
 

 

 

 

 

 

Ceramic coatings for water-repellent textiles 

C Colleoni
1,3

, F Esposito
1
, E Guido

1
, V Migani

1
, V Trovato

1
 and G Rosace

1,2
 

1 
University of Bergamo,

 
Department of Engineering and Applied Sciences, Viale Marconi 5, 

24044 Dalmine (Bg), Italy. 
2 
Local Unit INSTM—Consorzio Interuniversitario Nazionale per la Scienza e la Tecnologia 

dei Materiali, Firenze, Italy 
3 
Corresponding author. E-mail: claudio.colleoni@unibg.it 

 
 
Abstract. In recent years, ceramic coatings have been widely studied for their potential 

performance in many scientific and technological fields. Ceramic coatings are also used as a 

textile-finishing agent to impart several properties such as anti-bacterial, anti-abrasion, flame 

retardant. In this study, fluoro free water repellent finishings have been developed to assess the 

features of the silica films on the textile fabrics. The water repellency of the treated samples 

has been evaluated by different tests such as water contact angle, water uptake and drop test.  

1.  Introduction 

During the last few years, the increasing demand toward environmental friendly and non-toxic textile 

finishings has attracted considerable interest with respect to both academic and industrial research in 

the field of fashion and textiles [1, 2].  This is also the outcome of the response of the textile sector to 

the textile regulations such as E.U. REACH  and to several initiatives to reduce the negative impacts 

of chemicals in the textile production chain. The Roadmap to Zero Discharge of Hazardous Chemicals 

(ZDHC 2014) and the Chemicals Management Working Group (CMWG) (Outdoor Industry 

Association, 2014) are the most internationally known initiatives. In this context, considerable 

attention has been dedicated to study new hydrophobic and super-hydrophobic [2, 3] coatings.  

Water/oil repellent textiles are mostly based on polymeric per- and polyfluoroalkyl substances 

(PFASs), more precisely “side-chain fluorinated polymers” due to the high repellent performance both 

against water and oil.  The use of fluorochemicals is at present the most favourable treatment, because 

they greatly decrease the wettability of the textile substrate by forming a water-repellent and oil-

repellent film on its surface. 

However, the disadvantages of fluoroalkyl compounds are the high cost of materials and a potential 

risk for human health as well as environmental concern [2, 4]. In particular, perfluorooctanoic acid 

(PFOA) and perfluorooctane sulphonate (PFOS) are being replaced by other lower fluorocarbon 

alternatives, even if short fluorocarbon chains could also be considered potentially dangerous, due to 

the high strength of carbon–fluorine chemical bond [4-5]. Commercially available non-fluorinated 

chemicals are unable to provide the desired performance requirements, especially in situations where 

extremely low surface tension is needed. For this reason, non-fluorinated surface modification using 

sol–gel technique has been proposed as an alternative approach to confer water repellency. The sol-gel 

represents a versatile two-step reaction (hydrolysis and condensation), that is able to confer, by the 

formation of an inorganic or organic–inorganic film, different textiles with anti-abrasion, 

antimicrobial, sensing and flame retardant properties [2, 6-12]. Currently, the sol–gel technique has 



 

 

 

 

 

 

been reported as a promising tool for the preparation of water-repellent coatings for application on 

paper, textiles or wood [2].  

In this study, the sol-gel technique was used to develop hydrophobic ceramic finishing for textile 

applications using non fluorinated additives both for cotton and poly(ethylene)terephthalate (PET) 

fabrics to explore new routes in order to increase water repellency. For these reasons, different silane 

solutions were synthesized at room temperatures using different precursors (e.g. TEOS, GPTES, etc.) 

and then applied singularity and in combination.  

2.  Experimental part 

2.1.  Materials 

Scoured and bleached 100% plain-weave cotton fabric  and 100% PET were supplied by Mascioni 

Spa, Cuvio (Va), Italy. The fabrics were washed in 2% non-ionic detergent at 40°C for 20 min, and 

then rinsed several times with de-ionized water, dried and put into drier for storage. The cleaned 

samples were conditioned under standard atmospheric pressure at 65 ± 4% relative humidity and 20 ± 

2°C for at least 24 h prior to all the experiments. All chemical reagents were purchased from Sigma 

Aldrich or Carlo Erba and used as received (Table 1). 

 

Table 1. Name, code and chemical structures of  some precursors. 

Name Code Chemical formula 

Tetraethyl orthosilicate TEOS 

 

(3-Glycidyloxypropyl)trimethoxysilane GPTMS 

 

Octyltriethoxysilane OTES 

 

 

2.2.  Methods 

Silica sols were synthetized at room temperature in hydro/alcoholic solution at different precursor 

concentrations in presence of HCl as catalyst. The sols were vigorously stirred at room temperature for 

4 hours before the application to complete the hydrolysis of alkoxysilane  The cotton specimens (20 

cm x 30 cm) were impregnated with the sols and afterward were passed through a two-roll laboratory 

padder (Werner Mathis, Zurich, Switzerland) working with 3 bar nip pressure and obtaining about 

70%-90% of wet pick-up. After applying the fabrics were thermal treated at 80°C for 10 min and, 



 

 

 

 

 

 

then, polymerized at 170°C for 2 min in a gravity convection oven. In order to investigate the nature of 

the hybrid coating and the interactions between ceramic film and polymer substrate, Thermo Avatar 

370 FT-IR spectrometer, equipped with an attenuated total reflection (ATR) accessory (using a 

diamond crystal), was used. Three replicate spectra were acquired at a resolution of 4 cm
−1

and 128 

scans for each sample over a frequency range of 650 to 4000 cm
−1

.The samples were collected at room 

temperature. The water repellency of treated and pristine samples was tested by contact angles 

measurement and modified AATCC 193-2009 Test Method, water uptake test. To evaluate durability 

of water repellency, water contact angle and infrared spectra of treated textile fabrics were collected 

after washing cycle performed according to AATCC Test Method 61-2006, at 40°C for 30 min. 

3.  Results and discussion 

In this study, the sol-gel technique was used to develop water repellent ceramic finishings for textile 

applications using non fluorinated additives both for cellulosic (cotton) and polyester 

(poly(ethylene)terephthalate, PET) fabrics. Different silane solutions were synthesized at room 

temperatures using different precursors to investigate several parameters, in particular, i) nature and 

concentration of the precursors, ii) substrate iii) washing fastness. The FT-IR ATR spectra of the 

untreated and treated cotton fabrics by precursors (TEOS, GPTES, OTES) are shown in Figure 1. The 

spectra of the treated textiles were compared with that of the untreated cotton fabric in order to more 

easily locate the characteristic peaks of the sol deposited. The spectral intensity in the ranges 3500–

3000 cm
−1

, 2980–2800 cm
−1

, 1435–1425 cm
−1

, characteristic of hydrogen bonded O-H stretching, C-H 

stretching and C-H wagging of cellulose, respectively, remained essentially unchanged except for 

GPTES and OTES spectrum in which an increasing at about 2850 cm
−1 

 is due to the presence of 

(CH2) bonds. The presence of the thin silicon film covering the surface of cotton fibers is strongly 

evidenced by a significant intensity increasing in the fingerprint spectral region at about 1300 cm
−1

, 

due to overlapping of the main cellulose and silicon absorptions. The ceramic coating formation is 

confirmed by the presence at around 1200 cm
−1

, 950 cm
−1

, and 800 cm
−1

 of an absorption bands 

assigned to Si-O stretching vibration shoulder, Si-OH stretching, and Si-O-Si symmetric stretching, 

respectively. The characteristic band of a ceramic coating, expected at 1020 cm
−1

, is overlapped with a 

broad band between 1050 and 980 cm
−1

 attributed to the characteristic peaks of cellulose.  

 

  

Figure 1. FT-IR spectra of untreated (UT) and treated cotton samples (TEOS, GPTES, OTES). 



 

 

 

 

 

 

The wettability of treated samples decreases after the deposition of ceramic coating, independently 

from the kind of the precursor used (Figure 2). However, as expected, the nature of the precursor plays 

an important role in the water repellency. Water contact angle increases dramatically in presence of a 

long alkyl chains (OTES). 
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Figure 2. Water contact angle of untreated (UT) and treated cotton samples (TEOS, GPTES, OTES). 

 

Furthermore, an increase of the water repellency is observed when precursors are used together. A 

possible hypothesis could be related to the better orientation of the alkyl chains, improved by the 

ceramic coating and to a changing of the textile surface roughness.  

Because of the nature of the textile surface and precursors, the modified silica sol system shows a 

good adhesion on the cotton fabric as indicated by water contact angles after home launderings (Figure 

3). These performance could not be obtained on PET samples due to the low interaction between the 

finishes and the surface. 

 

 

Figure 3. Water repellency of untreated and treated cotton fabrics by sol-gel finishing. 

4. Conclusions 

Ceramic coatings can provide an easy alternative to conventional methods for the manufacturing of 

water repellent textile fabrics, in substituting of fluoro-based. The nature and the concentration of the 
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silane precursor plays an important role in the water repellency of the treated textiles as well as the 

nature of the textile fabric.  
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Abstract. Nowadays the majority of textile industries are not able to characterize or to study
the process of adhering the microcapsule to the fibre’s surface. There are various industrial
processes to apply PCM’s microcapsules, but determining optimal amounts of products,
temperature, conditions and other process variables are an important challenge for the textile
sector in order to achieve the highest depositions and retention of this type of microcapsules.
This work is focused on determining and quantifying presence PCMs microcapsules when
applied onto fabrics by two systems padding and coating and determining which method is the
most effective. Also, the influence of the concentration of resin used in the formulation on the
flexural rigidity of the fabric has been studied.

1. Introduction
In order to ensure thermal comfort of the wearer, clothing directly contacting to the skin has to

have good thermoregulation properties. Various types of phase change materials (PCM) are used in
the production of smart materials capable actively to control the temperature of the body. PCM have
the capacity to absorb, store and release heat energy [1]. Textiles incorporated with the phase change
materials, especially in the microencapsulated forms, may establish a microclimate surrounding the
modified goods in the temperature ranges of the melting points of the employed phase change
materials (PCMs) and so may meet the requirement for comfort.

The step of encapsulation allows the active substance to be integrated in a textile by coating, by
impregnation or exhaust bath [2], or directly incorporated in different artificial fibers, e.g.
polyacrylonitrile fiber, polypropylene fiber, or polyacrylonitrile-vinylidene chloride fiber. They will
remain effective as long as the coating or the fibers stay intact [3–4]. Finishing a textile with long-term
fragrance-releasing properties is a desirable commercial goal, as well as a significant textile chemical
and engineering challenge.

In this study microencapsulated PCMs were applied into the 100 % cotton knitted fabric by coating
and padding method. The effect of binder in washing fastness and rigidity behaviour from the fabric
with microcapsules is compared for both coating and padding method.

2. Materials and methods
A cotton knitting fabric was used to evaluate the influence of system and formulation used to apply
PCM’s microcapsules. Knowing there is not any affinity between microcapsules and fibres, acrylic
resin STK-100, supplied by Color Center, was needed to adhere them to the fibre.



PCM microcapsules were applied to the cotton fabric by padding and coating. To carry out the
padding treatment a horizontal foulard was used with the conditions required to obtain a pick-up (bath
absorption) of around 88–90%. The same formulation of microcapsules was used to treat samples with
coating process. But in this case, it is necessary to apply in each coating formulation 3 g/L of thickener
in order to increase the viscosity of the bath.

Treatments of the cotton fabrics were made using different baths containing the binder and the
microcapsules at different concentrations (table 1).

Table 1. Formulation and system used to treat different sample with PCMs

Samples System PCMs (g/L) Resin (g/L)
4 JER P-50

Padding

50 0
4 JER P-50-10R 50 10
4 JER P-50-50R 50 50
4 JER P-50-100R 50 100

4 JER-C-50

Coating

50 0
4 JER-C-50-10R 50 10
4 JER-C-50-50R 50 50
4 JER C-50-100R 50 100

After the treatment, samples were dried at 80º C for 10 min, and were cured at 110º C for 5 min.
Treated samples were washed by following UNE EN ISO 6330 method no. 2A, 10 cycles of

washes were carried out.
For surface observation, a scanning electron microscope (SEM) Phenom microscope (FEI

Company) was used. Each sample was fixed on a standard sample holder and sputter coated with a
gold - platinum mixture. Samples were then examined with suitable accelerating voltage and
magnification.

In order to determine the quantity of the microcapsules lost from the fabric after 10 washes, waste
water of each laundry was analyzed with a Coulter Counter apparatus (Multisizer Z2, Coulter
Electronics).

We evaluated the modification in the flexural rigidity of the treated cotton fabrics. It was measured
according to UNE 40-392-79. The results obtained were the average of 10 measurements taken along
the warp and weft directions and rigidity calculated according to below formulation.

 Flexural rigidity= 0,10 P c3 mg. cm.
 Rigidity total = (Ru x Rt)½

3. Results
To check the presence of microcapsules on surface fibre of the treated fabrics and each one after 5

and 10 washes, some images from SEM were taken of the fabrics that have been studied in this
project. In figure 1, we can appreciate that there are some differences in the microcapsules that remain
on the fabric



Figure 1. SEM images of cotton fabric after different treatments using padding and coating method
and washed samples, 5 and 10 times.

SEM images show that both systems used, padding and coating, get to apply PCM microcapsules
into the fabric successfully but after laundries most PCMs are lost. It can clearly be seen that coated
samples show PCMs even after the 10th laundry, whereas there is no trace of microcapsules on the
fibre after 10 washes when the fabric is treated by padding.



When the analysis is focused on the quantity of resin which has been added to the fabric, we can
appreciate the effect that resin produces. A higher quantity of resin added to the padding bath, leads to
fewer microcapsules going out of the fabric. It means that the resin works as a good adhesive to join
the microcapsules to the fabric.

When we analyze wastewater from each washing, we can find the quantity of microcapsules that
remain in the bath by particle measurement, so we can know how many microcapsules go out of the
fabric. Figure 2 shows the amount of microcapsules that were found in the bath of 10 washes related
after different treatments.

Figure 2. Total number of particles loss after 10 laundries for each treatment

It can be appreciated that the number of microcapsules that have been lost from the fabric is higher
when the fabric is treated by padding than when the fabric is treated by coating. On the other hand, in
both cases the number of microcapsules that goes out is lower when a higher concentration of resin is
added in the treatment.

We evaluated the modification in the flexural rigidity of the treated cotton fabrics. It was measured
according to UNE 40-392-79. The results obtained were the average of 10 measurements taken along
the warp and weft directions. The results, table 2, show that using higher concentration of binder, the
flexural rigidity is increased for both methods used to apply PCMs, padding and coating.
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Table 3. Flexural rigidity of microencapsulated fabrics

4. Conclusion
The experimental results, which have been taken by Coulter Counter and SEM, verifies that in both

methods, coating and padding, increasing the concentration of binder in the bath treatment, the lost of
PDM’s after different laundries is lower. However, the concentration of binder used has a negative
effect on rigidity of fabric. On the other hand, washing fastness is much better when the treatment is
carried out by coating than by padding method.
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FABRIC REFERENCES FLEXUAL RIGIDITY (mg. cm)
4 JER P-50 57,72

4 JER P-50-10R 56,70
4 JER P-50-50R 109,25
4 JER P-50-100R 104,87

4 JER-C-50 39,63
4 JER-C-50-10R 42,72
4 JER-C-50-50R 49,22
4 JER C-50-100R 60,29
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Abstract. Microcapsules with a pressure-sensitive melamine-formaldehyde wall and triclosan 

core were printed to 100% cotton fabric with screen printing technique. Previous research 

showed excellent antibacterial activity (estimated for E. Coli and S. Aureus) of such fabric, so 

our aim in this research was to determine its resistance to the action of microorganisms present 

in the soil. The soil burial test was conducted. The breaking strength of the buried samples was 

measured and also the scanning electron microscope analysis was done. The results showed 

that none of the samples are resistant to decay. It is evident from SEM micrographs that on all 

of the buried samples greater morphological changes occur due to the functions of the soil 

microflora. It can be concluded that the samples printed with triclosan microcapsules are 

biodegradable which is environmentally preferable. 

1.  Introduction 

In our previous research it was found out that pressure sensitive melamine–formaldehyde 

microcapsules (MCs) with antimicrobial agent triclosan (TCS) in the core, prepared by in situ 

polymerization method, can be successfully applied to cotton fabrics by screen printing [1]. Excellent 

antibacterial activity of the samples printed with the highest quantity of triclosan (100 g of MCs 

suspension per 1 kg of printing paste) microcapsules was estimated for E. coli and S. aureus, although 

the results were better for the latter. Even the washed samples showed good antimicrobial effect. 

Triclosan (2,4,4′-trichloro-2′-hydroxydiphenyl ether) is a member of the one of the major classes of 

antimicrobials for textiles – bisfenols [2, 3]. It exhibits a broad spectrum of antimicrobial activity 

(effective against many types of Gram-positive and Gram-negative bacteria), as well it has some 

antifungal and antiviral properties. The mechanism of triclosan blocks the active site of the enoyl-acyl 

carrier protein reductase enzyme (ENR), which is a significant enzyme in the fatty acid synthesis of 

bacteria. By blocking the active site, the inhibition of the enzyme and the prevention of the synthesis 

of fatty acids, which is necessary for building cell membrane and for reproducing, are achieved [4].  

 

Our goal in this research was to determine the resistance of cotton fabric printed with triclosan 

microcapsules to the action of microorganisms present in the soil. The soil burial test was conducted. 

The breaking strength of the buried samples was measured and also the scanning electron microscope 

analysis was done.  

 

 

 



 

 

 

 

 

 

2.  Experimental part 

 

2.1.  Material used in the study 

A microcapsule suspension with a pressure-sensitive melamine-formaldehyde wall and triclosan core 

(20% triclosan and 70 % isopropyl myristate) prepared by in situ polymerization method was obtained 

from AERO, Chemical, Graphic and Paper Manufacturers d. d., Celje, Slovenia. A synthetic 

polyacrylate thickener (Tubivis DRL 300) and polyacrylate binder (Tubifast AS 30) were obtained 

from CHT (Germany). A pigment Bezaprint Gruen BT was obtained from Bezema (Switzerland) and 

was added to the printing paste only as an indicator of the print quality for the uniformity and wash 

fastness of prints to be observed. 

 

2.2.  Printing 

The microcapsules were printed to 100% cotton fabric (Tekstina d. d. Slovenia) with screen printing 

technique using the printing paste with the concentration of 100 g microcapsules per 1000 g of the 

paste (4,8 g of triclosan per kg of fabric). For comparison also printing paste without microcapsules 

was used. Table 1 presents the recipe for printing pastes with and without microcapsules. 

 

                                               Table 1. Printing paste recipe. 

Component Quantity (g/kg) 

Thickener 34 34 

Binder 150 150 

Microcapsules 100 0 

Pigment 2 2 

Distilled water 714 814 

 

 

Printing was performed on the Mini MDF R-390 (Johannes Zimmer AG, Austria) laboratory 

magnetic printing machine. Samples were dried and cured in the Ernst Benz TKF 15-M500 drier. The 

printing conditions are presented in Table 2. 

 

Table 2. Printing, drying and curing conditions for 

flat screen printing. 

Phase Conditions 

Printing 

 

Flat screen stencil: mesh 43 threads/cm 

Printing speed: 80% 

Squeegee diameter: 8 mm 

Magnet pressure: level 5 

No. of passes: 2 

 

2.3.  Analysis  

2.3.1.  Soil burial test. Determination of the resistance of fabrics printed with TCS MCs (100 g/kg) to 

the action of soil micro-flora was conducted using the soil burial test, according to the ISO 11721-

1:2001 [5] and ISO 11721:2003 [6] standards. A container was filled with soil (pH 4.0-7.5 and 60% ± 

5 of maximum moisture capacity). Cotton fabric samples (untreated – CO, printed without 

microcapsules - CO0 and printed with microcapsules – TCS100) were buried in the soil for a period of 

5 days. After the defined incubation time, the samples were removed from the test soil, lightly rinsed 

with running tap water and immersed in 70 % ethanol for 30 min before air-drying. Afterwards the 



 

 

 

 

 

 

breaking strength of the samples was measured using an Instron 5567 dynamometer in accordance 

with SIST ISO 5081:1996 [7]. Before the testing the samples were conditioned at temperature 20 ± 1 

°C and relative humidity 65 ± 2%.  The relative reduction in breaking strength, qred, of the buried 

cotton samples compared with the unburied samples was calculated from the average value of 

breaking strengths of 10 samples by using the following equation: 

 

                                                                     𝑞𝑟𝑒𝑑, 𝑡 =
𝐹𝑡

𝐹𝑡0
                                                                     (1) 

 

 

where qred is the loss of breaking strength of buried cotton sample after the burying time t, Ft is the 

breaking strength of buried cotton samples after the burying time and F0 is the breaking strength of 

unburied cotton sample. If the reduction of breaking strength of buried printed sample is lower than 

25% (qred is higher than 0.75), it can be confirmed that the coating on the fibres is resistant to decay. 

2.3.2.  SEM observation. The morphology of the buried samples and the condition of the 

microcapsules was investigated using Scanning electron microscope Jeol JSM 6060. Before the 

observation the samples were coated with gold.  

3.  Results and discussion 

 

3.1.  Soil burial testing  

The breaking strengths of the samples are shown in Table 3. None of the samples are resistant to 

decay, not even the sample containing TCS MCs. Indeed, the result is the opposite; the samples 

printed with (TCS100) and without MCs (CO0) had worse breaking strengths than the untreated 

buried sample (CO) because they both exceeded 80 % reduction. The buried samples with TCS MCs 

had the worst breaking strength 

 

 

Table 3. Reduction of breaking strength of buried samples. 

Sample 

     Ft 

unburied sample 

    [N] 

      Ft 

5 days buried sample 

      [N] 

  qred 

 buried  

 sample 

  [%] 

CO  307.59    69.14  77.52 

CO0 303.98    40.96  86.52 

TCS100 307.61    17.29  94.38 

 

 

3.2.  SEM micrographs 

Figure 1 shows that on all of the buried samples both untreated and printed, greater morphological 

changes occur due to the functions of the soil microflora. On the fibres of the untreated sample surface 

cracks and holes formed after 5 days buried (Figure 1a). After five days buried, the samples without 

printed MCs was different, because it is obviously infected with fungi (Figure 1b). Weak mycelium 

growth is observed in the micrograph along with aggregates of spores and hyphae. The fibres do not 

seem to be damaged. Intensive growth of mycelium was present on the buried sample printed with 

TCS MCs (Figure 1c). The fibres and MCs beneath were not damaged. Some of the MCs remained 

undamaged and round in shape after the burial, which indicates that triclosan was still safely 

encapsulated and was not released to the surface.  
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Figure 1. SEM micrographs of unburied and 5 days buried cotton fabric a) untreated; b) printed 

without MCs; c) printed with TCS MCs (100 g/kg). 

4.  Conclusion 

The results show that none of the samples are resistant to decay, because the reduction of their 

breaking strength after the burial is high. It is evident from SEM micrographs that on all of the buried 

samples greater morphological changes occur due to the functions of the soil microflora. It can be 

concluded that the samples printed with triclosan microcapsules are biodegradable which is 

environmentally preferable. 
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Abstract. This article reviews efficiency of the fluorine, silica and zinc compounds containing 

textile coating conformity with the day-to-day wearing conditions of cotton knitwear used as 

the first level clothing to the wearer skin. Silica sol modified with the zinc acetate dehydrate 

was used for the weft knitted cotton single-jersey and double-jersey fabrics chemical 

modification. The experimental part of the presented research includes the evaluation of the 

fabrics structure characteristics, air and vapour permeability and water-repellent abilities. The 

wettability of cotton textiles were evaluated by the water contact angle before and after 

modification as well after hydrothermal treatment. Images of the obtained modified fibres 

surfaces analysed by scanning electron microscopy, and fibres surface chemical composition 

has been determined with dispersive X-ray analysis. Conformity of modified textiles properties 

important to the  wearing comfort and the inserted additional functions determined by testing 

textiles “in vitro” verified “in vivo” in experimental wearing process where 100 volunteers of 

different professions had participated.   

Introduction 

Future trends of textile industry include production of multifunctional materials from natural fibres 

with integrated additional functional properties such as UV protection, antimicrobial activity, water-

repellence, photocatalytic qualities etc. and the combination of these functions into a single textile [1-

2]. 

The sol-gel method adapted for the treatment of cotton woven fabrics, the optimized methods of sol 

synthesis and appropriate content of sol, as well as combination of processing and post-processing 

modes were developed [3-5]. The wide range of tests show that  woven cotton fabrics modified with 

the developed technology in a single process could provide antimicrobial, water-repellent properties 

and protection against both UVB and UVA spectrums preserving the air permeability and 

hygroscopicity required to ensure the necessary level of wear comfort [3-7]. 

The goal of this research is adapted the developed for cotton fabrics sol-gel process to the knitted 

goods assortment wearied as the base layer or the first to the body garment layer. Conformity of 

modified cotton knitwear properties important to the wearing comfort and the inserted additional 

functions determined by testing textiles “in vitro” verified “in vivo” in experimental wearing process. 

2. Materials and methods 

2.1. Experimental procedures and materials 



Samples of untreated and modified jersey knitwear with attributed legends were prepared according to 

the description of variants in Table 1. 

 

         Table 1. Description of fabric variants under investigation 

Legend of sample           Description 

1NN Single-Yersey, initial 

1AN Single-Yersey, sol-gel coating 

1AM Single-Yersey, sol-gel coating, washed 

2NN Double-Yersey, initial 

2AN Double-Yersey, sol-gel coating 

2AM Double-Yersey, sol-gel coating, washed 

 

Chemicals used for sol synthesis seen in Table 2, structural parameters of knitted fabrics variants 

shown in Table 3. 

 

Table 2. Chemicals used in sol synthesis 

Substance Chemical formula Producer/ Distributor Purity, % 

Tetra-ethil-orto-silicate (TEOS) C8H20O4Si Alfa Aesar, Germany ≥98 % 

Ethanol C2H5OH ES (Ltd.”Enola”) ≥99,98 

Hydrofluoric acid  HF ES (Ltd.”Baltalab”) 38-40% 

Zinc acetate dihydrate  Zn(CH3COO)2·2H2O ES (Ltd.„Baltalab”) Analytical pure 

 

The sols used in this work were prepared following the method developed in [3-5]. To meet 

requirements of EN ISO 105C10-A01:2006 the standard Soap without brightening agents (SDC 

reference detergent type 1) suitable for use in procedures specified in ISO 105:1989:C01 to C05 used 

for washing. Soap concentration 5 mg/l in water, professional equipment Electrolux-W 465H (30oC, 

20 min, 700 min-1) with the following drying at 22 ± 2 °C used for hydrothermal treatment.  

 

2.2. Test methods and equipment 

Scanning electron microscope model MIRA/LM (Tescan HF, Czech Republic) was used to 

examine the surface microstructure of single jersey and double jersey untreated and  treated 

with the silica sol modified by zinc acetate dihydrate knits, as well after first hydrothermal 

treatment of fabrics subjected to the sol–gel treatment. EDX analysis applied to investigate 

chemical elements relative distribution on fabric surfaces (X-MaxN, Oxford instruments, 

Great Britain). 

SDL Atlas Air Permeability tester (Canada) used for evaluation of air permeability properties 

and Permetest (Czech Republic) to evaluate vapour permeability.  

Wettability of fabric surfaces investigated by wetting equilibrium angle tests with the optic 

tensometer Theta Attention (Finland) 



The stretch and recovery properties of experimental knitted fabric samples determined by Fryma 

Fabric Extensometer. 

 

Knitted fabrics structure parameters shown in Table 3 are evaluated in compliance with the 

corresponding EU standards adapted in Latvia, using test equipment  of  Textile Material Laboratory 

(RTU).  

Table 3. Knitted fabric structure parameters 

Fabric Parameters  1NN 1AM 2NN 2AM 

Fabric average thickness, mm 0,90 0,95 0,63 0,65 

Surface filling, % 94 94 169,8 169,58 

Horicontal density (loop count per 100 mm) 120 120 200 200 

Vertical density (loop count per 100 mm) 180 180 190 190 

Linear density of yarns, tex 94 97,9 108,3 110,9 

Linear fill with yarns in horizontal direction, % 93,6 93,6 168 168 

Linear fill with yarns in vertital direction, % 70,2 70,2 79,8 79,8 

Volume weight of threads in fabric, mg/mm3 0,6 0,59 1,81 1,78 

3. Results and discussion 

Micrographs of Figure 1 and Figure 2 show deposited amorphous coatings on fibres surfaces of fabric  

with separated clusters above (centre) and without coating bridges between fibres. SEM images testify 

that applied sol-gel process allow to cover every single fibre of knitted fabrics with the modifying  

coating and could be used to fabricate crack-free films on single and double jersey fabrics fibres.  

   

Figure 1.    SEM images of single jersey fabric fibres surfaces. From left to the right:  without 

treatment, after treatment with sol and after first hydrothermal treatment 

 

Although after treatment some agglomerates created by sol compounds stand out in contrast to the 

layer on fibre surface, in result of following hydrothermal treatment consolidation of agglomerates 

take place and flow into one layer as  seen in Figures 1 and Figure 2, right.  

 



   

Figure 2.  Double jersey fabric fibres surfaces SEM images (from left to right):  without treatment, 

after treatment with sol, after hydrothermal treatment 

 

EDX analysis show presence of core chemical elements Si, Zn, and F of modifying chemical 

compounds (Table 4). Group “Other” includes such elements as Na, Cl and Ca as water from city Riga 

water supply system was used.  In result of further consolidation of coating during applied 

hydrothermal treatment, relative proportions of chemical elements substantial changes depending on 

fabric surface specifics (Table 4). 

                  Table 4. Relative distribution of chemical elements on the surfaces of fabrics 
 C O F Si Zn Other 

1NN 63,15 36,17    0,69 

1AN 63,86 25,36 4,95 0,38 3,16 2,3 

1AM 61,84 31,19 1,25 0,87 5,01 0,54 

2NN 60,87 39,13    0 

2AN 45,34 28,93 5,34 3,68 10,14 0,52 

2AM 56,91 29,82 3,44 1,73 4,81 3,21 

 

One of the main traits ensuring physical comfort of wearer is air permeability of T-shirts fabric. It is 

seen from the Table 5 that air permeabilitty decreases by 20 % for the single jersey samples and by 

14% for double jersey ones after treatment with sol, but increase after following hydrothermal 

treatment correspondingly by 14 % and 18 % compare to air permeability of the initial condition.  

Regulations [8] standardize air permeability at least 150 mm/s for the children age group from 1 to 3 

years and at least 100 mm/s for the age group from 3 to 18 years if textiles will be used as a first to the 

skin clothing layer.  Therefore, T-shirt treatment with silica sol modified by Zn acetate dihydrate with 

the following hydothermal treatment exceed this regulation even for youngest children age group.    

  Table 5. Air permeability of T-shirts before and after applied treatments 

Air permeability 

  

Sample 

Single jersey Double jersey 

Average, m/s Confidence int., 

mm/s 

Average, 

mm/s 

Confidence 

int.,    mm/s 

NN 194,6  + / - 4,0 163,0 + / 6,40 

AN 155,9  + / - 4,9 139,4 + / - 8,5 

AM 229,4  + / - 5,0 179,1 + / - 6,3 



Relative vapour permeability, the next important to wear comfort trait, decrease by 8.6 % for the 

single jersey samples and by 10.2 % for the double jersey ones after treatment with sol.  After 

following hydrothermal treatment relative vapour permeability increase correspondingly by 0.8 % and 

3.4 % compare to the vapour permeability of untreated samples (Figure 6) and could be considered as 

very high for both fabric types promising breathable first clothing layer to the skin.  
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Figure 6. Influence of sol treatment and following hydrothermal treatment on the fabric 

vapour permeability. 

 
The contact angle value on untreated double jersey cotton fabric due to the looser structure and the 

immediate absorption of the water drops is below 90 degrees (Figure 7, right). Untreated single jersey 

fabric is less absorptive due to the smooth surface of fabric and larger thickness (Table 3 and Figure 7, 

left). In result of treatment with the sol and especially after the hydrothermal treatment contact angle 

established above 130 degree (Figure 7) testifying the high surface water repellency conferred by the 

treatment. 
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Figure 7. Surface wetting equilibrium angles: single jersey fabrics (left), double jersey (right) 
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Figure 8. Deformation properties of  jersey fabrics after sol-gel treatment (left) and following 

hydrothermal treatment (right) 
 

 

Cyclic loading test is a dynamic test that simulates deformations on fabric during its wear. The 

obtained results indicate that recovery ratio of weft knitted single jersey fabric drop from 45 before 

treatment  to 20 % and for double jersey from 45 to 30 % in horizontal direction after sol-gel treatment 

(Figure 8, left) and do not change after hydrothermal treatment (Figure 8, right). In the same time 

recovery ratio after the surface modificatin   in vertical direction increase from 10 to 15 % for the 

single jersey and decrease from 15 to 5 % for the double jersey in vertical direction remaining at 10 % 

after hydrothermal treatment. Yarns forming loops in the jersey textiles may slide relative to each 

other and cause the knitted textiles permanently remain in a stretched state. The relatively large spaces 

between yarns in knitted textiles also tend to hold a relatively large quantity of water, thereby 

increasing the plastic deformation that occurs in a result of being saturated with water as seen from 

graphs of Figure 8, right, especially for double jersey fabric. 

Elastomeric plated jersey fabric is one of the most common fabrics produced with a large-diameter 

circular knitting machines. The results obtained in [9] indicated that elastane and its amount has a 

significant effect on dimensional and elastic properties of cotton/Lycra® plated plain knitted fabric 

showing way to improve dimension stability and elastic properties of fabrics. 

 

Conclusions 

Sol-gel process with silica sol modified by Zn acetate dihydrate applied to the neat cotton jersey 

fabrics allow to cover every single fibre of fabric with the thin modifying coating and fabricate crack-

free films on the single and double jersey fabric fibres.  

First hydrothermal treatment after surface modifying is obligatory performed in order to favor further 

coating polycondensation and enhance of properties providing wearing comfort and surface water 

repellency. 

Dimensional stability and deformation properties of modified weft knitted fabrics with sol-gel 

technology by silica sol with the Zn acetate dihydrate precursor drop down. As next step cotton/ 

elastane plated knits could be investigated to improve deformation properties.     
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Abstract. Consumers are increasingly demanding the interior of cars to be comfortable even in 

the case of more economic commercial segments. Thus, the development of materials with 

thermoregulation properties has assumed renewed interest for these particular applications. An 

attempt has been made to prepare a multilayer PVC-based synthetic leather with paraffinic 

PCMs to be applied on a car seat. The thermal behaviour of the material was analysed using 

Alambeta apparatus, a thermo-camera and a thermal manikin. The results obtained show that 

the synthetic leather with incorporated PCMs gives cooler feeling and has higher reaction times 

regarding environmental temperature variations than the material without PCMs incorporation. 

Globally, the new designed material allowed greater thermal comfort to the cars´ inhabitants. 

In addition, the material quality was evaluated according to the standard of the customer, 

BMW 9,210,275; Edition / Version 4, 2010-10-01 revealing that the material meets all the 

requirements under test, except for the performance in terms of flexibility. 

1.  Introduction 

Technological car improvements in terms of comfort and fuel consumption, even in the less expensive 

segments, are forced by the tremendous market competitiveness. The level of comfort inside the 

vehicle, for the driver and for other inhabitants, depends on the stabilisation of the interior 

temperature. Usually, this thermal environmental stabilisation is achieved by means of air conditioning 

systems. However, these systems require a lot of energy that influences performance and car´s fuel 

consumption. The impact on advanced vehicles such as electric hybrid and fuel cell vehicles is even 

greater because the air conditioning systems can reduce drastically the battery performance as well. 

Therefore, any solutions aiming the control of ambience car temperature are considered to be very 

attractive. In this context, the use of phase change material´s technology for the design of automotive 

interior can induce energy savings and also the thermal comfort inside cars [1, 2].  

Thermal comfort is described as the human satisfaction with environmental thermal conditions. 

The comfort sensation depends on the possibility to harmonize the human body and the surrounding 

temperature [3]. This thermal equilibrium is influenced by the combination of physiological, 

psychological and physical factors such as air temperature, radiant temperature, air velocity, and 

relative humidity. Other issues, e.g. solar radiation intensity and incidence, size and position of glass 

surfaces, the limited amount of insulation material can influence heat exchange phenomena [4, 5]. 

The automotive upholstery plays an important role in the thermal comfort of the driver. The most 

commonly used materials are polyester, leather and synthetic leather comprising fibrous substrate and 

synthetic polymer coating layers [6].  



 

 

 

 

 

 

Phase Change Materials (PCMs) are typically polymers, which change from a solid to a high-

viscosity liquid (or semi-solid) state at a certain transition temperature. These materials store, release 

or absorb heat (called latent heat) as they oscillate from one physical state to another. They are either 

organic or salt-based inorganic compounds. Paraffin hydrocarbons and salt hydrates are the most 

representative PCMs of each group. They can also be eutectic mixtures. These materials can cover the 

temperature range between 0º to about 200ºC but the heat absorption and release temperature interval 

is usually between 20-40ºC [7, 8]. 

The effect of the PCM in a certain product depends on its specific thermal capacity. Moreover, the 

necessary quantity must consider the application conditions, the required thermal and duration effect.  

PCMs are usually supplied in encapsulated forms. In fact, encapsulation techniques provide 

opportunity to fabricate PCMs with a greater heat transfer area, reduced reactivity with the outside 

environment and controlled volume changes during the phase transition, which are important 

characteristics to ensure PCM performance for some specific application [8, 9]. Depending on 

substrate’s type, they can be incorporated on materials by different methods. However, coating and 

lamination are the most common processes for incorporation of PCMs into textile substrates [10]. 

Different applications of PCMs are used in the automotive industry. Pre-heating catalytic 

converters, engine cooling and internal combustion engines are some examples [11]. For many years, 

the automotive industry has been concerned with designing innovative solutions to improve the car 

cabin comfort (U.S. Pat. Nos. 2007/0001507 and 2006/7083227, WO 2002083440 A2).  

The present study aims to integrate PCMs on the materials of the cars’ cover seats in order to save 

energy spent for the stabilization of the temperature, while improving thermal comfort for passengers. 

 

2. Materials and methods 

2.1. PVC-based synthetic leather 

A woven polyester/cotton fabric (65%/35%; ~150 g/m2) was coated with three different polymeric 

layers (a compact layer with 0.3 mm; a foaming layer with 0.5 mm; a lacquer layer with 15 µm). 

Polymeric formulations applied are composed by PVC resin, plasticizers, extenders, stabilizers, 

lubricants, fillers, colorants, flame retardant agents and other additives. PCMs with melting point at 

28ºC were supplied by Devan (Portugal) and they were introduced in PVC foaming layer (5 or 10%), 

compact layer (2%), adhesive foam layer (5 or 10%) and lacquer layer (2%). The formulations were 

prepared for application by adding thickener to adjust the viscosity, mixing at ~1600 rpm during 5 min 

and processed in vacuum for 30 min. The coating was carried out on a Werner Mathis AG machine 

and the different weight add-ons were defined: 350 g/m2 for compact layer, 250 g/m2 for foaming 

layer, 120 g/m2 for adhesive layer and 12 g/m2 for lacquer layer. Briefly, the coating process consists in 

the application of the compact layer on transfer paper followed by coagulation process at 210ºC by 

1min. Then, the foam paste was applied and coagulated at 140ºC by 1min. The adhesive paste was 

added and the textile lamination carried out at 200ºC during 1 min. Finally, a lacquer formulation was 

added and dried at 120ºC during 15s.  

2.2. Tests 

A Nicolet Avatar 360 FTIR spectrophotometer with ATR was used to record the spectra of the 

synthetic leather samples. To characterize the PCMs, KBr pellets were prepared. The IR spectra were 

collected at a 16 cm-1 resolution, with 60 scans, over the range 400–4000 cm-1.  

 Viscosity of the coating formulations were determined by Rheomat 115 Viscometer with coaxial 

measuring system. PCMs and materials with PCMs were analysed according to ASTM D 3417:83 in a 

DSC TA Instrument. The temperature distributions of the samples with and without PCMs (pre-heated 

at 40ºC, time considered as zero, and then cooled to room temperature) were evaluated by an infrared 

and visible camera Fluke Ti25. The images were downloaded using Fluke SmartViewTM software.  

The thermal conductivity, thermal resistance and thermal absorptivity of the materials were used to 

characterize thermal comfort and were carried out using ALAMBETA instrument according to ISO 

EN 31092-1994 standard procedure. Thermal physiological comfort was analysed using thermal 

manikin and the tests were made according to the described requirements of ISO 15831standard test.  



 

 

 

 

 

 

All tests included in BMW 9,210,275; Edition / Version 4, 2010-10-01 standard were performed. 

3. Results and Discussion 

PCMs were introduced in synthetic leather by direct incorporation into PVC compact and foaming 

layers, as well as into adhesive and lacquer formulations. The viscosity of each PVC paste was 

analysed at 20±2ºC and compared with similar formulation without PCMs. In Figures 1 and 2 it is 

possible to observe that viscosity of foaming and adhesive formulations did not change even when a 

concentration of 10% of PCMs was used. Similar results were observed for compact and lacquer 

preparations. Consequently, application process wasn't influenced by PCMs incorporation on polymer 

formulation, on what viscosity of the paste is concerned. 

 

 

 

 

Figure 1. Viscosity of foaming formulation 

with different PCM concentrations (..0%,--

5%, and _10%). 

 Figure 2. Viscosity of adhesive formulation with 

different PCM concentrations (..0%,--5%, _10%). 

 

The FTIR spectra of the synthetic leather samples are complex due to the different compounds 

included in the coating. However, it is possible to identify the C-Cl stretching vibration peak at ~610 

cm-1 characteristic of PVC (results not shown).  
DSC equipment is used to evaluate melting temperature and latent heat of PCM (free or 

incorporated in material) during the exothermic or endothermic phase transition process. Figures 3 and 

4 show the DSC thermograms of PCMs and the synthetic leather with PCMs incorporated according to 

the description presented in materials and methods. The latent heat of PCMs was confirmed to be 

around 276J/g (Figure 3). Therefore, the melting temperatures of PCMs and synthetic leather with 

PCMs were recorded at 29.97ºC and 29.07ºC respectively. The temperature change on this phase is 

appropriate to the envisaged application regarding the comfort provided to human body [12].  

 

 

 

 

Figure 3. Thermograms of PCMs  Figure 4. Thermograms of synthetic leather 

with PCMs 



 

 

 

 

 

 

 

The synthetic leather with incorporated PCM presents a melting enthalpy of 7.38 J/g (Table 1). The 

cooling curve represents exothermic phase transitions in lower range of temperature when compared 

with its endothermic fusion range (Table 2). Similar behaviour was reported by other researchers for 

different paraffin waxes. Onder and co-workers analysed n-eicosane, n- hexadecane and n-octadecane, 

alone, combined between them or with PEG600 or PEG 1000 and they found that the polymer ordered 

structures were gradually changing towards the disordered structures in liquid phase during heating. 

However, heterogeneous structure behaviour was noted in phase transitions during cooling. 

Additionally, multiple crystallization peaks were observed due to the regain by some capsules of the 

heat released by others [13]. 

 

Table 1.  Differential scanning calorimetry results of synthetic leather with PCM 

Melting point 

(°C) 

Melting enthalpy 

(J/g) 

Crystallization 

point (°C) 

Crystallization 

enthalpy (J/g) 

29.07 7.38 21.71/15.86 4.4/2.74 

 

The thermal conductivity, thermal resistance and thermal absorptivity that characterize thermal 

comfort of fabrics were carried out using Alambeta instrument. The average values calculated for each 

parameter are shown in table 6. 

 

Table 2. Thermal conductivity (λ), thermal diffusivity (a), thermal absorptivity (b), maximum heat 

flow (qmax) and thickness of coating (h) of tested materials 

 

According to the expectations, the materials with PCMs are characterized by high values of thermal 

conductivity (λ). However, the increase of PCMs concentration doesn´t mean a significant increase in 

the quantity of heat flux transmitted through the material (qmax).  

The thermal absorptivity (b) is a surface property which allows to define the material´s character in 

terms of “cool/warm” feeling sensation when human skin briefly touches the material [14]. In this 

sense, a low thermal absorptivity value means that the material is warm and a higher absorptivity 

value means that it is cool. Thus, synthetic leather with PCMs is cooler than the material without 

PCMs. Moreover, there is no significant difference between the value of the thermal absorption of the 

material with 10% and 5% of PCMs.  

The surface temperature of the material was measured by thermography. Materials (with and 

without PCM) were placed simultaneously in infrared camera and the results of the variation of their 

temperature with time showed significant differences between samples with and without PCMs during 

the cooling process (results not shown). 

The differences of temperature of surface of samples are observed after 1 minute and 51 seconds, 2 

minutes and 12 seconds, 2 minutes and 30 seconds and 2 minutes and 53 seconds, after infrared 

heating. As it is observed in Figure 5 the cooling takes only a few minutes. Heating the sample with 

PCMs is slightly shorter than that without PCMs when placed on IR camera in similar conditions. 

Material λ (W/mºK) a (m2/s) b (Ws1/2/m ºK ) qmax(W/m2) h (mm) 

Synthetic leather  66.2 0.076 240 1.20 1.22 

Synthetic leather  

with 5% (w/w) of PCMs 

 

71.2 

 

0.052 

 

306 

 

1.24 

 

1.01 

Synthetic leather  

with 10% (w/w) of PCMs 

 

71.6 

 

0.054 

 

313 

 

1.28 

 

1.12 



 

 

 

 

 

 

However, in both materials tested the temperature falls quickly to 25°C. Besides, the drop of 

temperature in the material without PCMs is slower than in the material with PCMs. 

 

 

Figure 5. Sample thermograms during the cooling process; after1 minute and 51 seconds; after 2min 

12sec; after 2min 30sec; after 2min 53sec. Left side of each image is the material without PCMs and 

right side the material with PCMs. 

 

The biophysical analysis of synthetic leather covering an automobile seat was analyzed by using a 

thermal manikin in a climatic chamber. The difference between the materials with and without PCMs 

was evaluated in terms of heat flow (W/m2) when subjected to different temperatures. After 

stabilization of practical conditions, a temperature scan (23°C to 30°C) was made. As observed in 

figures 4 and 5, the material with PCMs has a slightly lower temperature than without PCMs.  

Moreover, the body temperature recovery was faster in the case of material with PCMs as observed 

in figures 6 to 9 obtained from thermal manikin trials. The thermoregulatory response was focused on 

four skin zones (buttocks, back and thighs) assuming the user was seated on the car. For each body 

section, temperature and heat flux are measured. 

 

 

 

 
Figure 6. Total buttocks heat loss when manikin 

was seated on chair with material with PCMs 

(....) and (__) without PCMs 

 Figure 7. Total heat loss of back when manikin 

was seated on chair with material with PCMs 

(....) and (__) without PCMs. 

 

 

 



 

 

 

 

 

 

Figure 8. Total heat loss of right thigh when 

manikin was seated on chair with material with 

PCMs (....) and (__) without PCMs. 

 Figure 9. Total heat loss of left thigh when 

manikin was seated on chair with material with 

PCMs (....) and (__) without PCMs 

 

These results indicate a higher thermal comfort for the user in the summer when material with 

PCMs integrates the composition of a vehicle seat.  

 

4. Conclusions 

The information gathered in the present study suggests that the PCMs was successfully incorporated 

into synthetic leather without problems concerning process ability. Durability of the effect must be 

confirmed. 

The synthetic leather with PCM took longer to reach a specified temperature and cooling 

conditions as illustrated in images of Figure 1 for the different samples tested. It is also cooler to the 

touch (higher thermal absortivity and heat flux). Additionally, the results concerning the thermal 

properties showed that the new material allowed greater thermal comfort to the user than the synthetic 

leather without PCMs. 
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Abstract. Dielectric Barrier Discharge (DBD) atmospheric-pressure plasma was employed to 
enhance the deposition of commercial microcapsules (MCs) containing Aloe vera extract onto 
a cotton/polyester (50:50) fabric. DBD conditions were optimized in term of energy dosage and 
contact angle. The MCs were applied by padding and printing methods and the coatings were 
characterized in terms of SEM and FTIR. MCs display a spherical shape with size between 2 
and 8 µm with an average wall thickness of 0.5 µm. The MCs applied by printing and pre-
treated with a plasma dosage of 1.6 kW m2 min-1 showed the best results with an increased 
adhesion of 200% and significant penetration of MCs into the fibres network. Plasma printed 
fabric retained 230% more MCs than untreated fabric after 10 washing cycles. However, the 
coating resistance between unwashed and washed samples was only improved by 5%. 
Considering the fact that no binder or crosslinking agents were used, the DBD plasma-assisted 
deposition of MCs revealed to be a promising environmental safe and low cost coating 
technology. 

1.  Introduction 
The use of active-substances incorporated onto structure or surface of cosmeto-textiles are 
increasingly used by cosmetics and pharmaceutical industries in order to provide cosmetic effects such 
as pleasant feeling, energising, slimming, refreshing, vitalising, skin glowing, anti-ageing, body care, 
fitness and health [1]. Textile manufacturers are demonstrating particularly interest in the application 
of durable fragrances to textile as well as skin softeners [2]. In this context, microencapsulation 
technology is a growing area in textile industry [3]. Microencapsulation is a technique of surrounding 
solid, liquid or gas particles with a continuous film or polymeric material ranging in size from 1 µm to 
1 mm. Microencapsulation can prolong the shelf life of various volatile and non-volatile cosmetic 
ingredients by delaying oxidation, heat degradation and evaporation.  MCs can be applied to textile 
fibres as dispersion with a binder, using padding, spraying, impregnation, and exhaust or screen-
printing techniques [4]. However, the current methods for applying the MCs are not satisfactory. The 
main disadvantage of using film-forming binders in the application of MCs onto textiles is hindrance 
of the active substances to be release. To overcome this issue MCs can be covalently linked onto 
textile substrate by using chemical (e.g. crosslinking reagents) or physical methods (e.g. ultrasound, 
plasma, microwave) [5]. Challenges as to be overcame such as storage stability, washing resistance, 
skin transfer while textiles are used, produce real and perceived effects. Additionally, wet methods are 
substrate specific, not environmental friendly, expensive, and have to be adapted to treat textiles [6]. 
In recent years plasma technology has assumed a great importance to improve the fibre-matrix 
adhesion by introducing polar groups, by deposition of a new layer of the same polymer or by 



 
 
 
 
 
 

changing the surface roughness of the substrate [7]. It is a dry, environmentally- and worker-friendly 
method to achieve surface alteration without modifies the bulk properties of different materials [8]. 
These characteristics may favour the formation of strong bonds between the fibre and polymeric 
matrix [9]. In particular, atmospheric plasma is an alternative and cost-competitive method to low-
pressure plasma and wet chemical treatments, avoiding the need of expensive vacuum equipment and 
allowing continuous and uniform processing of fibres surfaces [10]. The dielectric barrier 
discharge technology (DBD) is one of the most effective non-thermal atmospheric plasma sources 
and has been attracting increasing interest for industrial textile applications [11, 12]. Recently, DBD 
plasma was successfully employed to improve the adhesion of MCs on wool fabric, PET and cork [13-
15]. The main objective of this study is to investigate the adhesion of MCs containing Aloe vera 
extract applied by padding and printing methods in a cotton/polyester (50:50) fabric pre-treated with a 
DBD plasma discharge.  Plasma treatment onto the fabric was optimized and analysed by contact 
angle, SEM and FTIR analysis. The printing and padding methods was compared in term of coating 
efficiency and the washing fastness of the MCs deposited onto the textile substrates was evaluated up 
to 10 washing cycles. 

2.  Materials and Methods 

2.1.  Materials 
Commercial cotton/polyester (50/50) fabric (CO/PES) with a warp density of 16 threads cm−1, a weft 
density of 14 threads cm−1, a 20 tex yarn count in both yarns and a surface density of 114.70 g m−2 was 
pre-washed with a 1 g L−1 of non-ionic detergent solution at 30 ºC for 30 min and then rinsed with 
water for another 15 min. Commercial polyurethane-based MCss of liposoluble Aloe vera essence in 
aqueous dispersion (Bayscent® Aloe vera, Tanatex Chemicals B.V., Netherland) was used. All the 
other reagents were analytical grade purchased from Sigma–Aldrich, St. Louis, MO, USA. 

2.2.  Plasma treatment 
The DBD plasma treatment was conducted in a semi-industrial prototype machine (Softal Electronics 
GmbH/University of Minho) working at RT and atmospheric pressure in air, using a system of metal 
electrode coated with ceramic and counter electrodes coated with silicon with gap distance of 3 mm 
and producing the discharge at high voltage 10 kV and low frequency 40 kHz. The machine was 
operated at the optimized fixed parameters of 1 kW of power and velocity of 5 m min-1. The dosage 
(kW m2 min-1) applied in each sample, is defined by the equation: Dosage= N P / v l, where: N, 
number of passages; P, power (W); v, velocity (m min-1); and l, width of treatment (0.5 m). 

2.3.  Contact angle measurement 
The contact angles of treated and untreated samples with plasma were characterized with Dataphysics 
equipment (Filderstadt, Germany) using OCA20 software (Germany), with video system for the 
capturing of images in static mode. Fifteen measurements were carried out for each sample. 

2.4.  MCs application methods  
All samples were cut into 10 × 5 cm pieces and stored for up to 30 days indoors at 25 ± 1 ºC and 65 ± 
5% relative humidity. CO/PES fabrics with and without plasma treatment were padded in a mini-
foulard (pressure ¼ 4 bar, v ¼ 6 m min-1), twice through an aqueous finish bath containing 80 g l-1 
Bayscent Aloe Vera MCs nipped to obtain a wet pickup of 70%, and dried in the tenser frame at 140 
ºC for 3 minutes. In the application of MCs by print-screen process frameworks, the same number of 
padded MCs was prepared in the folder and dry for 3 minutes at 140 °C. 

 
 
 



 
 
 
 
 
 

2.5.  Fourier transform infrared spectroscopy (FTIR) 
A Nicolet Avatar 360 FTIR spectrophotometer (Madison, USA) with an attenuated total reflectance 
accessory was used to record the FTIR spectra of the fabric samples. The spectra were collected in the 
region of 4000–650 cm−1 and at a resolution of 16 cm−1 with 60 scans at room temperature. 

2.6.  Scanning electron microscopy (SEM) 
SEM analyses were carried out with an ultra-high resolution Field Emission Gun Scanning Electron 
Microscope (FEG-SEM), NOVA 2000 Nano, SEM, FEI Company. Secondary electron images were 
performed with an acceleration voltage between 5 and 10 kV. Backscattering Electron Images were 
made with an acceleration voltage of 15 kV. Samples were covered with a film of Au–Pd (80-20 
wt%). SEM images were analysed by ImageJ software to determine size and number distribution of 
the MCs coated onto the fabric assuming MCs have perfect spherical shape., 

2.7.  Washing fastness 
The washing fastness (5 and 10 washing cycles) was evaluated according to the standard ISO 105 
C06, A1S method at a temperature of 40 ˚C.  

3.  Results and Discussion 
The surface properties of CO/PES fabrics were analysed by static contact angle measurement to 
evaluate the effect of different plasma dosages (Table 1). The reduction of the surface contact angle is 
proportional to the number of plasma treatments. The contact angle continues to reduce until reaching 
a saturation point between samples 4 and 5 with a reduction of about 70% (~16º). The best 
hydrophilization effect was obtained with a plasma dosage of 1.6 kW m2 min-1. Further plasma 
treatments did not significantly improve the contact angle. CO/PES samples used in this work retained 
their characteristics for 36 hours after plasma treatment. With time, migration and reorientation of 
oxidized groups occur driven by diffusion of the high-energy surface radical [16].  These changes 
could lead in time to significant reduction in properties and loss of surface oxidation [17]. Improved 
plasma effect durability can be achieved with care in storage, humidity and temperature [18].  
 
Table 1. Number of passages, plasma dosage and contact angle of the cotton/polyester fabric (50:50).  
Sample Passages Dosage (kW m2 min-1) Contact angle (º) 
1 0 0 56.7 ± 4.3 
2 1 0.4 44.3 ± 3.5 
3 2 0.8 36.4 ± 3.2 
4 4 1.6 16.7 ± 3.6 
5 6 2.4 15.9 ± 2.3 

 
As expected the ATR-FTIR spectrum of untreated fabric exhibits peaks pertaining to polyester 

component of the blend at 1710 cm−1 assigned to stretching vibration of C=O group in ester, 1250 cm−1 
assigned to asymmetric stretching of aromatic ester, 710 cm−1 attributed to aromatic C-H bending 
vibrations and 871 cm−1 attributed to C–C out of plane bending vibrations of the benzene rings (Figure 
1-a) [19]. At the same time the spectra also displays the very strong bands at 1160, 1100 and 1020 cm-

1 assigned to the vibrations of the C-O-C bond of the glycoside bridges of the cellulose structure [20]. 
The peaks at 2900  and 2850 cm−1 may be attributed to the C-H asymmetric and symmetric stretching 
vibrations of aliphatic - CH2, respectively [21]. The broad and strong bands at 3340 and 3270 cm-1 can 
be attributed to the stretching vibration of the hydroxyl (O-H) group of the cellulose structure and to 
the intermolecular O-H bonded to C=O groups and O–H out of plane bending in terminal carboxylic 
groups in polyester chains [22]. After plasma treatment, the CO/PES sample shows a significant 
increase in the intensity and broadening of the C=O stretching band as well as of the vibration peaks of 
the C-O-C bond of the glycoside bridges were observed. This may be an indication of the plasma 
induced changes and oxygen addition onto the fibres surface. The addition of the printed paste without 



 
 
 
 
 
 

MCs to the fabric surface (Figure 1-b) is evidenced by the presence of new peaks at 1370 cm−1 and 
1450 cm−1 attributed to –CH3 and –CH2 hydrocarbons, respectively [23]. However, the intense peak at 
1370 cm−1 as well as the new broad peaks appeared between 1000-1200 cm−1 may be also attributed to 
the C-O stretching of free and condensed C-OH groups since they show a significant increase in 
intensity after plasma treatment [24]. The introduction of the MCs in the printed paste show a 
remarkable increase in intensity of the peaks related with MCs presence onto the fabric surface (Figure 
1-c). The spectra showed absorption bands of the polyurethane MCs shells at 1730 cm-1 for the C=O 
stretching of urethane, and shoulders at 1690–1650 cm−1 for urethane–urea formation [25]. However, 
there was not considerable change in IR spectrum of MCs printed fabric after plasma treatment 
suggesting that the concentration of free oxygen species is decreasing in favour of the formation of 
intermolecular O–H bonds between MCs and fabric surface. The MCs deposition by padding did not 
show significant difference for both untreated and plasma treated CO/PES fabric (Figure 1-d). 

 

 
Figure 1. ATR-FTIR spectra of CO/PES without (black lines) and with plasma treatment (grey lines). 

 
Figure 2 shows the SEM of the MCs deposition onto the untreated fabrics by padding. This is the 

method suggested by the producer to apply the Bayscent® MCs [1]. This MCs are prepared using 
interfacial polymerization and the release of the active ingredient is triggered by breaking the MCs. 
Figure 2a showed an efficient deposition of the dispersant but an uneven distribution of MCs on the 
fibre surfaces by padding. After 10 washing cycles (Figure 2b) the fibres remain covered by the 
dispersant but almost no MCs can be observed on the fabric surface. Fabric transversal cut of the 
washed samples (Figure 2c) reveals that the MCs are present in few numbers only in the inner part of 
the fabric. MCs display uniform spherical shapes but a wide range of sizes (Figure 2d). MCs 
dimensions vary from 2 µm to 8 µm, and thickness is approximately 0.5 µm (Figure 2c). The 
application of MCs by printing method clearly shows a better adherence and dispersion of the MCs 
onto the fabric compared to padding process (Figure 2a’). A significant number of MCs remains on 
the fabric surface after 10 washing cycles (Figure 2b’). Transversal cuts of the washed fabrics show 
the presence of MCs on the surface of the fabric and confirm that most on the MCs remain confined 
on the surface without efficiently impregnating the fibres interspaces (Figure 2c’). No differences in 
size and shape were observed in the printing method compared to padding one (Figure 2d’). It is clear 
the printing is a more efficient MCs application method compared to padding. For these reason the 
application of MCs after plasma treatment was studied only using the printing method.  

Figures 3 show respectively, the surfaces and transversal cuts of the fabric samples pre-treated with 
plasma at different dosages and impregnated with MCs by printing process after 10 washing cycles. 
Plasma treatment significantly enhances MCs adhesion showing a high number of MCs onto the fibres 
surface even after 10 washing cycles. Transversal cuts demonstrate the MCs greater penetration and 
adhesion compared to the untreated samples with a significant penetration of MCs into the fibres 
network. Four different plasma discharge dosages (0.4, 0.8, 1.6 and 2.4 kW m2 min-1) were tested in 
order to maximize the MCs deposition onto the fabrics’ surface. It is well known that the DBD plasma 
treatment in air is able by chemical etching to create oxidized species on the surface of the fibres [26]. 
The higher the plasma dosage is, the higher the MCs deposited onto the fabric surface. However, as 



 
 
 
 
 
 

can be seen in Table 2, the number of deposited MCs is not enhanced using the higher dosage (2.4 kW 
m2 min-1). The fabric treated with the optimal plasma dosage of 1.6 kW m2 min-1 showed the best 
results and further plasma-energy dosages did not lead to significant differences. 

 

    

    
Figure 2. SEM of untreated CO/PES loaded with MCs applied by padding and printing without 

washing (a, a’), after 10 washing cycles (b, b’), transversal cut (c, c’) and MCs size (d, d’). 
 

    

    

Figure 3. SEM of surface and transversal cut of plasma treated CO/PES loaded with MCs applied by 
printing at the plasma dosages of 0.4 (a, a’), 0.8 (b, b’), 1.6 (c, c’) and 2.4 (d, d’) kW m2 min-1 after 10 

washing cycles. 
 

A deeper analysis of the deposited number of MCs showed in table 2 demonstrate the superior 
adhesion and washing fastness of the printing method over padding with a duplication of deposited 
MCs. Plasma treatment showed a MCs adhesion increasing of 200% at the best dosage of 1.6 kW m2 
min-1 and after 10 washing cycles the fabric retained 230% more MCs than the untreated one. 
However, the coating resistance between unwashed and washed samples was only improved by 5%.  
 
Table 2. Quantification of coated MCs before and after washing (counting area 1 mm2) 
 Plasma dosage (kW m2 min-1) 
 0  0 0.4 0.8 1.6 2.4 
 Padding  Printing (number of MCs for 1 mm2) 
Unwashed 246  466 654 772 939 950 
5 washing cycles 120  225 339 392 479 470 
10 washing cycles 67  160 259 320 370 367 
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4.  Conclusion 
This research demonstrates that the application of cosmeto-textile MCs by printing method using an 
atmospheric DBD plasma pre-treatment in air can overcome some of the current challenges found in 
the impregnation methods such as storage coating stabilization, washing fastness, uniform distribution 
and accessibility. The contact angle, FTIR and deposition tests show that at the optimize plasma 
dosage of 1.6 kW m2 min-1 better hydrophilicity, adhesion and the polar groups concentration can be 
achieved on the fabric surface. Moreover, it was demonstrated that compared to the padding process 
the application of cosmeto-textile MCs by printing process provide greater adhesion, better resistance 
and also reduced costs, allowing the application of MCs in specific target area on the fabric. Overall, 
considering the fact that no binder or crosslinking agents were used, the DBD plasma-assisted 
deposition of MCs revealed to be a promising environmental safe and low cost coating technology. 
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Abstract. In the present study an attempt to determine the possibility of using novel
measurement techniques for the evaluation of medical implants was made. The focus was put
on the measurements of the specific surface area and associated characteristics of the knitted
monofilament meshes made of polypropylene, used for the hernia treatment. As a part of
examination, three methods of examination were compared - adsorptive porosimetry, inverse
gas chromatography and mathematical method. The obtained results of the specific surface
area confirmed the hypothesis stating that the results of specific surface area measurements
depend on the applied measurement method.

1. Introduction
Hernias are serious health problems and if left untreated, can lead to severe complications and even
death. One of the most common methods of treatment is the use of a polymer implant, which allows
the "tension free" surgical operation [1,2]. Apart from the polymer used and its physical, chemical and
mechanical properties, extremely important are structural parameters of the implant. Unfortunately,
harmonized standards of Directive 93/42/EEC do not include this aspect in evaluation and also, at the
stage of implants’ design standardized methods in this respect are not in use [3]. However, the ability
of assessing surface properties would allow predicting the mechanism of action of the implant within
the human body. It would also enable to create a more complete picture of the biomaterial properties
and it could bring also the possibility to predict its mode of action in biological conditions.

2. Materials
In the frame of the presented work, two kinds of hernia meshes, commonly available on the market,
were examined. The monofilament hernia meshes are made of polypropylene and are intended for
medical use (implantable materials with over 30 days of use within the body). In the study, a warp
knitted fabrics with two types of weave were examined. The raw material used in the manufacture of
knitted fabric is polypropylene (PP), the structure of which is present in Figure 20. The density of the
used PP was given by the manufacturer - 0,946g/cm3.

3. Methods
Basic structural characteristics, such as surface mass were tested in accordance with applicable
standards – examination was performed in accordance with PN-EN 29073-1: 1994, on samples with
an area of 10x10 cm. The surface mass determination was carried out in air-conditioned laboratory, at
normal climatic conditions, that is T = 20°C, RH = 65%. The climatic conditions were in line with the
requirements of PN-EN ISO 139: 2005. Thickness of the knitted fabrics was measured in accordance
with PN-EN 5084:1999 standard. Fibres’ diameters were determined by pictorial method on the basis
of SEM microscopy images.  The average value was determined based on 20 measurements. Based on
the surface mass and average thickness, apparent density was calculated according to the formula:



= = (1)

Where: – apparent density, kg/m3; m – mass of the sample, g; V – sample volume, m3; SM – surface
mass, g/m2; d – sample thickness, mm

The measurements were carried out using the apparatus - Porosimeter ASAP 2020 V3.01 H.
The inverse gas chromatography was conducted by the use of Surface Energy Analyzer (SEA)
produced by Surface Measurement Systems (SMS) Instruments. Examination of the surface
morphology was carried out using high resolution scanning electron microscope NOVA Nanos 230
manufacturing company FEI equipped with an X-ray microanalyzer EDAX Apollo SDD.

4. Results

4.1. Structural properties
Surface mass was calculated as the mean of three measurements, thickness was tested fivefold.
Number of measurements stemmed from the provisions in the standards. Mean diameters of
monofilaments were calculated on the basis of 20 measurements. Numerical results are shown in
Table 1, 2 and 3.

Table 1. Summary of surface masses measurements of the investigated samples

Surface mass Standard deviation uA uB
a uC

g/m2 g/m2

Sample I 47,5 0,98 0,31 0,0000103 0,31
Sample II 32,5 0,68 0,21 0,0000103 0,21

a Value given by Accredited Laboratory Lab Tex, where measurement were taken.

Table 2. A summary of thicknesses of the investigated samples

Thickness Standard deviation uA uB
a uC

mm mm

Sample I 1,09 0,05 0,02 0,0000103 0,02
Sample II 1,22 0,05 0,05 0,0000103 0,05

a Value given by Accredited Laboratory Lab Tex, where measurement were taken.

Table 3. A summary of fibres’ diameter of the investigated samples

Diameter Standard deviation uA uB
a uC

µm µm
Sample I 94,953 0,054037024 2,07 0,0000103 2,07
Sample II 85,6515 0,054037024 1,19 0,0000103 1,19

a Value given by Accredited Laboratory Lab Tex, where measurement were taken.

4.2. Surface morphology
Surface morphologies of the investigated samples are presented in Figure 1 and 2. The monofilament
fibres are circular, which allows using the pictorial methods for measuring its diameter. SEM
micrographs presents fibres in the place of the node creation (a, b) and also the method measuring the
diameter (c).



Figure 1. The surface morphology of the Sample I

Figure 2. The surface morphology of the Sample II

4.3. Specific surface area
The specific surface area was determined by three different methods - adsorptive porosimetry, inverse
gas chromatography and mathematical method. The value of the specific surface area and derivative
magnitudes measured by adsorptive porosimetry is presented in Table 4.

Table 4. Results of measurement of BET specific surface area by ASAP 2020

Sample I Sample II

Surface area BET m2/g 100,16 87,60
Langmuir m2/g 3483,07 2151,51

Pore Volume Single point adsorption
Total pore volume of pores cm³/g 0,0836 0,0737

BJH
Adsorption cumulative volume of pores cm³/g 0,0780 0,0688

Pore Size Adsorption average pore width
(4V/A by BET): Å 33,4028 33,6608

BJH Adsorption average pore diameter Å 44,4650 44,4260
Horvath - Kawazoe Maximum pore volume

at P/Po = 0.005060074 cm³/g 0,000435 0,000382

Median pore width Å 8,495 8,504

Specific surface area and derivative magnitudes can be measured also by inverse gas
chromatography (IGC). Examination of BET specific surface areas was conducted using IGC with the
test gas - vapors of octane. Changes were observed by retention time and on this basis BET specific
surface area was specified. The analysis was performed by defining center mass of the peak. Free
surface energy was analyzed using the Schultz’s theory. The free energy of the dispersion component
and the value of free energy for each of the gases used were determined. By measuring the retention

a b c

a b c



time of the pairs of respective solvents Ka - acidic and Kb - alkaline constant were determined. The
numerical values of BET surface areas, the values of free energy for each of the gases used and acidic
and alkaline constant are summarized in Table 5.

Table 5. Results of measurement of BET specific surface area by IGC

Sample I Sample II
Surface area BET m2/g 17,13 9,28
Free surface energy
(Stz &Max)

Dichloromethane

kJ/mol

19,32 11,36
Ethyl acetate 17,98 5,99
Ethanol 13,15 3,61
Acetone 16,64 6,00
Acetonitrile 25,67 3,00
1 – Propanol 10,61 8,10

Dispersive
surface energy mJ/m2 249,68 27,33

Acid/base properties Acid constant - Ka 0,19 0,05
Base constant - Kb 0,44 0,22
Acidity-Basicity Ratio 0,44 0,24

Calculation of SSA by mathematical method was performed on the basis of the equations
indicated in previous subchapter - IV.2.e: = ∙ 2 (2)

The calculation of the length of the monofilament was performed based on the equation 23
indicated in subchapter - IV.2.e. = ∙ ∙∙ (3)

and recounted for 1 g of the product. The results of the above calculations are summarized in Table 6.

Table 6. A summary of results obtained by the use mathematical method

g D r l
kg/m3 m kg/m3 m m m2/g

Sample I 43,578 1,09 · 10-3
946 47,476 · 10-6 7091,012 2,114

Sample II 26,639 1,22 · 10-3 42,826 · 10-6 5962,668 1,604

The comparison of specific surface area measurements made by three different methods is
presented in Table 7 and Figure 3.

Table 7. A summary of results obtained by the use mathematical method

Surface
mass Thickness Apparent

density

BET
Adsorptive
porosimetry

BET
Inverse gas

chromatography

Mathematical
method

g/m2 mm kg/m3 m2/g m2/g m2/g
Sample I 47,5 1,09 43,578 100,16 17,13 2,114
Sample II 32,5 1,22 26,639 87,60 9,28 1,604



Figure 3. The comparison of specific surface area measurements made by three different methods

5. Discussion
Based on the examinations carried out, it was demonstrated that each of the methods used resulted in
obtaining different results. This is particularly due to the following:

5.1.Analytical methods
The applied two analytical methods are performed with the use of different test gases. In particular, for
adsorptive porosimetry, a nitrogen gas is used, which is characterized by small size of the molecules
and is an inert gas. The dimension of the molecule seems to have a crucial meaning during the
measurement, as depending on this the tested gas molecules are able or are unable to settle on the
analyzed surface and in pores of the specific dimension, and particularly on the basis of the number of
settled molecules, the specific surface area is measured. In case of inverse gas chromatography, the
tested gas used is octane, which has significantly bigger molecules, and what is also important, it can
interact with the examined surface, which might disturb the measurement. The bigger size of the
molecule makes it impossible to the tested gas particles to penetrate into the smallest spaces (pores) in
the examined material. The result of this research confirmed, that in case of using bigger size of the
molecule (ICG - octane), the results of the obtained BET surface were five to even ten times smaller,
than in case of nitrogen molecule (Table 7). Moreover, a tendency was observed in which the results
of Sample II measurements of specific surface area were lower than in case of Sample I for every
method used. Performed studies have shown that there is a correlation between the sizes of particles
deposited into the surface area of the tested material and the results of the specific surface area
measurements. Taking into account the microporous structure of the product, it can be assumed that by
the use of greater octane molecule in the examination, only the largest micropores will be taken into
account. This will translate into decrease in the value of specific surface area. From the point of view
of practice, surface modification or assessment of the interaction between the material and a living
organism, the assessment by the IGC may more reflect the reality, because in all cases the size of the
specific surface area will depend on the size of the biological elements to interact with, which usually
have larger sizes than molecule of nitrogen. Therefore, from the practical point of view, e.g. the
measurements of actual contact surface, the use of large molecules is thus legitimated, but from the
point of view of identification of the material and its characteristics, the use of small particles
measured by the specific surface area is more reasonable.
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5.2.Mathematical method
This method is the simplest, but unfortunately with its application are associated major restrictions on
the form of monofilament creating a range of textiles products for the use as an implant. These
limitations are caused by the fact that the shape of the fibre is approximated by a cylinder and also it is
assumed that porosity and roughness of the elementary fibre does not occur. In addition, it is assumed
that the cross-sectional fibres’ shape is ideally oval, which in practice may vary considerably. Apart
from this, the most frequently, a fibre creates a twisted yarn, then taking the cylinder as an alternate
shape causes the significant omission of information for example on the different spaces between the
filaments. As a result of the application of this method, the calculated specific surface area of the
monofilament knitted fabric is burdened with a large error. The mathematical method due to the
numerous limitations on the geometry of the monofilament, turned out the be not so much reliable,
because is associated with committing a very serious error in the calculations, if there is no measuring
the true density of the polymer, and the only assumption is based on the characteristics provided by the
manufacturer. In this way, it was possible to obtain the deviation of more than 10%.

Adsorptive porosimetry examination involving the pore size distribution revealed that in the
case of the tested materials, there exists a small level of porosity of the monofilaments. The identified
pore size are classifies into the group of micropores. Therefore, one should be aware that the
requirement for the lack of porosity in the material is not completely satisfied. The presence of
micropores is detected by adsorption techniques, however it is completely negligible in the
mathematical method, which is based on calculations.

6. Conclusions
The obtained results of the specific surface area confirm that the differences between the results derive
from the specificity of the measurement. In the case of analytical methods (adsorptive porosimetry and
inverse gas chromatography), the main difference lies in the selected gas for analysis - namely the type
and size of the gas molecules used for measurements, which determines the amount of particles
deposited on the test surface, which then has an impact on the calculation of specific surface area.

Both of the selected analytical methods are suitable for evaluation not only specific surface area,
but also associated characteristics like free surface energy of the sample, acid/base properties, pore
size, pore volumes and etc. Apart from the physical, chemical and mechanical properties of the
implant, extremely important are structural and surface parameters. The ability to determine these
parameters would allow predicting the mechanism of action of the implant within the human body.
Application of these measurement methods in the design of the implant will contribute to shaping the
structural properties of implants/medical devices for their final application, as well as shaping their
biological characteristics (which are heavily influenced by surface properties). These methods should
be incorporated in the design stage of medical devices, as their results are a perfect complement to
other methods of evaluation, thereby allowing to a fuller extent determine the expected properties and
actions of the implant in a natural environment.
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Abstract. In this paper, an intumescent flame retardant treatment, obtained by a combination 
of vinylphosphonic acid (VPA) and methacrylamide (MAA), was applied to cotton fabrics. In 
order to improve the cross-linking degree onto cellulose polymers, potassium persulfate was 
used as initiator of a radical polymerization technique. The application on cotton was carried 
out by padding, followed by drying and a curing treatment. The treated samples were 
characterized by SEM, TGA and FTIR-ATR analyses and tested in terms of flammability and 
washing fastness. The thermal and fire behavior of the treated fabrics was thoroughly 
investigated. The results clearly showed that the VPA/MAA coating was able to exert a 
protective action, giving rise to the formation of a stable char on the surface of textile fibers 
upon heating, hence improving the flame retardant performance of cotton. Horizontal flame 
spread tests confirmed that the coated fabrics achieved self-extinction, and the residues well 
preserved the original weave structure and fiber morphology; at variance, the uncoated fabric 
left only ashes. A remarkable weight loss was observed only after the first washing cycle, then 
the samples did not show any significant weight loss, hence confirming the durability of the 
self-extinguishing treatment, even after five laundering cycles. 

 
1. Introduction 
Recently, textile materials have increased their field of use beyond traditional application. In 
particular, compared to other materials, the strongest potential for cellulose products is originated from 
the combination of their low cost, biodegradability and high specific strength. These advantages allow 
cotton, the most used among the cellulosic fibres, to be easily manipulated and adapted to a wide 
range of end-use requirements, hence undergoing a remarkable growth in the textile industry for 
technical applications [1]. Unfortunately, when ignited, cotton fibers burn easily and the flame spreads 
quickly, causing several problems such as loss of material properties, production of smoke and gases 
during thermal decomposition, which could affect both human life and equipment [2]. Due to the role 
played in everyday life, the burning of cellulose-based fabrics has always been considered a major 
hazard. They are largely used in clothing, furniture upholstery, bed linen, as well as in transportation, 
automotive industry and protective garments. Consequently, flame retardant finishes for cotton fabrics 
have attracted much interest in research studies due to their capability to reduce risks derived from 
flame exposure. Furthemore, thermal stability improvement of cotton fabric has been a major 
challenge for extending its use to a wide number of applications. The pyrolysis of cellulose is a chain 
degradation initiated by a heterolytic bond scission of glucose producing levoglucosan. The lability of 
the C-6 hydroxyl group in the cellulose repeating unit is crucial to depolymerization. So far, several 
fire retardant additives, such as phosphorus-based compounds, have been used to treat cotton textiles, 



and in some formulation, their efficiency could be further enhanced by addition of some nitrogen-
containing additives, giving rise to the synergistic phosphorus–nitrogen action [3].  

The most important approach to flame retardant finishes was set in the well-known “Golden 
period” of fire retardants [4], between 1950 and 1980, after the success of those developed during the 
Second World War. Afterwards, little research has been developed up to 2000 due to the 
environmental issues that some flame-retardants were showing. Currently, government regulations 
have raised safety and environmental protection standards on flame retardants, hence determining a 
renewed interest on the development of environmentally friendly structures. Furthermore, many 
voluntary standards, often without coordination, highlighted the lack of adequate control in the release 
of toxic chemicals during textile processes. Consequently, in recent years, several research papers 
were focused on the development of environmentally friendly chemicals for flame retardant treatments 
of textile fabrics, in order to replace formaldehyde- and halogen-based compounds. In fact, 
formaldehyde, which is commonly used in several flame retardant compounds, is toxic and therefore 
undesirable for textile finishing. Moreover, halogenated flame retardants are environmentally 
persistent and, during combustion, they can generate toxic gases that threaten both air and water 
ecosystems. Finally, health implications and environmental claims associated also with antimony 
trioxide (SbO3) suggest the development of new flame retardant antimony-free.  

In the last years, novel approach in the field of textile fabrics flame retardancy has attracted a great 
interest from both industrial and academic research [5]. Among the tested technologies, sol-gel 
appears to exhibit particularly interesting results and, for this reason, it has been exploited in the textile 
field for conferring multifunctional properties [6], anti-wrinkle finishing [7], antimicrobial or UV 
radiation protection [8], biomolecule immobilization [9], dye fastness [10], hydrophobicity [11], 
photocatalytic properties [12] and sensor characteristics [13, 14]. In the last years, sol-gel architectures 
were found to be capable of protecting the polymer surface by exerting a thermal shielding effect, thus 
improving the flame retardancy of the treated fabrics [15,16]. These results are based on the 
synergistic effect generated by the simultaneous presence of phosphorous and nitrogen in the finishing 
system [17]: the former one acts on the dehydration of the polymer chain forming a protective layer 
(char), while the latter is able to dilute the oxygen concentration thanks to the release of non-toxic 
gases. In this work, aiming at providing flame retardant properties to cotton fabrics, a novel approach 
based on graft-copolymerization of vinyl monomers, containing P and N, onto cotton fabrics was 
thoroughly investigated. The grafting reaction was carried out in the presence of potassium persulfate 
(KPS) used as radical-initiator. The basic mechanism starts from the creation of free radical sites on 
both the used vinyl monomers and on cellulosic chains, in order to obtain a permanent combination of 
VPA and MAA with the textile substrate.  

ATR FT-IR spectroscopy and weight percentage changes between treated and untreated samples 
have been used to investigate the surface composition and the coating durability. Thermal stability, 
flammability and combustion behavior of the treated and untreated cotton fabrics have been assessed 
by using thermogravimetric analyses and horizontal flame tests, respectively. 
 
2. Experimental part 
 
2.1. Materials and methods 
Scoured and bleached 100% plain-weave cotton fabric (mass per unit area of 237 g/m2) was kindly 
supplied by Mascioni Spa, Varese, Italy. Textile samples were washed in 2% non-ionic detergent at 
40°C for 20 min, before any treatments. Methacrylamide (98%) (MA), Vinylphosphonic acid (97%) 
(VPA) and potassium persulfate (KPS) were purchased from Sigma-Aldrich and used without further 
purification. VPA and MA were chosen as phosphorus and nitrogen sources, respectively. The graft 
co-polymerization was performed under nitrogen atmosphere by dissolving VPA in water. Then, after 
heating at 60°C, MAA (VPA/MAA = 1:1 molar ratio) was slowly added to the solution.  

Graft co-polymerization reactions took place after the addition of KPS initiator; in order to limit 
any premature gelation [5], the final solution was applied on cotton fabrics within 10 min at 60°C. 



Scoured and bleached 100% plain waive cotton fabric was treated with the VPA/MAA/KPS solution 
by a pad-cure process, using a Werner Mathis lab device with 2 bar nip pressure.  

The treated fabric samples were then dried (20 min at 60°C) and cured (3 min at 165°C). To 
evaluate the coating durability, treated samples were washed in standard conditions (EN ISO 
6330:2000). The total dry solids add-on (A, wt.%) on cotton sample and the weight loss of the coating 
after washing cycles (WLW, wt. %), were calculated using a Mettler balance (accuracy: 10-4 g) 
according to Eq.1 and Eq.2, respectively:  
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where WUT and WT are the dry weights of the cotton samples before and after the pad-cure treatment 
respectively, while WTW is the dry weight of the cotton sample after washing cycles.  

Textile fabrics, before and after the washing cycles, were weighted five times with the standard 
deviation always lower than 2%. The final dry add-on of the treated sample was 67.4%, while its 
weight losses after 1 and 5 washing cycles were 34.2 and 34.6% respectively. 
 
3. Results and discussion 
Due to the grafting process induced on cotton fabrics, covalent bonds are formed between monomers 
and polymer, hence providing new functionalities to the treated fabric with high durability [18,19]. 
The presence of the coating was checked by FT-IR spectroscopy through the identification of the 
absorption bands of characteristic moieties of the two vinyl monomers (Figure 1). 
 

 
Figure 1. Normalized FT-IR spectra of untreated (UT) and treated (T) samples, also after 1 (T1W) 

and 5 washing cycles (T5W). 
 



With respect to the reference fabric, the infrared absorption bands of the treated sample in the 
ranges 3500–3000 cm-1 and 3000–2800 cm-1, characteristic of hydrogen bonded O-H stretching and C-
H stretching of cellulose, respectively, decrease in the intensity due to the presence of the vinyl based 
film on the surface of the treated cotton fabric. Furthermore, the disappearance of the characteristic 
absorption band assigned to C=C at 1614 cm-1 and 1646 cm-1 for vinyl groups of VPA and MAA, 
respectively, confirms the graft co-polymerization of both vinyl monomers onto cotton fabric.  

The presence of MAA is further confirmed by the appearance of absorption bands characteristic of 
the amide group and assigned to C=O stretching (1657 cm-1) and NH2 bending (1599 cm-1). In 
addition, the FT-IR band at 1402 cm-1 is ascribed to the C-N stretching, while the signal at 760 cm-1 is 
assigned to the N-H out-of-plane bonding. Furthermore, the peaks at 1260 cm-1 and 1455 cm-1 are 
attributable to P=O stretching and CH out-of-plane bending, respectively.  

The thermal and thermo-oxidative stability of the pure and treated cotton fabrics has been assessed 
by thermogravimetric analyses performed in nitrogen and air, respectively. Table 1 collects the 
obtained data for the different materials investigated. 
 
Table 1. TG data of CO_UT, CO_T, CO_T1W in nitrogen atmosphere. 

Sample Tonset10% 
(°C) 

Tmax1 
(°C) R@ Tmax1 (%) Tmax2 (°C) R@ Tmax2 (%) R@ 700°C (%) 

UT 336 362 50.3 - - 8.3 
T 253 317 72.5 411 56.7 43.4 
T1W 278 326 63.2 419 44.3 34.3 
 

The presence of the intumescent coating significantly anticipates the cellulose decomposition: in 
particular, regardless of the possible washing cycle applied to the treated fabrics, Tonset10% and Tmax1 
values decrease, while, at the same time, the residues found at Tmax1 are within 63 and 72%, 
respectively. This finding can be attributed to the presence of vinylphosphonic acid that, upon 
activation, favors the cellulose decomposition towards dehydration, hence limiting the production of 
volatile species and giving rise to the formation of a protective and quite stable char, as indicated by 
the high residues found at Tmax1 by comparing the values listed in Table 1.  

The protection feature was also confirmed by cone calorimetry tests that also highlighted the 
washing fastness of the coating. Table 2 lists the obtained data, in terms of Time To Ignition, Total 
Heat Release, peak of Heat Release Rate and final residue. Under a 35 kW/m2 heat flux, cotton burns 
vigorously in 160 s, while the coated fabric does not ignite at all. The sample undergoes thermal-
oxidation, leaving a 31 wt.% final residue, which can be attributed to the extent of the pyrolysis 
process, instead of combustion.  

According to these results, horizontal flame spread tests showed for the treated samples, either 
before or after washing, self-extinguishing properties (Table 3). 
 

 Table 2. Combustion data from cone calorimetry tests. 

Code TTI (s) pkHRR 
(kW/m2) 

THR 
(MJ/m2) Residue (%) 

UT 26 175 5.2 0 

T NO IGNITION 31 

T1W NO IGNITION 13 
T5W NO IGNITION 12 

 
All the treated and washed fabric samples were subjected to horizontal flame spread tests, 

according to UL94 HB standard.  



The results showed a substantial enhancement of char-forming properties and flame retardancy for 
the treated fabrics. These latter, either before or after the washing cycles, achieve self-extinction few 
seconds after the flame application. It is worth noticing that even 5 washing cycles did not change the 
flammability behavior of the treated fabrics, which were self-extinguishing similarly to those 
subjected to one washing cycle only. 
 

 Table 3. Flammability behaviour and data of UT, T, T1W and T5W. 
Data UT T T1W T1W 
Total burning time (s) 149 5 7 7 
Char length (mm) 100 4 5 5 
Residue (%) 0 99 99 99 
Self-extinction NO YES YES YES 

 
The weight loss calculation and the presence of absorption bands related to the deposited coating 

were also evaluated after one and five washing cycles, in order to confirm the washing fastness of the 
applied coating.  

It is worthy to note that the treated fabrics, despite a significant decrease of the final residue (13 vs. 
31 wt.%, before and after washing, respectively), still do not ignite even after the washing cycles: this 
finding further confirms the durability and protection exerted by the treatment. 
 
4. Conclusions 
In this research work, in order to allow a durable chemical modification of cotton surface, a 
combination of vinylphosphonic acid and methacrylamide was grafted onto textile samples, in 
presence of KPS as radical initiator. The obtained coating was able to enhance the thermal stability of 
cotton, confirming the intumescent effect promoted by VAA and MAA, as phosphoric acid and 
nitrogen sources, respectively.  

The modified textile achieved self-extinction in horizontal flame spread tests; this behavior was 
maintained at least up to five washing cycles. Therefore, this new halogen-free flame retardant 
finishing, durable and effective at least up to five washing cycle, may represent a potential alternative 
to the commercially available treatments for cellulose-based polymers. 
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Abstract. The development of materials with multiple functionalities is a market imperative 

that places new challenges on textile processing. The purpose of this study was to establish the 

conditions to obtain a cotton material that is comfortable, with self-cleaning and antimicrobial 

properties. For this purpose, microcapsules of phase change materials (mPCM) and titanium 

dioxide nanoparticles (TiO2 NP) were applied. The resulting fabrics were characterized with 

resource to infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), contact 

angle and scanning electron microscopy (SEM). The self-cleaning properties of treated fabrics 

were also analysed based on the photocatalytic ability of coated fabrics. Therefore, the 

decomposition of methyl orange (MO) and the degradation of red wine and curry spots under 

the irradiation of a solar simulator were analysed. Thus, the incorporation of TiO2 particles into 

the cotton fabric promoted self-cleaning and antibacterial characteristics, but the presence of 

PCM combined with TiO2 increases the bioactivity of materials. 

 

1. Introduction 

The development of textiles with new finishes is an effective way to modify their behavior by 

improving specific features through the surface functionalization and the combination of new 

materials and technologies. Currently, the development of textile finishes using TiO2 NP has attracted 

interest due to the possibility of producing textiles with UV protection, photocatalytic and self-

cleaning properties, in addition to bacteriostatic properties [1–3]. However, the photocatalytic 

antibacterial effect is not fully understood. It is known that nanomaterials can inactivate the cellular 

enzymes and damage the DNA but there are several proposed mechanisms. The TiO2 NP under 

irradiation generates extremely reactive oxygen species that, when in contact with the microbial cells, 

induce an intracellular enzymatic oxidation, which results in a decrease in respiratory activity and 

consequent death of the cell [3,4]. However, the peroxidation of the polyunsaturated phospholipid 

components of the membrane [5], or the decomposition of the cell wall and, subsequently, the cell 

membrane, resulting in a leakage of intracellular molecules [6], are also proposed. On the 

other hand, there is universal agreement on the effect of reactive oxygen species such as OH*, HO2* 

and O2
-* in the failure of essential functions that depend on the intact membrane structure [3,5]. 

The development of materials with multiple functionalities is a market imperative that places new 

challenges on textile processing. The main goal of our study was to prepare, characterize and evaluate 



self-cleaning, antimicrobial and comfortable cotton fabrics, achieved by a finishing process that 

combines TiO2 NP and microcapsules of PCMs. 

2. Experimental 

2.1. Materials and Process 

The samples used were composed of bleached taffeta plain-weave fabrics, 100% cotton, 585 g/m2, 

supplied by Têxtil Belém (Brasil). The TiO2 NP (Aeroxide, P25) were purchased from Quimidroga 

(Spain), microcapsules of PCMs were supplied by Devan (Portugal), all other reagents were purchased 

from Sigma-Aldrich (Portugal). The TiO2 NP (6%) was applied alone or combined with mPCM (300 

g/L). The solutions were prepared under constant stirring (900 RPM) at a temperature of 25°C. The 

application process was performed both in one and two application steps: impregnation with TiO2 NP, 

followed by drying and application of mPCM; or application of TiO2 and mPCM on the same bath. 

After the impregnation process, the samples were dried at 100ºC during 2 minutes and cured at 140ºC 

during 2 minutes as well. Finally, they were rinsed thoroughly with tap water and air dried. 

 

2.2. Characterization 

2.2.1. Surface characterization 

Cotton samples subject to Attenuated total reflectance Fourier Transform Infrared spectroscopy (ATR-

FTIR) were recorded on Avatar 360 ATR-FTIR spectrophotometer (Madison, USA). Each spectrum 

was scanned 60 times with a resolution of 16 cm−1. KBr pellets, TiO2 and NaCl pellets of mPCM were 

made and analysed in the same equipment without the ATR device. SEM and EDS analysis 

(NanoSEM, NOVA 200, FEI Co. Oregon, USA) was used to characterize the surface of cotton fabrics 

before and after treatments with TiO2 and mPCM, as well as before and after washing. The analyses 

were performed in high resolution, after coating a thin layer of palladium gold. Static and dynamic 

contact angle measurements were carried out on a measuring instrument of DataPhysics Instruments 

(Filderstadt, Germany), with the OCA 20 software. Each sample was measured ten times. 

 

2.2.2. Self-cleaning evaluation 

2.2.2.1. Photocatalytic degradation of methyl orange (MO) 

The effect of modified samples on the discoloration of a solution of MO was evaluated. Samples 

(2.5x2.5cm) were placed separately in 50ml of MO solution (4 mg/L). These solutions were shook for 

30 minutes in the dark, in order to achieve the adsorption equilibrium [1]. Then, they were exposed to 

UV radiation (Philips TLD 12W/08 UV lamps, 365 nm; 10cm of incidence distance) maintaining 

vigorous agitation. The concentration of the solutions was monitored through absorption 

measurements at 464 nm using a calibration curve (Shimadzu UV-1800 spectrophotometer, Japan). 

 

2.2.2.2. Assessment of Red Wine and Curry Stains degradation 

Photocatalytic efficiency of functionalized fabrics (4.5x4.5 cm) was assessed through the degradation 

of red wine (Casa Ferreirinha, 11.5% alcohol) and curry (5g powder/100mL) stains (2 drops) [2]. 

The samples were exposed to irradiation (UVA 315 at 400 nm, 0.75 W/m2/nm) on the QUV Tester (Q-

LAB, USA) test instrument. The results were visually analysed by comparing the spectrophotometer 

reflectance measurements. 

 

2.2.3. DSC analysis 

DSC analyses were performed using the differential scanning calorimeter Mettler Toledo DSC-822e 

instrument (Giessen, Germany). The tests were performed in triplicate, covered random areas of each 

sample and the average values were recorded. The weight of sample was kept constant (9.4 ± 0.1 mg).  

 

2.2.4. Effect of Washing on Thermoregulation and on the Self-Cleaning Performance 

The tests related to the thermoregulation and self-cleaning effect of functionalized cotton fabrics were 

repeated after the washing process. The washing conditions were defined and performed in accordance 



with ISO 105-C06:2010, test A15. Samples were evaluated after 1 and 5 washing cycles, comparing 

the DSC thermograms with the photodegradation of the MO dye.  

 

2.2.5. Test of antimicrobial efficiency 

The antimicrobial activity assessment was carried out in accordance with a modified procedure of the 

AATCC 100:2004 standard method. Escherichia coli ATCC® 25922TM, Staphylococcus aureus 

AATCC® 6538TM, and Candida albicans ATCC® 10231TM were tested. Samples (6,25cm2) were 

sterilized in an autoclave at 121°C for 15 min. Two samples of each condition (cotton, cotton with 

TiO2, cotton with TiO2 and mPCM) were placed in separate Erlenmeyer flasks (100mL), subsequently, 

0.5ml of inoculum was added to each jar, containing microorganisms in the range of 0.11-2.8x105 

colony forming units (CFU)/mL. The number of viable cells was counted manually at 0h, 1h and 4h of 

UV irradiation (Philips TLD 18W/08 UV lamps, 365 nm), being the results expressed by means of 

colony forming units CFU/mL, considering the average of the duplicate counts. 

 

3. Results and Discussion 

 

3.1 Characterization of the surface of cotton samples 

The surface of the samples was analysed using SEM and EDS. It should be noted the TiO2 NP (Figure 

1b) and the TiO2 NP with the mPCM (Figure 1c) on the surface of the fabric. Figure 1b confirms a 

homogeneous distribution of the TiO2 NP, while Figure 1c shows a formation of some TiO2 NP 

aggregated with mPCM relatively dispersed on the surface, a thin layer of coating was formed. 

Furthermore, EDS results confirmed the presence of TiO2 nanoparticles and Silane (for applications of 

TiO2 and mPCM) on the surface of functionalized cotton. 

 

   
Figure 1. SEM images (a) untreated cotton, (b) cotton with TiO2 and (c) cotton with TiO2 and mPCM. 

 

All samples were characterized using IR spectroscopy (results not shown). Cotton spectrum show a 

broad band in the range 3600-3100cm-1, corresponding to the –OH stretching vibration of cellulose, 

and the asymmetric stretching of C–H is observed in the ranges 2900cm-1 and 1450–1350cm-1. The 

complex absorption in the 1250-900cm-1 range is associated with stretching C-O-C groups of the 

cellulose [7]. TiO2 (powder) shows a characteristic peak at 494cm-1, however, when analysing the 

spectrum of the sample treated by conventional deposition of TiO2 (region < 700cm-1), the 

characteristic peak of TiO2 was not observed, since it is totally dominated by the spectrum of the fiber 

[8]. It should be noted that cotton with TiO2 and mPCM has a small peak at 805cm-1 related to the 

breakdown of Si-O-Si groups due to the formation of Si-O-cellulose binding [9]. Also, a low intensity 

single broad band at 891-912cm-1 indicates the SiOH and Si–O–Ti bands overlapped, in agreement 

with similar applications [3]. Furthermore, the increase in the intensity of the absorption bands related 

to stretching vibrations of CH at the ranges 2924cm-1 and 2854cm-1 was observed due to the 

contribution of paraffin chains of PCM [10]. Further analysis will show that this spectrum also 

indicates the reaction between  -CO-CH = CHR of mPCM with the O-H groups in cellulose [11].  

The static and dynamic contact angles were measured to evaluate the wetting properties of 

modified surfaces. The surface is considered hydrophilic (smaller than 30°) or hydrophobic (higher 



than 90°) [12]. Concerning the untreated sample and the sample treated with TiO2 NP, the drops are 

immediately absorbed. Nevertheless, cotton with TiO2 and mPCM shows a contact angle of 132.4°. 

Though, the average time for the absorption of the water drop is of 1.9 seconds approximately, 

suggesting that the surface is still hydrophilic. 

 

3.2. Photocatalytic degradation of dye 

The photocatalytic behavior of the modified materials was evaluated through the degradation effect on 

MO. The mechanism of organic decomposition is well known, highly oxidative radicals are generated 

on the surface of TiO2 [1]. To assess specifically the activity of TiO2, a previous test was performed 

using TiO2 powder (with an amount similar to that estimated to be present in the fabric after the 

finishing process). The results were compared with those obtained from a finished cotton sample and a 

control sample. After the exposure to UV, the solution with TiO2 powder needed approximately 15h to 

reduce 100% of color, while the solution with a cotton sample reduced 89% of color, and the control 

solution was decolorized at about 42% (24h).  

The samples obtained through the application of TiO2 and TiO2 with mPCM in the same bath (1 

step) or in sequential baths (2 steps) were compared in terms of photocatalytic behavior after 10h of 

light exposure. Similar results were obtained from the samples with application of TiO2 alone or 

combined by a 2 steps process, with 42.5 and 48.8% of color reduction, respectively [1,2], attributed 

to the dispersed anatase satisfactorily crystallized on the surface, as opposed to the sample resulting 

from the application in one step (14.6%). However, the photocatalytic activity of samples 

functionalized with TiO2 and mPCM was reduced to similar values after 5 washing cycles, 

corresponding to 13.7% and 15.7% of MO degradation, respectively (Figure 2). These results agree 

with those obtained by Carneiro et al. [13], confirming a reduced level of nanoparticles attached on the 

surface and the loss of NP during washing with the consequent decrease in photocatalytic efficiency. 
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(b) cotton with TiO2 and (c) cotton with TiO2 and 

mPCM after exposure to light irradiation. 

 

3.3. DSC analysis 

DSC analysis was performed to determine the thermal behavior of the prepared samples. The 

calorimetric results depend directly on the amount of mPCM fixed in the surface, but it is also related 

to other factors, like the textile structure [14,15]. Based on a gravimetric analysis, the amount of 

mPCM on fabric was 8.7 ± 2.4% (w/w) when applied alone and 9.58 ± 1.9% (w/w) when applied with 

TiO2. Despite this slight difference in NP content, the thermograms showed differences concerning the 

latent heat storage between the samples. While samples with mPCM showed 5.86 ± 0.3 J/g, the 

samples with mPCM and TiO2 presented 2.56 ± 0.07 J/g. Moreover, both samples showed a slight 

difference in latent heat storage even after 5 cycles of washing fastness, 4.31 ± 0.21 J/g and 1.41 ± 

0.11 J/g, confirming the integrity of microcapsules added into the textile. Similar results were 

presented by Karthikeyan et al. and Shin et al. [16,17]. 



3.4. Assessment of Degradation Activities of Red Wine and Curry Stains 

Figure 3 presents the results concerning the degradation of red wine and curry stains in control 

samples, cotton with TiO2 and cotton treated with TiO2 and mPCM, before and after light irradiation 

in QUV Tester equipment. The stains in the cotton treated with TiO2 (b) and in the cotton treated with 

TiO2 and mPCM (c) present a slight difference in color. However, cotton control (a) exhibited a lower 

level of discoloration. This indicates that the fabrics coated with TiO2 have an increased performance 

in stain degradation activity, in agreement with the results obtained in the degradation of MO (Figure 

2). Nevertheless, even after 24 hours of exposure to light, there was no complete discoloration of the 

wine stain in the samples. On the other hand, curry stain was completely decolorized, independently of 

the TiO2 coating sample. Furthermore, it is perceptible, after 4h of light irradiation, a yellowing of the 

samples. It indicates that TiO2 layers on substrates can assist in discoloration stains, but are harmful 

after prolonged light irradiation. 

 

3.5. Assessment of antimicrobial efficiency 

The photocatalytic evaluation of the antimicrobial activity of cotton fabrics treated with TiO2 and TiO2 

with mPCM was determined as described above. UV irradiation had no significant effect on bacteria 

number in the untreated samples. Samples with different finishes presented similar results and, when 

compared with the control, there was a reduction of cell number, more expressive after longer UV 

exposure (4h). For S. aureus, the sample treated with TiO2 showed a reduction of 37% and the sample 

treated with TiO2 and mPCM a reduction of 98%. For E. coli, the sample treated with TiO2 presented a 

reduction of 2.5% and the sample treated with TiO2 combined with mPCM a reduction of 58%. 

However, the observed efficiency was lower when compared with that described in other studies 

[3,18,19]. Maness et al. [5] reported a complete reduction of microorganisms and found that a low 

dose of TiO2 (0.1 mg/mL) in the presence of UV light was able to kill E. coli cells with an initial cell 

concentration of less than 105 CFU/mL but failed to efficiently kill the cells at the concentration of 108 

CFU/ml. Nevertheless, our results are encouraging since the concentration of microorganisms tested 

was 0.11-2.8x105. For the yeast, C. albicans, the sample treated with TiO2 showed a reduction of 73%, 

but the control samples presented a similar result (77%), in opposition to the samples treated with TiO2 

and mPCM, with 27.5%. According to Abu et al. [20], C. albicans can suffer a drastic reduction in the 

number of cells if exposed to UV radiation, influenced by the intensity of the radiation or the time of 

exposure. In addition, it is important to note a slight decrease in the adhesive properties of the material 

treated with TiO2 and mPCM, which could influence antimicrobial behavior [21]. 

 

4. Conclusion 

In this study, a cotton fabric with thermoregulation and antibacterial action against S. aureus and E. 

coli was obtained through the application of TiO2 NP and mPCM. One step and two steps finishing 

processes were analysed and the results showed that the best application process in terms of self-

cleaning activity and thermoregulation properties was obtained with the two steps finishing process. 

Furthermore, the antibacterial effect was increased by the presence of mPCM.  
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Abstract. Denim fabrics coated with TiO2 nanolayers for self-cleaning properties by using a 

continuous layer-by-layer method. Nanolayer coated denim fabrics washed with an enzyme 
process for aging affect. Fabrics were analyzed with SEM-EDX and XPS measurements. Self-

cleaning properties of the nanolayer deposited denim fabrics were tested according to red wine 

stain against to Suntest visible light irradiation after 72 h. And also, some physical (air 
permeability, tensile strength) and color (color difference and rubbing fastness) properties were 

evaluated. 

 

1. Introduction 

The Layer-by-Layer (LbL) deposition process which is based on the sequential adsorption of 

oppositely charged colloids (charged molecules, nanoparticles, dyes, proteins and other 

supramolecular species), has initiated the easy preparation of nano-coated textile materials to 

be used as functional textiles [1-4]. Denim is constructed in twill weave which included the 
indigo-dyed warp and white weft yarns. The household laundering treatment of denim fabrics 

is the important parameters influencing cloth shade and the fabric mechanical properties [5]. 

To facilitate the natural distressing process, some wearers of dry denim will abstain from 

washing their jeans for more than six months [6]. The field of self-cleaning coatings is 

divided into two categories as hydrophobic coating and hydrophilic coating. Hydrophilic 
coatings chemically break down dirt when exposed to UV light, a process named as 

photocatalysis. In the present study, an attempt was made to improve self-cleaning properties 

of denim fabrics by using padding layer-by-layer (LbL) process.  

 

2. Material and Method  
Indigo dyed denim fabrics were purchased from GAP Textile and used for obtaining denim 

fabrics which will gained self-cleaning properties. The cationic indigo dyed denim fabrics 

were prepared by using two different commercial cationic dye fixing agent (Aysol Mordan T 

and Ayfix RF). Anatase titanium oxide nanoparticles (particle size <25 nm, specific surface 

area 200-220 m2/g) was purchased from Aldrich and used for multilayer film composition. 1, 
3 and 5 g/l nanoparticle suspensions were prepared at 40 W for 1 h by Sonics Vibra-Cell 

Ultrasonic Homogenizer. In the deposition process, the cationized and untreated denim 

fabrics were deposited with 10 multilayer nanoparticle films (table 1). After LbL deposition 

process, denim fabrics were washed according to an enzyme process. 
Scanning electron microscopy (SEM-EDX) and X-ray photoelectron spectroscopy (XPS) 

measurements were used to verify the presence of the deposited nanolayers. The self-cleaning 

properties of the denim fabrics coated with the TiO2 nanolayers were tested as discoloration 

of red wine stain against to Suntest visible light irradiation after 72 h [7]. Air permeability, 

color difference values, rubbing fastness and tensile strength analyses were performed to 



 

examine the LbL process effect on the cotton textile fabric properties. The LbL deposited 

nanolayers properties were analyzed after enzyme washing process. 

 

Table 1. Nanolayer deposition encoding system. 

Denim TiO2 nanoparticle Cationic agent 

D-T1 

1 g/l 

- 

D-T1R Ayfix RF 

D-T1M Mordan T 

D-T3 

3 g/l 

- 

D-T3R Ayfix RF 
D-T3M Mordan T 

D-T5 

5 g/l 

- 

D-T5R Ayfix RF 

D-T5M Mordan T 

 

3. Results and Discussion 

Scanning electron microscopy was used to verify the presence of the deposited nanolayers on 

multilayer nanoparticle deposited denim fabrics. TiO2 nanoparticles can be clearly seen on the 
fiber surfaces in the figure 1. The crystalline phase of anatase TiO2 remained unchanged in 

the resultant TiO2 film coated cotton fibers. With cationization process Titanium element 

content increases due to the cationic surface charge increases after the process. 
 

 SEM images EDX analysis 

D 
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Figure 1. SEM images and EDX analysis of denim fabric untreated and coated with 10-layer nano-

TiO2. 

 

 Spectra of 0-1200 eV of denim fabrics coated with TiO2 nanoparticle multilayer films are 

given in figure 2. The characteristic peaks at energy values of 283.95 and 530.11 eV indicate 

the content of C and O atoms, respectively, in the core of cellulose. During the TiO2 
multilayer film coating process, the titanium (Ti) content formed in the cellulose fibers in the 

denim fabric is observed with Ti2p1 and Ti2p3 peaks located near the energy value of 460 

eV. The relative intensity of Ti peaks increased with increasing concentration. It is also seen 

that the cationization process performed with Aysol Mordan T is much more effective. 
 

  

  

Figure 2. XPS analysis of denim fabric untreated and coated with 10-layer nano-TiO2. 



 

The tensile strength measurements were carried out according to the ASTM 5034-Grab 

method at the end of the multi-layer coating processes at concentrations 1, 3 and 5 g / l of the 

TiO2 10 layers of denim fabrics and the enzyme washing processes of the coated fabrics. Air 

permeability tests were carried out at 100 Pa according to the EN ISO 9237 standard. Rubbing 

fastness were tested according to EN ISO 105-X12 using a Crockmeter. All the test results are 
given in the table 2. 

 

Table 2. Tensile strength, air permeability and rubbing fastness test results of the denim 

fabric untreated and coated with 10-layer nano-TiO2. 

 
Tensile strength Rubbing 

fastness 

Air 

Permeability 

(l/m2/s) 

After LbL Enzyme washing 

Weft Warp Weft Warp Dry Wet 

D 26 58 28 61 4 3 114,6 

D-T1 28 60 29 66 - - 68,4 

D-T1R 28 63 30 65 - - 58,4 

D-T1M 28 61 29 63 - - 83,88 

D-T3 28 60 27 67 - - 105,6 

D-T3R 28 65 26 67 - - 75,26 

D-T3M 28 60 29 65 - - 57,5 

D-T5 27 60 27 59 3 3 81,8 

D-T5R 28 60 27 59 4 3/4 60,22 

D-T5M 20 60 27 62 3 3 66,28 
 

 When the air permeability values are examined, the air permeability values of the denim 

fabrics are reduced as a result of the multilayer coating process performed with TiO2 

nanoparticles. It was observed that the tensile strength values of the denim fabric also 
increased. As a result of the enzyme washing process, the same strength enhancements 

continue to show that the coating process is also effective in the washing result.  

As a result of the multi-layer coating process, the wet and dry rubbing fastness values of the 

denim fabrics gave the same or better values than the untreated denim fabrics. 

 LbL coating processes and enzyme washing processes of coated fabrics, color 
measurements were carried out and the results are given in table 3. As a result of the 

multilayer coating process carried out with TiO2 nanoparticles, the L values of the denim 

fabrics increased. As a result of the multilayer coating process with increasing amount of 

nanoparticles used in terms of color difference values, it was determined that the value in the 

denim fabric was increased, but the enzyme washing processes were within acceptable limits 
below 1 of the color difference values. 

 

 

 

 

 

 



 

Table 3. Color measurement test results of the denim fabric untreated and coated with 10-

layer nano-TiO2. 

Denim 
Process 

type 

Color values 

L a b C H - 

D 
- 21,66 1,61 -6,29 6,49 284,33 - 

Enzyme 21,09 1,25 -7,48 7,58 279,48 - 

 ∆L ∆a ∆b ∆C ∆H ∆E 

D-T1 
LbL 4,70 -0,80 -0,75 0,60 -0,92 3,92 

Enzyme 0,08 -0,11 -0,18 0,16 -0,14 0,25 

D-T3 
LbL 12,26 -1,66 -0,67 0,46 -1,72 9,86 

Enzyme 0,15 -0,16 -0,48 0,45 -0,23 0,54 

D-T5 
LbL 13,32 -2,06 -0,96 0,77 -2,14 10,82 

Enzyme 0,60 -0,28 -0,55 0,51 -0,36 0,84 

D-T1R 
LbL 3,56 -0,73 -0,44 0,29 -0,80 3,01 

Enzyme -1,12 -0,17 -0,40 0,37 -0,23 1,01 

D-T3R 
LbL 5,19 -1,05 -0,56 0,38 -1,13 4,36 

Enzyme -0,66 -0,25 -0,64 0,60 -0,34 0,90 

D-T5R 
LbL 10,43 -1,80 -1,41 1,21 -1,94 8,65 

Enzyme 0,44 -0,51 -1,19 1,12 -0,66 1,43 

D-T1M 
LbL 2,03 -0,28 -0,17 0,10 -0,32 1,64 

Enzyme -1,25 -0,10 -0,62 0,60 -0,19 1,17 

D-T3M 
LbL 7,85 -1,34 -0,78 0,58 -1,44 6,46 

Enzyme -0,25 -0,27 -0,48 0,43 -0,33 0,65 

D-T5M 
LbL 10,08 -1,48 -0,42 0,22 -1,52 8,14 

Enzyme -0,06 -0,57 -0,62 0,54 -0,64 1,04 

 

 There is no standard method for testing the self-cleaning function. As a result of the 

researches carried out in the literature, it has been determined that the design of the UV 

cabinet is suitable. For this purpose, a UV cabinet design was carried out in the laboratory and 

a cabinet design with 3 UV lamps and one fan to reduce the effect of heated air was realized. 

Taking into consideration the literature studies, as a result of contamination with red wine, 
TiO2 coatings of denim fabrics were exposed to UV lights in UV cabinet for 72 hours. 

Photographs were taken at 4, 8, 24, 48 and 72 hours of denim fabrics and observational 

analysis was performed. Images of denim fabrics are given in figure 3. Since the multi-layer 

coated fabric is indigo-dyed and the dark blue color is close to it, it is not possible to perform 

an accurate observational analysis of the contamination color change and UV light retention 
results. For this reason, contamination of the indigo dyed denim fabrics has been carried out 

on the reverse of the usage. When examined in general, it was observed that the color of the 

wine lacquer was higher in denim fabrics coated with 5 g / l TiO2. 
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Figure 3. Self-cleaning test results of denim fabric untreated and coated with nano-TiO2. 

 

4. Conclusion  

In conclusion, we have demonstrated the possibility of using LbL process according to 
padding application both in the laboratory and conventional systems.  Denim fabrics coated 

with the TiO2 nanoparticles exhibit attractive self-cleaning properties especially with the 

nanoparticle concentration increases. 
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Abstract. This research aimed to investigate the influence of the co-condensation of the three 

different organofunctional trialkoxysilane precursors with two different crosslinkers, i.e. 

tetraethoxysilane or organocyclotetrasiloxane on the performance and the washing fastness of 

this multicomponent multifunctional sol-gel coating on cellulose fibres. To this aim, 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 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. The inclusion of both TEOS and T4 into the 

MC sol increased the hydrophobic affect and simultaneously decreased the oleophobic effect 

of the MC coating. These phenomena were more pronounced for higher concentration of 

TEOS and T4 crosslinker. The inclusion of T4 into the MC sol improved the coating washing 

fastness to a significantly higher extent than the inclusion of TEOS, with respect to the applied 

concentrations. 

1.  Introduction 

Organoalkoxysilane and organofunctional alkoxysilane sol-gel precursors are widely used for the 

surface functionalization of textile fibres through the deposition of thin hybrid films from the liquid 

phase [1,2]. Even more, 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. Following this approach, 

we previously reported [2] the fabrication of a novel multifunctional water and oil repellent, 

antibacterial and flame retardant sol-gel film on a cotton fibre surface. However, the coating washing 

fastness was poor which could be assigned to the reduced adhesion between coating and fibre surface.  

Effect of the increased steric hindrance of bulky organofunctional groups can deteriorate the 

polymerisation process and the orientation of functional groups in the coating, consequently reducing 

the coating washing fastness as well as its functional properties [3]. The performance of the hybrid 



 

 

 

 

 

 

sol-gel coatings can be improved by assisted condensation with crosslinkers [4,5]. Nonetheless, this 

assisted crosslinking can be followed by the side effect, i.e. a reduction of the coating’s functional 

properties. Since the later phenomenon is influenced by the structure of the crosslinking agent, the 

main objective of this study was to investigate the influence of crosslinkers tetraethoxysilane (TEOS) 

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) on the orientation and 

durability of the multifunctional water- and oil repellent, antibacterial, and flame-retardant coating 

including 1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF), 3-(trimethoxysilyl)-

propyldimethyloctadecyl ammonium chloride (SiQ) and P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) 

phosphinic amide (SiP). 

2.  Experimental 

2.1.  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 [6], 

were used as organofunctional-trialkoxysilane precursors.  

Tetraethyl orthosilicate (TEOS), ethanol (EtOH), 2-propanol (i-PrOH), and a 25 % ammonia 

solution [NH3 (aq)] were purchased from Sigma Aldrich Corporation, and 97 % 1,3,5,7-Tetravinyl-

1,3,5,7-tetramethylcyclotetrasiloxane and 97 % methyldichlorosilane were purchased from ABCR 

Gute Chemie. The chemical structures of the SiF, SiQ, SiP, T and T4 precursors are presented in our 

previous work [7].  

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. The chemical 

structures of the TEOS and T4 precursors are presented in Fig. 1.  
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Figure 1.  Chemical structures of TEOS and T4 
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2.2.  Sol-gel coating 

Four different multicomponent sol mixtures of the hydrolysed precursors SiF, SiQ, SiP, T and T4 were 

prepared in ethanol and applied to cotton fabric samples by the pad-dry-cure method as described in 

our previous work [7]. The concentration of the components in the sol mixtures and the corresponding 

codes are presented in Table 1. 

 

Table 1. Codes of the multicomponent hybrid coatings, and concentration and molar ratio of the 

components in the corresponding sol mixtures. 

Sol mixture 

code 

Concentration of the components in 

sol mixture (%) Molar ratio 

SiF SiQ SiP 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 

2.3.  Analyses and measurements 

The surface morphology of the fabric samples was observed using a scanning electron microscope 

(SEM) (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) 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. 

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 washed samples were 

coded by adding the suffix –1W, –2W, –3W and –4W to the assigned codes, according to the number 

of washing cycles. 

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, 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. 

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. 

Because of the direct influence of coating orientation or damage of the polymeric film by repeated 

washing on the water and oil repellent properties, we used the water  (W) and n-hexadecane  (C16) 

static contact angle as well as water sliding (roll-off) (α) angle measurements. Furthermore, from the 

values of the contact angles we calculated the work of adhesion, WA, by using the following equation: 

 

  𝑊𝐴 = (1 + cos 𝜃) × 𝛾𝐿              (1)  

where is the static contact angle of the tested liquid and γL is the liquid surface tension (γL is equal to 

72.8 mJ/m2 and 27.5 mJ/m2 for water and n-hexadecane, respectively) [8]. 

 



 

 

 

 

 

 

3.  Results and discussion 

3.1.  SEM and ATR FT-IR characterisations 

The representative SEM images of the applied coatings on the cotton fibre surface are presented in 

Fig. 2. As observed in Fig. 2, the MC, MC+T, MC+3T and MC+T4 coatings with a nanoscale 

thickness were uniformly deposited on the cotton fibre surface.                                                          

The ATR FT-IR spectra of the CO, CO/MC, CO/(MC+T), CO/(MC+3T) and CO/(MC+T4) samples 

are presented in Fig. 3. 

 

   
CO CO/MC CO/(MC+T) 

  

 

CO/(MC+3T) CO/(MC+T4)  

Figure 2. Representative SEM images of the unfinished and CO-coated samples  

 

 

Figure 3. ATR FT-IR spectra of the unfinished and CO-coated samples 

   

The cellulose fingerprint in the 1500-800 cm-1 spectral region, a broad absorption band in the 

3500–3200 cm-1 spectral region due to the hydrogen-bonded O–H stretching in cellulose and the 

absorption band at 1647 cm-1, which is related to the O–H bending of absorbed water molecules were 

observed in the spectra of all CO samples [9,10]. The bands at 1238 cm-1 and 1147 cm-1, assigned to 

CF2 valence asymmetrical stretching mixed with CF2 rocking and CF2 valence symmetrical stretching, 

respectively [7], confirmed the presence of the SiF component in all the examined samples. The bands 

at 2922 and 2853 cm-1 assigned to the asymmetric and symmetric stretching vibrations of the C–H 

bonds of the octadecyl group [9,11] and the band at 696 cm-1 related to the benzene ring [9,12] 

indicated the presence of the SiQ and SiP components, respectively, in all the examined samples. 



 

 

 

 

 

 

3.2.  Hydrophobic, oleophobic and washing fastness performance of the coatings  

We previously reported [2,7] the fabrication of a novel multifunctional sol-gel coating on a cotton 

fibre surface through the sol-gel application of an equimolar three-component sol mixture, which 

included SiF, SiQ and SiP. The created multifunctional coating simultaneously preserved the water 

and oil repellency, excellent antibacterial activity and enhanced their thermo-oxidative stability of the 

cotton fibres. The influence of the co-condensation of the organofunctional trialkoxysilane SiF, SiQ 

and SiP precursors with two different crosslinkers, i.e. tetraethyl orthosilicate (TEOS) or 

organocyclotetrasiloxane (T4) on the performance and the washing fastness of this multifunctional sol-

gel coating on cellulose fibres was investigated by using water and n-hexadecane static contact angle 

measurements. These measurements were chosen, because it was assumed that inclusion of the 

crosslinkers into the coating would influence the steric hindrance and consequently, the orientation of 

functional groups and the coating arrangement, which directly influence the hydrophobic and 

oleophobic properties of the surface.  

The results from the water and n-hexadecane static contact angle and water sliding (roll-off) angle 

measurements as well as the calculated values for the work of adhesion are presented in Fig. 4.  

 

  

(a) (b) 

 
 

(c) (d) 

Figure 4. Static contact angles, (W), of water (a), water sliding (roll-off) angles, α, (b), static contact 

angles, (C16), of n-hexadecane (c) obtained before and after repeated (1, 2, 3 and 4W) washing 

cycles, and work of adhesion (d) between different liquid (water and n-hexadecane) and fabrics 

 

The presence of T, 3T and T4 in the coating increased (W) and decreased α in the raw CO/MC ˂ 

CO/(MC+T) ˂ CO/(MC+3T) ˂ CO/(MC+T4), meaning that compared to TEOS, with the respect to 



 

 

 

 

 

 

the applied concentrations, organocyclotetrasiloxane (T4) more contributed to the increase of the the 

hydrophobic effect of the multicomponent coating (Fig 4 (a) and (b)). Even more, the inclusion of T4 

in the multicomponent multifunctional coating enabled achievement of the noteworthy ‘‘lotus effect’’ 

on the cotton fabric surface. However, the oleophobicity decreased in the raw CO/MC ˂ CO/(MC+T) 

˂ CO/(MC+3T) ˂ CO/(MC+T4) (Fig 4 (c)). These phenomena were followed by the corresponding 

trend for the work of adhesion, which is directly related to the adhesion forces between a solid and a 

liquid (Fig 4 (d)). The inclusion of the crosslinkers into the polymer network backbone and increased 

concentration of TEOS caused its expansion, decreased the steric hindrance of the site groups and 

allowed greater arrangement of the functional groups on the fibre surface. However, the T4 crosslinker 

and increased concentration of TEOS had pronounced negative effect on the coating oleophobicity, 

which may be assigned to a decrease in the surface concentration of the perfluoroalkyl chains as well 

as to the directionally specific embedment of the oleophobic C-F groups in the deposited coating.  

Whereas the inclusion of TEOS at lower concentration into the coating insignificantly influenced 

the coating washing fastness, increased concentration of TEOS as well as T4 crosslinker greatly 

improved washing fastness of coatings compared to that of the MC coating. Compared to TEOS, T4 

crosslinker increased the washing fastness of the coating to a significantly higher extent. 

4.  Conclusion 

The presence of the crosslinkers in the polymer network backbone influenced the coating 

performance, which was dependent on the chemical structure of the crosslinkers. Higher concentration 

of TEOS (3T) increased the hydrophobic effect of the MC coating to a higher extent than lower 

concentration (T). Compared to TEOS, with respect to the applied concentrations, the presence of T4 

in the multicomponent multifunctional coating increased the hydrophobic effect to a higher extent and 

even enabled achievement of the ‘‘lotus effect’’ on the cotton fabric surface. However, the 

crosslinkers reduced the oleophobic effect of the MC coating and this phenomenon was more 

pronounced for higher concentration of TEOS and T4 crosslinker. Besides their influence on the 

coating orientation and arrangement, the crosslinkers also influenced the coating washing fastness. 

Whereas lower concentration of TEOS insignificantly influenced washing fastness of the MC coating, 

higher concentration of TEOS (3T) increased washing fastness of the MC coating to a higher extent. 

Compared to TEOS, the presence of organocyclotetrasiloxane T4 in the MC coating increased the 

coating washing fastness to a significantly higher extent. 
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Abstract. The non-polarity and poor hygroscopicity of polypropylene (PP) impede its wide
application. The polar monomers, glycidyl methacrylate (GMA), hydroxyethyl methacrylate
(HEMA) and methacrylamido propyl trimethyl ammonium chloride (MAPTAC) were grafted
onto the spun-blown polypropylene nonwoven fabric (SMS) under ultraviolet irradiation, and
the subsequent functionalization of the grafted fabrics was implemented as well. The results
show that both the monomer and the polymer of HEMA are hydrophilic and are grafted
uniformly onto the fabric surface as well as into the melt-blown layer with the hydrophilicity
being enhanced slightly, whereas the hydrophilic monomer yet the hydrophobic polymer of
MAPTAC prefer to be grafted onto the melt-blown fibre with the wicking effect. Both the
monomer and the polymer of GMA are hydrophobic and are favourably grafted into the melt-
blown layer with no hydrophilicity being improved. The grafting diminishes the fibre
crystallinity and melting temperature, especially significant for the graftings of hydrophobic
polymers, PGMA and PMAPTAC. All the grafting reduces the water flux of the grafted fabrics
no matter what the grafting polymers are hydrophilicity or hydrophobicity not.

1. Introduction
The chemical grafting polymerization modification is one of most important techniques to provide
polarity and functionality for the hesitant polymers. The usual and ready modification methods include
ultraviolet, gamma-ray, electron beam and plasma irradiations. It seems that ultraviolet irradiation is
cost-effective, little damage and readily implemented. Some non-polarity monomers are easily
adsorbed onto the PP surface and readily converted into polarized substance. The PP substrate can be
fibers, films, membranes and fabrics. The large specific area usually can uptake a plenty of monomers.
Among them, the melt-blown nonwoven fabrics often adsorb much more non-polar monomers than
the others since the fiber diameter in the fabric is much small. In this work, GMA, HEMA and
MAPTAC were grafted onto the SMS fabrics respectively, and the subsequent functionalization of the
grafted fabrics was implemented as well. The grafting, microstructure and hydrophilicity of the grafted
nonwoven fabrics were investigated.

2. Experimental

2.1. Photo-grafting polymerization



The SMS fabric (100g/m2) was washed with acetone, water, and dried at vacuum oven. The grafting
solution consisted of monomer, crosslinkers [N,N'-Methylene bisacrylamide (MBAA) for MAPTAC,
and pentaerythritol triacrylate (PATA) for GMA and HEMA], benzophenone BP, surfactant Tween 60
and the dispersion medium methanol/water. The imbibed PP fabric was sent into glass vessel of UV-
light reactor, being vacuum and nitrogen purged, at the irradiation power 300W and time 30min. The
grafted fabric was rinsed with acetone/methanol and water sequentially, and finally dried in vacuum.
The grafting yield was calculated based on the mass gain. In addition, the sulfonation of epoxy group
of the PP fabric grafted with GMA was realized by treating sodium sulfite, and quaternization with
glycidyl trimethyl ammonium chloride (GTMAC) to hydroxyl group of the HEMA-grafted fabrics.

2.2. Characterization of structure and properties of the grafted fabrics
The morphologies of fabric and fibre cross-section were observed with scanning electron microscope,
Hitachi TM3030. The compositional structure of the grafted fabrics was characterized with Fourier
transform infrared spectroscopy, Nicolet 5700. The crystallinity and melting temperature of the
samples were determined with differential scanning calorimetry (DSC Diamond 5700, Perkin-Elmer,
USA).Water contact angle measurement was implemented with Contact Angle System OCA21,
Dataphysics Co., Germany with the water drop size of 0.2μL. X-ray photoelectron spectroscopy (XPS)
was used to characterize the functionalization of the GMA- and HEMA-grafted SMS with
SHIMADZU/KRATOS Axis Ultra HAS. The crystallinity of the SMS nonwoven was analyzed by
XRD using an advanced diffractometer (X 'Pert-Pro MRD) with CuKα radiation (40kV, 40mA).

3. Results and Discussion

3.1. Grafting of the SMS fabric
Figure 1 gives the infrared spectra of the raw and the grafted SMS fabrics. The adsorption peaks of the
pristine PP fabric at 1458, and 1378cm-1 are attributed to the asymmetric bending of C-H in methyl
and methylene groups and symmetric bending of C-H in methyl group. The three peaks at 1166, 999
and 975cm-1 may relate to the helix configuration of isotactic PP. The peaks appeared at 1724, 1196
and 1062cm-1 come from the ester group of GMA-grafted fabric. Similarly, the peaks appeared at
1730, 1255 and 1078cm-1 are assigned to the hydroxyethyl ester of HEMA-grafted fabric. The peaks at
1640, 1530 and 1205cm-1 are allocated to the amide group whereas the adsorptions at 1477cm-1 may
relate to the symmetric bending of the methyl group[1]. Therefore, all the three monomers are grafted
onto the SMS nonwoven fabrics.

Figure 1. Infrared spectra of the
raw and the grafted SMS
nonwoven fabrics (GMA81.4%,
HEMA70.3%, MAPTAC
67.6%)

Figure 2 give the SEM images of the raw and the GMA-grafted fabrics. In the figure 2a, there is
trace amount of PGMA grafted onto the fabric surface, while in the left side of figure 2b there gather a
plenty of the grafted polymer. This implies the grafting takes place in the inner part and preferably in
the one side of the fabric. Figure 2c displays the sectional morphology of the raw SMS fabric, and the
fiber diameter in the inner melt-blown layer is much smaller than that of the two outside spun-bonded
layers. Therefore, the finer diameter inner layer is supposed to uptake more monomer than the larger
diameter spun-bonded layers during the imbibing process. The asymmetric distribution of the grafting
polymer can be attributed to the sample setup during grafting process, since the side faced the UV
light will polymerize intensively in comparison with the side opposite to UV light. Figure 3



demonstrate the relative reflection intensities of the SMS fabric, and it can be found that the
crystallinity of the melt-blown layer is much smaller than those of the two spun-bonded layers. Thus,
it is the small diameter and the low crystallinity that make grafting to prefer in the melt-blown layer.

Figure 2. SEM images of the SMS fabric grafted with GMA at the yield of 60.9% (a: nonwoven surface
morphology, b: the nonwoven section, c the blank SMS section)

Figure 3. Diffractiograms of the
component layers of the SMS fabric

Figure 4. Infrared spectra of the modified SMS fabrics (HEMA
means SMS-g-HEMA, m-GTMAC means molecule GTMAC,

HEMA-GTMAC means SMS-g-(HEMA-GTMAC))

3.2. Functionalization of epoxy- and hydroxy-groups containing SMS fabrics
Figure 4 indicates the infrared spectra of the functionalized HEMA-grafted SMS fabrics. The peak at
2123cm-1 comes from the alpha mode of translation of water molecule associated with GTMAC [2].
The peak ca. 1720cm-1 from the ester’s carbonyl stretching vibration in HEMA-GTMAC is slightly
red-shifted due to the functionalization. The peak at 1646 cm-1 is assigned to the delta (O-H)
deformation of associated water molecule. The two peaks at 1382 and 1477cm-1 are originated from
the bending of methyl group respectively. The peak at 921cm-1 of the molecule GTMAC disappears at
the spectrum of the functionalized HEMA-grafted SMS fabric. All of which indicates that the epoxy
group of GTMAC has reacted with the hydroxyl group of HEMA-grafted fabric.

Figure 5 show the X-ray photoelectron spectra of the SMS-g-(HEMA-GTMAC) fabric. C1s
chemical shift of PP is generally thought to appear in the vicinity of 284.5eV. There also appear
overlapped peaks at ca. 286 and 289eV due to the sizing agent on the fiber surface and/or thermo-
oxidation while the SMS fabric was being processed. When HEMA was grafted onto the SMS surface,
and there appears a wide plateau at the high chemical shift wing up to 292eV, which are attributed the
carbon atoms from ester and hydroxyl groups. However, it is puzzled why the peak red-shifts down to
ca. 286eV and the plateau seems cut-off at the high chemical shift since the reaction of epoxy with
hydroxyl groups never means to “swallow” ester group up. It may be postulated that the introduction
of the bulky quaternary ammonium with three methyl groups blocks the carbon atoms connected to the
original ester and hydroxyl groups, and the binding energy of the carbon atoms from the methyl group
increases slightly due to the increase of C-N bond and the electron abstract of nitrogen cation in
comparison with the common and aliphatic carbon atoms [3]. Usually there should be no oxygen
present in the raw SMS fabric, and the peak is indeed very small as indicated in O1s spectra in figure
5. While PHEMA was grafted onto polypropylene surface, and there are a large number of ester
groups in the grafting polymer with two kind of oxygen atoms in the sense of chemical environment.
As mentioned before, the bulky quaternary ammonium loaded with three methyl groups again blocks



the oxygen atoms of ester group but with the oxygen atoms from original epoxy group being shown
up. The chemical shift at ca. 398eV is derived from the nitrogen atom in the N1s spectra. Thus, it can
be proved that the HEMA and the GTMAC are connected to the polypropylene surfaces, especially the
quaternary ammonium uniformly covers on the PP fabric.

Figure 5. X-ray photoelectron spectra of SMS-g-(HEMA-GTMAC)
Figure 6 show the X-ray photoelectron spectra of the GMA-grafted and the subsequently

sulfonated fabrics. In the C1s spectra, after the grafting of GMA, namely the introduction of the
carbons from ester carbonyl and epoxy groups, there appear two overlapped peaks at high chemical
shift side. However, after the reaction between epoxy group and sodium sulfite has occurred, the
original epoxy group is transformed into a secondary hydroxyl and a sulfonic acid groups, and the two
slightly new carbons are formed due to the secondary hydroxyl and the methylene connected to
sodium sulfonate. In the O1s spectra, since the three kind of oxygen atoms in the ester group are
present after GMA being grafted onto the SMS fabric, so there should be three chemical shift peaks to
be appeared. However, the close to the chemical environment of the oxygen atoms from epoxy group
and ester single bond causes to merge into one big peak. Similarly, after the reaction between the
epoxy and sodium sulfite, it seems to appear two mergers of the oxygen atoms from the single ester
bond and secondary hydroxyl group and from sulfonic acid and ester carbonyl groups. The size of
peak at high chemical shift, namely ca. 534eV, is larger than that at ca. 530eV simply due to more
oxygen from the sulfonate and carbonyl groups. In the Na1s spectra, a twin-peak at 1070-1073eV
separated by ca. 3eV should be derived from the newly formed sodium sulfonate and residual sodium
sulfite as well. Actually sodium sulfite was also found in IR spectra. In the S2p spectra, because 2p-
orbit electron will split into two small peaks, S2p3/2 and S2p1/2 with the separation ca.1.18eV were
found in the spectrum.

Figure 6. X-ray photoelectron spectra of SMS-g-(GMA-SULF)

Figure 7. Infrared spectra of the modified SMS
fabrics (GMA means SMS-g-GMA, GMA-SULF

means SMS-g-(GMA-SULF))

Figure 8. Differential scanning thermograms of
the SMS and the grafted fabrics (MAPTAC

128.9%, HEMA 20.5%, GMA 135.8%)



Figure 7 shows the infrared spectra of the GMA-grafted and the subsequently sulfonated fabrics. The
peaks at f 1267 and 1060cm-1 are assigned to the stretching vibrations -SO3- from sulfonic acid group.
The peak at 880cm-1 may relate to the residual sodium sulfite. The shoulder peak at ca.1430cm-1 is
associated with the new generation of secondary hydroxyl group, and the peak at 848 cm-1 from the
epoxy group is weakened simultaneously. The results evidence the happening of the reaction between
sodium sulfite and epoxy group. This is consistent with the Takeda et al’s finding [4].

3.3. Microstructure of the grafted SMS fabrics
Figure 8 demonstrates the differential scanning thermograms and the enthalpy of fusions of the
pristine and grafted SMS fabrics. The double melting point phenomenon of the pristine SMS can be
attributed to the re-organisation and re-crystallisation during the hot air drawing. The higher melting
endotherm in the twin-peak corresponds to the fusion of lamellar crystals formed during the primary
crystallisation process, whereas the lower corresponds to the melting of crystals grown mainly in the
inter-fibriliar regions during the secondary crystallization process [5]. The enthalpy of fusion of
complete alpha-spherulite is 209J/g [6], and thus the crystalline degree of the raw SMS fabric is 37.2%.
The shape and position of the melting peak didn’t change very much for the HEMA-grafted fabric,
with the degree of 30.7%, in comparison with the un-grafted one. However, the twin-peak of the
GMA- and MAPTAC-grafted fabrics seems to merge into an extended one, and the crystallinities of
the two versions were decreased remarkably down to 12.9% and 13.5% respectively. Generally the
grafting modification is believed to take place in the amorphous regions, and the grafting tends to
erode the microcrystalline domain and finally destroy small crystallites.

The good wettability of GMA insoluble in water onto the PP surface is expected and this is benefit
to grafting, while the water soluble of both the monomer and polymer of HEMA are difficult in
wetting and grafting. However, although MAPTAC is hydrophilic, its hydrophobic polymer can wet
PP surface and dominate its high grafting yield.

3.4. Hydrophilicity of the grafted SMS fabrics

SMS blank, 132.1°///HEMA-61.9%, 89.2° ///GMA-96.6%, 121.4°///MAPTAC-129.0%,0°
Figure 9. Water contact angles of the pristine and the grafted SMS fabrics

Figure 9 display the water contact angle of the pristine and the grafted fabrics. The apparent water
contact angles (θa) of the blank SMS, HEMA-grafted, GMA-grafted, and MAPTAC-grafted fabrics
are 132.1°, 89.2°, 121.4° and 0° respectively. Theoretically the large water drop may be also
suspended by the air entrapped in the SMS fabric. Therefore, and the real water contact angle should
be calculated according to the Cassie-Baxter equation. If the volume fraction of air entrapped of
pristine SMS fabric is 0.55, namely, f2=0.55, and f1=0.45, then the real contact angle of the raw PP
will be ca. 105.5°. This value is almost consistent with the result of the literature [7]. The grafting and
filling of hydrophobic PGMA diminishes the porosity of fabric. If the volume fraction of the entrapped
air is 0.45, and f1=0.55, then the real angle of the GMA-grafted PP fiber will be ca. 97.4°. Similarly,
the real contact angle of the HEMA-grafted PP fiber will be ca. 32.5°. It sounds reasonable. However,
the grafting of partially hydrophilic polymer, PMAPTAC improves the water wettability of PP
surface, and the porous structure produces a capillary effect or a wicking effect, and thus the Cassie-
Baxter equation cannot work well.

Table 1 gives the water permeability of the raw and the GMA- and HEMA-grafted SMS fabrics.
The water flux of the raw fabric was increased but the increase rate of flux was decreased with the
increase of pressure. This may imply that the pressure gets the fabrics dense. In fact, the water flow



volume under pressure was decreased with pressure. For the grafted fabrics, all the grafting reduces
the water flux no matter what the grafting polymers are hydrophilic or hydrophobic. The increase of
grafting degree all weakens the flowability across the fabrics. Whether the grafted fabrics are
hydrophilic or hydrophobic doesn’t present significant difference.

Table 1. Water flux of the blank and the grafted fabrics
Fabrics Vaccum(mmHg) Water flux(L/m2h) Water flow volume under pressure

(L/(m2.h.atm))
SMS 70 610 6623 6623

228 1825 6083 6083
350 2625 5700 5700

GMA (54.9%) 66 180 2073 3211
352 550 1188 1839

GMA (71.8%) 72 100 1056 1813
364 310 647 1112

HEMA (37.8%) 78 200 1949 2685
356 850 1815 2501

HEMA (66.5%) 75 100 1013 1687
358 480 1019 1697

Note: the water flow in second column is obtained by discounting grafting polymers

4. Conclusions
The three monomers were grafted onto the SMS fabrics under ultraviolet irradiation, and the
sequential sulfonation and the quaternization of the grafted fabrics were implemented as well. The
hydrophilic HEMA is grafted uniformly onto the fabric surface and into the interior fabric with the
hydrophilicity improved slightly, whereas the hydrophilic monomer yet hydrophobic polymer of
MAPTAC prefer to be grafted onto the melt-blown layer with the wicking effect. The hydrophobic
GMA is favourably grafted into the interior melt-blown layer with no hydrophilicity improved. The
grafting diminishes the fibre crystallinity and melting temperature, especially for the graftings of
hydrophobic GMA and MAPTAC. All the grafting reduces the water flux of the fabrics no matter
what the grafting polymers are hydrophilicity or hydrophobicity not.
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