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ABSTRACT 
 

The present work discusses the possibility of applying Dielectric Barrier Discharge (DBD) plasma and 
grafting with vinyl monomers [Methacrylic Acid (MAA) and Hydroxyethyl methacrylate (HEMA)], as 
treatments for fiber surface activation that can facilitate the loading of titanium dioxide nanoparticles (TiO2NPs) 
from solution onto Nylon-6 fabrics by sol-gel method. Activated Nylon-6 fabrics loaded by TiO2 NPs were 
investigated by the use of Fourier Transformed Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy 
(SEM), Electron Dispersion Emission X-Ray (EDX), and X-Ray Diffraction (XRD). The multifunctionality of 
activated Nylon-6 fabrics loaded by TiO2NPs was evaluated by analyzing its antimicrobial activity and UV 
protection efficiency. Antimicrobial activity of modified Nylon-6 fabrics loaded by TiO2NPs was tested against 
Gram-positive (Bacillus mycoides), Gram-negative (Escherichia coli), and nonfilamentous fungus (Candida 
albicans). The achieved antimicrobial functions on the Nylon-6 fabrics are durable with repeated laundering 
processes even after five washing cycles. The level of UV protection was verified by the UV Protection factor 
(UPF) of modified Nylon-6 fabrics. 
 
Key words: Nylon-6 fabric, Grafting, PMAA and PHEMA, DBD plasma, TiO2NPs, Sol-Gel, EDX, SEM, FT- 
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Introduction 

 
Global trends in textile industry are oriented towards development and manufacturing of high – added value 

products with multifunctional properties. In Addition to fashion and comfort demands, the garments today must 
simultaneously provide self –cleaning, antimicrobial and UV- protection properties (Mihailovic, et al 2010 and 
Sojka - Ledakowicz, et al 2009). Several recent studies reported the promising nontoxic and inexpensive metal 
oxides NPs for imparting multifunctional properties to Nylon-6 fabrics (Ilic, et al 2009; Mejia, et al 2011 and 
Gowri, et al 2010).  

Binding efficiency between the nanoparticles and the textile materials gained much scientific interest 
(Bozzi, et al 2005; Yuranova, et al 2007 and Kiwi, et al 2010). Keeping in mind that COOH and OH groups are 
potential sites for binding of TiO2NPs, both, chemical and physical treatments proposed so far, rely mainly on 
the introduction of these groups to the textile materials surfaces.  

Activation of polymer surfaces can be rapidly and cleanly achieved by plasma treatment due to the 
possibility of the formation of various active species on the surfaces of polymers such as polyethylene (PE), 
polypropylene (PP), Nylon-6 and polyethylene terephthalate (PET). Latest studies indicate that treatments of 
hydrophobic textiles by plasma can significantly enhance the binding efficiency of TiO2 to the textiles materials 
(Morent, et al 2008). However, uptill now this approach has not been applied on industrial scale  

The abovementioned carboxylic and hydroxyl groups can be also introduced on the surfaces of textile fibers 
by grafting of suitable vinyl monomers. Grafting has advantages over other methods in several points, including 
easy and controllable introduction of graft chains with a high density and exact localization of graft chains to the 
surface with the bulk properties unchanged. Furthermore, covalent attachment of graft chains onto a polymer 
surface avoids their elimination, and assures the long-term chemical stability of introduced chains, in contrast to 
physically coated polymer chains. Although, grafting of Nylon-6 with vinyl monomers is a very suitable method 
for imparting these material new functional groups (Kato, et al 2003). To our knowledge, the use of grafted 
Nylon-6 fabrics loaded by TiO2 for antimicrobial application has not yet been reported. 

This study discusses the possibility of using Dielectric Barrier Discharge (DBD) plasma on one hand, and 
grafting with vinyl monomers (MAA and HEMA) treatments on the other hand for fiber surface activation that 
can facilitate the loading of TiO2 from solutions onto Nylon-6 fabrics by Sol-gel method and thus, improve the 
laundering durability of their antimicrobial activity as well as the level of UPF. Also, in this study we attended 
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to clarify the reliability of applying activated Nylon-6 fabrics by grafting rather than the activated ones by DBD 
plasma.  
 
Experimental Work: 
 
Materials: 

 
Nylon-6 fabrics used throughout this study were in the form of (a) filament woven fabric cloth made from 

filament yarns (warp 42 ends/cm, weft 36 picks / cm) which was kindly supplied by El-Nasr (Shourbagy) Co., 
Cairo, Egypt and (b) nonwoven Fabric, weight of square meter 117,7 gr/m2 and thickness 1,03 mm which was 
kindly supplied by Abou Elmakarem Co. Giza, Egypt. The fabrics were scoured at 80°C for 45 min. with 
solution containing 2 g/L nonionic detergent, washed with cooled water, squeezed, and finally air dried. 

 
Chemicals: 

 
Methacrylic acid (MAA) and 2-hydroxyethylmethacrylate (HEMA) of pure grade were freshly distilled 

before using. Potassium persulphate (K2S2O8), copper sulfate (CuSO4.5H2O), are analytical grade chemicals. 
 
Microorganisms: 

 
Bacillus mycoides (B.m) (Gram positive bacterium), Escherichia coli (E.c) (Gram negative bacterium), and 

Candida albicans (C.a) (nonfilamentous fungus) were used for estimation of antimicrobial potency of control 
and treated samples. Microorganisms were obtained from the culture collection of the Department of Microbial 
Chemistry, Division of Genetic Engineering and Biotechnology, National Research Centre of Egypt. 
 
Culture medium: 

 
Modified nutrient agar medium was used and is composed of the following ingredients (g/L): peptone 

(10.0), beef extract (5.0), NaCl (5.0), and agar (20.0). The pH was adjusted to 6.8. This medium was sterilized 
for 20 min at 121°C under pressure. 
 
Methods: 
 
Preparation of TiO2 by Sol-Gel Method:  

 
Titanium tetra-isopropoxide (20 ml) was added dropwise to 300 ml of 2-propanol acidified with 1ml of 

concentrated HNO3 and cooled to 0°C. This solution was stirred for 1 h to achieve the total dissolution of the 
product and produce a transparent solution. 
 
Preparation of activated Nylon-6 fabrics: 

 
A- Nylon-6 knitted and nonwoven fabrics of 10 cm diameter were firstly exposed to DBD plasma at 

constant discharge conditions (electrode gap distance 3cm, plasma treatment time 10 minutes, input voltage 3W, 
input frequency 50Hz, electric current 1.5 mA), and under various gaseous environments [Air, Oxygen (O2), 
Oxygen/ Argon (O2/Ar 50/50 and Argon (Ar)].  

B- Nylon-6 fabrics grafted with polymethacrylic acid (PMAA) and polyhydroxyethylmethacrylate 
(PHEMA) were prepared according to the methods described in [Shalaby, et al 2007 and 2008]. 
 
Preparation of Nylon-6 Fabrics Loaded by TiO2NPs: 

 
The activated Nylon-6 by DBD plasma and the grafted samples were immersed in the TiO2 colloidal 

solution, the samples were then squeezed to a pick up of 75% (wt/wt) of the solution, and dried in air at 22°C 
(laboratory temperature) for 24 hours, heated at 100°C for 15 minutes, and finally cured in an oven at 130°C for 
15 minutes.  In order to evaluate the TiO2NPs adhesion to the Nylon-6 fabrics, the treated fabrics were washed 
five times according to a standard method AATCC Test Method (61-1989). 
 
Analysis: 

 
Carboxylic content was determined according to the method described by Daul, et al 1953. 
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Antimicrobial Activity: 
 
Antimicrobial activity of Nylon-6 fabrics loaded with TiO2 NPS was quantified using the following 

methods. 
(a) Disk diffusion method. In this method the antimicrobial potency by diffusion was quantified by 

measurement in millimeters of the width of the zone of growth inhibition around the sample according to 
AATCC standard test method (Koneman, et al 1997). 

(b) Shake flask method.  In this method the antimicrobial activity of immobilized antimicrobial agents is 
determined under dynamic contact conditions according to ASTM standard test method 2149 (2001). 
 
SEM And EDX: 

 
A JEOL-Model JSM T20 scanning electron microscope (SEM) operating at 19 kV was used to obtain 

photomicrographs of fibers surfaces. 
 
FT-IR: 

 
The chemical structure was determined using the Fourier transformation infrared (FT-IR) spectrometer, 

model NEXUS 670, NICOLET USA. The measurements were carried in spectral range from 4000 to 500 cm-1. 
Reflection percentage measurement technique was applied (R %) to all investigated samples. 
 
XRD : 

 
PAN Analytical EMPYREAM 2 (Netherland) with Cu radiation   (λ = 1.5406°A) as the x-ray source, the 

lab operated at 45 KV and 30 mR, 2θ = 10-60, step size = 0.026, step time 20 sec / step. The measurements were 
carried out in 2θ range of 18-33 (θ being the angle of Bragg's diffraction), using a Cu radiation of wavelength λ 
= 1.5406°A.  
 
UPF factor: 

 
UPF factor was measured using UV- Shimadzu 3101 P C -Spectrophotometer. It is a double beam direct 

ratio measuring system. It consists of the photometer unit and a pc computer. UPF factor was determined 
according to the method described in Australian / New Zealand standard AS / NZS 4399: 1996. UPF values 
were calculated automatically and classified according to table A. 
 
Table A: Protection and classification according to AS/NZS 4399:1966 

UVP UPF 
Excellent 40,45,50,50+ 
Very good 25,30,35 

Good 15,20 
Non-Rateable 0,5,10 

 
Results and Discussion  

 
It the present work, Nylon-6 fabrics, particularly knitted and nonwoven fabrics were activated by grafting 

with vinyl monomers (MAA and HEMA) on one hand, and plasma treatment with DBD at constant discharge 
conditions on the other hand. The activated Nylon-6 fabrics were then immersed in TiO2 colloidal solution, 
squeezed, dried in air, heated, and finally cured. During this synthesis the following chemical reactions can be 
occurred: 
 
Ti (O — iPr)4 + H2O → Ti(OH)4 + 4PrOH              (1) 
 
 Ti (O H)4 → TiO2 + 2H2O                                       (2) 

 
It has been reported that a DBD plasma treatment led to a significant increase of C=O and O–C=O groups 

on the surface of polyester and Nylon fibers (Ilic,et al 2009). The content of C–N and C–O groups was not 
altered after DBD treatment of polyester fibers. On the contrary, the content of these groups on the DBD treated 
Nylon fibers was almost doubled. The decrease in the content of C-C and C–H groups is characteristic for the 
plasma treatment of polymers, which occurs as a result of chain scission induced by the plasma active particles 
(Ilic, et al 2009).  
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The function groups existing on the surfaces of Nylon-6 fabrics before and after the activation step were 
determined experimentally. It was found (Table 1) that surface activation with plasma leads, in general, to 
increase in carboxylic content for Nylon-6 fabric irrespective of the type of environmental gas used during 
activation. This increase takes place in the following order: Air > O2 > Ar > O2/Ar. This is in contrast with 25.9 
meq/100gr fabrics and 4.95 meq/100 gr fabrics in case of Nylon-6 fabrics grafted with PMAA and PHEMA 
respectively. Increased carboxylic content induced by grafting and DBD plasma treatments led to an enhanced 
deposition of TiO2NPs onto Nylon-6 fabrics. 

 
Table 1: Effect of the Surface Activation Method on Both Carboxylic Content and Amount of TiO2NPs Loaded on Nylon-6 Fabrics 

Surface Activation 
Method 

Fabrics 
Carboxylic Content  
(meq/100 gr. Fabric) 

Ti Content (Atomic %) Estimated 
by EDX after washing cycles : 

Blank Nylon Knitted 10.20 0.00 

P
la

sm
a Air 

Nylon-Knitted+TiO2 

46.90 

1* 5* 

1.05 0.22 

 
O2 37.00 

1* 

0.74 
Ar 33.00 0.62 

O2/Ar 32.50 0.43 

Blank Nylon Nonwoven 12.10 0.00 

P
la

sm
a 

 
Air 

Nylon Nonwoven+TiO2 

 
48.90 

1* 5* 
0.98 0.72 

O2 32.80 
1* 

4.60 
Ar 27.80 2.68 

O2/Ar 31.50 0.43 

Grafting 
Nylon-gr.-PMAA (20%) 25.92 

5* 
0.00 

Nylon-gr.-PMAA (20%)+TiO2 0.31 
Nylon-gr. PHEMA (20%) 

4.95 
0.00 

Nylon-gr. PHEMA (20%)+TiO2 1.98 

 
Plasma Treatment Conditions: 

Electrode Gap Distance, 3 mm.; Plasma Treatment Time, 10 min.; Power, 3 w; Frequency, 50 HZ; I, 1.5 
mA 
Sol-gel Treatment Conditions: 

 [Titanium isopropoxide], 3, 3x10-1 mol/l; Curing Temperature, 130˚C; Curing Time,  
15 min. *After Washing According to AATCC Test Method (61-1989). 

 
Energy Dispersive X-ray Spectroscopy (EDX): 

 
Energy dispersive x-ray spectroscopy (EDX) was performed to confirm the presence of TiO2NPs on the 

Nylon-6 fabrics surfaces and to check the chemical composition of the deposited materials synthesized on the 
pre activated and treated fabrics. EDX spectra of Nylon-6 fabrics loaded with TiO2NPs following five washing 
cycles (25 home washings) are shown in Figure 1. On the basis of these spectra, it is noteworthy to conclude 
that the deposited material consisted of Ti and oxygen. This shows that even after washing, TiO2 is still present 
on the Nylon-6 fabrics (Table 1). This means that TiO2NPs are chemically bonded to functional groups 
presented in the activated Nylon-6 fabrics as confirmed later by FTIR investigations.  
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Fig. 1: EDX Spectra of Nylon-6 Fabrics Activated With Air Plasma and Grafting and Loaded With TiO2NPs*    
             (X2000)                 
a- Nylon knitted (Blank) Fabric + TiO2   b- Nylon Knitted Activated With Air Plasma + TiO2 
c- Nylon Nonwoven Activated With Air Plasma + TiO2  d- Nylon-grPMAA (20%) + TiO2                             
e- Nylon-grPHEMA (20%) + TiO2    * After Five Washing Cycles According to AATCC Test Method (61-
1989). 
 
SEM: 

 
The samples of raw Nylon knitted, Nylon nonwoven, and Nylon loaded with TiO2NPs were examined by 

SEM. Figure 2 presents SEM microstructure of knitted, nonwoven and grafted samples. Figures 2a and 2b 
present knitted and nonwoven Nylon fabrics unloaded with TiO2. These fabrics have clean smooth surfaces. In 
figure 2c – f, SEM micrographs show the nanoscaled knitted and nonwoven Nylon fabrics (c, e after one 
washing cycle) and (d, f after five washing cycles).  
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Fig. 2: SEM  Micrographs of Nylon-6 Fabrics Activated With Air Plasma and Grafting and Loaded With   
             TiO2NPs* (X2000)                
a- Nylon knitted (Blank) Fabric                                                        b- Nylon Nonwoven (Blank) Fabric  
c- Nylon Knitted Activated With Air Plasma +TiO2                       d- Nylon Nonwoven Activated with Air 
Plasma+ TiO2 
g- Nylon-grPMAA (20%) Fabric + TiO2                                          h- Nylon-grPHEMA (20%) Fabric + TiO2 
* After Five Washing Cycles According to AATCC Test Method (61-1989). 

 
The nanoparticles are well dispersed on the fiber surface in both cases, some aggregated nanoparticles are 

still visible in case of Nylon nonwoven fabric + TiO2 after five washing cycles. The same holds true in the case 
of Nylon-gr-PMAA (figure 2a) and Nylon-gr-PHEMA (figure 2b). The particles size plays a primary role in 
determining their adhesion to the fibers. It is reasonable to expect that the largest particle agglomerates will be 
easily removed from the fiber surfaces, while the smaller particles will penetrate deeper and adhere strongly into 
the fabric matrix. SEM images confirm that most of the large agglomerates are removed from the textile surface 
after washing. 
 
X-Ray Diffraction Measurements:  

 
The internal structure of modified Nylon-6 fabrics and treated with TiO2NPs was investigated by XRD 

technique. Based on the results obtained in (Table 2), the following can be concluded: 
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Table 2: 2θ, d-Spacing, Relative Intensity, and FWHM for Nylon-6 Fabrics Activated With Oxygen Plasma and Grafting With PMAA and  
                 PHEMA and Loaded With TiO2NPs* 

Surface 
Activation 

Method 
Fabrics 

2θ d-Spacing Relative Intensity FWHM 

1St 2nd 1St 2nd 1St 2nd 1St 2nd 

Pl
as

m
a 

Nylon Knitted 20.32 23.55 4.367 3.774 97.02 100.0 1.77 2.81 

Nylon Knitted+TiO2 20.37 23.60 4.357 3.767 95.37 100.0 1.84 2.74 

Nylon Nonwoven 20.21 23.63 4.390 3.760 94.22 100.0 1.76 2.49 

Nylon Nonwoven+ TiO2 20.22 23.57 4.388 3.770 89.18 100.0 1.92 2.57 

G
ra

ft
in

g 

Nylon-gr-PMAA (20%) 20.31 23.63 4.369 3.762 88.93 100.0 2.02 2.86 

Nylon-gr-PMAA (20%)+TiO2 20.46 24.14 4.337 3.684 74.47 100.0 1.94 3.30 

Nylon-gr-PHEMA (20%) 20.19 23.62 4.396 3.763 100.0 83.11 2.10 2.67 

Nylon-gr-PHEMA 
(20%)+TiO2 

20.25 23.55 4.383 3.774 91.56 100.0 1.96 2.60 

 *After Five Washing Cycles According to AATCC Test Method (61-1989). 

 
1- All investigated samples have the same diffraction patterns with two peaks at 2θ values 20.3° and 

23.6°, irrespective of the type of Nylon-6 fabrics and the activation method used. There aren`t any individual 
peaks characteristic to the pure TiO2NPs phase in the range of 2θ (25° to 45°) on the XRD patterns of any 
treated sample irrespective of the type of activation. This may be attributed to the formation of chemical bonds 
between TiO groups of TiO2 and COOH groups formed on modified Nylon-6 surfaces. This was confirmed 
latter by FT-IR analysis. 

2-  It can be seen from (Table 2) that, the peak intensities of the modified Nylon-6 fabrics and loaded by 
TiO2NPs became weaker compared to those of the untreated Nylon-6 fabrics. This may be attributed to the 
presence of TiO2NPs on Nylon-6 surface which shields the X-ray beam, making the intensities of the peaks of 
Nylon-6 treated with TiO2NPs to appear weaker.  

3- A minor change in the interplaner spacing (d-Spacing) and 2θ values for all investigated samples are 
observed with no specific trend. 

4- The full width at half maximum (FWHM) of the XRD peaks corresponds to modified Nylon-6 fabrics 
and loaded by TiO2NPs are broader than untreated samples. Similar finding was represented in (Qi, et al 2006).  
 
FT-IR: 

 
Evidently, grafting and DBD plasma activation induced a significant change in the chemical composition of 

the Nylon-6 fabrics surfaces. The FTIR spectrum Figure 3 of unmodified Nylon-6 fabric shows absorption 
bands at 1662–1531, 3083, and 2920–2852 cm-1, which are typical to those of C=O in CONH, NH2, NH 
stretching and CH stretching respectively. The spectra of grafted nylon-6 with PMAA and PHEMA fabrics 
show an additional absorption band at 1708 cm-1 that can be attributed to C=O in COOH. New bands at 585 cm-

1 and 794 cm-1 as well as 868 cm-1 respectively, are observed in the spectrum of Nylon-6 fabrics grafted with 
PMAA, and PHEMA which can correspond to Ti – O of the new bonds Nylon-6-gr-PMAA+TiO2 and Nylon-6-
gr-PHEMA+TiO2. The presence of this band can support the ionic character of the new band formed due the 
addition of TiO2NPs to grafted Nylon-6 fabrics.  

The FT-IR spectrum of Activated Nylon-6 fabrics with DBD plasma and loaded by TiO2NPs Figure 4 
shows that new characteristic peaks appeared and located at around 585 cm-1 and 794 cm-1 as well as 868 cm-1 
respectively. These peaks are corresponding to Ti – O bond. The similar finding was reported by Mejia, et al 
2011.  

During this study we found that only activated surfaces were able to fix TiO2NPs from sol- gel solutions. 
On the basis of the above mentioned results, it can be suggested with a high probability that, the attachment 

of TiO2NPs to the Nylon activated surfaces is electrostatic in nature. This is, mainly, due to the interaction 
between the positively charged TiO2 nanoparticles and negatively charged Nylon fabrics surfaces. The negative 
charge is due to the COO¯ and C—O¯ groups induced on the textile surface by the atomic and ionized O2 
generated in the cavity of the plasma during pretreatment and grafting with PMAA and PHEMA. 
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Fig. 3: FT-IR Spectra of Nylon-6 Fabrics Activated With Air plasma and Grafting  and Loaded with TiO2NPs                          
a- Nylon knitted (Blank) Fabric                                         b- Nylon Nonwoven (Blank) Fabric  
c- Nylon Knitted Activated With Air Plasma +TiO2           d- Nylon Nonwoven Activated with Air Plasma + 
TiO2 
e- Nylon-grPMAA (20%)                                                           f- Nylon-grPHEMA (20%)   
g- Nylon-grPMAA (20%) + TiO2                                               h- Nylon-grPHEMA (20%) + TiO2   
* After Five Washing Cycles According to AATCC Test Method (61-1989). 
 
Antimicrobial Activity: 

 
The antimicrobial activity of Nylon-6 fabrics activated with plasma on one hand, and with grafting with 

PMAA and PHEMA, on the other hand, and loaded with TiO2NPs was investigated against B. mycoides, E. coli 
and C .albicans was investigated. The activity by diffusion is quantified by the measurement in millimeters of 
the width of the zone of inhibition around the sample (Table 3). It is seen from the data listed in this table that 
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all Nylon-6 fabrics bounded with TiO2NPs showed high antimicrobial activity against the previously mentioned 
three microorganisms. In fact, the inhibition zones for all tested Nylon-6 fabrics samples are significant, 
whereas it is null for all the unactivated ones. Significant differences were found between Nylon knitted, Nylon 
nonwoven activated with plasma and Nylon grafted fabrics. Diameters of inhibition zones are ranging between 
17-20 mm (after one washing cycle) in case of Nylon knitted activated with plasma in air, in contrast with 24-28 
mm in case of Nylon nonwoven fabrics (activated and washed under the same conditions) and 23-27 and 17-31 
mm (after five washing cycles) in the case of Nylon fabrics grafted with PMAA and HEMA respectively. (Table 
4) shows the extent of antimicrobial functions demonstrated on both activated Nylon fabrics loaded with 
TiO2NPs and the washing durability of these fabrics subjected to 1 and 5 repeated launder – Ometer washings. It 
is seen from these data determined by shake flask method that, washing durability of the functions exceeds more 
than 5 Launder – Ometer washes in case of both nonwoven and grafted Nylon fabrics. Although the functions 
on the finished fabrics were reduced to certain level after 5 Launder – Ometer washings, the Nylon nonwoven 
activated with plasma and knitted Nylon grafted with PMAA fabrics could still provide more than 85% of its 
antimicrobial activity against B. mycoides. These results demonstrated that Nylon knitted fabrics activated with 
grafting either with PMAA or PHEMA and loaded with TiO2NPs showed excellent antimicrobial activity (94% 
and 88% respectively) towards B. mycoides. These antimicrobial activities can be explained by the fact that the 
COOH and OH groups of activated Nylon fabrics probably bind to anionic groups of these microorganisms, 
resulting in growth inhibition (Majeti, et al 2000). 
 
Table 3: Effect of Activation Method of Nylon Fabrics Loaded With TiO2NPs on Its Antimicrobial Activity 

Surface Activation 
Method 

Fabrics 

Inhibition zone diameter (mm) in case of loaded Nylon 
with TiO2NPs: 

B. m E. c C. a 
After One Washing Cycle* 

Blank Nylon Knitted  -ve -ve -ve 

Pl
as

m
a 

 Air  

Nylon Knitted+TiO2 

17 20 17 
O2 14 14 13 
Ar 13 12 16 
O2/Ar  13 13 14 

Blank Nylon Nonwoven -ve -ve -ve 

Pl
as

m
a Air  

Nylon Nonwoven+TiO2 

28 25 24 
O2 25 22 24 
Ar 13 16 17 
O2/Ar  28 29 27 

Grafting 
Nylon-gr PMAA (20%) 

After Five Washing Cycles* 
-ve -ve -ve 

Nylon-gr PMAA(20%) +TiO2 27 25 23 
Nylon-gr-PHEMA (20%) -ve -ve -ve 
Nylon-gr-PHEMA(20%)+TiO2 31 25 17 

 
Plasma Treatment Conditions: 

Electrode Gap Distance, 3 mm.; Plasma Treatment Time, 10 min.; Power, 3 w; Frequency, 50 HZ ; I, 1.5 
mA. 
Sol-gel Treatment Condition: 

[Titanium isopropoxide], 3, 3x10-1 mol/l; Curing Temperature, 130˚C; Curing Time, 15 min.  
 * According to AATCC Test Method (61-1989). 

Plasma Treatment Conditions: 
Electrode Gap Distance, 3 mm.; Plasma Treatment Time, 10 min.; Power, 3 w; Frequency, 50 HZ; I, 1.5 

mA. 
Sol-gel Treatment Condition: 

[Titanium isopropoxide], 3,3x10-1 mol/l; Curing Time, 15 min. Curing Temperature, 130˚C. *According to 
AATCC Test Method (61-1989) 
 
Ultraviolet Protection Properties: 

 
The effect of TiO2NPs on the UV protection efficiency of Nylon fabrics activated before loading with 

nanoparticles with air plasma, on one hand, and grafting with PMAA on the other hand, was investigated. The 
rate of UV protection was quantified and expressed via UPF values that are given in (Table 5). 
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Table 4: Effect of Launder – Ometer Washing of Nylon Fabrics Loaded With TiO2NPs on Its Antimicrobial Activity Determined by Shake 
Flask Method 

Surface Activation 
Method 

Fabrics 
Antimicrobial Activity (As % Microbial Reduction) 

Against B. mycoids after washing cycles 

Blank Nylon Knitted 0.00 
P

la
sm

a Air 
 
Nylon Knitted+TiO2 

1* 5* 
47.0 7.0 

O2 
1* 

14.7 
Ar 13.1 

O2/Ar 50.2 
Blank Nylon Nonwoven 0.00 

Pl
as

m
a 

Air 
 
Nylon Nonwoven+TiO2 

1* 5* 
88.0 87.4 

O2 

1* 
93.9 

Ar 
100.0 

O2/Ar 
85.7 

Grafting 

Nylon – gr. PMAA (20%) 

5* 

0.00 

Nylon – gr. PMAA (20%)+ TiO2 93.7 

Nylon – gr. HEMA (20%) 00.0 

Nylon– gr. HEMA (20%)+ TiO2 88.1 

 
It was found that the UPF factors for the unactivated Nylon knitted and Nylon nonwoven fabrics are 

calculated to be 3.6, while this value was increased to 6.1 after loading these fabrics with TiO2NPs. Activation 
with air plasma followed by the TiO2NPs deposition onto Nylon nonwoven fabrics led to a rise of UPF values to 
the level corresponding to UPF rating of 50+, which assigns the maximum UV protection. UPF values of the 
Nylon nonwoven + TiO2NPs fabrics decreased by 42.7% after five washing cycles and consequently the UPF 
rating dropped from 50+ to 25+. These results imply good laundering durability of the Nylon nonwoven fabric 
activated by air plasma and loaded with TiO2NPs. Good laundering durability can be attributed to the increase 
of binding efficiency of TiO2NPs to Nylon nonwoven fabrics activated by air plasma. The Nylon fabrics 
activated by grafting PMAA and PHEMA showed poor UPF rating 7.9 and 11 respectively. 
 
Table 5: Effect of Surface Activation Method of Nylon Fabrics Loaded With TiO2NPs On Its UPF Values  

Surface 
Activation 

Method 
Fabrics 

UPF Values After Washing For (Cycles): 
1(a) 5(a) 

UPF Value UPF (b) Rating UPF Value UPF (b) Rating 

Air Plasma 
Nylon Knitted+TiO2 4.1 Non-Rateable 2.6 Non-Rateable 
Nylon Nonwoven+TiO2 62.0 Excellent 35.5 Very Good 

Grafting 

Nylon-gr-PHEMA (20%) 6.2 

Non- Rateable 

6.0 

Non- Rateable 
Nylon-gr-PHEMA (20%)+TiO2 7.9 7.6 
Nylon-gr-PMAA (20%)  4.5 4.0 
Nylon-gr-PMAA (20%)+TiO2 11.0 8.8 

 
Plasma Treatment Conditions: 

Electrode Gap Distance, 3 mm.; Plasma Treatment Time, 10 min.; Power, 3 w; Frequency, 50 HZ; I, 1.5 
mA. 
Sol-gel Treatment Conditions: 

[Titanium isopropoxide], 3, 3x10-1 mol/l; Curing Temperature, 130˚C; Curing Time, 15 min. 
(a)  According to AATCC Test Method (61-1989).  
(b)  According to Australia (AS) / Newzeland (NAS) Standard No. 4399 (1996). 
 

Conclusion: 
 
This study discuses the possibility of using Dielectric Barrier Discharge (DBD), and grafting with vinyl 

monomers treatments for fiber surface activation that can facilitate the loading of TiO2 nanoparticles from 
solutions onto Nylon fabrics by Sol-gel method. These loaded fabrics were characterized by SEM, EDX, FT-IR 
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and XRD. The SEM shows a uniform distribution of TiO2 on the polyamide fabrics prepared by soil-gel method. 
FTIR Spectroscopy and XRD confirmed that TiO2 is bonded to the Nylon Textiles. DBD plasma and chemically 
pretreated Nylon fabrics loaded with TiO2 nanoparticles showed better antimicrobial properties compared to 
untreated ones. The fabrics, particularly nonwoven and grafted with PMAA and PHEMA Nylon fabric, 
exhibited outstanding antimicrobial efficiency even after five washing cycle, indicating the excellent laundering 
durability.  

The values of the UPF reflected the higher degree of protection against UV radiation provided by the 
TiO2NPs treated fabrics, particularly for the nonwoven Nylon-6 fabrics activated by DBD plasma and loaded by 
TiO2NPs synthesized by sol-gel method, while in the case of Nylon-6 grafted with PMAA and PHEMA both of 
them gave comparable results to Knitted Nylon-6; where the calculated UPF are significantly lower than the 
standard values required for classifying the fabrics as excellent for UV-shielding. In general, the received data in 
the present work indicate the possibility of applying the chemical surface activation method to bind the TiO2NPs 
to Nylon fabrics. 
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