing of the nuclei at the expense of the precursor
monomer species, which participate in the condensation reactions at the surface of the nuclei.
The silica particles take a spherical form because of the nuclei’s tendency to reduce the number
of surface hydroxyl groups. Because of the high rate of depolymerisation, nucleation proceeds by
the Ostwald ripening mechanism. This means that smaller silica particles continually
depolymerise and re-polymerise into larger particles until reaching a critical size and becoming
stable toward gelation (Brinker and Scherer, 1990; Matsoukas and Gulari, 1988; Nozawa et al.,
2005; Harris et al., 1990). These particles are called Stöber silica particles, according to the work
of Werner Stöber, who produced monodispersed spherical silica particles of sizes ranging from
0.05 µm to 2 µm in diameter (Stöber et al., 1968). The particle size is temperature dependent,
e.g., the greater silica solubility at higher temperatures induces the production of larger particles.
The particle diameter also increases with the increased concentration of the precursor, which
must be higher than a certain critical concentration value. Higher precursor concentrations
prolong the nuclei growth, which stops after the precursor concentration drops below the critical
value (Oh et al., 2011; Matsoukas and Gulari, 1989). The molar ratio, Rmolar, lower than 4,
induces the production of larger particles; however, due to the incomplete hydrolysis,
unhydrolysed sites are present in the growing particles. The latter phenomenon increases the
porosity of the particles (Brinker and Scherer, 1990; Matsoukas and Gulari, 1988).

Influence of the solvent
The hydrolysis and condensation reactions are influenced by the solvent polarity (polar or
nonpolar) and the availability of the solvent protons (protic or aprotic). In acid/base-catalysed
hydrolysis reactions, the availability of hydronium/hydroxyl ions determines their catalytic
activity, which will be reduced if they form hydrogen bonds with solvent molecules. Therefore,
protic solvents do not hinder the electrophilic action of hydronium ions, and aprotic solvents do
not hinder the nucleophilic action of hydroxyl ions. Because acid/base-catalysed condensation
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reactions involve protonated/deprotonated silanol species, the condensation process is also
influenced by the availability of labile protons of the solvent. Because a protic solvent can form
hydrogen bonds with the nucleophilic deprotonated silanol, it hinders base-catalysed
condensation and promotes acid-catalysed condensation. Similarly, by forming hydrogen bonds
with the electrophilic protonated silanol, the aprotic solvent hinders acid-catalysed condensation
and promotes base-catalysed condensation (Brinker and Scherer, 1990; Harris et al., 1990;
Brinker 1988).
The polarity of the solvent also influences the size of the Stöber particles. Namely, the lower
solubility of the Stöber particles in the solvent of decreased polarity induces a more pronounced
aggregation effect, therefore increasing the size of the particles. An additional effect, which
refers to the influence of the solvent on the silica particle size, is that methanol influences a
faster hydrolysis of the TEOS than ethanol. Consequently, smaller particles are produced under
conditions of faster hydrolysis (Matsoukas and Gulari, 1988; Sadasivan et al., 1998; Green et al.,
2003; Harris et al., 1990).

Influence of steric and inductive effects
Both hydrolysis and condensation reactions of tetraalkoxysilanes and organoalkoxysilanes are
influenced by steric and inductive effects. In general, the branching or extension of alkoxy
groups or alkyl groups in organoalkoxysilanes decreases the rates of hydrolysis and condensation
reactions, e.g., the rate of hydrolysis of TMOS is several times faster than that of TEOS (Brinker
and Scherer, 1990; Chambers et al., 1993; Dubitsky et al., 2000; Loy et al., 2000).

The increased electron-providing efficiency (+I, positive inductive effect) of the substituent
enhances the electron density on silicon, and the opposite, the increased electron withdrawing
efficiency (-I, negative inductive effect) of the substituent, reduces the electron density on
silicon. Because the electron-withdrawing efficiency increases in the order of OR < OH < OSi,
both processes of hydrolysis and condensation result in a reduction of electron density on silicon.
The consequence of this phenomenon is weakened stabilisation of the positively charged
transition state formed during acid-catalysed hydrolysis and condensation, which decreases the
rate of each subsequent step as hydrolysis and condensation proceed, i.e., monomeric Si(OR)4
hydrolyses faster than partially hydrolysed species (Brinker and Scherer, 1990; Alam et al.,
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1996; Schubert, 2015). However, the decreased electron density of silicon facilitates the
nucleophilic attack of OH‒ and enhances the stabilization of the negatively charged intermediate
during base-catalysed hydrolysis and condensation, which increases the rate of each subsequent
step. The reduced electron density on Si also increases the acidity of the silanol protons.
Consequently, the most acidic silanol protons, which will favourably undergo deprotonation, are
those from the more highly condensed species, which favours the formation of more branched
networks under basic conditions. Under acidic conditions, the formation of chain-like networks
is favoured (Brinker and Scherer, 1990; Schubert, 2015)

In addition to decreased steric crowding, the substitution of an electron-donating alkyl group for
an electron-withdrawing alkoxy group increases the electron density on the silicon and on the
oxygen atoms in the alkoxy groups. This effect enhances protonation and increases the rate of
acid-catalysed hydrolysis. However, the increased electron density on silicon complicates the
nucleophilic attack of OH‒ ions and hinders base-catalysed hydrolysis (Brinker and Scherer,
1990; Hook, 1996; Devreux et al., 1990; Alam et al., 1996; Liu et al., 2004; Jitianu et al., 2003;
Sanchez et al., 1996; Hook, 1996; Loy et al., 2000).

2.2.3 Sol-gel processing of organofunctional trialkoxysilanes on textile fibres

The presence of the organic moiety in organotrialkoxysilanes and organofunctional
trialkoxysilanes destroys the tetrahedral symmetry and lowers the crosslinking degree,
consequently influencing the final structure of the polymeric system. The formation of the
polysilsesquioxane occurs as a competition between the intermolecular polycondensation and
intramolecular reactions to form cyclic structures, “ladder” structures and polyhedral
silsesquioxanes (POSS), e.g., “cages” (Markovic et al., 2011; Eisenberg et al., 2000; Matĕjka,
2009; Loy et al., 2000; Baney et al., 1995).

In general, the hydrolysis and condensation reactions of the organotrialkoxysilanes and
organofunctional trialkoxysilanes (Alam et al., 1996; Schmidt, 1984) follow the same
mechanisms corresponding to the hydrolysis and condensation reactions of tetraalkoxysilanes
(Brinker and Scherer, 1990). The rates of both acid- and base-catalysed hydrolysis and
condensation reactions are influenced by the inductive effect of the organic or organofunctional
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moiety in the precursor. First, the electron-donating alkyl groups reduce the acidity of the silanol
groups due to the increased electron density on oxygen, which shifts the isoelectric point towards
higher pH values (Brinker and Scherer, 1990). Second, the electron-donating alkyl groups
stabilize the positive charge in the intermediate steps during the acid-catalysed hydrolysis and
condensation, therefore increasing the rate of the acid-catalysed polymerisation processes
(Jitianu et al., 2003; Alam et al., 1996; Sanchez et al., 1996).

However, the effect of the increased steric hindrance of long and bulky organic groups can
prevail over the inductive effects and deteriorate the polymerisation process, consequently
reducing the performance of the coating (Loy et al., 2000; Rankin et al., 1998; Kumar et al.,
2012).

According to the over-all hydrolysis and condensation reactions of tetraalkoxysilane, the Rmolar
of 1.5 is sufficient for the completion of the aforementioned reactions (Loy et al., 2000). Higher
water quantities increase the rate of hydrolysis but can promote self-condensation (Salon and
Belgacem, 2010; Alam et al., 1996). Additionally, as the solution polarity increases, phase
separation can occur, as in the case of polysilsesquioxanes with large and highly hydrophobic
organic moieties. The phase separation can seriously disturb and inhibit sol-gel polymerisation
processes (Loy et al., 2000).

2.2.3.1 Interactions between organofunctional trialkoxysilane and the fibre surface

The result of the sol-gel processing of organofunctional trialkoxysilanes on the surface of textile
fibres is the formation of a nanocomposite crosslinked hybrid organofunctional silsesquioxane
polymeric film (Rʹ-SiO3/2)n with an average stoichiometry of 1.5 or sesqui oxides per silicon
(Baney et al., 1995). The interfacial interactions between the reactive silanol groups of the
hydrolysed precursor molecules and the fibre surface depends on the chemistry of the fibre
surface, which influences the adhesion of the formed hybrid polysilsesquioxane coating (Li et
al., 2008). Some examples are presented in Figure 12.
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Figure 12: Examples of interfacial interactions between the polysilsesquioxane network and
different fibres: (a) hydrogen bond between silanol and the hydroxyl group of a cellulose fibre,
(b) hydrogen bond between silanol and the carbonyl group of a wool fibre, (c) hydrogen bond
between silanol and the carbonyl group of a polyethylene terephthalate fibre, (d) hydrogen bond
between silanol and the π electronic system of the aromatic ring of a polyethylene terephthalate
fibre and (e) covalent bond formed between silanol and the hydroxyl group of a cellulose fibre.

In the case of natural cotton fibres, which are mostly (95 %) composed of cellulose, the surface
is rich with hydroxyl groups. The cellulosic chains are constructed from 1→4 linked β-Dglucopyranose units (Figure 13) (Wakelyn et al, 2007).

Each anhydroglucopyranose unit

contains two secondary hydroxyl groups located on the C(2) and C(3) atoms and one primary
hydroxyl group located on the C(6) atom. As the application of the sol of the pre-hydrolysed
precursor is conducted at room temperature, the precursor molecules become adsorbed onto the
fibre surface through hydrogen bonding (Figure 12(a)) with the cellulosic hydroxyl groups.
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Figure 13: Structure of a cellulose - linear polymer of β-(1→4)-D-glucopyranose.

The pre-hydrolysed precursor molecules have been used in applications because of the low
reactivity of the Si-alkoxy groups towards the cellulosic hydroxyl groups, even at high
temperatures, because of the poor acidic characteristics of the cellulosic hydroxyl groups
(Castellano et al., 2004). Thermal activation during curing promotes polycondensation reactions
between the silanol groups, leading to the formation of the hybrid polysilsesquioxane network.
Simultaneously, the hydrogen bonds between the cellulosic fibre hydroxyl groups and the silanol
groups are converted into covalent bonds (Figure 12(e)) through the condensation reaction. This
phenomenon leads to the formation of a monolayer and ensures a strong adhesion between the
hybrid network and the fibre surface, which improves the mechanical properties of the hybrid
(Abdelmouleh et al., 2002; Abdelmouleh et al., 2004). Contrary to the ≡Si−O−Si≡ bonds, which
are stable towards hydrolysis, the ≡Si−O−C≡ bonds are prone to hydrolysis in high moisture
environments. This has a negative influence on the coating performance and stability. However,
the hydrolysed covalent bonds between the silanol groups and hydroxyl groups of the fibre
surface can be regenerated by heating (Xie et al., 2010; Mahltig and Böttcher, 2003).

In the case of fibres that do not possess hydroxyl groups, such as wool and polyethylene
terephthalate fibres, only a weak physical adhesion between the fibre surface and the hybrid
polysilsesquioxane network occurs through hydrogen bonding and dipolar-dipolar interactions
(Figure 12 (b, c, d)), causing impaired adhesion of the coating (Simončič et al., 2010 (a);
Mahltig and Textor, 2008; Li et al., 2008).
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2.2.3.2 Sol-gel coating procedure

Sol-gel fabrication of the hybrid organofunctional silsesquioxane polymeric film on the textile
fibre surface is a two-step process, which is schematically presented in Figure 14.

1. Sol preparation by
precursor hydrolysis

2. Sol application to fabric by
the pad-dry-cure method

Organofunctionalized-polysilsesquioxane
covalently bonded to a fibre surface

Figure 14: Schematic presentation of the sol-gel fabrication of organofunctionalized
polysilsesquioxane.

The first step begins with the preparation of a homogenous sol of the precursor in a parent
alcohol solvent and the conversion of silicon alkoxy groups into reactive hydroxyl groups
through acid-catalysed hydrolysis using a water:Rmolar of 3. The use of alcohol as the solvent
prevents phase separation due to the poor solubility of the precursor in water. Due to the
relatively high hydrolytic stability of the Si–Csp3 bond, the bond between silicon and the organic
moiety remains unaffected during hydrolysis (Schmidt, 1985; Jitianu et al., 2003). In the second
step, the sol of the prehydrolysed precursor is applied to the textile fibres by the pad-dry-cure
method, which is schematically presented in Figure 14. This application method includes
immersing a textile sample in the sol for a certain time at room temperature, squeezing the
sample between two rollers at a certain pressure, which ensures uniform sol distribution through
the sample, drying the sample at 100-120 °C and thermal curing at 140-150 °C for 5 minutes.
The sol can also be applied to the textile by dipping and spraying methods. However, these two
methods cannot ensure uniform sol distribution throughout the sample.
To achieve highly efficient interfacial interactions between the silanol groups and fibres surface
during the immersion time, i.e., adsorption of hydrolysed precursor molecules onto the cellulose
fibres through hydrogen bonding, the degree of hydrolysis must be maximised and the degree of
condensation of hydrolysed species in sol must be minimised. Because the acidic conditions
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result in a much higher rate of hydrolysis reactions compared to that of the condensation
reactions, self-condensation is inhibited, and the sol of the hydrolysed precursor is stable for a
certain time, after which dimers, linear oligomers and polyhedral silsesquioxanes are produced
(Salon et al., 2007; Salon et al., 2008). The polyhedral silsesquioxanes reduce the number of
reactive silanol groups, consequently reducing the interfacial adhesion between the hybrid and
the fibre surface (Xie et al., 2010).

The drying step ensures removal of the solvent and induces the formation of the xerogel film,
which upon curing, in situ polymerises on the fibre surface through a series of condensation
reactions between the silanol groups, leading to the formation of the open hybrid polymeric
network. Thermal activation (usually T ≥ 100°C) facilitates the evaporation of solvent molecules
entrapped in the porous structure of the polymeric network and facilitates the condensation
reactions, enabling the fabrication of a highly crosslinked silsesquioxane polymeric system
(Simončič et al., 2010 (a); Mahltig and Textor, 2008; Castellano et al., 2004). The nanosized
thickness of the hybrid polysilsesquioxane network ensures a high optical transparency (Yin and
Wang, 2012).

2.2.4

Water and oil repellency

2.2.4.1 Superhydrophobicity and superoleophobicity
Water- and oil-repellent properties arise from the surface’s high hydrophobicity and
oleophobicity, i.e., contact angles of water and organic liquids (alkanes) greater than 90°.
Surfaces that display a contact angle of water/oil greater than 150° with a low contact angle
hysteresis are considered to be low-adhesion superhydrophobic/superoleophobic (Wang and
Jiang, 2007). The phenomenon of the low-adhesion superhydrophobicity was first noticed on the
natural surface of the lotus leaf (Nelumbo nucifera; Barthlott and Neinhuis, 1997; Guo and Liu,
2007; Bhushan et al., 2008). The low-adhesion superhydrophobic surface of the lotus leaf is
characterized by the hierarchical micro- and nano-dual scale roughness, which is constructed
from the microscale papillae that are covered with nanoscale epicuticular wax crystalloids. On
this rough, low-energy surface, the entrapped-air-in-a-surface topography creates biomimetic
plastron (Shirtcliffe et al., 2006), which minimizes the solid/water interface and maximizes the
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water/air interface (Figure 15(a)). Consequently, the formed composite solid-liquid-air interface
prevents water spreading and adsorption, i.e., the water contact angle is increased, and the water
contact angle hysteresis is decreased. The water forms spherical droplets that easily roll off the
leaf surface at low tilting angles, α (Figure 15(b)).

(a)

(b)

Figure 15: Schematic illustration of a droplet sitting (a) and rolling off (b) from the surface with
dual-scaled roughness.

Because the water droplets pick up contaminating particles and clean the leaf surface when they
roll off the leaf, this phenomenon is known as the self-cleaning effect called the “Lotus Effect”.
The water droplets pick up contaminating particles because of the higher interfacial interactions
between the water droplet and the contaminating particles compared to those between the solid
surface and the contaminating particles.

To exhibit superoleophobic properties, the surface must resist wetting of organic liquids
(alkanes) that have a much lower surface tension than water, meaning that the surface must have
an extremely low surface energy. Contrary to the superhydrophobic surfaces, naturally occurring
oleophobic/superoleophobic surfaces do not exist. Considering that the lotus leaf wax by itself is
not superhydrophobic, it is indisputable that superhydrophobicity and low water contact angle
hysteresis are conditioned with a hierarchical surface topography, i.e., nanoroughness
superimposed on the microroughened surface (Nosonovsky, 2007; Gao and McCarthy, 2006 (a)).
Accordingly, the specific design of the re-entrant texture of the low energy multivalued surface
topography enables the establishment of the composite solid-liquid-air interface, even with an
extremely low surface tension liquid such as pentane (𝛾pentane = 15.7 mN/m and 𝛾water = 72.8
mN/m) by preventing the filling of the cavities, thus achieving superoleophobicity (Tuteja et al.,
2007; Tuteja et al., 2008). The stability of the composite solid-liquid-air interface is conditioned
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by the specific hierarchical relief of the surface and the surface chemical composition, which
should provide a sufficiently low surface energy to minimize solid/liquid interactions.

2.2.4.2 The composite solid-liquid-air interface and the Cassie-Baxter theory
The contact angle of a liquid droplet, 𝜃, on a given smooth surface is determined by the
relationship between the interfacial tensions of liquid-air (𝛾LA ), liquid-solid (𝛾LS ) and solid-air
(𝛾SA ) (Figure 16). This relationship is described by Young's equation (Equation 8):

Figure 16: Schematic illustration of a liquid of droplet on a smooth surface and Young's wetting
regime.
𝑐𝑜𝑠𝜃 =

𝛾𝑆𝐴 − 𝛾𝐿𝑆
𝛾𝐿𝐴

(8)

The contact angle of 0° (𝛾SA − 𝛾LS ≥ 𝛾LA, 𝑐𝑜𝑠𝜃 ≥ 1, 𝜃 = 0) indicates complete wetting,
whereas a contact angle higher than 90° (𝛾SA < 𝛾LS , 𝑐𝑜𝑠𝜃 is negative) indicates the hydrophobic
state.

The influence of surface roughness on the wetting regime and the liquid contact angle can be
evaluated according to the Wenzel (Wenzel, 1936) and Cassie-Baxter theories (Cassie and
Baxter, 1944). Wenzel first recognized that roughness influences the interactions between solid
and liquid, consequently affecting the apparent contact angle of a liquid. Therefore, the latter is
different from the contact angle of a liquid on a smooth surface. Thus, the Wenzel state describes
the homogenous wetting regime (Figure 17 (a)).
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(a)

(b)

Figure 17: Schematic illustration of a Wenzel (a) and Cassie-Baxter wetting regime (b).

The liquid forms a sessile droplet on the rough hydrophobic surface while the liquid fills the
surface cavities, giving a rise to a homogenous liquid-solid interface. By recognizing a
distinction between the “geometric surface” of the interface and its “actual surface” and by
introducing the “roughness factor”, 𝑟f (𝑟f = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒⁄𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒), Wenzel
found a relationship (Equation 9) between the apparent contact angle in the Wenzel state, 𝜃W ,
and the equilibrium contact angle, 𝜃, on a smooth surface of the same material given by Young's
equation (Equation 8).
𝑐𝑜𝑠𝜃𝑊 = 𝑟𝑓 𝑐𝑜𝑠𝜃

(9)

Because the actual surface of the rough surface is greater than its geometrical surface, the 𝑟f
value is greater than one, meaning that the surface roughness induces an increase in the apparent
contact angle, i.e., it intensifies the water-repellent properties of the hydrophobic surface.
Similarly, in the case of the hydrophilic surface, the increased roughness intensifies the surfacewetting tendency. In the case of a perfectly flat surface, 𝑟f , is equal to 1, and the apparent contact
angle corresponds to that from Young's equation (Equation 8) (Wenzel, 1936).

Cassie and Baxter introduced the composite heterogeneous wetting regime (Figure 17 (b)) for a
rough, low-energy surface according to which the liquid droplet sits on the top of the
microscopic cavities in which the “air” - the gaseous phase including water vapor - is entrapped
(Cassie and Baxter, 1944; Bhushan et al., 2008). Because of the composite solid-liquid-air
interface, the interfacial interactions between the liquid droplet and the solid surface are reduced
along with the apparent liquid contact angle. The relationship between the apparent contact angle
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in the Cassie-Baxter state, 𝜃CB , and the equilibrium contact angle, θ, on a smooth surface of the
same material is given by the Cassie-Baxter equation (Equation 10):
𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓𝐿𝑆 𝑐𝑜𝑠𝜃 − 𝑓𝐿𝐴

(10)

where 𝑓LS is the total area of the liquid-solid interface and 𝑓LA is the total area of the liquid-air
interface (Cassie and Baxter, 1944). In the case of the homogenous wetting regime, 𝑓LA is zero,
and the Cassie-Baxter equation takes the form of the Wenzel equation.

A low-energy surface with dual micro- and nano-length-scale topography is characterized by the
heterogeneous Cassie-Baxter wetting regime and by a low contact angle hysteresis (CAH). The
low contact angle hysteresis arises when the difference between the advancing contact angle,
𝜃adv (contact angle at the front of the droplet), and the receding contact angle, 𝜃rec (contact
angle at the back of the droplet), (Figure 18) is low enough to provide the roll-off (Figure 15 (b))
of the water droplet at a very low tilting angle, α.

Figure 18: Schematic illustration of a droplet sliding on a tilted surface.

Introduction of the second-nanoscopic level of topography, i.e., the nano-roughness on the
micro-roughened low-energy surface lowers the pinning effect of the receding contact line,
which decreases the transition state energy between of the metastable states that must be
overcome for the droplet to move. Additionally, the increased advancing angle increases the
Laplace pressure, which prevents intrusion of the water in the surface cavities (Gao and
McCarthy, 2006 (a); Gao and McCarthy, 2006 (b); Gao and McCarthy, 2007). A higher angle
hysteresis is a consequence of the homogenous wetting regime and higher adhesive forces at the
solid-liquid interface, resulting in the sliding of the water droplet.
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2.2.4.3 Fabrication of a water- and oil-repellent surface on textiles by sol-gel method

The water- and oil-repellent surfaces of the textile fibres can be efficiently fabricated by the solgel processing of organotrialkoxysilane and organotrialkoxysilane precursors in which the
organic moiety is hydrophobic in nature. The representative hydrophobic organic moieties are
alkyl and perfluoroalkyl groups, examples of which are presented in Figure 19.

H3CH2CO
H3CH2CO

Br-

Si

CH2CH2(CF2)5CF3

H3C

H3CH2CO

CH3
N+

(CH2)15CH3

CH3

1H,1H,2H,2H-perfluorooctyltriethoxysilane

Hexadecyltrimethylammonium bromide

Figure 19: Structures of water- and oil- repellent precursors.

The perfluoroalkyl groups provide lower surface energies and a weaker adhesion between the
textile surface and liquid compared to those of alkyl groups with comparable chain lengths. The
lower surface energy of the perfluoroalkyl groups is due to by the high stability of the C–F bonds
and is related to the number of fluorine atoms (Kissa, 1984; Mino et al., 1993; Dalvi and Rossky,
2010; Pintault and Ayral, 2009). The alkyltrialkoxysilane can lower the critical surface tension of
the

bleached

cotton

from

60–70

mN/m

to

24–30

mN/m,

whereas

the

perfluoroalkyltrialkoxysilane can lower the critical surface tension to values lower than 10
mN/m. This value is not only lower than the liquid surface tension of water but also lower than
the liquid surface tension of oils such as paraffin oil, motor oil, and olive oil (𝛾oil ≈ 30 mN/m).
Therefore, to attain hydrophobicity/superhydrophobicity comparable to that provided by
perfluoroalkyltrialkoxysilane, e.g., 1H,1H,2H,2H-perfluorooctyltriethoxysilane (also known as
tridecafluoro-1,12,2-tetrahydrooctyl)triethoxysilane), the alkyl moiety in the alkyltrialkoxysilane
must be much longer, e.g., hexadecyltrimethoxysilane (Figure 19) (Mahltig and Böttcher, 2003;
Periolatto et al., 2013; Yin and Wang, 2013). However, alkyl-functionalized polysilsesquioxane
coatings formed on the textile fibre surface cannot provide the oleophobicity with respect to the
surface roughness. The reason for this is that oleophobicity/superoleophobicity is conditioned by
the very low surface energy, which is achievable only with the perfluoroalkyl-functionalized
polysilsesquioxanes (Mahltig et al., 2005(b); Yin and Wang, 2012; Vilčnik et al., 2009; Ivanova
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and Zaretskaya, 2010), schematically illustrated in Figure 20. Therefore, the surfaces
characterized by high oleophobicity/superoleophobicity also exhibit the superhydrophobic
property (Simončič, 2012).

Figure 20: Schematic illustration of the perfluoroalkyl-functionalized polysilsesquioxane formed
on the fibre surface.

The hydrophobicity and, particularly, the oleophobicity of the perfluoroalkyl-functionalized
polysiloxane coatings result from their low surface energy with respect to the effect of the
surface topography parameters (Tuteja et al., 2008). Although longer perfluoroalkyl groups
enable the achievement of lower surface energies, the degradation of perfluoroalkyl groups with
more than seven fluorinated carbons leads to the release of toxic, biopersistent, and
bioaccumulative perfluoroalkyl acids, e.g., perfluorooctanoic acid or perfluorooctanesulphonic
acid, into the environment, where these chemicals can cause serious ecological problems and
adverse human and animal health outcomes (Houde et al., 2011; Lau et al., 2007; Martin et al.,
2003; Renner, 2001). Due to concerns regarding the environmental effect of these compounds,
the use of perfluoroalkyl groups with shorter chains is recommended. Although the relatively
short fluorinated group of SiF limits its surface energy, the resulting compounds are classified
among the ecologically acceptable fluorinated compounds. Additionally, a low surface energy
perfluoroalkyl-functionalised coating was reported to be able to induce additional functional
properties, e.g., passive antibacterial activity of the coated cotton fibres due to the lowered
adhesion of bacteria (Simončič et al., 2012; Tomšič et al., 2008; Vilčnik et al., 2009) and
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improved anti-icing/de-icing properties of the coated cotton fabric (Lee, 2012), i.e., the
icephobicity because of the low solid-ice adhesion and low shear strength of ice (Hejazi et al.,
2013).

The stability of the water-repellent hybrid polysilsesquioxane coatings towards repeated
washings can be improved by assisted condensation with crosslinkers, such as 3glycidoxypropyltriethoxysilane (Table 2), which with its epoxy group acts as the networkforming agent (Mahltig and Böttcher, 2003; Daoud et al., 2004). The side effect of the assisted
crosslinking with 3-glycidoxypropyl is a reduction of the coating’s hydrophobic characteristics
(Mahltig and Böttcher, 2003). The adhesion between the cellulosic surface and
polysilsesquioxane can also be enhanced with the formation of the interfacial ester bonds by
polycarboxylic acids, e.g., 1,2,3,4-butanetetracarboxylic acid, which can esterify with cellulosic
hydroxyl groups and co-condense with silanol groups (Huang et al., 2011). Another example of
an efficient crosslinker is the bridged silsesquioxane precursor 1,2-bis(triethoxysilyl)ethane,
whose structure is presented in Figure 21 (Roe and Zhang, 2009).
H3CH2CO
H3CH2CO

OCH2CH3
Si

CH2CH2

Si

H3CH2CO

OCH2CH3
OCH2CH3

1,2-Bis(triethoxysilyl)ethane

Figure 21: Structures of the crosslinking agent bridged silsesquioxane precursor.

Fabrication

of

the

low-surface-energy

alkyl-

and

perfluoroalkyl-functionalized

polysilsesquioxane coatings on the naturally microroughened textile fibre surface produces
specific surface nano-modifications, which significantly contribute to achieving the noteworthy
water- and oil-repellent properties. However, the hybrid coatings alone cannot guarantee the
achievement of stable low-adhesion superhydrophobicity and high oleophobicity. The
rearrangement and increase of the original fibre surface roughness prior to the formation of
alkyl- and perfluoro-functionalyzed polysilsesquioxane coatings improves the water- and oilrepellent performance of the hybrid coating. The pre-treatment with oxygen-containing plasmas
provides simultaneous surface etching and activation, resulting in an increase in the fibre surface
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roughness as well as the surface energy and hydrophilicity by the incorporation of oxygen-rich
polar functional groups, such as hydroxyl, carboxyl and carbonyl groups (Inbakumar et al., 2010;
Raffaele-Addamo et al., 2006; Samanta et al., 2010; Ma et al., 2010; Karahan and Özdogan,
2008; Borcia et al., 2006). The plasma surface activation especially contributes to the increase of
the coating’s adhesion in the case of the hydrophobic textile fibres, whose surface lacks hydroxyl
groups needed for the covalent fixation of the coating (Chou and Cao, 2003; Mahltig, 2011).
Furthermore, the increased surface roughness also improves the water- and oil-repellent
performance of the hybrid coating (Montarsolo et al., 2013). The surface deposition of Stöber
silica particles can also be used to increase the original roughness of the fibre surface. The
silanol groups of the silica nuclei can covalently attach to the fibre surface under heat treatment
through a condensation reaction with the fibre’s hydroxyl groups as well as to condense with the
silanol groups of the hydrolysed hybrid precursor during the heat-driven formation of a
silsesquioxane polymeric system (Zorko et al., 2015), schematically presented in Figure 22.

Figure 22: Schematic illustration of the perfluoroalkyl-functionalized polysilsesquioxane formed
on the fibres with the surface-deposited Stöber silica particles.
Surface deposition of monodisperse nano-sized Stöber silica particles onto the cotton fibres has
been shown to

significantly improve the

performance of the

alkyl-functionalized

polysilsesquioxanes (Manatunga et al., 2016; Gao et al., 2009; Roe and Zhang, 2009; Liu et al.,
2014) and has enabled the achievement of high hydrophobicity or superhydrophobicity through
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the creation of dual-scale-length roughness. Another approach to create superhydrophobic/highly
hydrophobic cotton is to conduct surface deposition of hydrophobically modified silica
nanoparticles via dipping (Roe and Zhang, 2009), spraying (Jeong and Kang, 2016) or in situ
processes (Li et al., 2015; Yazdanshenas and Shateri-Khalilabad, 2013).

The in situ growth of microsized amine-functional silica particles on the cotton fibre surface with
subsequent modification by perfluoroalkyl silane has been shown to be an efficient method for
the fabrication of the superhydrophobicity and high oleophobicity (Hoefnagels et al., 2007).
Furthermore, the creation of the triple-length-scale roughness by adsorbing silica nanoparticles
onto the cotton fibres covered with microsized amine-functionalized silica particles prior to the
modification with perfluoroalkyl silane results in the superhydrophobicity and proves to be
essential for the achievement of the superoleophobicity (Leng et al., 2009). Other studies have
reported the fabrication of superhydrophobic and superoleophobic/highly oleophobic cotton
fabrics by either coating the surface-deposited silica nanoparticles with perfluoro-based waterrepellent agents (Bae et al., 2009; Yu et al., 2007; Xue et al., 2009; Athauda and Ozer, 2012) or
surface deposition of perfluoro-modified silica nanoparticles (Wang et al., 2008).

2.2.5 Flame retardancy

The use of flame retardant formulations is directly influenced by the structure and thermal
degradation mechanism of polymers. Accordingly, to achieve efficient flame retardancy, the
mode of flame retardant action should hinder the polymer thermal degradation. Therefore,
specific flame retardant formulations were developed for different polymers.

Cotton fibres as cellulosic fibres are characterized by a low thermal stability, easy ignition and
rapid combustion, which represent their weaknesses. Under heating, endothermic degradation
reactions begin, during which cellulosic polymers start to decompose or pyrolyse. The pyrolysis
process produces highly flammable volatiles (furans, aldehydes, ketones and alcohols), which act
as fuels and propagate fire in the presence of oxygen or air. Oxygen accelerates thermal
degradation because of its very fast reaction with flammable volatiles, further propagating
cellulose decomposition in the chain radical reaction. The three elements necessary for
sustaining fire are heat, oxygen and fuel (Figure 23). To impede or extinguish the fire and the
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degradation of cellulose, one of the three elements schematically presented in Figure 23 must be
eliminated.

Figure 23: Schematic illustration of the “fire triangle”.

2.2.5.1 Mechanism of cellulose pyrolysis

The mechanism of the thermo-oxidative degradation of cellulose includes two stages, and it is
schematically presented in Figure 24.
The first stage of the thermo-oxidative degradation of cellulose occurs at 300-400 °C through
two competitive reactions: depolymerisation through cleavage of β-(1→4)-glucosidic bonds
(Figure 25) and dehydration. The cellulose depolymerisation, which starts with the scission of
the acetal bonds and continues with a subsequent intramolecular dehydration reaction occurring
between the primary hydroxyl group on C(6) and the secondary hydroxyl group on C(1) results
in the formation of the fuel-forming levoglucosan (1,6-an-hydro-β-D-glucopyranose) (Zhang et
al., 2013). The levoglucosan undergoes further pyrolysis, producing highly flammable volatiles,
acting as fuel for the highly exothermic combustion in the presence of oxygen, therefore
catalysing the decomposition of cellulose. The competing reaction of cellulose dehydration leads
to the formation of the thermally stable crosslinked carbonaceous aliphatic char, with respect to
the temperature, which acts as a protective layer for the underlying cellulose. During the second
stage (400-800 °C), the higher temperature regime of 400-600 °C causes (1) oxidation of the
aliphatic char followed by the evolution of CO and CO2 and (2) the conversion of the aliphatic
into aromatic carbon structures followed by the evolution of CH4, H2O, CO and CO2.
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Cellulose
Depolymerization

Dehydration

Levoglucosan
300-400 °C

Pyrolysis
Flammable
volatiles

Aliphatic char
Oxidation

Aromatization
400-600 °C

Oxidized char
+ CO, CO2

Aromatic char
+ CH4, H2O,
CO, CO2

Decomposition

600-800 °C

CH2=CH2

Oxidation
CO, CO2

T > 800 °C

Figure 24: Schematic presentation of the thermo-oxidative degradation of cellulose (Horrocks
and Price, 2001).

Figure 25: Schematic presentation of cellulose depolymerisation and the formation of
levoglucosan and flammable volatiles (Horrocks and Price, 2001).
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The oxidation and aromatization of the aliphatic char occur as competing processes, whereas the
oxidation of the aromatic structures can also occur. Over this temperature range, all flammable
volatiles are oxidised into CH4, H2O, CO and CO2. Further decomposition of the aromatic char
to acetylene occurs in the temperature range of 600-800 °C, followed by complete combustion
above 800 °C with the evolution of carbon monoxide and carbon dioxide (Lewin, 1984;
Horrocks, 1983; Horrocks and Price, 2001; Alongi et al., 2013; Lam et al., 2012; Price et al.,
1997).

The above-described mechanism of the thermo-oxidative degradation of cellulose, corresponds
to the degradation occurring in an air atmosphere at the heating rate of 10 °C/min; lower heating
rates result in a higher char yield.

The balance between depolymerisation-levoglucosan formation and dehydration in the first stage
of the thermo-oxidative degradation of cellulose determines the ease of ignition. As the cellulose
depolymerisation prevails over the dehydration, the cellulose is characterized by easy ignition. A
short contact time between a flame source and the cotton fibres provides the heat, which
activates endothermic pyrolysis followed by the simultaneous production of flammable volatiles,
which escape from the surface and react with atmospheric oxygen, giving rise to a highly
exothermic gas-phase reaction – flaming combustion. The minimum percentage of oxygen in the
environment that sustains flaming combustion of the cotton fibres, i.e., the limiting oxygen index
(LOI), is equal to 18.4%, which is lower than 21%. Consequently, the cotton fibres burn rapidly
in air and are classified as highly flammable. Because the condensed-phase decomposition of
cellulose and the subsequent gas-phase flaming combustion occur almost simultaneously, the
degradation temperature (Td) and ignition flaming combustion temperature (Tc) of the cotton
fibres correspond to the same temperature of 350 °C. Because the volatile components fuel the
flame, flame combustion occurs as a self-sustaining process and the cotton fibres are completely
burned with almost no residue at the end of the process. The flaming combustion evolves heat,
gaseous smoke and fumes (Lewin, 1984; Alongi and Malucelli, 2015; Horrocks and Price, 2001;
Alongi et al., 2013; Lam et al., 2012).
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2.2.5.2 Mechanisms and modes of action in flame retardancy of cellulose

To impart flame retardant properties to highly flammable cotton fibres, i.e., to eliminate the fuel
from the “fire triangle” (Figure 23), the production of highly flammable volatiles needs to be
hindered, whereas the dehydration and char-promoting reactions need to be enhanced. Chemical
formulations that provide flame retardancy to cotton fibres are flame retardants that act in the gas
phase and those that act in the condensed phase (Figure 26).

Flame retardants for cellulose

Gas phase

Condensed phase

Flame inhibitors

Char promoters

Sb2O3, Bromine,
Phosphorus

Phosphorus,
Phosphorus/nitrogen

Figure 26: Schematic of flame retardants for cellulose.
Gas-phase flame retardants terminate the flame’s oxidative radical chain reactions or physically
dilute the flammable mixture. Upon heating, antimony-halogen formulations containing
antimony III oxide and bromine-containing organic molecules, as well as some phosphorus
compounds, generate radicals that scavenge H• and OH• radicals, therefore reducing the major
heat release step and inhibiting the burning process (Salmeia et al., 2015; Horrocks et al., 2007).
Although the halogenated flame retardants are very effective, their use is limited from an
ecological perspective (Dasari et al., 2013; van der Veen and de Boer, 2012). Condensed-phase
flame retardants promote the formation of the thermally stable, highly cross-linked protective
char. Condensed phase flame retardants for cotton fibres, which are phosphorus as well as
phosphorus and nitrogen based formulations, promote the formation of the thermally stable
crosslinked char layer, consequently reducing or stopping the production of levoglucosan and
flammable volatiles. The highly cross-linked char protects the underlying cellulosic material
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from further decomposition by acting as a thermal barrier for heat transport as well as a physical
barrier for the transport of flammable volatiles and oxygen diffusion.

There are two main types of the currently used durable flame retardant agents for cotton: the first
type is based on tetrakis (hydroxymethyl) phosphonium salt condensates, and the second type is
based on N-hydroxymethyl-3-dialkylphosphonopropionamide derivatives (Figure 27) (Lewin,
1984;

Weil

and

Levchik,

2008;

Horrocks,

2011).

The

N-hydroxymethyl-3-

dialkylphosphonopropionamide derivatives are typified by the Pyrovatex CP® (Huntsman) and
Apyrol CEP (Bezema) products.

HO
CH2
CH2
HO

H3C

O
Cl-

P+ CH2
CH2

CH2
HO

NH

CH2

OH

OH
Tetrakis (hydroxymethyl) phosphonium chloride

O

CH2
P
O

O

CH3
N-hydroxymethyl-3-dimethylphosphonopropionamide

Figure 27: Structure of the condensed-phase flame retardants for cellulose.
Organophosphorus compounds (van der Veen and de Boer, 2012) that contain N-methylol
reactive groups in their structure, which can react with the cellulosic hydroxyl groups in
condensation reactions and form covalent bonds, provide strong adhesion between the flame
retardant and the fibre surface. Despite the high resistance of covalent bonds toward hydrolysis
during multiple launderings, a methylolated melamine resin, such as trimethylolmelamine
(Figure 28 (a)), is usually used as a co-reactant crosslinker in the presence of a phosphoric acid
catalyst to increase the number of covalent bonds to the cellulose fibres and to promote the
formation of the crosslinked char via nitrogen-phosphorus synergistic action (Gaan and Sun,
2009; Lam et al., 2012; Wu and Yang, 2006; Wu and Yang, 2007). However, the reactive Nmethylol group is created by the reaction of amino group with formaldehyde (Figure 28 (b))
(Weil and Levchik, 2008; Horrocks et al., 2005; Horrocks et al., 2011; Černe at al., 2013).
Because formaldehyde is a known human carcinogen (Heck and Casanova, 2004), new “green”
formaldehyde-free, ecologically friendly alternative agents and chemical modifications need to
be developed.
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OH

Trimethylolmelamine
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(b)
Figure 28: Structure of the cross-linker (a) used in a flame retardant finishing with Nhydroxymethyl-3-dimethylphosphonopropionamide and the reaction of its production (b).

The

synergistic

action

of

phosphorus

and

nitrogen

in

the

N-hydroxymethyl-3-

dialkylphosphonopropionamide-based compounds provides the most effective flame-retardant
protection of cellulose fibres. The mode of flame retardant action of organophosphorus is
complex. It includes endothermic decomposition of the organophosphorus and the generation of
polyphosphoric acid at lower temperatures of heating, which phosphorylates the C(6) hydroxyl
group present in cellulose (Figure 29(a)), therefore preventing the intramolecular bonding
between of C(6) and C(1) cellulosic hydroxyl groups and the formation of levoglucosan (Figure
25), consequently preventing the formation of flammable volatiles (Horrock, 1983; Price et al.,
1997). Generation of dimethyl phosphate by the decomposition of N-hydroxymethyl-3dialkylphosphonopropionamide was also proposed, whereas phosphorylation of the C(6)
hydroxyl group (Figure 29(a)) can be assigned to both dimethyl phosphite and its oxidation
product, i.e., dimethyl phosphate (Figure 29(b)) (Gaan and Sun, 2007 (a)).
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Figure 29: C6 phosphorylation (a) and structures of the decomposition products of Nhydroxymethyl-3-dimethylphosphonopropionamide (b).

The flame-retardant synergistic action of nitrogen in combination with phosphorus is attributed
to the ability of nitrogen to reinforce the catalytic effect of phosphorus toward promoting the
formation of the cross-linked carbonaceous char, which acts as a physical barrier for heat, fuel
and oxygen between the underlying cellulose and the flame. Additionally, these flame retardants
produce non-flammable CO2, NH3 and water, which physically dilute the mixture of flammable
volatiles (Horrocks et al., 1996; Kandola et al., 1996; Gaan et al., 2008). The flame retardant
action of organophosphorus compounds shifts the starting temperature of the thermo-oxidative
decomposition (Tonset) to lower values because the flame retardant formulation starts to
decompose at lower temperatures compared to that of the cellulose, ensuring the start of the
protective process in time. The promoted cellulose dehydration and char formation shifts the
temperature of the first stage of the thermo-oxidative decomposition (Tmax1) to lower values. The
promoted formation of the cross-linked carbonaceous char protects the underlying cellulosic
material and sub-surfaces from the heat of burning (Kandola et al., 1996; Gaan and Sun, 2007
(a)), leading to a decreased weight-loss percentage and weight-loss rate during this step,
consequently leading to an increased percentage of residue. The increased thermal stability of the
formed aliphatic char-underlying cellulosic material shifts the temperature of the second stage of
the thermo-oxidative decomposition (Tmax2) to higher values and decreases the weight-loss
percentage and the weight-loss rate during this step, during which formation of the aromatic char
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occurs. The organic components of the organophosphorus compounds may participate in the
char-forming chemistry, which facilitates the aromatisation effect (Price et al., 1997). Due to the
higher thermo-oxidative stability of the aromatic char formed during the second decomposition
stage, the percentage of the residue corresponding to the second stage and the end (800 °C) of
the thermo-oxidative degradation process is increased. The flame retardant action of the Nhydroxymethyl-3-dialkylphosphonopropionamide-based compounds is so efficient that the
phosphorus content of 2% in the cotton fabric increases the LOI to 26% (Gaan and Sun, 2007
(a)) and instantly and completely stops the burning of the cotton fibres after the removal of the
flame source.

2.2.5.4 Fabrication of a flame-retardant surface on textiles by the sol-gel method

The sol-gel processing of the organofunctional trilakoxysilane precursors (Brinker and Scherer,
1990; Simončič 2012) including phosphorus- and nitrogen-based flame retardant functional
groups represent a very promising competitor to the commercial finishing methods. The “green”
sol-gel processing enables the formation of the hybrid silsesquioxane polymeric film covalently
bonded to the cotton fibre surface, whereas flame retardant organic moieties face outward from
the surface. In addition to acting as a crosslinker between the cellulosic surface and the flameretardant organic moieties, the silsesquioxane polymeric film is considered to act synergistically
with phosphorus or phosphorus-nitrogen as a thermo-insulating barrier, which is stable up to
1000 °C (Alongi and Malucelli, 2012; Chernyy et al., 2015). The organofunctional
trialkoxysilanes with phosphorus or phosphorus and nitrogen in the organofunctional group,
which were

used

for the processing of

the flame-retardant

organo-functionalized

polysilsesquioxane coatings on the cotton fibre surface, are presented in Table 3.
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Table 3: Examples of flame retardant organofunctional trialkoxysilane precursors.
Structure of precursor

Ref.
(Yang et al., 2012)

H3CO
H3CO

Si

P

CH2CH2CH2

O

NH
H3CO

P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic amide
H3CH2CO
H3CH2CO

OCH2CH3
Si

NH

CH2CH2CH2

P

(Hu et al., 2012)

O

O

H3CH2CO

P-ethoxy-P-phenoxy-N-(3-(triethoxysilyl)propyl) phosphinic amide

(Hu et al., 2011)

H3CH2CO
H3CH2CO

O
Si

O

CH2CH2CH2
HN

H
N

C

H3CH2CO

N
H

P
C
O
O

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-isophorone diisocyanate-(3-aminopropyl)triethoxysilane

(Chernyy et al., 2015)
H3CO
H3CO

O
Si

CH2CH2

P
O

H3CO

10-(2-Trimethoxysilyl-ethyl)-9-hydro-9-oxa10-phosphaphenanthrene-10-oxide
H3CH2CO
H3CH2CO
H3CH2CO

Si

CH2CH2

OCH2CH3

(Alongi et al., 2012 (a);

P

Alongi et al., 2012 (b))

O

OCH2CH3

Diethylphosphatoethyltriethoxysilane
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The hybrid polysilsesquioxane coating formed on the cotton fibres by the sol-gel processing of
the P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic amide is schematically illustrated in
Figure 30.

Figure 30: Schematic illustration of the P,P-diphenyl-N-functionalized polysilsesquioxane
formed on the fibre surface.

The flame retardancy of these coatings is based on the synergistic action of phosphorus and
silicon or phosphorus, nitrogen, and silicon with respect to the structure of the organofunctional
group (Yang et al., 2012; Hu et al., 2012; Hu et al., 2011; Chernyy et al., 2015; Alongi et al.,
2012 (a); Alongi et al., 2012 (b)). In general, all of the examined flame retardant hybrids
decreased the starting thermo-oxidative decomposition temperature, promoted dehydration and
promoted the formation of the crosslinked aliphatic char, which was thermally more stable
compared to that of the untreated cellulose. The formed char protected the underlying cellulosic
material, therefore reducing the weight-loss percentage and rate during the first decomposition
stage and shifting further degradation toward higher temperatures compared to the untreated
cotton due to the enhanced aromatization effect. Consequently, this increased the residue
percentage at 800 °C (Hu et al., 2011; Chernyy et al., 2015; Alongi et al., 2012 (b)). The
promoted dehydration during the first decomposition stage resulted in the increased intensity of
the released H2O (Hu et al., 2012; Chernyy et al., 2015). The enhanced evolution of the H2O and
the formation of the thermally stable aromatic char during the second decomposition stage
inhibited the production of the flammable volatiles (Hu et al., 2011; Hu et al., 2012). The sol-gel
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coating fabricated by the application of 10-(2-trimethoxysilyl-ethyl)-9-hydro-9-oxa-10phosphaphenanthrene-10-oxide retarded the combustion of the cotton in an air atmosphere by
decreasing the rate of the flaming combustion, whereas sol-gel coatings corresponding to the
application of diethylphosphatoethyltriethoxysilane (Alongi et al., 2012 (b)) and P,P-diphenyl-N(3-(trimethoxysilyl)propyl) phosphinic amide (Yang et al., 2012) reduced the total burning time.
The chemical structure of the flame-retardant organic moiety in the hybrid polysilsesquioxane
plays an important role in the modification of the burning behaviour mode. Flaming combustion
may be followed by glowing combustion, during which char smouldering occurs (Chernyy et al.,
2015). The formation of the carbonaceous-siliceous aromatic charred protective layer prevented
the complete combustion of the underlying carbon-rich material.

2.2.6 Antimicrobial properties

2.2.6.1 Mechanisms of antimicrobial action

Cotton fibres, as natural cellulosic fibres, are prone to biodeterioration, which causes colour
changes, unpleasant odours, and degradation. Microorganisms from water, soil and air, e.g.,
bacteria and fungi, produce cellulolytic enzymes (cellulases) that catalyse the breakage of the β(1→4)-glucosidic bonds to release glucose, consequently causing degradation of the cellulosic
polymer. The amorphous cellulosic regions of the cotton fibre are more prone to hydrolytic
degradation than the crystalline regions. The released glucose represents a source of carbon that
microorganisms use for their growth and development. The mechanism by which bacteria and
fungi degrade the cotton fibres differs. The direction of the bacteria attack occurs from the fibre
surface towards the inside, whereas fungi initially remove the cuticle layer and then penetrate
through a secondary wall into a lumen where they grow (Szostak-Kotowa, 2004; Wilson, 2011).
A decreased degree of polymerisation impairs the fibre’s structure and strength.

Surface chemical modification with antimicrobial agents represents one of the most effective
methods for the protection of cellulosic fibres against biodeterioration. Antimicrobial agents for
textiles can be classified in several ways, the most frequently used of which are the chemical
structure, origin, concentration, efficiency, mechanism and spectrum of activity, and purpose of
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the antimicrobial textiles (Gao and Cranston, 2008; Schindler and Hauser, 2004; Dring, 2003;
Vigo, 1983; Simončič and Tomšič, 2010).

Active antimicrobial agents protect the cotton fibre surface by
– killing the microorganisms that reach the fibre surface (biocides) or
– inhibiting the growth of the microorganisms (biostats).

The concentration of an active substance within the antimicrobial agent is of prime importance
for its antimicrobial activity (Simončič and Tomšič, 2010). It is found that the minimum
inhibitory concentration is required for biostatic activity and that the biocidal activity is achieved
only if the minimum biocidal concentration is exceeded. Biocidal or biostatic activity of the
antimicrobial agent is also influenced by the microorganisms because the toxicity of the agent to
a particular microorganism can vary (Maillard, 2005).

Antimicrobial agents used for textile protection utilize two mechanisms of antimicrobial activity:
– a controlled-release and
– a barrier formation mechanisms.

The controlled-release mechanism is characteristic of the leaching antimicrobial agents (Gao and
Cranston, 2008; Schindler and Hauser, 2004; Dring, 2003; Vigo, 1983; Simončič and Tomšič,
2010). The moisture environment stimulates the gradual release of the active substance from the
fibre surface into the surrounding areas, where they act as a poison for the microorganisms.
Because “leaching type”-agents are not chemically bound to the fibre surface, their leaching
from the fibre surface due to their activity or laundering gradually decrease their concentration.
After this concentration drops under the limit of effectiveness, the fibre surface is no longer
protected from biodeterioration. Because of the toxicity of these agents and the risk of their
negative influence on the environment, their use is limited. Examples of the used agents are
halogenated phenols 2,4,4'-trichloro-2'-hydroxydiphenyl ether (triclosan), cationic surfactants
known as quaternary ammonium (QAS) and phosphonium (QPS) salts, N-halamines, and
nanoparticles of metals and metal oxides, such as Ag, TiO2, and ZnO (Schindler and Hauser,
2004; Simončič and Tomšič, 2010; Tomšič et al., 2011). There are also antimicrobial agents that
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are chemically bonded to the textile fibres, but their antimicrobial activity is performed with the
controlled release of the active substance in the water. Because these agents can be regenerated
in an appropriate medium to restore their antimicrobial activity, their antimicrobial mechanism is
also considered as the regeneration model (Vigo, 1983).

A barrier formation mechanism is characteristic of so-called bound antimicrobial agents
(Schindler and Hauser, 2004; Simončič and Tomšič, 2010). They include unique chemical
structures that enable chemical binding of the agents to the surface of the textile fibres from
where they do not release or leach but act as a barrier and control microorganisms that make
contact with the fibres. Chemical binding of the agent to the textile surface can be possible if
there are enough reactive functional groups in the agent and in the fibres to form chemical bonds.
They have significant advantages over the leaching agents. Because of their non-leaching
properties, the concentration of the active substance does not decrease during their operation,
which results in a very small probability for microorganisms to develop resistance to them. The
barrier formation enables only the microorganisms that are adsorbed onto the textile surface to
be killed, so the agents cannot cross the skin barrier and irritate the skin. Bound antimicrobials
are much more resistant to repeated laundering compared with leaching agents. Along with these
advantages, however, these agents also demonstrate an important weakness. Namely, despite the
presence of the barrier on the fibre surface, the latter can be deactivated with deadly
microorganisms, the adsorption of dirt or the neutralisation of positive charges owing to the
complex formation between the cationic antimicrobial group of the biobarrier and the anionic
detergent during laundering. Additionally, the biobarrier can be gradually removed from the
fibre surface by abrasion. The most important bound antimicrobial agents used for the chemical
modification of textiles include polymerizable surfactants (Owusu-Adom and Guymon, 2008;
Caillier et al., 2009; Zhou et al., 2014; Bao et al., 2016), reactive dyes with the incorporated
QAS (Ma and Sun, 2005; Liu et al., 2007; Zhao et al., 2008; Chan et al., 2011), reactive
quaternized chitosan (Lim and Hudson, 2004) and QAS-functional trialkoxysilanes (Isquith et
al., 1972; Tomšič and Simončič, 2005; Yu et al., 2007; Marini et al., 2007; Song et al., 2011;
Messaoud et al., 2014; Tomšič et al., 2014). The scenario of the synthesis of these antimicrobial
compounds was to bind QAS to the textile fibres chemically covalently and consequently
convert the controlled release mechanism of QAS into biobarrier formation.
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QASs include cationic surface active agents with an amphiphilic molecular structure consisting
of the polar cationic ammonium group and nonpolar alkyl or porfluoroalkyl group (Figure 31)
(Wang and Wang, 2009; Massi et al., 2009; Laatirisa et al., 2008; Lundin et al., 2014; Pérez et
al., 2009; Bračič et al., 2014). The biocidal action of QAS, involves electrostatic attractive
interactions between the cationic nitrogen of the ammonium group and the negatively charged
phospholipids present in the cell membrane of the microbe, which interrupt all essential
membrane functions (Ascenzy, 1996; Gilbert and Moore, 2005). Additionally, the long
hydrocarbon chain present in the structure of the quaternary ammonium agent physically
ruptures the cell membrane, causing disruption and lyses of the microbial cell, therefore
interrupting the key microbial cell functions.

Cl
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CH3
Cl
+
N
CH2
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n = 11-17
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Diquaternary perfluoroalkyl dimethyl ammonium salt

(b)

Figure 31: Structure of a quaternary ammonium salts with nonpolar alkyl (a) and porfluoroalkyl
(b) group.

The poor washing fastness of the quaternary ammonium compounds is overcome by the
introduction of polymerisable vinyl, acrylic or methacrylic groups into the structure (Figure 32)
(Simončič and Tomšič, 2010). The presence of the polymerisable group (e.g. vinyl group)
enables the polymerisation of the agent into the organic polymer consisting of the polyvinyl
backbone and the side antimicrobial QAS groups of different structures. To increase the
65

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016
LITERATURE REVIEW

durability of the polymer film, agent copolymerizes with glycidyl methacrylate or vinyl
methacrylate that acts as crosslinking agents and anhorns of the polymer film to fibre functional
groups. The comonomers should be carefully selected according to the nature of the substrate to
which they are applied.

H3C
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CH3
+ Br
N
(CH2)2

O
O

CH3

C

C

CH2

H

Alkyl(2-(acryloyloxy)ethyl)dimethyl ammonium bromide

Figure 32: Structure of a quaternary ammonium compound with incorporated polymerisable
acrylic group.

2.2.6.2 Fabrication of an antimicrobial surface on textiles by the sol-gel method

The sol-gel processing of the QAS-functional trialkoxysilane precursors (Table 4) enables the
covalent fixation of the quaternary ammonium biocide to the fibre surface trough the fabrication
of the QAS-functionalized polysilsesquioxane coating.

The antimicrobial activity of 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride
provides protection against broad spectra of both the gram positive and gram negative bacteria as
well as against algae and fungi (Isquith et al., 1972; Oosterhof et al., 2006).

The hybrid polysilsesquioxane coating (Figure 33) formed on the cotton fibres by the sol-gel
processing of the 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (Isquith et
al., 1972; Tomšič and Simončič, 2005; Song and Baney, 2011; Tomšič et al., 2011; Simončič et
al., 2012) provides the formation of a durable, nonleachable, environmentally friendly bio-barrier
against bacteria and fungi. Because the cationic alkyl ammonium group is coupled to the
polysilsesquioxane coating, which is covalently bound to the cotton fibres, this biocidal coating
does not release toxic compounds into the surroundings.
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Table 4: Examples of antimicrobial organofunctional trialkoxysilane precursors.
Structure of precursor

Ref.

H3CO
H3CO

Si

(CH2)3

(Isquith et al., 1972)

CH3
+ Cl
N
(CH2)17 CH3
CH3

H3CO

3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride

H3CO
H3CO

CH3

Si

(CH2)3

+ I
N
(CH2)3

(Yu et al., 2007)

O

-

O

C

(CH2)2

(CF2)7

CF3

CH3

H3CO

Perfluorooctylated quaternary ammonium silane coupling agent

H3CH2CO
H3CH2CO

(Chen et al., 2011)

CH3
Si

CH2CH2CH2

H3C

N

CH2CH2CH2

SO3

CH3

3-(methyl-diethoxysilyl)-propyldimethyl sulfopropyl ammonium

Another example of the durable, antibacterial, nonleachable, environmentally friendly hybrid
polysilsesquioxane coating for cotton fibres includes covalently bonded sulfopropylbetaine
organofunctionalized groups. The sulfopropylbetaine-functionalized hybrid coating provides
excellent antibacterial activity by interfering with bacterial metabolism and does not cause
rupture of the bacterial cells, therefore acting as a bacteriostat (Chen et al., 2011).

Furthermore, modification of the cotton fibre surface through the creation of the low-energy
water- and oil-repellent surface decreases the adhesion between the fibre surface and the
microorganisms and inhibits the growth of microorganisms due to the decreased moisture
content, which is very important for their growth (Simončič et al., 2010 (b); Simončič and
Tomšič, 2010; Vilčnik et al., 2009).
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Figure 33: Schematic illustration of the quaternary alkyl ammonium-functionalized
polysilsesquioxane formed on the fibre surface.
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3.1

WATER-VAPOUR PLASMA TREATMENT OF COTTON AND POLYESTER
FIBRES

Jelena Vasiljević, Marija Gorjanc, Rok Zaplotnik, Alenka Vesel, Miran Mozetič, and Barbara
Simončič
Published in: Materials and Technology, 2013, vol. 47, no. 3, pp. 379–384.
JCR IF (2013): 0,555; kategorija: 1A4 (Z).
Abstract
This study deals with the treatment of cotton and polyester fibres with a low-pressure,
inductively coupled RF plasma, in which the water vapour from the fibres was used as a plasmaforming gas. Cotton, which is a hydrophilic, natural, cellulose fibre and polyester, which is a
hydrophobic, synthetic, polyethylene terephthalate fibre, were used. Plasma characteristics
during the treatment were investigated using optical emission spectroscopy (OES). The
morphological and chemical changes in the fibre surfaces induced by plasma treatment were
analysed using atomic force microscopy (AFM), scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). The optical emission spectra showed the presence of OH and
H radicals at the beginning of the plasma treatment, whereas a CO Angstrom band appeared in
the spectra recorded during the plasma treatment of both fibres. The cotton fibre roughness
showed a three-fold increase after the plasma treatment that increased the surface area by
approximately 8 %. The changes in the polyester fibre roughness were much less distinct and the
surface area increased by approximately 3 %. The plasma treatment induced an increase in the
O/C atomic ratio by approximately 43 % for cotton and 56 % for polyester fibres. The etching
action of the water-vapour plasma was thus found to be more effective on the surface of cotton
fibres than on polyester fibres. However, the water content of polyester fibres was sufficiently
high to cause an oxidation of the fibre surface that was even higher than the oxidation of cotton.
Keywords: water-vapour plasma, effectiveness of treatment, cotton, polyester, water content,
morphological and chemical changes
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3.2

THE SURFACE MODIFICATION OF CELLULOSE FIBRES TO CREATE SUPERHYDROPHOBIC, OLEOPHOBIC AND SELF-CLEANING PROPERTIES

Jelena Vasiljević, Marija Gorjanc, Brigita Tomšič, Boris Orel, Ivan Jerman, Miran Mozetič,
Alenka Vesel and Barbara Simončič
Published in: Cellulose, 2013, vol. 20, no. 1, pp. 277–289.
JCR IF (2013): 3,033; kategorija: 1A1 (Z, A'', A', A1/2).
Abstract
The surface modification of cellulose fibres was performed with the use of low-pressure water
vapour plasma, followed by the application of a pad-dry-cure sol-gel coating with the water- and
oil-repellent organic–inorganic hybrid precursor fluoroalkyl-functional siloxane (FAS), with the
aim of creating the ‘‘lotus effect’’ on the cotton fabric surface. The tailored ‘‘lotus effect’’ was
confirmed by measurements of the contact angle of water (154°) and n-hexadecane (140°), as
well as by measurements of the water sliding angle (7°), which were used to identify the
superhydrophobic, oleophobic and self-cleaning properties of the modified fibres. The chemical
and morphological changes caused by modifications of the fibres were investigated by XPS,
FTIR, AFM and SEM. The results show that the plasma pre-treatment simultaneously increased
the surface polarity, average roughness, and surface area of the fabric. The application of the
FAS coating after plasma pre-treatment caused only a slight increase in the surface roughness,
accompanied by a decrease in the surface area, indicating that the architecture of the surface was
significantly changed. This result suggests that the surface pattern affected the ‘‘lotus
effect’’more than the average surface roughness. The plasma pre-treatment increased the
effective concentration of the FAS network on the fabric, which resulted in enhanced repellency
before and after repetitive washing, compared with that of the FAS-coated fabric samplewithout
the plasma pre-treatment. Despite the fact that the plasma pre-treatment increased the
concentration of the oxygen-containing functional
groups on the fabric surface, this phenomenon insignificantly contributed to the adhesion ability
and, consequently, the washing fastness of the FAS coating.
Keywords: cellulose fibres, plasma pre-treatment, sol–gel coating, super-hydrophobicity,
oleophobicity, self-cleaning properties
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3.3

INFLUENCE OF OXYGEN PLASMA PRE-TREATMENT ON THE WATER
REPELLENCY OF COTTON FIBERS COATED WITH PERFLUOROALKYLFUNCTIONALIZED POLYSILSESQUIOXANE

Jelena Vasiljević, Marija Gorjanc, Ivan Jerman, Brigita Tomšič, Martina Modic, Miran Mozetič,
Boris Orel and Barbara Simončič
Published in: Fibers and Polymers, 2016, vol. 17, no. 5, pp. 695–704.
JCR IF (2015): 1,022; kategorija: 1A2 (Z, A1/2).
Abstract
Oxygen plasma pre-treatment was applied to cotton fabric with the aim of improving the water
repellency performance of an inorganic-organic hybrid sol-gel perfluoroalkyl-functionalized
polysilsesquioxane coating. Cotton fabric was pre-treated with low-pressure oxygen plasma for
different

treatment

times

and

operating

powers.

Afterward,

1H,1H,2H,2H-

perfluorooctyltriethoxysilane (SiF) was applied to the cotton fabric samples using the pad-drycure method. The surfaces of the untreated and modified cotton fibers were characterised using
Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, scanning electron
microscopy, and atomic force microscopy. The water repellency of the SiF-coated fabric samples
was evaluated using static and sliding contact angle measurements with water. The results show
that the plasma treatment with the shortest treatment time (10 s) and the lowest operating current
(0.3 A) increased the atomic oxygen/carbon ratio of the cotton fiber surface from 0.6 to 0.8 and
induced the formation of a nano-sized grainy surface. Increasing the plasma treatment time
and/or operating current did not intensify the surface changes of the cotton fibers. Such
saturation effects were explained by the large influence of reactive oxygen atoms during the
plasma treatment. The measured static water contact angles on the surface of the untreated and
plasma pre-treated and SiF-coated cotton fabrics showed that the oxygen plasma pre-treatment
enabled the increase of the water contact angle from 135 ° to ≈ 150 °, regardless of the applied
plasma treatment time and discharge power. This improvement in the hydrophobicity of the SiF
coating was followed by a decrease in the sliding angle of water droplets by more than 10°
compared to the plasma untreated and SiF-coated sample characterized by a water sliding angle
of 45°. Additionally, measurements of the water sliding angle revealed that the increase of the
static contact angle from 149° to 150° corresponded to a drop of the water sliding angle from 33
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to 24°, which suggests that the plasma pre-treatment of 20 s at an operating current of 0.3 A
produced the best water-repellent performance of the SiF-coated cotton fabric.
Keywords: cotton fiber, oxygen plasma pre-treatment, sol-gel, perfluoroalkyl-functionalized
polysilsesquioxane coating, water-repellency
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3.4

STUDY OF FLAME-RETARDANT FINISHING OF CELLULOSE: ORGANICINORGANIC HYBRID VERSUS CONVENTIONAL ORGANOPHOSPHONATE

Jelena Vasiljević, Samira Hadžić, Ivan Jerman, Lidija Černe Hočevar, Brigita Tomšič, Jožef
Medved, Matjaž Godec, Boris Orel and Barbara Simončič
Published in: Polymer Degradation and Stability, 2013, vol. 98, no. 12, pp. 2602–2608.
JCR IF (2013): 2,633; kategorija: 1A2 (Z, A1/2).
Abstract
The aim of this study was to introduce a non-formaldehyde inorganic-organic hybrid sol-gel
flame retardant precursor (SiOP) containing phosphorous, nitrogen, and silicon and to compare
its functional properties with those of the conventional formaldehyde-containing organic flameretardant agent, organophosphonate (OP). SiOP was used at concentrations of 2%, 4%, and 8%,
and OP was used at a concentration of 200 g/dm3. Both agents were applied to 100% cotton
(CO) woven fabric by the pad-dry-cure method under the appropriate conditions. The presence
of the SiOP and OP coatings on the CO fabric was confirmed by scanning electron microscopy,
energy dispersive X-ray spectroscopy and Fourier transform infrared spectroscopy. The results
of the vertical tests of flammability and the thermogravimetric analyses showed that the presence
of the SiOP coating changed the thermal degradation pathway of the CO fabric and resulted in an
increase in the thermo-oxidative stability of the cellulose fibres. The thermo-oxidative stability
was enhanced by the addition of higher amount of dry solids. At comparable dry solids contents,
OP preserved significantly greater flame retardancy and thermo-oxidative stability than did
SiOP. These results indicated that the SiOP precursor could not act as an effective alternative to
the OP agent in the flame-retardant protection of CO fabric.
Keywords: flame retardant, cotton fabric, organic-inorganic hybrid, organophosphonate,
formaldehyde, physical properties
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3.5

FUNCTIONALIZATION

OF

CELLULOSE

FIBRES

WITH

DOPO-

POLYSILSESQUIOXANE FLAME RETARDANT NANOCOATING
Jelena Vasiljević, Ivan Jerman, Gregor Jakša, Jenny Alongi, Giulio Malucelli, Milena Zorko,
Brigita Tomšič and Barbara Simončič
Published in: Cellulose, 2015, vol. 22, no. 3, pp. 1893–1910.
JCR IF (2014): 3,573; kategorija: 1A1 (Z, A'', A', A1/2).
Abstract
The

preparation

of

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-functionalised

polysilsesquioxane (Si-DOPO)-coating was described and its flame retardant efficiency for
cotton fabric was thoroughly investigated. The 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10oxide–vinyltrimethoxysilane (DOPO–VTS) was synthesized and applied to cotton fabrics at
different concentrations using a sol-gel process. The structure of the synthesized DOPO–VTS
was characterized using Fourier-transform infrared spectroscopy and nuclear magnetic resonance
spectroscopy. The characteristics of the Si-DOPO coatings formed on the cotton fibres were
investigated using X-ray photoelectron spectroscopy, time-of-flight-secondary ion mass
spectrometry and scanning electron microscopy. The flame retardant properties of the Si-DOPOcoated cotton samples were evaluated by thermogravimetric analyses, vertical flame spread tests
and cone calorimetry analyses. The Si-DOPO coating increased the thermo-oxidative stability of
the cotton fibres by increasing the stability of the protective char and inhibited cellulose fibres
degradation. The Si-DOPO coating did not decrease the time of flaming combustion but did
completely stop the vigorous combustion of the fibres. The results also suggest that the flame
retardation by the Si-DOPO coating is due to the quenching of active radicals from the
decomposing cellulose and the cellulose phosphorylation by the DOPO component as well as the
silicon oxide formation by the silsesquioxane component on
the fibre surface. These findings indicate that the flame retardant efficiency of the Si-DOPO
coating can be ascribed to the combined activity of phosphorus acting in both gas and condensed
phases and silicon acting in the condensed phase.
Keywords: cotton, sol–gel, DOPO–VTS, combustion, flame retardant efficiency
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3.6

MULTIFUNCTIONAL
RETARDANT

SUPERHYDROPHOBIC/OLEOPHOBIC

CELLULOSE

FIBRES

WITH

IMPROVED

AND

FLAME-

ICE-RELEASING

PROPERTIES AND PASSIVE ANTIBACTERIAL ACTIVITY PREPARED VIA THE
SOL-GEL METHOD
Jelena Vasiljević, Brigita Tomšič, Ivan Jerman, Boris Orel, Gregor Jakša, Janez Kovač and
Barbara Simončič
Published in: Journal of Sol-Gel Science and Technology, 2014, vol. 70, no. 3, pp. 385–399.
JCR IF (2014): 1,532; kategorija: 1A1 (Z, A', A1/2).
Abstract
In this research, a two-component sol-gel inorganic–organic hybrid coating was prepared on a
cotton fibre surface. An equimolar sol mixture of the precursors 1H,1H,2H,2Hperfluorooctyltriethoxysilane (SiF) and P,Pdiphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic
amide (SiP) was applied to cotton fabric samples using the pad-dry-cure method. The surfaces of
the untreated and coated cotton fibres were characterised using scanning electron microscopy,
Fourier transform-infrared spectroscopy, X-ray photoelectron spectroscopy, and time-of-flightsecondary ion mass spectrometry. The functional properties of the coated cotton fabric samples
were investigated using static contact angle measurements with water and n-hexadecane, the icereleasing test, antibacterial testing against Gram-positive Staphylococcus aureus and Gramnegative Escherichia coli, thermogravimetric analysis in an air atmosphere, and vertical
flammability tests. The results reveal the formation of a nanocomposite two-component
inorganic–organic hybrid polymer network that is homogenously distributed over the cotton fibre
surface. The presence of the SiP component in the two-component inorganic–organic hybrid
coating did not hinder the functional properties imparted by the presence of the SiF component
and vice versa, illustrating their compatibility. The cooperative action of the SiF and SiP
components in the two-component coating provided the cotton fabric with exceptional
multifunctionality, including simultaneous superhydrophobicity and high oleophobicity, passive
antibacterial activity, and improved thermo-oxidative stability.
Keywords: multifunctional cellulose, superhydrophobic, oleophobic, flame-retardant, icereleasing, antibacterial
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3.7

NOVEL

MULTIFUNCTIONAL

WATER-

AND

OIL-

REPELLENT,

ANTIBACTERIAL, AND FLAME-RETARDANT CELLULOSE FIBRES CREATED
BY THE SOL-GEL PROCESS
Jelena Vasiljević, Brigita Tomšič, Ivan Jerman, Boris Orel, Gregor Jakša and Barbara Simončič
Published in: Cellulose, 2014, vol. 21, no. 4, pp. 2611–2623.
JCR IF (2014): 3,573; kategorija: 1A1 (Z, A'', A', A1/2).
Abstract
This research aimed to prepare cotton fibres with novel multifunctional water- and oil-repellent,
antibacterial, and flame-retardant properties. A three-component equimolar sol mixture, which
included

1H,1H,2H,2H-perfluorooctyltriethoxysilane,

3-(trimethoxysilyl)-

propyldimethyloctadecyl ammonium chloride, and P,P-diphenyl-N-(3-(trimethoxysilyl) propyl)
phosphinic amide, was applied to the cotton fabric using the sol–gel process. The presence of the
coating on the cotton fibres was confirmed by Fourier transform-infrared spectroscopy and X-ray
photoelectron spectroscopy. The functional properties of the coated cotton fabric were
determined from liquid contact angle measurements and antibacterial activity, burning
behaviour, and thermo-oxidative stability studies. The results demonstrate that a unique,
compatible, and uniform organic-inorganic hybrid polymer network was formed on the fabric
surface, which preserved its simultaneous hydrophobic (water contact angle of 135 ± 2°),
oleophobic (n-hexadecane contact angle of 117 ± 1°), and bactericidal (bacterial reduction of 100
%) properties and incorporated the enhanced thermo-oxidative stability of the modified cellulose
fibres.
Keywords: cellulose fibres, multifunctional properties, water- and oil-repellency, antimicrobial
properties, flame retardancy, sol–gel coating
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3.8

FABRICATION OF THE HIERARCHICALLY ROUGHENED BUMPY-SURFACE
TOPOGRAPHY FOR THE LONG-LASTING HIGHLY OLEOPHOBIC “LOTUS
EFFECT” ON COTTON FIBRES

Jelena Vasiljević, Milena Zorko, Brigita Tomšič, Ivan Jerman and Barbara Simončič
Published in: Cellulose, 2016, vol. 23, no. 5, pp. 3301–3318.
JCR IF (2014): 3,573; kategorija: 1A1 (Z, A'', A', A1/2).
Abstract
In this study, a long-lasting highly oleophobic “lotus effect” was developed on the cotton fabric
surface by fabricating the hierarchically roughened bumpy-surface topography with a low
surface energy. The process was performed in two stages, where the three following approaches
were used for the first stage: (i) surface incorporation of Stöber silica particles, which were
prepared in advance with average diameters of 50 ± 15, 230 ± 20 and 780 ± 30 nm, (ii) in situ
generation of a particle-containing polysiloxane layer, (iii) in situ generation of the particlecontaining polysiloxane layer on the cotton fibres with the previously incorporated Stöber silica
particles. In the second stage, the nanometre-scale structures with a simultaneous reduction of
surface free energies were obtained using the sol-gel processing of fluoroalkylfunctional waterborn siloxane (FAS). The static contact angle measurements with water 𝜃(W) and n-hexadecane
𝜃(C16) and sliding (roll-off) (α) angle measurements with water on the FAS-coated surfaces
show that the in situ created particle-containing polysiloxane layer on the cotton fibres with
surface-incorporated Stöber particles remarkably minimized the solid/water interface and
maximized the water/air interface, which enabled the fabrication of the artificial “Lotus effect”.
This effect was characterized with the extremely low roll-off angle, i.e., α = 2°, and was
accompanied by an exceptionally high oleophobicity, where 𝜃(C16) approaches the value of
150°. The noteworthy high durability of these coatings successfully preserves their outstanding
performances even after 2 laboratory washings that correspond to 10 domestic washings.
Keywords: cotton, lotus effect, superhydrophobicity, high oleophobicity, sol-gel, Stöber particles
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3.9

STRUCTURAL OPTIMISATION OF A MULTIFUNCTIONAL WATER- AND OILREPELLENT, ANTIBACTERIAL, AND FLAME-RETARDANT SOL-GEL COATING
ON CELLULOSE FIBRES

Jelena Vasiljević, Milena Zorko, Danaja Štular, Brigita Tomšič, Ivan Jerman, Boris Orel, Jožef
Medved and Barbara Simončič
Submitted to Cellulose, 2016. JCR IF (2014): 3,573; kategorija: 1A1 (Z, A'', A', A1/2).
Abstract
This research aimed to optimise the structure of the multifunctional water- and oil-repellent,
antibacterial, and flame-retardant hybrid polysilsesquioxane coating to increase its washing
fastness to cotton fibres. In the pre-treatment process, pre-prepared Stöber silica particles were
applied to the fibres by a pad-dry-cure process followed by the in situ generation of a tetraethyl
orthosilicate (TEOS)-based particle-containing polysiloxane layer. A three-component equimolar
sol mixture (MC), which included 1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF), 3(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (SiQ) and P,P-diphenyl-N-(3(trimethoxysilyl)propyl) phosphinic amide (SiP) in combination with two different
concentrations of TEOS (T and 3T) or organocyclotetrasiloxane 2,4,6,8-tetrakis(2(diethoxy(methyl)silyl)ethyl)-2,4,6,8-tetramethyl–cyclotetrasiloxane (T4) as crosslinkers, was
applied to the pre-treated cotton fibres by a pad-dry-cure process. The functional properties of
the coated samples before and after repeated washing were investigated by the water (W) and
n-hexadecane (C16) static contact angle as well as water sliding (roll-off) (α) angle
measurements, antibacterial tests, thermogravimetric analyses and burning behaviour studies.
The results showed that the inclusion of T4 into the MC sol increased the washing fastness of the
coating to a significantly greater extent than the inclusion of T, and the washing fastness even
further it increased if silica particles were deposited on the fibres in the pre-treatment process.
The structural optimisation of the coating also led to the improvement of the functional
properties of the coating, which exhibited the “Lotus effect” ((W) = 161° and α = 4°) and
simultaneously demonstrated high antibacterial activity (the R values for E. coli and S. aureus
were 81.6 and 100 %, respectively), enhanced thermo-oxidative stability and “glow” retardancy.
The only weakness of the optimised coating is the impairment of its oleophobicity.
Keywords: multifunctional cotton, sol-gel, superhydrophobicity, antibacterial activity, increased
thermal stability, increased washing fastness
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Introduction

The sol-gel processing of hybrid organofunctional trialkoxysilanes represents an exceptional
versatile and effective strategy for achieving an environmentally friendly surface
functionalization of textile fibres through the deposition of thin organic-inorganic hybrid sol gel
based films from the liquid phase (Alongi et al. 2012; Chen et al. 2011; Mahltig et al. 2005;
Steffen et al. 2002; Vasiljević et al. 2016 (a); Vilčnik et al. 2009; Yin and Wang 2012; Yu et al.
2007). During the formation of the hybrid polysilsesquioxane film, interactions between the
polysilsesquioxane network and the fibre surface also occur, which induce a spontaneous selforganisation of the hybrid film on the textile fibre surface, i.e., the “dangling” organofunctional
moieties face outwards from the surface. Depending on the chemical structure of the
organofunctional moiety, different protective surface properties, such as water repellency (Liu et
al. 2014; Mahltig and Böttcher 2003; Manatunga et al. 2016; Periolatto et al. 2013; Yin and
Wang 2013), oil repellency (Ivanova and Zaretskaya 2010; Vasiljević et al. 2013 (a); Vilčnik et
al. 2009; Yin and Wang 2012), flame retardancy (Alongi et al. 2012; Chernyy et al. 2015; Hu et
al. 2012; Vasiljević et al. 2013 (b); Vasiljević et al. 2015; Yang et al. 2012), antimicrobial
activity (Chen et al. 2011; Isquith et al. 1972; Simončič et al. 2012; Yu et al. 2007), electrical
conductivity (Mičušík et al. 2007) and antistatic properties (Textor and Mahltig, 2010) can be
tailored. The outstanding advantage of this method is the opportunity for simultaneously
applying a sol mixture containing different organofunctional trialkoxysilane precursors, which
represents an structurally unique and simple method for the development of a multicomponent
coating with selected multifunctional protective properties.
Following this approach, we previously reported (Vasiljević et al. 2014) the fabrication of a
novel multifunctional organic-inorganic hybrid polymer network on a cotton fibre surface
through the sol-gel application of a three-component sol mixture, which included 1H,1H,2H,2Hperfluorooctyltriethoxysilane (SiF), 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium
chloride (SiQ) and P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic amide (SiP). This
coating simultaneously preserved the hydrophobicity, oleophobicity and excellent antibacterial
activity of the cotton fibres and enhanced their thermo-oxidative stability. However, the
coating’s poor washing fastness was an important disadvantage.
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One of the possible methods in order to enhance the coating’s washing fastness is to include in
the sol mixture an appropriate precursor with the reactive groups with the aim of crosslinking the
created polymer network with the functional groups of the fibres (Daoud et al. 2004; Huang et al.
2011; Mahltig and Böttcher 2003; Roe and Zhang 2009, Tomšič et al. 2015). To this end,
tetraethoxysilane

(T)

and

organocyclotetrasiloxane

2,4,6,8-tetrakis(2-

(diethoxy(methyl)silyl)ethyl)-2,4,6,8-tetramethyl–cyclotetrasiloxane (T4) were included as the
fourth components in the sol mixture in this study. It was assumed that in addition to the
increased adhesion, the inclusion of these precursors into the coating could decrease the steric
hindrance of organofunctional groups at different sites and consequently enhance the orientation
of functional groups in the coating. Furthermore as we demonstrated in our previous research
(Vasiljević et al. 2016b; Zorko et al. 2016), the in situ growth of a tetraethyl orthosilicate-based
particle-containing polysiloxane layer over the surface-deposited Stöber particles not only
enhances the performance of the subsequently created water- and oil-repellent hybrid coating but
also markedly improves the washing fastness of the coating; the idea was born to include this
pre-treatment process for the optimisation of the coating structure. The main objective of this
study was to investigate the functional properties, i.e., the water- and oil-repellency, antibacterial
activity, burning behaviour, and thermo-oxidative stability of the optimised coating on the cotton
fabric and determine its washing fastness.

Experimental part

Materials

The alkaline-scoured, bleached, and mercerised plain-weave 100 % cotton (CO) woven fabric
with a weight of 119 g/m2 (warp density: 50 threads/cm; weft density: 31 threads/cm) was kindly
supplied by the Slovenian textile company Tekstina d.d. Ajdovščina (Ajdovščina, Slovenia).

The commercially available 1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF, 97 %, ABCR), 3(trimethoxysilyl)-propyldimethyloctadecyl

ammonium

chloride

(SiQ,

40

%,

ABCR),

hexadecyltrimethoxysilane (SiH, 90 %, ABCR) and P,P-diphenyl-N-(3-(trimethoxysilyl)propyl)
phosphinic amide (SiP), which was synthesised according to a procedure reported in the
literature (Yang et al. 2012), were used as organofunctional-trialkoxysilane precursors.
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Tetraethyl orthosilicate (TEOS), ethanol (EtOH), 2-propanol (i-PrOH), and a 25 % ammonia
solution [NH3 (aq)] were purchased from Sigma Aldrich Corporation, and 97 % 1,3,5,7Tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane and 97 % methyldichlorosilane were purchased
from

ABCR

Gute

Chemie.

Organocyclotetrasiloxane

2,4,6,8-tetrakis(2-

(diethoxy(methyl)silyl)ethyl)-2,4,6,8-tetramethyl–cyclotetrasiloxane (T4) was synthesised from
tetramethyltetravinyl-cyclotetrasiloxane and methyldichlorosilane, followed by controlled
ethanolysis in the presence of a base (Hofacker et al. 2002).

The chemical structures of the SiF, SiQ, SiH SiP, T and T4 precursors are presented in Fig. 1.
Sol-gel finishing

Pre-treatment with silica

Pre-treatment of the cotton samples with silica was performed in a two-step process including
the application of pre-prepared Stöber silica particles by a pad-dry-cure process in the first step,
followed by the in situ generation of the TEOS-based particle-containing polysiloxane layer in
the second step. Specifically, this pre-treatment process was shown to be very effective for
introducing the long-lasting “lotus effect” with simultaneous highly oleophobic properties on the
cotton fabric surface (Vasiljević et al. 2016b).
The synthesis of the silica particles was performed according to the Stöber method (Stöber et al.
1968), and the in situ growth of a particle-containing polysiloxane layer on the cotton fibre was
performed as described in our previous publications (Vasiljević et al. 2016b; Zorko et al. 2015).
The synthesis conditions and the corresponding codes of the silica particles used are summarised
in Table 1.
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SiF

SiH

SiQ

SiP

T

T4
Fig. 1 Chemical structures of SiF, SiH, SiQ, SiP, T and T4
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Table 1 Codes and reaction conditions for the preparation of Stöber silica particles and the in
situ growth of a particle-containing polysiloxane layer on the cotton fibre
Silica

Silica

Particle

code

type

diameter

Solvent

T

t

TEOS

H2O/NH3

(°C)

(min)

(mol/l)

(mol/l)

(nm)
S1

pre-prepared

50 ± 15

EtOH

40

60

0.4

4/0.3

S2

pre-prepared

230 ± 20

EtOH

RT

60

0.2

6/0.2

I

in situ growth

/

EtOH

RT

60

0.2

6/0.2

After the synthesis was completed, the silica particles reached their final sizes, and the solutions
remained stable for several months. However, each solution was ultra-sonicated for 5 minutes
prior to use. Mono-sized dispersions of the silica particles were applied to cotton fabric samples
by the pad-dry-cure method as follows: full immersion at 20 °C for 10 s, adjustment of the wet
pick-up to 85 %, drying at 100 °C for 15 min, and curing at 150 °C for 5 min. After the
application of silica particles, the samples were left for 14 days under standard atmospheric
conditions (65 ± 2 % relative humidity and 20 ± 1 °C) to enable the formation of a complete
polymer network. Afterwards, the in situ growth of a particle-containing polysiloxane layer was
conducted on these samples. The conditions of in situ synthesis and the corresponding silica
codes are summarised in Table 1, and the entire process is described in detail in Zorko et al.
2015.

Multifunctional coating

Six different multicomponent sol mixtures of the hydrolysed precursors SiF, SiQ, SiP, SiH, T
and T4 were prepared in ethanol and applied to cotton samples by the pad-dry-cure method as
follows: full immersion of samples at 20 °C for 10 s, adjustment of the wet pick-up to 85 %,
drying at 100 °C for 15 min, and curing at 150 °C for 5 min. After the sol application, the
samples were left for 14 days under standard atmospheric conditions (65±2% relative humidity
and 20±1°C) to allow for the formation of a complete network of the applied finishes. The
concentration of the components in the sol mixtures and the corresponding codes are presented
in Table 2. The fabric sample codes are presented in Table 3 based on the method of sol-gel
finishing used.
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Table 2 Codes of the multicomponent hybrid coatings, and concentration and molar ratio of the
components in the corresponding sol mixtures
Sol

Concentration of the components in sol

mixture

mixture (%)

Molar ratio

code

SiF

SiQ

SiP

SiH

TEOS

T4

MC

4

3.9

3

-

-

-

n(SiF):n(SiQ):n(SiP) = 1:1:1

MC+T

4

3.9

3

-

1.6

-

n(SiF):n(SiQ):n(SiP):n(TEOS)
= 1:1:1:1

MC+3T

4

3.9

3

-

4.8

-

n(SiF):n(SiQ):n(SiP):n(TEOS)
= 1:1:1:3

MC+T4

4

3.9

3

-

-

6.9

n(SiF):n(SiQ):n(SiP):n(T4) =
1:1:1:1

MCH

-

3.9

3

2.7

-

-

n(SiH):n(SiQ):n(SiP) = 1:1:1

MCH+T4

-

3.9

3

2.7

-

6.9

n(SiH):n(SiQ):n(SiP):n(T4) =
1:1:1:1

Table 3 Codes of fabric samples according to the treatment
Sample code
CO
CO/MC

Mode of sol-gel finishing
/a)
Application of sol mixture MC

CO/(MC+T)

Application of sol mixture MC+T

CO/(MC+3T)

Application of sol mixture MC+3T

CO/(MC+T4)

Application of sol mixture MC+T4

CO/MCH
CO/(MCH+T4)

Application of sol mixture MCH
Application of sol mixture MCH+T4

CO/(S1I)-

Application of silica particles S1, followed by I,

(MC+T4)

followed by application of sol mixture MC+T4

CO/(S2I)-

Application of silica particles S2, followed by I,

(MC+T4)

followed by application of sol mixture MC+T4

a)

No finishing.
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Analyses and measurements

Scanning electron microscopy (SEM)

The surface morphology of the fabric samples was observed using a scanning electron
microscope (FE-SEM Zeiss SUPRA 35VP), which was operated with a primary electron beam at
an accelerating voltage of 1 kV.

Fourier transform-infrared (FT-IR) spectroscopy

Fourier-transform infrared (FT-IR) spectra were obtained on a Spectrum GX I spectrophotometer
(Perkin Elmer, Great Britain) equipped with an attenuated total reflection (ATR) cell and a
diamond crystal (n = 2.0). The spectra were recorded over a range of 4000 cm -1 to 600 cm-1
using 32 scans at a resolution of 4 cm-1.

Washing fastness

The fabric samples were washed repeatedly in an AATCC Atlas Launder-O-Meter standard
instrument (SDL Atlas, USA). One washing cycle in a Launder-O-Meter (ISO 105-C06 standard
method) with ten steel balls provides an accelerated washing treatment that corresponds to 5
domestic washes. The finished fabric samples were washed repeatedly up to 4 times. The
washing cycles were performed in a solution of SDC standard detergent at a concentration of 4
g/l at 40 °C for 45 min. After washing, the samples were rinsed twice in distilled water at 40 °C
for 1 min, subsequently rinsed in tap water, and then dried in air at room temperature. The
washed samples were coded by adding the suffix –1W, –2W, –3W and –4W to the assigned
codes, according to the number of washing cycles.

Contact angle measurements

The static contact angles were measured with water (W) and n-hexadecane (C16) on the fabric
samples using a DSA 100 contact angle goniometer (Krüss, Germany). The static contact angle 
of a liquid droplet was determined using the Young-Laplace fitting method. Ten measurements,
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which were performed with 5-μl liquid droplets at different points on the fabric samples, were
used to calculate the average contact angle values and standard errors. All the values reported
here correspond to contact angles that were obtained under stationary conditions, i.e., 30 s after
the liquid droplet was placed on the fabric.

Sliding (or roll-off) angle measurements
The water sliding (or roll-off) angles α were measured in the warp direction and determined as
the critical angle at which the 50-μl droplet began to slide or roll off the gradually inclined fabric
surface. Five measurements were performed for each fabric sample, and the mean values were
calculated.

Oil- and aqueous liquid-repellent properties

The oil repellency of the coated cotton samples was determined using the AATCC test method
118 with grades ranging from 0–8. The aqueous liquid repellency of the coated cotton samples
was determined using AATCC test method 193 with grades ranging from 0–8.

Antibacterial activity

The antibacterial activity of the coatings was estimated for the gram-positive bacteria
Staphylococcus aureus (ATCC 6538) and the gram-negative bacteria Escherichia coli (ATCC
25922) according to the EN ISO 20743:2007 transfer method. The agar plates were inoculated
with 1 ml of a nutrient broth culture containing 1-3×106 colony-forming units of the bacteria.
After inoculation, a swatch of the test sample (3.8 cm in diameter) was plated on an agar surface
and pressed down with a 200 g cylindrical weight for 60±5 s. The test sample was then removed
from the agar surface, placed in a 100-ml container with the transferred surface face-up and
incubated in a humid chamber at 37 °C for 24 h. After incubation, 20 ml of neutralising solution
was poured onto the test sample, and the mixture was shaken vigorously for 1 minute. After
serial dilutions with sterilised water, the suspensions were plated on nutrient agar and incubated
at 37 °C for 24 h. The reduction of bacterial growth, R, on the finished sample compared to the
unfinished sample was calculated as follows:
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𝑅=

(𝑈−𝑇)
𝑈

(%)

(2)

where U is the number of bacteria-forming units on the untreated sample after 24 h of incubation
and T is the number of bacteria-forming units on the treated sample under the same conditions.
Three treatments were performed on two samples for each fabric type, and the average value of
R and standard error were calculated.

Thermogravimetric (TG) analysis

The TG analysis was performed in a STA 449c Jupiter instrument (NETZSCH) in an open
alumina pan (sample mass = 1 mg) in an air atmosphere with an ambient temperature of 600 °C
at a heating rate of 10 °C/min and a cooling rate of 10 °C/min. These tests were repeated twice to
ensure reproducible data.

Vertical flame spread tests

The flammability of the CO samples was determined according to DIN 53906; a test that is able
to quantify the flammability of a fabric ignited by a vertical flame. A fabric sample of 15 x 7.5
cm2 (in the warp direction) was held in a metal clamp and arranged vertically. The bottom of the
sample was exposed to a propane flame for 6 s. After removing the flame source, the after-flame
time and after-glow time were measured. Three measurements were recorded for each sample.
The mean value of the measured quantities was calculated.

Results and Discussion

Optimisation of the coating structure by the application of sol mixtures

Morphological and chemical changes

SEM images of the CO samples coated with hybrid multicomponent sol-gel coatings and
untreated CO samples are shown in Fig. 2.
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CO

CO/MC

CO/(MC+T)

CO/(MC+3T)

CO/(MC+T4)
Fig. 2 Representative SEM images of the untreated and CO samples coated with hybrid
multicomponent sol-gel coatings

The presence of the coatings could be easily perceived; the sharp contours in the form of veins
clearly seen on the surface of the untreated CO were gradually smoothed out when the MC,
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(MC+T), MC+3T and MC+T4) coatings were deposited on CO. This effect was more
pronounced for the CO/(MC+T4) sample and the samples with a higher concentration of T (the
(MC+3T) sample) than for the sample with a lower concentration of T (the CO/(MC+T sample).

The ATR FT-IR spectra of the CO, CO/MC, CO/(MC+T), CO/(MC+3T) and CO/(MC+T4)
samples shown in Fig. 3, provided further and even more direct evidence for the presence of
coatings. The cellulose fingerprint included absorption bands in the 1500-800 cm-1 spectral
region, which arose because of the C–C, C–H, O–H, C–O, and C–O–C vibrations in the
glycoside rings (Socrates 2001). This fingerprint was observed in the spectra of all CO-coated
samples. In addition, a broad absorption band in the 3500–3200 cm-1 spectral region due to the
hydrogen-bonded O–H stretching in cellulose (ν(OH∙∙∙O)) and the absorption band at 1647 cm-1,
which is related to the O–H bending of absorbed water molecules (δ(OHO)) (Abidi et al. 2014;
Arshad et al. 2014; Chung et al. 2004; Tomšič et al. 2007), were observed. The band at 1238 cm1

and 1147 cm-1, assigned to CF2 valence asymmetrical stretching (νas(CF2)) mixed with CF2

rocking and CF2 valence symmetrical stretching (νs(CF2)), respectively (Lenk et al. 1994; Rabolt
et al. 1984; Tomšič et al. 2008), confirmed the presence of the SiF component in all the
examined samples. Furthermore, the presence of the SiQ component in the multicomponent
coatings was indicated by the bands at 2922 and 2852 cm-1 assigned to the asymmetric and
symmetric stretching vibrations of the C–H bonds, i.e., νa(CH2), νs(CH2), and ν(CH3) of the
octadecyl group (Socrates 2001; Pardal et al. 2002), whereas the bands in the range of 1482–
1460 cm-1, which were also attributed to bending vibrations of the C–H bonds of the CH2 and
CH3 groups, were completely blurred by the cellulose bands. In the case of the SiP component,
the band at 696 cm-1 attributed to the benzene ring indicated the presence of the SiP component
in all the examined samples (Socrates 2001; Vasiljević et al. 2013b). The presence of the T and
T4 components in the multicomponent MC coating did not induce the appearance of any visible
band characteristic for the Si–O–Si vibrational modes.
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(a)

(b)

Fig. 3 ATR FT-IR spectra of the untreated and CO samples coated with hybrid multicomponent
sol-gel coatings in the IR region between 4000 and 2700 cm-1 (a) and the IR region between
1800 and 600 cm-1 (b)
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Influence of T, 3T and T4 on the coating water and oil repellency and washing durability
The influence of T, 3T and T4 on the coating durability was investigated by using water and nhexadecane static contact angle measurements. The results of these measurements were are very
illustrative because the progressive release and damage of the polymeric film by repeated
washing would directly result in the lowering of the liquid contact angles. However, the results
disclosed in Fig. 4 showed that the presence of T, 3T and T4 in the coating not only influenced
the washing fastness of the coating but also affected the water and n-hexadecane static contact
angles. The hydrophobicity of the CO/(MC+T), CO/(MC+3T) and CO/(MC+T4) samples
increased (Fig. 4a), but their oleophobicity decreased in comparison to the CO/MC sample (Fig.
4b). More precisely, the hydrophobicity of the samples increases as follows: CO/MC ˂
CO/(MC+T) ˂ CO/(MC+3T) ˂ CO/(MC+T4) but the oleopobicity showed the opposite trend; the
later coating exhibited n-hexadecane contact angle not higher than 900. (Fig. 4b).

The loss of oleophobicity of the samples could not be explained simply by the decrease of the
concentration of the SiF precursor in the precursors’ mixture but some other mechanism should
be invoked, for example, the directionally specific embedment of the oleophobic C-F groups in
the deposited coating. It seemed that the C-F groups were blocked by the presence of a highly
branch T4 precursor and could not contribute anymore to the oleophobicity of the coating (Fig.
4b). This assumption is supported by the finding (Fig. A in Supplementary material) that the
precursor SiF is present in the coating even after the repetitive washing.

The results presented in Fig. 4a also showed that the application of the sol mixtures with
increased amounts of T and T4 precursors significantly improved washing fastness of coatings
compared to that of the MC coating. The best washing fastness was obtained for the (MC+T 4)
coating showing even after 4 washing cycles the water contact angles of 133°. According to
these results, it can be concluded that the use of T4 as a crosslinker resulted in the highest
hydrophobicity and washing fastness of the MC coating on the cotton fibres. However, the main
drawback of the (MC+T4) coating should certainly not be ignored reflecting in a complete loss of
the oleophobicity after addition of T4 in precursors’ solution.
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(a)

(b)

Fig. 4 Static contact angles, , of water (W) (a) and n-hexadecane (C16) (b) obtained on the
surface of CO samples coated with hybrid multicomponent sol-gel coatings before and after
repeated (1W, 2W, 3W and 4W) washing cycles

Because of the impaired oleophobicity of the (MC+T4) coating, the next idea was to replace SiF
in the MC coating with the more environmentally friendly SiH, for which excellent hydrophobic
properties in one-component coatings on different textile fibres have been reported in the
literature (Mahltig and Böttcher, 2003; Periolatto et al., 2013;). The results (Fig. B in
Supplementary material) show that the inclusion of SiH into the MCH coating preserved the
hydrophobicity of the CO/MCH sample with the same water contact angle of 127° as in the case
192

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016
PUBLISHED ARTICLES

of the CO/MC sample. In contrast to this, the water contact angle obtained for the CO/(MC H+T4)
sample was approximately 10° lower than that obtained for the CO/(MC+T4) sample, whose
contact angle dropped significantly after the first washing. These results suggest that at the used
precursors’ molar ratio, hexadecyltrimethoxysilane does not represent an alternative to the
1H,1H,2H,2H-perfluorooctyltriethoxysilane.

Optimisation of the coating structure

Characteristics of rough bumpy-surface

Representative SEM images of the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4) samples are
presented in Fig. 5. As is evident from the images, a deposition of monosized Stöber particles S1
or S2, followed by the in situ growth of the particle-containing polysiloxane layer (I) and the
subsequent application of the (MC+T4) sol mixture resulted in the creation of roughened surfaces
of the cotton fibres.

CO/(S1I)-(MC+T4)

CO/(S2I)-(MC+T4)

Fig. 5 Representative SEM images of the CO samples coated with (MC+T4) coating after the
surface deposition of Stöber particles, S1 and S2, and the in situ growth of the particlecontaining polysiloxane layer, I

Fig. 6 shows the FTIR spectra of the CO/(MC+T4), CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4)
samples. The bands characteristic of the SiF, SiQ and SiP, which are discussed in relation to Fig.
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2, also appeared in the spectra of both the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4) samples.
Furthermore, the spectra of the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4) samples revealed an
additional band at 800 cm-1 (not very persuasive) which corresponds to the symmetric Si-O-Si
stretching vibrations. The bands of the Si–O–Si vibrational modes in the 1090–1000 cm-1
spectral region were blurred by the bands of the cellulose fingerprint (Zorko et al. 2015).

Fig. 6 ATR FT-IR spectra of the CO samples coated with (MC+T4), (S1I)-(MC+T4) and (S2I)(MC+T4) coatings in the IR region between 1800 and 600 cm-1
Hydrophobicity and washing fastness of the coatings

In order to prove that the hierarchically structured surface of coatings was formed for the
CO/(S1I)-(MC+T4)

and

CO/(S2I)-(MC+T4)

samples

the

hydrophobic

properties

of

corresponding coatings before and after repeated washing were examined by using the water
static contact angle (Fig. 7(a)) and water sliding (roll-off) angle (Fig. 7(b)) measurements.
Compared to the CO/(MC+T4) sample, both the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4)
samples displayed higher water static contact angles of 162.2° and 161.1°, respectively, and
lower water sliding angles of 8° and 4°, respectively. These results confirmed that the deposition
of Stöber silica particles followed by the in situ growth of the particle-containing polysiloxane
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layer over the cotton surface significantly increased the hydrophobicity of the fibres and
decreased their adhesion to water. Clearly, both (S1I)-(MC+T4) and (S2I)-(MC+T4) coatings are
superhydrophobic and are simultaneously characterised by a water contact angle higher than
150° and a low wetting hysteresis (Boinovich and Emelyaneko 2013). These coatings exhibit a
“Lotus effect” (Zhang et al. 2008) with the self-cleaning properties.

After repeated washing, the water static contact angles gradually decreased and the water sliding
angles gradually increased on both the (S1I)-(MC+T4) and (S2I)-(MC+T4) samples (Fig. 7).
Based on the results, it can be said that a limited superhydrophobicity with a water static contact
angle of 150° and a water sliding angle of 22° was retained on the CO/(S2I)-(MC+T4) sample
even after the second washing cycle, which is equivalent at least to 10 domestic washings. Both
the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4) samples still retained high hydrophobicity after
the fourth washing cycle. In our experience, retention of such a high hydrophobicity of cotton
fibres is extremely difficult to obtain.

(a)

(b)

Fig. 7 Static contact angles, , of water (W) (a) and water sliding (roll-off) angles, α, (b)
obtained on the surface of CO samples coated with (S1I)-(MC+T4) and (S2I)-(MC+T4) coatings
before and after repeated (1W, 2W, 3W and 4W) washing cycles

The damages to the (S1I)-(MC+T4) and (S2I)-(MC+T4) coatings, which occurred during the
repeated washing and were responsible for the gradual decrease in the samples’ hydrophobicity,
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were investigated by SEM analyses (Fig. 8). After the first washing cycle, damages to the
coating because of the “peel off” effect were detected only on the CO/(S1I)-(MC+T4) sample,
whereas only few cracks were detected on the CO/(S2I)-(MC+T4) sample, which suggests a
better performance of the (S2I)-(MC+T4) coating. The second washing cycle intensified the
“peel off” effect on the (S1I)-(MC+T4) coating, whereas the (S2I)-(MC+T4) coating remained
almost the same as it was after the first washing cycle. However, further washings caused
peeling of both coatings.

CO/(S1I)-(MC+T4)_2W

CO/(S2I)-(MC+T4) _2W

CO/(S1I)-(MC+T4) _4W

CO/(S2I)-(MC+T4) _4W

Fig. 8 Representative SEM images of the CO samples coated with (S1I)-(MC+T4) and (S2I)(MC+T4) coatings after repeated (2W and 4W) washing cycles
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Antibacterial properties of the coating

For the CO/(S2I)-(MC+T4) sample with the most optimised coating, the antibacterial activity
against S. aureus and E. coli was evaluated before and after repeated (1W, 2W and 4W) washing
cycles and the results are presented in Fig. 9. The results show that the (S2I)-(MC+T4) coating
provided 81.6 % and 100 % growth reduction of the bacteria E. coli and S. aureus, respectively,
which is very similar to the results obtained for the one-component SiQ coating (Vasiljević et al.
2014). This confirms that SiQ successfully created the bio-barrier for microorganisms in the
(S2I)-(MC+T4) coating and the presence of other components did not hinder its antimicrobial
activity. The lower protection against E. coli than against S. aureus was expected; most of the
synthesised products with incorporated alkylammonium groups show moderate or weak activity
against gram-negative bacteria (An and Friedman 1998). However, compared to the MC coating
that provided excellent biocidal activity with 100% growth reduction of both investigated
bacteria (Vasiljević et al. 2014), the activity of the (S2I)-(MC+T4) coating against the bacteria E.
coli was slightly worse.

Fig. 9 Bacterial reduction, R, of E. coli and S. aureus obtained on CO samples coated with (S2I)(MC+T4) coating before and after repeated (1W, 2W, and 4W) washing cycles
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After repeated washing, the antimicrobial activity of the (S2I)-(MC+T4) coating gradually
decreased against the bacteria E. coli., but it still exhibited excellent 100% growth reduction of
S. aureus even after the fourth washing cycle. Because we found in our previous research
(Simončič et al. 2012) that the antimicrobial activity of the bio-barrier formed by SiQ was
deactivated during the repeated washing due to the formation of a complex between the
positively charged quaternary ammonium group of SiQ and the negatively charged anionic
detergent, the excellent antibacterial function of the (S2I)-(MC+T4) coating against S. aureus
was assumed to be passive. Specifically, a high hydrophobicity of the coating could effectively
reduce a degree of the adhesion of certain bacteria, which is directly influenced by the bacterial
adhesion mechanism (An and Friedman 1998).

Thermo-oxidative stability and the burning behaviour of the coated fibres

The influence of the (S2I)-(MC+T4) coating on the thermo-oxidative stability of cotton fibres
before and after repeated washing was investigated by thermal decomposition of the CO/(S2I)(MC+T4) sample in air, and the results were compared with those of the CO and CO/MC
samples. The TG curves and the corresponding first order derivatives (dTG) of the studied
samples are presented in Fig. 10, and the related data are listed in Table 4. As was shown in our
previous work (Vasiljević et al. 2014), the thermo-oxidative stability of the MC-coated cotton
fibres was very similar to that of the SiP-coated cotton fibres, demonstrating good compatibility
of SiF, SiQ, and SiP in the MC coating.

The presence of both the MC and (S2I)-(MC+T4) coatings shifted T5wt.% and Tmax1 to lower
temperatures, and lowered the weight loss percentage and the weight loss rate of the first
degradation step, which resulted in an increase in the residue percentages at Tmax1 (Fig. 10 and
Table 4). The promoted char formation via cellulose dehydration and increased thermal stability
of the formed residues shifted Tmax2 to higher temperatures and increased the residue percentages
at Tmax2 as well as at 600 °C (Fig. 10 and Table 4). The presence of the Stöber silica particles
(S2), the in situ generated polysiloxane network-particle layer (I) as well as T4 in the coating
slightly shifted T5wt.% and Tmax1 to higher temperatures and also increased the residue percentage
at Tmax1 by a relatively small extent. Although Tmax2 of the CO/(S2I)-(MC+T4) sample remained
almost the same as that of the CO/MC sample, the residue percentages of the CO/(S2I)-(MC+T4)
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sample at Tmax2 and at 600 °C were markedly higher compared to that of the CO/MC sample
(Table 4). This effect is due to the well-known phenomenon associated with the good thermal
stability of silica, which forms a heat barrier in the condensed phase (Alongi et al. 2014; Kandola
and Horrocks 2000; Šehić et al. 2016). These results highlight the advantages of the coating
optimisation.

(a)

(b)

Fig. 10 TG (a) and dTG (b) graphs for the untreated and the CO samples coated with MC and
(S2I)-(MC+T4) coatings before and after repeated (1W and 4W) washing cycles
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Table 4 TG data for the fabric samples analysed in an air atmosphere.
T5wt.%a)

Tmax1

Residue at

Tmax2 Residue at

Residue at

(°C)

(°C)

Tmax1 (%)

(°C)

Tmax2 (%)

600 °C (%)

CO

319

347

48.2

467

8.1

3.3

CO/MC

286

329

61.9

491

19.2

8.9

CO/(S2I)-(MC+T4)

292

336

63.0

492

25.4

16.4

CO/(S2I)-(MC+T4)_1W

303

318

63.2

489

21

14.2

CO/(S2I)-(MC+T4)_4W

303

319

59.2

489

19

13.6

Sample

a)

The T5wt.%, represents the temperature of 5% weight loss .

Enough cracks were formed during the first washing cycle to decrease the thermo-oxidative
stability of the (S2I)-(MC+T4) coating compared to that of the unwashed sample, resulting in the
decreased amount of residue at 600 °C (Fig. 10 and Table 4). However, even after the fourth
washing cycle, the (S2I)-(MC+T4) coating still preserved the increased thermo-oxidative stability
of the cotton fibres.

Furthermore, the burning behaviour of the CO/(S2I)-(MC+T4) sample was very similar to that of
the CO/MC sample (Vasiljević et al. 2014) (Table 5) or the CO/SiP sample (Vasiljević et al.
2013 (b)). The coatings acted as effective “glow” retardants. In particular, although the (S2I)(MC+T4) coating did not affect the after-flame time of the cotton fibres, it completely stopped
the glowing combustion. Compared to the CO/MC sample, the after-flame time of the CO/(S2I)(MC+T4) sample was one second longer. This result could not be interpreted as being worse than
that of the MC coating.
Table 5 After-flame time, tF, after-glow time, tG, determined by the vertical test of flammability
according to DIN 53906.

Sample

TF (s)

TG (s)

CO

9

9

CO/MC

9

0

CO/(S2I)-(MC+T4)

10

0
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Aqueous liquid- and oil stain-repellent properties of the coating

The influence of the CO/(S2I)-(MC+T4) coating on the oil- and aqueous liquid-repellent
properties of the cotton fibres before and after repeated washing was determined by the AATCC
118 and AATCC 193 testing methods typically used for textile materials (Türk et al. 2015) and
compared to the results obtained for the CO/MC sample (Table 6). The results show that
CO/MC sample exhibited oleophobicity with an oil repellency grade of 6, whereas the CO/(S2I)(MC+T4) sample unsurprisingly showed lower oleophobicity with an oil repellency grade of
3[B]. The latter value means that n-hexadecane (surface tension = 27.3 mN/m) created rounded
drops with a partial wetting of the sample, and n-tetradecane (surface tension = 26.4 mN/m)
totally wet the sample in 30 s. The repeated washing completely deteriorated the oleophobic
properties of both the CO/MC and CO/(S2I)-(MC+T4) samples. Compared to the CO/MC
sample, the CO/(S2I)-(MC+T4) sample showed a much higher aqueous liquid repellency grade
of 7, which means that the standard test liquid composed of 50 vol. % of water and 50 vol. % of
isopropanol did not wet the sample in 30 s. However, the CO/(S2I)-(MC+T4) sample did not
retain this grade after the repeated washing, resulting in an aqueous liquid repellency grade of 3
after the fourth washing cycle.

Table 6 The oil repellency grades obtained on the CO samples coated with MC and (S2I)(MC+T4) coatings according to the AATCC 118 and the aqueous liquid repellency grades
obtained on the coated samples according to the AATCC 193.

Sample code
CO/MC
CO/(S2I)-(MC+T4)

Oil repellency grade

Aqueous liquid repellency grade

0W

1W

2W

4W

0W

1W

2W

4W

6

5[B]

1[B]

0

4

3

3

2

3[B]

0

0

0

7

4

4[B]

3[B]

Conclusions

The performance and durability of the multifunctional water- and oil-repellent, antibacterial, and
flame-retardant hybrid polysilsesquioxane coating on cellulose fibres were optimised through the
co-condensation of the organofunctional trialkoxysilane SiF, SiQ and SiP precursors with
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organocyclotetrasiloxane T4 as well as through the introduction of the pre-treatment including
the in situ (I) growth of the TEOS-based particle-containing polysiloxane layer over the surfacedeposited Stöber particles (S2). Whereas the inclusion of the T4 component in the
multicomponent MC coating improved the coating functionality and adhesion, the creation of the
S2I coating with the rough bumpy-surface topography prior to the fabrication of the (MC+T4)
coating reduced the adhesive forces between the coating surface and the water droplets and
provided the thermally insulating barrier. The optimised (S2I)-(MC+T4) coating displayed
superhydrophobicity, high antibacterial activity, enhanced thermo-oxidative stability and “glow”
retardancy. The optimised coating preserved the low-adhesion superhydrophobicity and
improved the thermo-oxidative stability even after the second washing cycle, which corresponds
to 10 domestic washings. Although the first washing cycle (5 domestic washings) slightly
deteriorated the antibacterial activity of the coating due to the neutralisation of the active
quaternary ammonium groups by the surfactant anions of the SDC standard detergent, the
passive antimicrobial activity of the coating was high enough to preserve a 100% reduction of
the S. aureus bacteria even after the fourth washing cycle.
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4

DISCUSSION

4.1

INFLUENCE

OF

PLASMA

PRE-TREATMENT

ON

WATER-

AND

OIL-

REPLLENCY AND DURABILITY OF HYBRID COATINGS

The well-known effect of plasmas containing active oxygen species on the activation and etching
of polymer surfaces was used to increase the surface energy and polarity as well as the surface
roughness of cotton and polyester fibres with the goal of creating surfaces with increased
roughness, adsorption capacity and adhesion ability of the hybrid polysilsesquoxane coatings.
The roughness induced superhydrophobicity and high oleophobicity/superoleophobicity should
improve

the

water

and

oil

repellency of

the

hybrid

perfluoroalkyl-functionalized

polysilsesquioxane coating, whereas the increased incorporation of oxygen-containing groups
and adsorption capacity should enhance the interfacial interactions between the fibre surface and
the hydrolysed sol-gel precursor, consequently increasing the adhesion of the hybrid
polysilsesquoxane coating and strengthening its washing fastness.

The inductively coupled RF low-pressure plasma was chosen as an environmentally friendly
treatment for the textiles, whereas water vapour was chosen as an environmentally safe and
inexpensive plasma-forming gas that is already present in the fibres. Oxygen-active species from
the water vapour plasma induced the oxidation of the surfaces of the cotton and polyester fibres
through the formation of oxygen-containing groups. The calculated increments of the
oxygen/carbon (O/C) atomic ratios after the water vapour plasma treatments, i.e., 43 % for
cotton and 56 % for polyester, showed that the plasma surface oxidation was successful for both
the cotton and polyester fibres. The calculated O/C ratios for plasma-treated cotton and polyester
were 0.63 and 0.61, respectively, despite a lower water content of the hydrophobic polyester
fibres compared to that of the highly hydrophilic cotton fibres. This suggests that the water
content of polyester fibres was sufficiently high to cause an oxidation of the fibre surface that
was even higher than the oxidation of cotton. The time-dependent evolution of CO (carbon
monoxide) due to the surface-etching phenomena was more prominent for cotton compared to
that of polyester fibres, as well as the increase of the mean nano-roughness and surface area
values. The increase of the mean nano-roughness and surface area values for the polyester fibres
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was diminutive. The plasma-induced surface changes were not observed by SEM microscopy,
suggesting that no surface morphology change occurred at the microscale level.

The introduced nanoscopic topographical changes of the naturally mictrostructured cotton fibre
surface as well as the surface oxidation influenced the interactions between the cotton and the
hybrid organic–inorganic sol–gel precursor, fluoroalkylfunctional water-born oligosiloxane
(FAS). Fabrication of the FAS network by the pad-dry-cure method on the plasma-treated cotton
fibre surface resulted in the formation of a dual micro- and nano-structured composite surface
with a higher effective concentration of fluoroalkylfunctional groups compared to that of the
plasma-untreated fibres. The water vapour plasma pre-treatment enabled the achievement of the
low-adhesion super-hydrophobicity, very high oleophobicity and self-cleaning properties, which
manifested as the simultaneous increase in the water static contact angle from 150° to 154° and
the n-hexadecane static contact angle from 134° to 140° and a decrease in the water sliding (rolloff) angle from 15° to 7°, which allowed the water droplet to roll off the fabric surfaces very
easily, thus removing the solid particles of dirt from the fibre. Despite achieving the “Lotus
effect” accompanied by the high oleophobicity, the water vapour plasma pre-treatment
insignificantly contributed to the adhesion ability and, consequently, the washing fastness of the
FAS coating, indicating that the achieved plasma surface oxidation did not enhance the covalent
fixation of the hybrid FAS network to the cotton fibre surface.

In the case of the naturally flat polyester fibre surface, the introduced diminutive nanoscopic
changes of the surface topography by the water vapour plasma pre-treatment did not influence
the water and oil repellency of the FAS-coated fabric (Vasiljević et al., 2013). The plasma
surface oxidation and the introduction of the hydroxyl groups enabled covalent bridging between
the polyester fibre surface and the FAS network, which significantly improved the washing
fastness of the coating. The FAS-coated polyester fabric maintained the water static contact
angle of 140° and the n-hexadecane static contact angle of 120°, even after 10 washings.

The better washing fastness of the FAS coated polyester fibres compared to that of the FAS
coated cotton fibres can be explained as a consequence of the different behaviours of these fibres
in contact with water. The hydrophobic nature of the polyester fibre restricts the interactions with
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water, whereas the highly hydrophilic nature of the cotton fibre causes pronounced interactions
with water, which results in a significant swelling of the cotton fibres.

To investigate the influence of plasma surface activation and etching of the cotton fibres on the
water repellency of the perfluoroalkyl-functionalized polysilsesquioxane coating (SiF), the
cotton fibre surface was pre-treated by low-pressure inductively coupled RF oxygen plasma for
different treatment times and operating currents, followed by the sol-gel processing of the
1H,1H,2H,2H-perfluorooctyltriethoxysilane precursor. The plasma surface oxidation increased
the concentration of hydroxyl and carbonyl groups and introduced carboxyl groups. However,
the calculated increments of the oxygen/carbon (O/C) atomic ratios after the plasma treatments
revealed that the plasma surface oxidation achieved under the shortest treatment time (10 s) and
the lowest operating current (0.3 A) (increase in the O/C atomic ratio by approximately 33.3 %)
cannot be significantly enhanced by increasing the plasma treatment time and operating current
due to the surface saturation effects. This phenomenon was explained by a low density of
charged particles and an extremely high density of neutral oxygen atoms, which caused the
immediate saturation of the cotton surface with polar oxygen-rich functional groups, so that a
prolonged treatment time and/or higher discharge power had no effect. The accompanied etching
effect was observed as nanostructuring of the fibre surface topography. The achieved plasma
surface changes improved the water-repellent performance of the SiF coating, which was
quantitatively evaluated as an increase in the water static contact angle from 135° to nearly 150°,
regardless of the applied plasma treatment time and discharge power. However, the water sliding
angle measurements performed on the SiF-coated cotton samples revealed differences between
the plasma pre-treatments under different treatment times. Namely, the plasma pre-treatment
time of 20 s at 0.3 A created the nanostructured surface architecture that ensured the minimum
contact angle hysteresis.

Despite the improvement in the hydrophobicity of the SiF coating, which resulted in a decrease
in the water-sliding angle, the self-cleaning effect was not achieved and neither was the
durability of the coating in long-term contact with water. The formation of the water adsorption
layer on top of the SiF film and the resulting hydrophylisation did not destroy but rather
deteriorated the self-organisation of the SiF polymeric film of the coating; the air-drying process
recovered the self-organisation, consequently recovering the water repellency of the film.
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4.2

INFLUENCE OF “GREEN” FLAME RETARDANT HYBRID COATINGS ON THE
THERMO-OXIDATIVE STABILITY AND FLAMMABILITY BEHAVIOUR OF THE
COTTON FABRIC

To develop a “green” halogen-free and formaldehyde-free flame retardant protective coating for
highly flammable cotton fibres, P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic amide
and 10-(2-Trimethoxysilyl-ethyl)-9-hydro-9-oxa-10-phosphaphenanthrene-10-oxide precursors
(SiP and Si-DOPO, respectively) were synthetized and were used for the sol-gel fabrication of
the hybrid organo-functionalized hybrid silsesquioxane polymeric films covalently bonded to the
cotton fibre surface. The coatings were fabricated on the cotton fibre surface by the pad-dry-cure
method and application of 2, 4 and 8 % sols of the hydrolysed SiP precursors and 4, 8, 16 and 32
% sols of the hydrolysed Si-DOPO precursor. By acting in the condensed phase, both the SiDOPO and SiP coatings promoted char formation by catalysing cellulose dehydration and
blocking the levoglucosan formation, which resulted in an increased thermo-oxidative stability
of the cotton fibres. Both Si-DOPO and SiP caused the degradation to start at lower temperatures
compared to that of the untreated cotton fibres. The catalysed dehydration and charring shifted
the temperatures of the first degradation step to lower values, decreased the corresponding
weight loss rates and increased the corresponding residue percentages. Due to the increased
thermal stability of the charred layers, the underlying cellulose was more efficiently protected,
which shifted the temperature of the second degradation step to higher values and increased the
residue percentages at 800 °C. The thermo-oxidative stability was enhanced by the higher
concentrations of the Si-DOPO and SiP coatings. However, applications of sols of the same
concentration for the hydrolysed precursors resulted in more than two times higher dry solid addon and phosphorus content for the SiP coating. Therefore, an approximate 2-fold lower
concentration of SiP compared to that of the Si-DOPO provided a comparable thermo-oxidative
stability.

According to the results from the vertical flammability test, the Si-DOPO and SiP coatings did
not decrease the time of flaming combustion but did completely stop glowing combustion, e.g.,
the direct oxidation of the solid residue remained after the flaming combustion was retarded,
which resulted in an increase in charred residues. The complete hindering of the glowing
combustion of cotton is very important because the glowing results from the increased heat
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production, and the time of the occurrence of this slow oxidation is not negligible, i.e., it is equal
to the time of the flaming combustion. Additionally, different chemical formulations of the SiDOPO and SiP differently influenced the time of vigorous flaming combustion. SiP did not
influence the time of flaming combustion of cotton fibres, whereas Si-DOPO prolonged it, which
suggests that these two different chemical formulations were not equally efficient in the charring
process, i.e., they did not provide a comparable thermal stability of the charred layers,
consequently providing incomparable protection of the underlying cellulosic material.

Char formation directly indicates the flame retardant action of the Si-DOPO and SiP coatings in
the condensed phase; however, in the case of the Si-DOPO coating, simultaneous flame retardant
action in the gas phase was also confirmed. The promoted charring due to the flame retardant
action of Si-DOPO protected the cotton during the combustion process and inhibited the
production of the flammable volatiles, therefore decreasing the released heat and increasing the
residue percentage. The Si-DOPO induced a significant increase in the production of CO and
decreased the production of CO2. The increased [CO]/[CO2] ratio is characteristic of incomplete
combustion and suggests a flame retardant gas-phase activity of the DOPO component.

4.3

INFLUENCE

OF

THE

COMPATIBILITY

AND

CONCENTRATION

OF

PRECURSORS ON THE PERFORMANCE OF THE TWO- AND THREECOMPONENT MULTIFUNCTIONAL COATINGS

To develop multifunctional water- and oil-repellent, antibacterial and flame-retardant cotton
fibres, the unique functional properties of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF), 3(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (SiQ), and P,P-diphenyl-N-(3(trimethoxysilyl) propyl) phosphinic amide (SiP) were combined through the formation of a
uniform and fully bridged two- (SiF-SiQ and SiF-SiP) and three-component (SiF-SiQ-SiP)
polysilsequioxane coating. Hybrid coatings were fabricated on the cotton fibre surface by the
application of equimolar sol mixtures of the hydrolysed precursors at three different
concentrations corresponding to 2, 4 and 6 % SiF using the pad-dry-cure method.

Despite the expectation that the alkyl group of SiQ and the benzyl groups of SiP would act as
chain extenders, thus enhancing the hydrophobicity of SiF, neither the alkyl group of SiQ nor the
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benzyl groups of SiP greatly influenced the hydrophobicity of SiF in three-component coatings.
The water contact angle values for the three-component coatings remained almost equal to the
water static contact angle values of approximately 121° for CO/2(SiF) samples and
approximately 135° for CO/4(SiF) and CO/6(SiF) samples. The hydrophobicity of the threecomponent coating was highly similar to that of the single-component coating created by SiQ but
significantly lower than that of SiP, for which the water static contact angle value of 150° was
measured for the CO/6(SiF) sample. The SiQ did not influence the hydrophobicity of the SiF
component in the two-component SiF-SiQ coating, whereas the SiP improved the
hydrophobicity of SiF in the two-component SiF-SiP coating. More specifically, the measured
water static contact angle for CO/4(SiF-SiP) was 150.1°, which is higher than the water contact
angles for the CO/4(SiF) and CO/4(SiP) samples, which were 135° and 142.5°, respectively. In
the three-component coating, the cooperative action of SiF and SiP in increasing the
hydrophobicity was hindered due to the presence of the third component, i.e., SiQ.

Furthermore, the oleophilic nature of SiQ completely deteriorated the oleophobicity of the SiF
component in the two-component SiF-SiQ coatings (Vasiljević et al., 2014), whereas the SiP
component, although providing no oleophobicity to the single SiP coatings, only slightly
deteriorated the oleophobicity of the SiF component in the two-component SiF-SiP coatings. The
latter phenomenon was quantified as a slight decrease in the n-hexadecane static contact angle
value from 116.8° for CO/4(SiF) to 114.2° for the CO/4(SiF-SiP) sample. Although this
behaviour of the SiQ and SiP components impaired the oleophobicity of SiF in the 6(SiF-SiQSiP) coating, which was reflected in the decrease in the n-hexadecane static contact angle from
126° for CO/6(SiF) to 117° for CO/6(SiF-SiQ-SiP), SiF managed to preserve its olephobic
properties in the 4(SiF-SiQ-SiP) coating. It was assumed that the long alkyl chains of SiQ with
18 carbon atoms, which protruded out from the coating, partially overshadowed the much shorter
oleophobic perfluorooctyl groups of SiF and reduced their activity. These results highlighted the
importance of the optimal concentrations of the precursors in the multicomponent hybrid
coatings for the achievement of their compatibility, or even better, their synergistic action.
Although the increase in the concentration of the applied multi-component sol mixtures did not
significantly influence the hydrophobicity and oleophobicity of the 4(SiF-SiQ-SiP) coating, it
hindered the physical properties of the fabric. Accordingly, a sol concentration of 4 % is
preferred for fibre modification.
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Despite the superhydrophobicity of the surface of the CO/4(SiF-SiP) sample, quantified by a
water contact angle of 150.1°, the adhesive forces between the surface and the water droplet
were sufficiently high to prevent the water droplet from rolling off. The droplet slid off the
surface at α = 27°. However, the adhesive forces between the surface and the water droplet,
which was frozen afterwards, were low enough to provide detachment of the frozen droplet
immediately after the de-icing of the small portion of frozen water present in the ice-surface
contact area, indicating good ice-releasing properties of the surface.

Cooperation between the active antibacterial activity of SiQ and the passive antibacterial
activities of the repellent SiF and SiP led to the improvement of the antibacterial activity of the
SiQ in the three-component 4(SiF-SiQ-SiP) coating, which demonstrated 100 % bacterial
reduction for both the Gram-positive bacteria Staphylococcus aureus and the Gram-negative
bacteria Escherichia coli. The bacterial reduction values of the single-component 4(SiQ) coating
was 87 and 95 % for E. coli and S. aureus, respectively, whereas the increased concentration in
the 6(SiQ) coating demonstrated 100 % bacterial reduction for both E. coli and S. aureus. The
lowering of the surface energy provided by the SiF and SiP reduced the bacterial adsorption and
deteriorated the biofilm formation. The passive antibacterial activity of SiF cooperatively
worked with the active antibacterial activity of SiQ in the 4(SiF-SiQ) coating, enabling the
achievement of 100 % bacterial reduction for S. aureus and a few percentages points lower than
100 % bacterial reduction for E. coli (Vasiljević et al., 2014). Additionally, the passive
antibacterial activities of the SiF and SiP worked synergistically in the 4(SiF-SiP) coating, which
demonstrated the reduction of the bacteria E. coli and S. aureus of up to 92.9 and 80.4 %,
respectively. The 6(SiF-SiP) coating demonstrated a less efficient bacterial reduction as well as
antagonistic passive antibacterial activities of the SiF and SiP, emphasizing the importance of
adequate concentrations of the precursors in the multicomponent hybrid coatings.

Although the single-component SiF and SiQ coatings had no influence on the thermo-oxidative
stability and the burning behaviour of the cotton fibres, their presence in the 4(SiF-SiQ-SiP) and
6(SiF-SiQ-SiP) coatings did not worsen the flame-retardant activity of the SiP component. This
demonstrates good compatibility of SiF, SiQ, and SiP in the mixture. The effect of the catalysed
cellulose dehydration and charring was not significantly influenced by the increase in the sol
concentration. The (SiF-SiP) coatings demonstrated similar flame-retardant behaviour to that of
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the (SiF-SiQ-SiP) coatings, i.e., the SiF and SiQ components did not improve or deteriorate the
flame retardancy of the SiP component.

4.4

INFLUENCE OF THE PRE-TREATMENT WITH SILICA PARTICLES ON THE
PERFORMANCE OF THE FAS COATING AND STRUCTURAL OPTIMISATION
OF THE MULTIFUNCTIONAL COATING

In order to select the specific size and mode of application of silica micro- and/or nanoparticles
on the fibre surface prior the fabrication of the hybrid coating, the silica particles were deposited
on the cotton fibre surface via the three different approaches: (i) the one-step pad-dry-cure
application of the mono-sized dispersions of Stöber silica particles alone with average diameters
of 50 ± 15, 230 ± 20 and 780 ± 30 nm, or in the mixture and two-step pad-dry-cure applications
of the mono-sized dispersions of Stöber particles of two different sizes (50 ± 15 and 780 ± 30
nm), (ii) in situ generation of a TEOS-based particle-containing polysiloxane layer, (iii) in situ
generation of the particle-containing polysiloxane layer on the cotton fibres with the previously
deposited Stöber silica particles with average diameters of 50 ± 15, 230 ± 20 and 780 ± 30 nm.
Subsecuently, the sol-gel processing of fluoroalkylfunctional water-born oligosiloxane (FAS) by
the pad-dry-cure method enabled development of the nanometre-scale structures with a
simultaneous reduction of surface free energies.
The application of the monodisperse Stöber silica particles to the cotton fabric using the pad-drycure method should ensured condensation reaction between cellulosic hydroxyl groups and
silanol groups of the nuclei. More reactive smaller-sized silica spheres induced more intensive
surface adsorption and more pronounced surface “2D agglomeration” as well as agglomeration
of particles among adjacent fibres. The most pronounced agglomeration of the nanoparticles is
caused by their highest surface area and reactivity. One-step surface deposition of the mixture of
the Stöber particles and two-step deposition of the mono-sized dispersions of Stöber particles of
two different sizes induced different surface arrangements. The deposition of nanoparticles in the
first step and microparticles in the second step resulted in the surface deposition of
microparticles onto the unoccupied cotton surface, creating surface arrangement with protruding
microparticles from the layer of nanoparticles. The opposite direction of their application
induced surface deposition of nanoparticles onto the unoccupied cotton surface within the
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surface-deposited layer of microparticles and pronounced 3D surface agglomeration around each
microparticle. Similar results were obtained for the one-step application of a mixture of monosized dispersions.
Although Stöber particles that were formed in bulk dispersion were almost perfectly
monodisperse, those that were grown in situ on the cotton fibre surface under identical
conditions were smaller, polydisperse and self-polymerized in the polysiloxane network layer,
which completely covered the cotton fibre surface.

The in situ growth of the particle-containing polysiloxane layer on the cotton fibre surface with
the previously incorporated Stöber particles further enhanced the growth of present Stöber
particles, caused nucleation and growth of new smaller silica particles on the unoccupied surface
of cotton fibres and their self-polymerization in the newly formed polysiloxane network layer. At
the end of the process, the previously incorporated Stöber particles and particles formed during
the in situ synthesis remained self-polymerized and interlocked in the in situ formed
polysiloxane layer, which also completely covered the surface of the cotton fibres.

The bumpy-surface topographies of the cotton fibres created by different modes of application of
silica micro- and/or nanoparticles caused different performance of the afterward created FAS
coating. Namely, all the created bumpy-surface topographies improved water- and oil-repellency
of the FAS coating causing the very low surface interactions between the fibre surfaces and the
liquid droplets. However, only the FAS-coated samples with silica coating formed by growing in
situ a particle-containing polysiloxane layer over the cotton surface with deposited Stöber
particles (CO(SP1+IS)−FAS, CO(SP2+IS)−FAS and CO(SP3+IS)−FAS samples) displayed the
“Lotus effect” with the extremely low water roll-off angle equal to 2°, accompanied by an
exceptionally high oleophobicity (where n-hexadecane static contact angle approaches the value
of 150°). Furthermore, only the CO(SP1+IS)−FAS, CO(SP2+IS)−FAS and CO(SP3+IS)−FAS
samples displayed the outstanding washing fastness performance, whereas the water- and oilrepellency performance of all other coatings worsened after one washing cycle. More
specifically, the CO(SP1+IS)−FAS and CO(SP2+IS)−FAS samples maintained their “Lotuseffect” (the water static contact angle higher than 150° and water roll-off angle lower than 10°)
and high oleophobicity (the n-hexadecane static contact angle equal to 138°) after the second
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washing cycle (10 domestic washings). The high stability of these coatings suggests that the in
situ generated particle-containing polysiloxane layer formed highly stable covalent bonds with
the cotton fibre surface and the surface deposited Stöber particles of smaller sizes, which
significantly contributed to the stabilization and fixation of the developed hierarchically
roughened bumpy-surface topographies.

Furthermore, since the in situ growth of the TEOS-based particle-containing polysiloxane layer
over the surface-deposited Stöber particles not only enhanced the performance of the
subsequently created water- and oil-repellent hybrid coating but also markedly improves the
washing fastness of the coating, this pre-treatment process was adopted for the optimisation of
the multicomponent multifunctional coating structure in order to increase its washing fastness to
cotton fibres. However, prior to the introduction of the pre-treatment with silica, the
multifunctional coating structure was optimised trough the inclusion of the sol-gel precursors
with the reactive groups in the sol mixture with the aim of crosslinking the created polymer
network with the functional groups of the fibres and increasing the coating’s adhesion and
orientation. To this aim, hydrolysed tetraethoxysilane of two different concentrations (T and 3T)
and

organocyclotetrasiloxane

2,4,6,8-tetrakis(2-(diethoxy(methyl)silyl)ethyl)-2,4,6,8-

tetramethyl–cyclotetrasiloxane (T4) were included as the fourth components in the sol mixture of
the hydrolysed SiF, SiQ and SiP precursors (MC). The multicomponent sol mixtures were
applied to the cotton fibres by a pad-dry-cure process.

The influence of T, 3T and T4 on the coating durability was investigated by the use of water and
n-hexadecane static contact angle measurements since the results of these measurements are very
illustrative because the progressive release and damage of the polymeric film by repeated
washing would directly result in the lowering of the liquid contact angles. These reults showed
that the presence of T, 3T and T4 in the coating not only influenced the washing fastness of the
coating but also affected the water and n-hexadecane static contact angles obtained for the
unwashed samples. Namely, the hydrophobicity of the samples increased in the raw CO/MC ˂
CO/(MC+T) ˂ CO/(MC+3T) ˂ CO/(MC+T4), whereas their oleophobicity decreased following
the same trend. Whereas the inclusion of the crosslinkers into the backbone of the polymer
network caused its expansion, which could decrease the steric hindrance of the site groups and
allow greater arrangement of the functional groups on the fibre surface, the expansion of the
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polymer network also caused a decrease in the surface concentration of the perfluoroalkyl chains
that only provide oleophobicity to the coating site groups.

Since that the (MC+T4) coating displayed the highest hydrophobicity, i.e superhydrophobicty as
well as the best washing fastness on the cotton fibres (after the fourth washing cycle, the
CO/(MC+T4) sample exhibited a water contact angle of 133°), the (MC+T4) coating was chosen
for further optimisation. Namely, prior to the creation of the (MC+T4) coating, the bumpy
surface topographies were developed on the cotton fibre surface trough the in situ growth of the
TEOS-based particle-containing polysiloxane layer over the surface-deposited Stöber particles of
two different sizes, i.e. S1I and S2I.

Compared to the CO/(MC+T4) sample, both the CO/(S1I)-(MC+T4) and CO/(S2I)-(MC+T4)
samples displayed higher water static contact angles of 162.2° and 161.1°, respectively, and
lower water roll-off angles of 8° and 4°, respectively, which confirmed that the deposition of
Stöber silica particles followed by the in situ growth of the particle-containing polysiloxane layer
over the cotton surface significantly increased the hydrophobicity of the (MC+T4) coating. The
repeated washing deteriorated the hydrophobicity of the both CO/(S1I)-(MC+T4) and CO/(S2I)(MC+T4) samples to a much lesser extent than of the CO/MC sample. Namely, a limited
superhydrophobicity with a water static contact angle of 150° and a water sliding angle of 22°
was retained on the CO/(S2I)-(MC+T4) sample even after the second washing cycle, which
corresponds to up to 10 domestic washings. Furtehrmore, both the CO/(S1I)-(MC+T4) and
CO/(S2I)-(MC+T4) samples were still highly hydrophobic after the fourth washing cycle.

The most optimised coating, i.e (S2I)-(MC+T4) provided to cotton fibres the reduction in the
growth of the bacteria E. coli and S. aureus equal to 81.6 % and 100 %, respectively. Since these
values are very similar to that of the SiQ coating, it can be suggested that SiQ successfully
created the bio-barrier for microorganisms in the (S2I)-(MC+T4) coating and the presence of
other components did not hinder its antimicrobial activity. Compared to the MC coating that
provided excellent biocidal activity with the reduction in the growth of the bacteria E. coli and S.
aureus equal to of 100 %, the (S2I)-(MC+T4) coating provided to slightly worse activity against
the bacteria E. coli. The lower protection against E. coli than against S. aureus was due to the
moderate or weak activity of incorporated alkylammonium groups against gram-negative
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bacteria. Furthermore, whereas the repeated washing gradually decreased the antimicrobial
activity against the bacteria E. coli, the reduction in the growth of the bacteria S. aureus was
equal to 100 %, even after the fourth washing cycle. Whereas the formation of a complex
between the positively charged quaternary ammonium group of SiQ and the negatively charged
anionic detergent during the repeated washing deactivated the antimicrobial activity of the biobarrier formed by SiQ, the excellent antibacterial function of the (S2I)-(MC+T4) coating against
S. aureus was assumed to be passive, since that a high hydrophobicity of the coating could
effectively reduce a degree of the adhesion of certain bacteria, which is directly influenced by
the bacterial adhesion mechanism.

Whereas the thermo-oxidative stability of the MC-coated cotton fibres was very similar to that of
the SiP-coated cotton fibres, the presence of the Stöber silica particles (S2), the in situ generated
polysiloxane network-particle layer (I) as well as T4 in the (S2I)-(MC+T4) coating markedly
contributed to the increase of the residue percentages at the second degradation step and at 600
°C. This effect is associated with the good thermal stability of silica, which forms a heat barrier
in the condensed phase. Although the repeated washing decreased the thermo-oxidative stability
of the (S2I)-(MC+T4) coating compared to that of the unwashed sample, the (S2I)-(MC+T4)
coating still preserved the increased thermo-oxidative stability of the cotton fibres even after the
fourth washing cycle. Furthermore, the burning behaviour of the CO/(S2I)-(MC+T4) sample was
very similar to that of the CO/MC sample or the CO/SiP sample. Namely, all these coatings
acted as effective “glow” retardants, i.e. the (S2I)-(MC+T4) coating did not influence the time of
the flaming combustion of the cotton fibres, but did completely stopped the glowing combustion.
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CONCLUSIONS

The

fluoroalkyl-functional

oligosiloxane

(FAS)

perfluorooctyltriethoxysilane (SiF) were chosen as

and

the

precursor

1H,1H,2H,2H-

water- and oil-repellent agents, P,P-

diphenyl-N-(3-(trimethoxysilyl) propyl) phosphinic amide (SiP) and 10-(2-trimethoxysilylethyl)-9-hydro-9-oxa-10-phosphaphenanthrene-10-oxide (Si-DOPO) were chosen as flameretardant precursors, and 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (SiQ)
was chosen antibacterial precursor.

Fabrication of the water- and oil-repellent FAS network on the water vapour plasma pre-treated
cotton fibre surface resulted in the creation of the low-energy micro- and nano-dual-scale rough
surface structure of the artificial “Lotus effect”. Thus, the low pressure water vapour plasma pretreatment enabled the achievement of the low-adhesion super-hydrophobicity, very high
oleophobicity and self-cleaning properties, which manifested as the simultaneous increase in the
water static contact angle from 150° to 154° and the n-hexadecane static contact angle from 134°
to 140° and a decrease in the water sliding angle from 15° to 7°. However, the cotton fibre
surface activation and etching achieved under the applied plasma parameters insignificantly
contributed to the improvement of the FAS coating durability.

In the case of polyester, the same parameters used for the plasma pre-treatment did not influence
the water and oil repellency of the FAS coating but improved the washing fastness of the
coating.

The low pressure oxygen plasma pre-treatment of cotton fibres enhanced the hydrophobicity of
the SiF coating. Although the water static contact angle increased from 135° to nearly 150°,
regardless of the applied plasma pre-treatment time and discharge power, the self-cleaning effect
was not achieved and neither was the durability of the coating in long-term contact with water.

Among the flame retardant precursors SiP and Si-DOPO applied to the cotton fabric, the SiP
coating displayed a better performance by providing a comparable thermo-oxidative stability at
approximately 2-fold lower concentration compared to that of the Si-DOPO.

220

Vasiljević, J. Tailoring the multifunctional protective properties of textiles with plasma and sol-gel technology.
Doctoral Dissertation, University of Ljubljana, Faculty of Natural Sciences and Engineering, Ljubljana, 2016
CONCLUSIONS

The best performance of the uniform and fully bridged two- (SiF-SiP and SiF-SiQ) and threecomponent (SiF-SiQ-SiP) polysilsequioxane coatings formed on the cotton fibres was achieved
when equimolar sol mixtures of the hydrolysed precursors were applied at concentrations
corresponding to 4 % SiF.

The three-component coating formed on the cotton fibre surface provided high hydrophobicity
and oleophobicity with water and n-hexadecane static contact angles of approximately 135° and
117°, respectively, a bacterial reduction of 100 % for both E. coli and S. aureus, an enhanced
thermo-oxidative stability and complete retardation of glowing combustion. The high
performance multifunctionality of the SiF-SiQ-SiP coating on the cotton fibre proved good
cooperation of the SiF, SiQ and SiP components in the association of their protective functional
properties. The formed multifunctional coating showed poor washing fastness.

The cooperative action of the SiF and SiP components in the two-component coating provided
the cotton fabric with an exceptional high-performance multifunctionality, including
simultaneous superhydrophobicity and high oleophobicity (water and n-hexadecane contact
angles of approximately 150.1° and 114.2°, respectively), a sliding water angle lower than 30°,
good ice-releasing properties of the surface, improved thermo-oxidative stability, and “glow”
retardancy. Furthermore, these two components acted synergistically to achieve a very efficient
passive antibacterial activity, with a bacterial reduction of up to 92.9 and 80.4 % for E. coli and
S. aureus, respectively.

The SiF and SiQ did not show good compatibility in the two-component coating. The SiQ
component completely deteriorated the oleophobicity and did not enhance the hydrophobicity of
the SiF component. However, the passive antibacterial activity of SiF enhanced the antibacterial
activity of SiQ (bacterial reduction of 87 % and 95 % for E. coli and S. aureus, respectively) and
enabled the achievement of 100 % bacterial reduction for S. aureus and few percentage points
lower than 100% bacterial reduction for E. coli.

The hierarchically roughened bumpy-surface topography of the cotton fibres, fabricated by
applying the FAS coating after the surface-deposition of Stöber particles and the in situ growth
of the TEOS-based particle-containing polysiloxane layer, resulted in the long-lasting “Lotus
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effect” accompanied by an exceptionally high oleophobicity with an excellent washing fastness
performance.

The performance and durability of the multifunctional water- and oil-repellent, antibacterial, and
flame-retardant hybrid polysilsesquioxane coating on cellulose fibres were optimised through the
co-condensation of the organofunctional trialkoxysilane SiF, SiQ and SiP precursors with
organocyclotetrasiloxane T4 as well as through the introduction of the pre-treatment including
the surface deposition of Stöber silica particles (S2) followed by the in situ growth of the TEOSbased particle-containing polysiloxane layer (I). The inclusion of the T4 component in the
multicomponent MC coating improved the coating’s adhesion as well as the water- and oilrepellency. The creation of the S2I coating with the rough bumpy-surface topography prior to the
fabrication of the (MC+T4) coating reduced the adhesive forces between the coating surface and
the water droplets and provided the thermally insulating barrier. The optimised (S2I)-(MC+T4)
coating on the cotton fibre surface displayed superhydrophobicity, high antibacterial activity,
enhanced thermo-oxidative stability and “glow” retardancy. The optimised coating preserved the
low-adhesion superhydrophobicity and improved the thermo-oxidative stability even after the
second washing cycle, which corresponds to 10 domestic washings. Although the first washing
cycle (5 domestic washings) slightly deteriorated the antibacterial activity of the coating due to
the neutralisation of the active quaternary ammonium groups by the surfactant anions of the SDC
standard detergent, the passive antimicrobial activity of the coating was high enough to preserve
a 100% reduction of the S. aureus bacteria even after the fourth washing cycle.
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APENDIX A

7.1

POVZETEK

Vpeljava nanotehnoloških postopkov pri plemenitenju ploskovnih tekstilij, kot sta tehnologija
sol-gel in obdelava s plazmo, je omogočila preboj pri proizvodnji večfunkcionalnih tekstilnih
površin, ki jih s klasičnimi tehnološkimi postopki ni mogoče oblikovati. Obdelava površin
tekstilij s plazmo, ki ji sledi nanos kemijskih sredstev s postopkom apretiranja sol-gel, lahko
hkrati spremeni kemijske in morfološke lastnosti površine vlaken, kar ključno vpliva na dosego
njihovih novih specialnih lastnosti. To pogojuje možnost izdelave visokotehnoloških razvitih
večfunkcionalnih tekstilij z zaščitnimi lastnostmi in visoko dodano vrednostjo ter širitev njihove
uporabe na različna gospodarska področja kot zaščitne, elektronske, medicinske, bio-, agro-,
geo-, aerotekstilije, tekstilije za šport in prosti čas ter za sanitetni material.
Kemijska modifikacija površine tekstilij s postopkom apretiranja sol-gel predstavlja edinstven
pristop k oblikovanju tekstilnih površin z različnimi zaščitnimi lastnostmi. Omogoča pripravo
nanostrukturiranega

tridimenzionalnega

organsko-anorganskega

hibridnega

zamreženega

polimernega filma z uporabo prekurzorjev različnih kemijskih struktur. Hibridni apreturni film
ima anorgansko polisilseskvioksansko osnovno zamreženo strukturo, na katero so pripete
organske funkcionalne skupine, ki apreturnemu filmu podelijo superhidrofobnost, oleofobnost,
samočistilnost, protimikrobno aktivnost, termično stabilnost, zmanjšano gorljivost, prevodnost,
protistatičnost.
Učinkovitost in pralna obstojnost kemijske modifikacije tekstilnih vlaken, ki jo dosežemo s
postopkom sol-gel, ni odvisna le od kemijske strukture uporabljenih prekurzorjev, ampak tudi od
kemijskih in morfoloških lastnosti vlaken, ki pogojujejo stopnjo adhezije ter usmerjenost in
način vezanja polimernega filma na vlakna. Oblikovanje tridimenzionalnega polimernega filma
na površini vlaken poteka v reakciji polikondenzacije, v kateri se zamrežijo silanolne skupine
hidroliziranih alkoksisilanskih prekurzorjev, lahko pa se tudi kovalentno vežejo na funkcionalne
hidroksilne skupine vlaken, če so -te na vlaknih prisotne v dovolj visoki koncentraciji. Organske
funkcionalne skupine so usmerjene stran od površine vlaken, kar poveča stopnjo urejenosti
strukture polimernega filma, njegovo adhezijo do vlaken in pralno obstojnost. Na funkcionalnost
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polimernega filma neposredno vpliva tudi mikro- in nanostrukturirana hrapavost površine
vlaken.
Kemijsko aktivnost in hrapavost površine tekstilnih vlaken lahko povečamo z njihovo predhodno
obdelavo s hladno plazmo, s katero pri ustreznih plazemskih pogojih aktiviramo površino vlaken
z vključitvijo hidroksilnih, karbonilnih in karboksilnih skupin, hkrati s tem pa tudi spremenimo
topografijo površine vlaken in oblikujemo dvojno od mikro- do nanostrukturirano površino. S
tem lahko pomembno povečamo adsorpcijsko sposobnost vlaken in adhezijo med površino
vlaken in filmom sol-gel.
Zato je bil namen doktorskega dela oblikovati novo pralno obstojno visokozmogljivo zaščitno
multifunkcionalno vodo- in oljeodbojno, protibakterijsko in ognjevarno apreturo z uporabo
nanotehnoloških postopkov plazemske površinske predobdelave in apretiranja sol-gel.
V raziskavah smo uporabili bombažno in poliestrsko tkanino. Površino tekstilij smo predhodno
obdelali z nizkotlačno induktivno sklopljeno radiofrekvenčno plazmo, pri čemer sta bila kot
delovna plina uporabljena vodna para in kisik. Namen plazemske obdelave je bil povečati vodoin oljeodbojnost pa tudi pralno obstojnost naknadno nanesenih funkcionalnih polimernih filmov
sol-gel. Postopki apretiranja sol-gel so vključevali: i) površinski nanos delcev silicijevega
dioksida, predhodno sintetiziranih po Stöberjevi metodi, ki mu je sledila sinteza in situ
polisiloksanskega filma na podlagi tetraetoksisilana; ii) nanos organsko funkcionaliziranih
hibridnih polimernih filmov z uporabo naslednjih prekurzorjev: fluoroalkil funkcionaliziranega
oligosiloksana (FAS) in 1H,1H,2H,2H-perfluorooktiltrietoksisilana (SiF) za dosego vodo- in
oljeodbojnosti, P,P-difenil-N-(3-(trimetoksisilil)propil) amida fosfinske kisline (SiP) in 10-(2trimetoksisilil-etil)-9-hidro-9-oksa-10-fosfafenantrene10-oksida

(Si-DOPO)

za

dosego

ognjevarnosti ter 3-(trimetoksisilil)-propildimetiloktadecil amonijevega klorida (SiQ) za dosego
protibakterijskih lastnosti. Za povečanje elastičnosti, usmerjenosti in adhezije polimernega filma
je bil uporabljen 2,4,6,8-tetrakis(2-(dietoksi(meti)silil)etil)-2,4,6,8-tetrametil-ciklotetrasiloksan
(T4).
Lastnosti plazemske obdelave vlaken smo preučili z optično emisijsko spektroskopijo (OES).
Kemijske in morfološke spremembe na vlaknih, nastale po obdelavi s plazmo in z apretiranjem
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sol-gel, smo preučili z uporabo mikroskopije na atomsko silo (AFM), vrstične elektronske
mikroskopije (SEM), infrardeče spektroskopije z uporabo Fourierjeve transformacije (FTIR),
rentgenske fotoelektronske spektroskopije (XPS), masne spektrometrije sekundarnih ionov z
analizatorjem na čas preleta ionov

(ToF–SIMS) in energijsko-disperzijske sprektroskopije

rentgenskih žarkov (EDS). Funkcionalne lastnosti sol-gel apretirane tkanine smo preiskovali z
meritvami statičnih stičnih kotov vode in n-heksadekana, z meritvami kota zdrsa vode,
odbojnosti na različna olja in vodne raztopine, določitvijo zmogljivosti sproščanja ledu,
meritvami protibakterijske aktivnosti za grampozitivno bakterijsko vrsto Staphylococcus aureus
in gramnegativno bakterijsko vrsto Escherichia coli, s simultano termično analizo v zračni
atmosferi ter z vertikalnim testom gorenja.
Predobdelava površine bombažnih in poliestrskih vlaken s plazmo vodne pare ter bombažnih
vlaken s kisikovo plazmo je izboljšala vodo- in oljeodbojnost polimernih filmov FAS in SiF, ni
pa bistveno vplivala na njihovo adhezijsko sposobnost in pralno obstojnost. Predobdelava
površine bombažnih vlaken s plazmo vodne pare je povzročila povečanje razmerja O/C za 43 %
in trikratno povečanje površinske hrapavosti. Oksidacija in zvišana hrapavost površine sta
vplivali na zvišanje statičnega stičnega kota vode s 150° na 154° pa tudi statičnega stičnega kota
n-heksadekana s 134° na 140° ob hkratnem znižanju kota zdrsa kaplje vode s 15° na 7°. Kljub
doseženemu »Lotosovemu učinku« in hkratni izjemno visoki oleofobnosti predobdelava
bombažnih vlaken s plazmo vodne pare ni bistveno izboljšala pralne obstojnosti polimernega
filma FAS. Pri poliestrskih vlaknih je predobdelava s plazmo vodne pare povzročila povečanje
razmerja O/C za 56 % in manj izrazito povečanje površinske hrapavosti, zaradi česar ni bistveno
spremenila vodo- in oljeodbojnosti polimernega filma FAS, je pa pomembno izboljšala njegovo
pralno obstojnost. To je imelo za posledico, da je bil po desetih pranjih statični stični kot vode
enak 140°, statični stični kot n-heksadekana pa 120°. Pri predobdelavi površine bombažnih
vlaken s kisikovo plazmo smo ugotovili, da zvišanje časa obdelave in električnega toka ne vpliva
na spremembo razmerja O/C, ki je bilo ob uporabi najkrajšega časa obdelave (10 s) in najnižjega
električnega toka (0,3 A) približno enako 33,3 %. Vzroka za to sta bila nizka gostota nabitih
delcev in izjemno visoka gostota nevtralnih atomov kisika, kar je povzročilo trenutno nasičenost
površine bombaža s polarnimi funkcionalnimi skupinami. Zaradi tega podaljšan čas obdelave
in/ali višja moč plazme nista imela dodatnega učinka. Oksidacija in hkratno jedkanje površine
bombažnih vlaken sta izboljšala vododbojnost filma SiF, kar je povzročilo zvišanje statičnega
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stičnega kota s 135° na približno 150° – ne glede na čas ali moč kisikove plazme. Ob tem je bilo
največje znižanje kota zdrsa kaplje vode ob 20-sekundni plazemski predobdelavi pri električnem
toku, enakim 0,3 A. Ta predobdelava je namreč oblikovala nanostrukturirano površino vlaken, ki
je omogočila minimalno histerezo stičnega kota vode. Predobdelava s kisikovo plazmo ni
omogočila doseganje »Lotosovega učinka« na polimernem filmu SiF niti trajnost filma pri
daljšem stiku z vodo.

Ognjevarna polimerna filma Si-DOPO in SiP, ki v kondenzirani fazi katalizirata dehidracijo
celuloze, sta povečala termooksidativno stabilnost bombažnih vlaken pa tudi količino
zoglenelega ostanka pri termičnem razpadu. Prisotnost obeh filmov je popolnoma zavrla tlenje
vlaken. Učinkovitost filmov se je povečevala z višanjem koncentracije prekurzorjev v solu. Pri
enaki koncentraciji solov je polimerni film SiP zagotovil dvakrat višji nanos suhe snovi kot
polimerni film Si-DOPO, kar je vplivalo na njegovo večjo ognjevarno učinkovitost.

Vodo- in oljeodbojnost prekurzorja SiF, protibakterijska aktivnost prekurzorja SiQ in
ognjevarnost prekurzorja SiP so bile uspešno združene v večfunkcionalnih polimernih filmih,
oblikovanih na površini bombažnih vlaken, in sicer dvokomponentnih filmih SiF-SiP in SiF-SiQ
ter trikomponentnem filmu SiF-SiQ-SiP. Najvišjo učinkovitost večfunkcionalnih filmov smo
dosegli ob nanosu ekvimolarnih mešanic hidroliziranih prekurzorjev pri koncentracijah, ki so
ustrezale 4-odstotni koncentraciji prekurzorja SiF. Kooperativno delovanje komponent SiF, SiQ
in SiP v trikomponentnem filmu je zagotovilo bombažni tkanini edinstvene nove
večfunkcionalne lastnosti, vključno s hkratno visoko hidrofobnostjo (statični stični kot vode enak
135°), z oleofobnostjo (statični stični kot n-heksadekana enak 117°), s protibakterijsko
aktivnostjo (100-odstotna bakterijska redukcija za E. coli in S. aureus), z izboljšano
termooksidativno stabilnostjo in s popolnim zaviranjem tlenja. Medtem ko sta SiF in SiP v
dvokomponentnem filmu delovala kooperativno pri doseganju superhidrofobnosti (statični stični
kot vode enak 150°), visoke oleofobnosti (statični stični kot n-heksadekana enak 114°), zvišane
termooksidativne stabilnosti s popolnim zaviranjem tlenja in celo delovala sinergistično pri
doseganju pasivne protibakterijske aktivnosti (93-odstotna bakterijska redukcija za E. coli in
80,4-odstotna za S. aureus), pa SiF in SiQ nista pokazala kompatibilnosti v polimernem filmu
SiF-SiQ. Prekurzor SiQ je v polimernem filmu popolnoma izničil oleofobnost prekurzorja SiF.
Nasprotno od SiQ pa je pasivna protibakterijska aktivnost SiF delovala kooperativno z aktivno
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protibakterijsko aktivnostjo SiQ, zaradi česar smo dosegli 100-odstotno bakterijsko redukcijo za
S. aureus in nekoliko nižjo bakterijsko redukcijo za E. coli.

Dvostopenjski postopek oblikovanja polimernega filma, v katerem smo v prvi stopnji nanesli
delce silicijevega dioksida, predhodno sintetizirane po Stöberjevi metodi, ter nanje in-situ
sintetizirali polisiloksanski film na podlagi tetraetoksisilana (TEOS), v drugi stopnji pa nanesli
polimerni filma FAS, se je izkazal kot izjemno primeren za dosego izboljšanja vodo- in
oljeodbojnosti ter pralne obstojnosti filma FAS. Omogočil je pripravo dvojne mikro- in
nanostrukturirane hrapave površine z nizko adhezijo, kar je vodilo do oblikovanja »Lotosovega
učinka« s hkratno izjemno visoko oleofobnostjo, ki je bila na meji superoleofobnosti.
Polimernemu filmu je uspelo obdržati »Lotosov učinek« in visoko oleofobnost tudi po drugem
ciklu standardnega pranja, ki je ustrezalo desetim gospodinjskim pranjem, kar je na tekstilijah
izjemno težko doseči.
Za izboljšanje pralne obstojnosti večfunkcionalnega vodo- in oljeodbojnega, protibakterijskega
in ognjevarnega polimernega filma SiF-SiQ-SiP na bombažnih vlaknih smo strukturo filma
optimizirali z vključitvijo prekurzorja T4 kot četrte komponente. Njegova prisotnost je
pomembno vplivala na povečanje pralne obstojnosti polimernega filma, ki pa se je še povečala,
če so bili predhodno na bombažna vlakna naneseni delci silicijevega dioksida, pripravljeni po
Stöberjevi ter prekriti z in situ sintetiziranim polisiloksanskim filmom na podlagi prekurzorja
TEOS. Optimizacija strukture je privedla k izboljšanju funkcionalnih lastnosti filma. Dosežen je
bil »Lotos učinek« (statični stični kot vode enak 161° in kot zdrsa vode 4°) s hkratno visoko
protibakterijsko aktivnostjo (bakterijska redukcija za E. coli enaka 81,6 % in za S. aureus enaka
100 %), z zvišano termooksidativno stabilnostjo in s popolnim zaviranjem tlenja. Edina slabost
optimiziranega

filma

je

bilo

poslabšanje

njegove

oleofobnosti.

Optimiziranemu

večfunkcionalnemu filmu je uspelo obdržati nizkoadhezijsko superhidrofobnost in zvišano
termooksidativno stabilnost tudi po drugem ciklu standardnega pranja, ki je ustrezalo desetim
gospodinjskim pranjem. Po četrtem ciklu standardnega pranja je bil polimerni film še vedno
visokohidrofoben in je bombažnim vlaknom zagotavljal zvišano termooksidativno stabilnost.
Zaporedna pranja so poslabšala protibakterijsko aktivnost polimernega filma za bakterijo E. coli,
protibakterijska aktivnost filma za bakterijo S. aureus je ostala odlična, enaka 100 %. Vzrok za
poslabšanje protibakterijske aktivnosti filma za bakterijsko vrsto S. aureus smo pripisali tvorbi
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kompleksa med pozitivno nabito kvarterno amonijevo skupino prekurzorja SiQ in negativno
nabito skupino anionskega detergenta, kar je povzročilo dezaktiviranje biobariere, ki jo je v
filmu oblikoval prekurzor SiQ. Odlična protibakterijska aktivnost za bakterijsko vrsto S. aureus
je bila najverjetneje posledica pasivnega protibakterijskega delovanja visokohidrofobnega
polimernega filma.
Ključne besede: plazma, apretura sol-gel, tekstilija, večfunkcionalnost, nizko-adhezijska
superhidrofobnost, oleofobnost, samočistilnost, ognjevarnost, protibakterijska aktivnost

7.2

UVOD

Tehnične tekstilije predstavljajo tekstilne materiale in izdelke, ki jih bolj kot estetski videz
odlikujejo specialne funkcionalne lastnosti (Tekstilni inštitut, 1994). Njihova uporaba sega na
različna gospodarska področja, kot so: kmetijstvo, gradbeništvo, promet, kemijska in
prehrambna industrija, medicina, farmacija, šport, na katerih se uporabljajo kot geo-, agroaerotekstilije, tehnični filtri, zaščitna oblačila, uniforme, embalaža (Byrne, 2000). Med
tehničnimi tekstilijami, ki se uporabljajo za zaščitna oblačila, so pomembne naslednje
funkcionalnosti: ognjevarnost in toplotna odpornost, vodo- in oljeodbojnost, protimikrobnost,
samočistilnost, zaščita pred UV-žarki, biološka in kemična zaščita, uravnavanje toplote. Takšna
zaščitna oblačila so oblikovana za zaščito pred določenimi nevarnostmi, kot so: požar in
toplotna, ekstremne vremenske razmere in okužbe (Horrocks in Anand, 2000).
Razvoj visokotehnoloških visokozmogljivih zaščitnih tekstilij je tesno povezan z razvojem
nanomaterialov (nanodelci, nanofilmi), ki se lahko v tekstilijo vključijo s konvencionalnimi
postopki plemenitenja ali z novimi visokorazvitimi tehnologijami, kot so: nanokompozitno
apretiranje sol-gel, predenje nanokompozitnih vlaken in elektropredenje nanovlaken (Joshi in
Bhattacharyya, 2011; Yetisen et al., 2016). Do okolja prijazna nanotehnološka postopka
plazemske obdelave trdnih površin in apretiranja s tehnologijo sol-gel zagotavljata razvoj novih
visokozmogljivih in trajnih zaščitnih funkcionalnih lastnosti tekstilij, kot so: superhidrofobnost,
oleofobnost, odbojnost za umazanije, protimikrobnost, samočistilnost, prevodnost, ognjevarnost.
Prednost plazemske površinske obdelave (Gorjanc in Mozetič, 2014; Gorjanc et al., 2013) in
tehnologije sol-gel (Mahltig in Textor, 2008) je modifikacija površine tekstilnih vlaken v
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nanometričnem merilu brez spremembe preostalih lastnosti vlaken. Tako na primer obdelava s
plazmo (polimerizacija, površinska aktivacija in jedkanje) in tehnologija sol-gel omogočata
preoblikovanje visokohidrofilnih, oleofilnih in lahko gorljivih bombažnih vlaken, ki se dobro
mečkajo in niso odporna proti mikroorganizmom, v vodo- in oljeodbojna (Montarsolo et al.,
2013; Hoefnagels et al., 2007; Kale in Palaskar, 2010, Manatunga et al., 2016), odporna na
mečkanje (Schramm et al., 2014), protimikrobna (Tomšič et al., 2011; Simončič et al., 2012) in
ognjevarna (Hu et al., 2012.; Alongi et al., 2012a; Edwards et al., 2012). Ob hidrofobnem in
elektrostatičnem poliestru z nizko termično stabilnostjo in s površinsko nereaktivnostjo je z
uporabo plazemske obdelave in tehnologije sol-gel mogoče povečati površinsko reaktivnost
vlaken in s tem adhezivnost do apreturnih filmov (Chou in Cao, 2003), ustvariti protistatičnost
(Textor in Mahltig, 2010) ter povečati termično stabilnost vlaken (Carosio et al., 2011).

Uporaba hibridnih organsko funkcionaliziranih trialkoksisilanov kot prekurzorjev sol-gel
(Schmidt, 1985) predstavlja nov pristop na področju funkcionalizacije površin tekstilnih
substratov. Prekurzorji se na površino vlaken nanesejo iz tekoče faze (Mahltig et al., 2005a), v
kateri v procesu polimerizacije oblikujejo hibridni nanostrukturiran polisilseskvioksanski film, ki
oplašči vlakna, prav tako pa lahko tvori privlačne interakcije s funkcionalnimi skupinami vlaken.
To povzroči spontano organizacijo hibridnega polimernega filma na površini tekstilnih vlaken,
pri čemer se organofunkcionalne skupine usmerijo stran od površine vlaken. Zaščitne lastnosti
vlaken so odvisne od kemijske strukture organofunkcionalne skupine. Nekatere izmed njih so
predstavljene v preglednici 1. Pomembna prednost uporabe organofunkcionaliziranih
trialkoksisilanov pred klasičnimi predkondenzati je, da lahko na preprost način pripravimo sole z
mešanico prekurzorjev, ki v svoji strukturi vključujejo različne organske skupine in na tak način
na vlaknih oblikujemo polimerni film s hkratnimi različnimi funkcionalnimi lastnostmi.
Učinkovitost in pralna obstojnost hibridnega polimernega filma nista odvisni le od strukture
prekurzorjev, ampak tudi od kemijskih in morfoloških lastnosti vlaken. Kemijska struktura
vlaken vpliva na jakost kemijskih vez, ki nastanejo med površino vlaken in polimernim filmom
(Simončič et al., 2010), kar neposredno vpliva na stopnjo usmerjenosti in pralno obstojnost
polimernega filma. Za kovalentno vezanje hibridnega silseskvioksanskega filma mora biti
površina vlaken bogata s hidroksilnimi funkcionalnimi skupinami, ki se lahko v fazi
kondenzacije kemijsko kovalentno povežejo s silanolnimi skupinami prekurzorja.
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Preglednica 1: Funkcionalne lastnosti prekurzorjev sol-gel z različnimi organofunkcionalnimi
skupinami
Funkcionalna
lastnost

Struktura organofunkcionalne skupine

Literaturni vir

prekurzorja sol-gel
Vodoodbojnost

(CH2)nCH3

(Mahltig in Böttcher,

Alkyl

2003)

(CH2)2(CF2)nCF3

Oljeodbojnost

(Vilčnik et al., 2009)

Perfluoroalkyl
OCH2CH3

Ognjevarnost
H2CH2C

P

(Alongi et al., 2012b)

O

OCH2CH3
Diethyl[2-ethyl]phosphonate
CH3 Cl +
N
(CH2)nCH3

Protimikrobna
aktivnost

(Simončič

et

al.,

2012)

CH3
Dimethylalkyl ammonium chloride

Električna

OH

prevodnost

NH
H2CH2CH2C

CH2

(Mičušík et al., 2007)

CH2
N
CH2

1-(3-(1H-pyrrole-1-yl)propan-2-ol)-aminopropyl

Protistatičnost

(CH2)nNH2
Aminoalkyl

(Textor in Mahltig,
2010)

V nasprotnem primeru so adhezijske sile šibkejše, saj so povezane z delovanjem vodikovih
intermolekulskih vezi ter interakcij dipol – dipol med vlakni in polimernim filmom. Morfološke
lastnosti vlaken vplivajo na končno arhitekturo oblikovanega filma, pri čemer lahko prispevajo k
oblikovanju dvojne od mikro- do nanostrukturirane hrapavosti, ki je zelo pomembna za
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doseganje superhidrofobnih in superoleofobnih lastnosti (Nosonovsky, 2007; Gao in McCarthy,
2006a; Tuteja et al., 2008).

Iz raziskav je razvidno, da vpeljava plazemske predobdelave pri procesu kemijske modifikacije
tekstilnih vlaken s tehnologijo sol-gel prispeva k izboljšanju absorptivnosti vlaken in adheziji
hibridnega polisilseskvioksanskega filma (Montarsolo et al., 2013; Chou Cao, 2003; Mahltig,
2011) ali delcev silicijevega dioksida (Carosio et al., 2011). Plazma, ki vsebuje aktivne delce
kisika, omogoča enakomerno in visokonadzorovano oksidacijo ter jedkanje površine vlaken, kar
vpliva na zvišanje koncentracije hidroksilnih skupin na njihovi površini ob hkratnem povečanju
hrapavosti površine (Vesel et al., 2008; Gorjanc et al., 2010; Samanta et al., 2010; Bhat et al.,
2011). Višja koncentracija hidroksilnih skupin vpliva na povečanje privlačnih interakcij med
površino vlaken in polimernim filmom, večja površinska hrapavosti pa izboljša učinkovitost
nanesenega vodo- in oljeodbojnega polimernega filma. Zvečanje površinske hrapavosti vlaken
lahko dosežemo tudi z nanosom delcev silicijevega dioksida ter s tem posledično vplivamo na
izboljšanje vodo- in oljeodbojnosti (Manatunga et al., 2016; Gao et al., 2009; Li et al., 2015;
Hoefnagels et al., 2007; Leng et al,. 2009).
Namen doktorskega dela je bil oblikovati novo visokozmogljivo pralno obstojno zaščitno
večfunkcionalno vodo- in oljeodbojno, protibakterijsko in ognjevarno tekstilijo z uporabo
nanotehnoloških postopkov plazemske predobdelave in apreture sol-gel. Pri tem smo si zadali
naslednje cilje:
– skrbna izbira organsko funkcionaliziranih trialkoksisilanskih prekurzorjev, ki bodo
zagotovili vodo- in oljeodbojnost, protibakterijsko aktivnost in ognjevarnost;
– določitev ustreznih parametrov plazemske predobdelave za dosego učinkovite plazemske
aktivacije in jedkanja površine vlaken, kar bo prispevalo k izboljšanju vodo- in
oljeodbojnosti pa tudi pralne obstojnosti polimernega filma sol-gel;
– priprava solov z mešanico izbranih prekurzorjev v ustreznem koncentracijskem razmerju;
– oblikovanje večfunkcionalnih polimernih filmov sol-gel, v katerih bodo organske
funkcionalne skupine delovale kooperativno ali sinergistično;
– določitev ustreznih pogojev predobdelave vlaken z delci silicijevega dioksida za dosego od
mikro- do nanostrukturirane hrapavosti vlaken, ki bodo prispevali k povečanju vodo- in
oljeodbojnosti ter pralne obstojnosti polimernega filma sol-gel;
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– izboljšanje funkcionalnih lastnosti in pralne obstojnosti večfunkcionalnega filma sol-gel z
vključitvijo ustreznega prekurzorja sol-gel z reaktivnimi skupinami, ki bi deloval kot
zamreževalo.

Pri delu smo predpostavili:
– da

lahko

s

skrbnim

izborom

ustreznih

struktur

organsko

funkcionaliziranih

trialkoksisilanskih prekurzorjev in njihovih koncentracij v solu dosežemo kooperativno ali
celo sinergistično delovanje organofunkcionalnih skupin v polimernem filmu;
– da bodo kemijske in morfološke lastnosti tekstilnih vlaken neposredno vplivale na
učinkovitost oblikovanega polimernega filma sol-gel,
– da lahko s povečanjem koncentracije reaktivnih hidroksilnih skupin in hrapavosti površine
vlaken po obdelavi s plazmo povečamo adhezivnost ter vodo- in oljeodbojnost
polimernega filma sol-gel;
– da lahko s površinskim nanosom delcev silicijevega dioksida pred oblikovanjem
polimernega filma sol-gel dosežemo nastanek dvojne mikro- in nanostrukturirane
hrapavosti površine vlaken;
– da lahko z vključitvijo prekurzorja sol-gel, ki bi deloval kot zamreževalo v hibridnem
filmu, povečamo adhezivnost filma in njegovo pralno obstojnost.
V raziskavi smo uporabili bombažno in poliestrsko tkanino. Lastnosti plazemske obdelave
vlaken smo preučili z optično emisijsko spektroskopijo (OES). Kemijske in morfološke
spremembe na vlaknih, nastale po obdelavi s plazmo in apreturo sol-gel, smo analizirali z
uporabo mikroskopije na atomsko silo (AFM), vrstično elektronsko mikroskopijo (SEM),
infrardečo spektroskopijo z infrardečo spektroskopijo s Fourierjevo transformacijo (FTIR),
rentgensko fotoelektronsko spektroskopijo (XPS), ionsko masno spektrometrijo sekundarnih
ionov z analizatorjem na čas preleta ionov (ToF–SIMS) in z energijsko-disperzijsko
sprektroskopijo rentgenskih žarkov (EDS). Funkcionalne lastnosti tkanine, apretirane s
tehnologijo sol-gel, smo določili z meritvami statičnih stičnih kotov vode in n-heksadekana,
meritvami kota zdrsa vode, s standardnimi testi odbojnosti za olja in vodne tekočine, z
zmogljivostjo sproščanja ledu, meritvami protibakterijske aktivnosti za grampozitivno bakterijo
Staphylococcus aureus in gramnegativno bakterijsko vrsto Escherichia coli, s simultano
termično analizo in z vertikalnim testom gorenja.
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7.3

SKLEPI

Kot vodo- in oljeodbojni sredstvi smo izbrali prekurzorja fluoroalkil-funkcionaliziran
oligosiloksan (FAS) in 1H, 1H, 2H, 2H-perfluorooktiltrietoksisilan (SiF), kot ognjevarno
sredstvo prekurzorja P,P-difenil-N-(3-(trimetoksisilil)propil) amid fosfinske kisline (SiP) in
9,10-dihidro-9-oksa-10-fosfafenantren-10-oksid–viniltrimetoksisilan

(Si-DOPO),

kot

protibakterijsko sredstvo pa prekurzor 3-(trimethoxysilyl)-propyldimetiloctadecil amonijev
klorid (SiQ).
S predhodno obdelavo površine bombažnih vlaknen s plazmo vodne pare ter naknadno apreturo
z vodo- in oljeodbojnim prekurzorjem FAS smo pripravili hierarhično dvojno od mikro do
nanostrukturirano hrapavo površino vlaken z izjemno nizko površinsko energijo po vzoru
»Lotosovega učinka«. Predobdelava vlaken z nizkotlačno plazmo vodne pare je pomembno
prispevala k doseganju nizkoadhezijske superhidrofobnosti, izjemno visoke oleofobnosti in
samočistilnih lastnosti polimernega filma sol-gel, saj je povzročila hkratno povečanje statičnih
stičnih kotov vode s 150° na 154° in n-heksadekan s 134° na 140° ter zmanjšanje kota zdrsa
kaplje vode s 15° na 7°. Kljub temu sta dosežena aktivacija in jedkanje površine bombažnih
vlaken pri uporabljenih parametrih plazemske predobdelave neznatno prispevala k izboljšanju
obstojnosti polimernega filma FAS. V primeru, ko smo s plazmo vodne pare pri enakih
parametrih predhodno obdelali poliestrska vlakna, plazemska obdelava ni vplivala na vodo- in
oljeodbojnost polimernega filma FAS, je pa izboljšala pralno obstojnost apreture.
Povečanje hidrofobnosti polimernega filma SiF smo dosegli tudi s predobdelavo bombažnih
vlaken z nizkotlačno kisikovo plazmo. Čeprav se je statični stični kot vode zvišal s 135° na
skoraj 150° ne glede na čas in moč razelektritve, pa tovrstna obdelava vlaken pri daljšem stiku z
vodo ni mogla zagotoviti samočistilnih lastnosti niti obstojnosti polimernega filma.

Pri nanosu ognjevarnih prekurzorjev SiP in Si-DOPO na celulozna vlakna smo ugotovili, da je
polimerni film SiP učinkovitejši kot film Si-DOPO, saj je pri približno dvakrat nižji
koncentraciji zagotovil primerljivo termooksidativno stabilnosti kot Si-DOPO.
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Pri pripravi dvo- (SiF-SiP in SiF-SiQ) in trikomponentnih (SiF-SiQ-SiP) poliseskvioksanskih
polimernih filmov na bombažnih vlaknih je bila največja stopnja enakomernosti in zamreženja
dosežena, če smo uporabili ekvimolarne mešanice hidroliziranih prekurzorjev pri koncentracijah,
ki so ustrezale 4-odstotni koncentraciji prekurzorja SiF.
Nanos trikomponentnega polimernega filma SiF-SiQ-SiP na bombažna vlakna je zagotovil
dosego hidrofobnosti vlaken s statičnim stičnim kotom vode, enakim 135°, njihovo oleofobnost s
statičnim stičnim kotom n-heksadekana, enakim 117°, 100-odstotno bakterijsko redukcijo za E.
coli in S. aureus, zvišano termooksidativno stabilnost in popolno zaviranje tlenja. V polimernem
filmu so komponente SiF, SiQ in SiP delovale vzajemno, kar se je odrazilo v izboljšanju
zaščitnih funkcionalnih lastnosti v mešanici. Trikomponentni polimerni film je imel slabo pralno
obstojnost.
Vzajemno delovanje komponent SiF in SiP v dvokomponentnem polimernem filmu na bombažni
tkanini se je odrazilo v multifunkcionalnosti, ki je vključevala hkratno superhidrofobnost in
visoko oleofobnost (statična stična kota vode in n-heksadekana, enaka 150,1° in 114,2°), kot
zdrsa vode nižji od 30°, dobro površinsko zmogljivost sproščanja ledu, zvišano termooksidativno
stabilnost in popolno zaviranje tlenja. Vzajemnost delovanja komponent SiF in SiP je imela za
posledico veliko učinkovitost pasivnega protibakterijskega delovanja polimernega filma z
bakterijsko redukcijo, enako 92,9 % za E. coli in 80,4 % za S. aureus.
V dvokomponentnem filmu SiQ-SiF prekurzor SiQ ni deloval vzajemno, saj je izničil
oleofobnost prekurzorja SiF, pri tem pa ni prispeval k povečanju hidrofobnosti polimernega
filma. V nasprotju s SiQ je prisotnost prekurzorja SiF vplivala na izboljšanje protimikrobne
aktivnosti polimernega filma v primerjavi z enokomponentnim polimernim filmom SiQ. To
pomeni, da je pasivno protimikrobno delovanje SiF, ki je vplivalo na zmanjšanje adhezije
mikroorganizmov na površino vlaken, prispevalo k aktivnemu protimikrobnemu delovanju SiQ.
Z dvostopenjskim postopkom kemijske modifikacije bombažnih vlaken, s katerim smo v prvi
stopnji nanesli delce silicijevega dioksida, predhodno sintetizirane po Stöberjevi metodi, ter
nanje in-situ sintetizirali polisiloksanski film na podlagi tetraetoksisilana (TEOS), v drugi stopnji
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pa nanesli polimerni filma FAS, smo uspeli oblikovati odlično pralno obstojno apreturo z
»Lotosovim učinkom« ter s hkratno izjemno visoko oleofobnostjo.
Pralno obstojnost trikomponentnega polimernega filma SiF-SiQ-SiP na bombažnih vlaknih smo
povečali z vključitvijo organociklotetrasiloksana (T4) v polimerni film ter z dodatno
dvostopenjsko predobdelavo vlaken z delci silicijevega dioksida, sintetiziranimi po Stöberjevi
metodi, ter s sintezo in-situ polisiloksanskega filma na podlagi tetraetoksisilana (TEOS) na
njihovo površino. Tako optimiziran polimerni film je bombažnim vlaknom zagotovil
nizkoadhezijsko superhidrofobnost, visoko protibakterijsko aktivnost, zvišano termooksidativno
stabilnost in popolno zaviranje tlenja. Nizkoadhezijsko superhidrofobnost in termooksidativno
stabilnost je film ohranil tudi po drugem ciklu pranja, ki je bilo opravljeno na tak način, da je
ustrezalo desetim gospodinjskim pranjem. Čeprav se je po prvem ciklu pranja protibakterijsko
delovanje filma rahlo poslabšalo zaradi kompleksiranja kvartarnih amonijevih skupin SiQ z
anionskimi skupinami pralnega praška, je bila pasivna protimikrobna aktivnost filma še dovolj
visoka, da se je ohranila 100-odstotna redukcija za S. aureus.
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