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Abstract The possibility of in situ photoreduction of

Ag?-ions using TiO2 nanoparticles deposited on

cotton and cotton/PET fabrics in the presence of

amino acid alanine and methyl alcohol has been

discussed. The possible interaction between TiO2,

alanine and Ag?-ions was evaluated by FTIR analysis.

The fabrication of TiO2/Ag nanoparticles on both

fabrics was confirmed by SEM, EDX, XRD, XPS and

AAS analyses. Cotton and cotton/PET fabrics impreg-

nated with TiO2/Ag nanoparticles provided maximum

reduction of Gram-negative bacteria Escherichia coli

and Gram-positive bacteria Staphylococcus aureus.

Although excellent antibacterial activity was pre-

served after ten washing cycles, a significant amount

of silver leached out from the fabrics into the washing

bath. The perspiration fastness assessment revealed

that smaller amounts of silver were also released from

the fabrics into artificial sweat at pH 5.50 and 8.00. In

addition, deposited TiO2/Ag nanoparticles imparted

maximum UV protection to fabrics.

Keywords TiO2 nanoparticles � Ag nanoparticles �
Photoreduction �Antibacterial activity �UV protection

Introduction

The antimicrobial finishing of textile materials with

silver nanoparticles (Ag NPs) has been extensively

studied over the last decade (Lee et al. 2003; Yuranova

et al. 2003; Lee and Jeong 2005; Gorenšek and Recelj

2007; Vigneshwaran et al. 2007; Pohle et al. 2007;

Radetić et al. 2008; Ilić et al. 2009; Kelly and Johnston

2011; El-Shishtawy et al. 2011; Gorjanc et al. 2012;

Tang et al. 2013; Nam and Condon 2014). Although

numerous finishing procedures have been developed,

the most of them are based on dip-coating of fabrics

with colloidal Ag NPs (Radetić 2013). The conven-

tional routs for the synthesis of colloidal Ag NPs

usually involve various reducing agents and organic

compounds which control the formation, size, shape

and stability of Ag NPs (Messaoud et al. 2010). In

addition to their potentially undesirable environmental

impact, these organic compounds may diminish or

even inhibit the antimicrobial action of Ag NPs. In

order to avoid the use of strong reducing agents and

stabilizers, we have proposed different approach that
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relies on in situ generation of Ag NPs by photoreduc-

tion of Ag?-ions from the solution in the presence of

amino acid alanine and methyl alcohol on the surface

of TiO2 NPs deposited on polyester (PET) fabric

(Milošević et al. 2013a).

Namely, the surface modification of TiO2 NPs

smaller than 20 nm with amino acid alanine leads to a

replacement of TiO2 surface hydroxyl groups and

coordination of surface Ti atoms with carboxyl groups

which simultaneously bind Ag?-ions (Rajh et al. 1996,

1998). Therefore, enhanced adsorption of Ag?-ions

before illumination can be expected. The exposure of

TiO2 to UV light with an energy that matches or

exceeds its band gap results in a generation of electron/

hole pairs. They can further take part in different

oxidation and reduction processes on the particle

surface. However, the high rate of their recombination

emerges as a major limitation of TiO2 NPs. Surface

modification of TiO2 NPs with amino acids also results

in increased charge separation and thus, enhanced

photocatalytic activity of photogenerated electrons

(Rajh et al. 1996, 1998).

Methyl alcohol has been used as an efficient hole-

scavenger (E�–(CH3OH/�CH2OH) = ?1.2 V) that

eventually ensures an increase of the yield of the

trapped electrons (Stockhausen and Henglein 1971).

Previous studies demonstrated that electrochemical

oxidation of methyl alcohol brings about the formation

of the electron-donating methanol radical (E�(�CH2–

OH/CH2O) = -0.95 V) (Breitenkamp et al. 1976).

The net effect is that from one photon of absorbed light

two electrons are generated. This phenomenon known

as a current-doubling effect induces improved photo-

reduction rate of Ag?-ions (Nogami and Kennedy

1989). Taking into account the redox potential of

methanol radical (�CH2OH, -0.95 V), it can be

anticipated that it is capable to reduce Ag?-ions as

well.

Reported results showed that fabricated TiO2/Ag

NPs imparted extraordinary antimicrobial properties

to PET fabrics (Milošević et al. 2013a). Maximum

microbial reduction was preserved after ten washing

cycles indicating excellent washing fastness. Encour-

aging results motivated us to continue the research on

cotton and cotton/PET fabrics. Initially, the same

procedure has been performed to cotton fabric.

Although large amount of TiO2/Ag NPs has been

generated on the surface of cotton fabric and desired

level of antibacterial activity has been achieved

(Milošević et al. 2013b), the mechanical properties

of the fabric were deteriorated. Unlike PET fibers,

cotton fibers are prone to hydrolysis in acidic condi-

tions. Low pH and elevated temperature during the

treatment resulted in deterioration of the fabric

strength. We had to go step further and adjust the

existing procedure to cotton fibers. In adjusted proce-

dure, the duration of dip-coating process with TiO2

NPs and photoreduction were shortened whereas the

curing of fabric after dip-coating in TiO2 NPs colloidal

solution was omitted. The impregnation of cotton and

cotton/PET fabrics with TiO2/Ag NPs produced in

accordance with adjusted procedure caused certain

morphological and chemical changes that were eval-

uated by SEM, EDX, XRD and XPS, respectively.

Antibacterial activity of deposited TiO2/Ag NPs was

tested against Gram-negative bacteria E. coli and

Gram-positive bacteria S. aureus.

Experimental

Materials

Desized and bleached cotton (Co, 168 g/m2) and

cotton/PET (Co/PET, 65/35, 196 g/m2) woven

fabrics were used as substrates in this study. In

order to remove surface impurities, the fabrics were

cleaned in the bath containing 0.5 % nonionic

washing agent Felosan RG-N (Bezema) based on

fatty alcohol ethoxylates at liquor-to-fabric ratio of

50:1. After 15 min of washing at 50 �C, the fabrics

were rinsed once with warm water (50 �C) for

3 min and three times (3 min) with cold water.

Subsequently, the fabrics were dried at room

temperature.

A colloid consisting of TiO2 NPs was synthesized

by acidic hydrolysis of TiCl4 in a manner analogous to

the one proposed by Rajh et al. (1998). All chemicals

used in the synthesis of colloid were of analytical

grade (Aldrich, Fluka) and were used as received

without any further purification. Milli-Q deionized

water was used as a solvent. The solution of TiCl4
cooled down to -20 �C was added drop-wise to

cooled water (at 4 �C) under vigorous stirring and kept

at this temperature in the next 30 min. The pH of the

solution ranged between 0 and 1, depending on the

concentration of TiCl4. Slow growth of the particles

was achieved by dialysis against water at 4 �C until the
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pH of the solution reached 3.5. The concentration of

TiO2 colloid was determined from the concentration

of the peroxide complex obtained after dissolving the

particles in concentrated H2SO4 (Thompson 1984). In

order to improve the crystallinity and overall photo-

catalytic efficiency of generated TiO2 NPs, the colloid

was thermally treated in reflux at 60 �C for 16 h

(Mihailović et al. 2011). Mostly single crystalline,

irregularly shaped TiO2 NPs with average dimensions

of 6 nm were observed by HREM (Mihailović et al.

2011). The electron diffraction pattern and Raman

spectroscopy measurements confirmed the formation

of anatase crystal structure (Mihailović et al. 2010).

Initially, a 1.00 g of Co fabric was immersed into

30 mL of 0.1 M TiO2 colloid for 30 min and after

squeezing at a pressure of 2 kg/cm2, the sample was

dried at room temperature. After 30 min of curing at

100 �C, dry fabric was rinsed twice (5 min) with

deionized water and dried again at room

temperature.

In situ photoreduction of Ag?-ions on Co fabrics

impregnated with TiO2 NPs was carried out in

accordance with the following procedure. A 0.1333 g

of alanine was dissolved in 40 mL of water. The fabric

coated with TiO2 NPs was immersed in this solution for

10 min. 1.5 mL of AgNO3 (C = 0.015 mol/L) and

0.4 mL of methyl alcohol were added into 58 mL of

1 9 10-3 M solution of HNO3 (pH 3). This solution

was added to alanine solution and mixed. Beaker was

covered with quartz glass disc and sealed with

parafilm. Teflon hose was inserted through the small

hole and the system was purged in argon for 30 min.

Subsequently, the system was illuminated with

ULTRA-VITALUX lamp (300 W, Osram) for

30 min also in a stream of argon. The applied lamp

provides sun-like irradiation. The fabric was removed

from the solution, dried at room temperature, rinsed in

Milli-Q deionized water for 15 min and again dried at

room temperature.

Methods

FESEM

The morphology of the Co fibers was analyzed by field

emission scanning electron microscopy (FESEM,

Mira3 Tescan). The samples were coated with a thin

layer of Au/Pd (85/15) prior to analysis.

EDX

Energy dispersive X-ray spectroscopy measurements

(EDX) were carried out by scanning electron micro-

scope JEOL JSM–6610LV. Gold layer was deposited

on the samples before the analysis.

XRD

The XRD powder patterns were obtained using a Philips

PW 1050 powder diffractometer with Ni-filtered Cu-Kk

radiation (k = 1.5418 Å). The diffraction intensity was

measured by the scanning technique (a step size of 0.05�
and a counting time of 50 s per step).

XPS

X-ray photoelectron spectroscopy (XPS) measure-

ments were performed in order to evaluate the chem-

istry and bonding variations of the Co and Co/PET

fabrics. The XPS analysis was carried out using a

K-Alpha spectrometer (Thermo Scientific, UK) utiliz-

ing a monochromated Al Ka (hm = 1,486.6 eV) X-ray

source. The system base pressure was \5 9 10-9 -

mbar, however the pressure in the chamber during

analysis was 2 9 10-7 mbar due to use of the charge

neutralization system which employs a combination of

low energy electrons and low energy argon ions to

compensate for the loss of photoelectrons from an

insulating sample. First, point analysis was carried out

on all samples to determine their chemical composi-

tion. Maps were then acquired of all samples to

determine the average composition of the surface.

AAS

The total content of Ag in the Co and Co/PET fabrics

was determined using a Spectra AA 55 B (Varian)

atomic absorption spectrometer (AAS).

FTIR

FTIR measurements were carried out in order to define

binding structure of alanine modified TiO2 nanopar-

ticles and Ag?- ions. Powdered samples for FTIR

measurements were prepared by vacuum drying of

solution of 0.04 M alanine and 0.04 M AgNO3 (pH 3);

colloidal dispersions of 0.08 M TiO2, 0.04 M alanine

(pH 3), and colloidal dispersions of 0.08 M TiO2,
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0.04 M alanine and 0.04 M AgNO3 (pH 3). Powdered

samples were mixed with potassium bromide (KBr,

Sigma–Aldrich, Germany) in the ratio of 1:100, and

then compressed to obtain KBr pellets. FTIR spectra

were recorded, using Bomem MB 100 FTIR spectro-

photometer, in the range of 400–4,000 cm-1, with

resolution of 4 cm-1.

Antibacterial test

The antibacterial activity of fabrics was accomplished

against Gram-negative bacteria E. coli ATCC 25922

and Gram-positive bacteria S. aureus ATCC 25923

using the standard test method for determining the

antimicrobial activity of immobilized antimicrobial

agents under dynamic contact conditions ASTM E

2149-01 (2001). The percentage of bacterial reduction

(R, %) was calculated by the following equation:

R ¼ C0 � C

C0

� 100 ð1Þ

where C0 (CFU—colony forming units) is the number

of bacteria colonies on the control fabric (untreated

fabric without TiO2/Ag NPs) and C (CFU) is the

number of bacteria colonies on the fabric loaded with

TiO2/Ag NPs.

Washing fastness test

Washing fastness of fabrics impregnated with TiO2/Ag

NPs was examined after ten washing cycles in

Polycolor (Werner Mathis AG) laboratory beaker dyer

at 45 rpm. The fabrics were washed in the bath

containing 5 g/L SDC standard detergent and 2 g/L

Na2CO3 at liquor-to-fabric ratio of 80:1. After 50 min

of washing at 95 �C (Co fabrics) and 35 min of

washing at 40 �C (Co/PET fabrics), the fabrics were

soaked twice in cold distilled water. The samples were

then held under the tap water for 10 min, squeezed and

dried at 70 �C. The percentage of microbial reduction

after ten washing cycles was calculated according to

Eq. (1). The concentration of silver which leached out

from the fabrics into washing bath after each washing

cycle was measured by AAS.

Perspiration fastness test

The perspiration fastness of fabrics was studied in

artificial sweat at pH 5.5 and 8.0 that were prepared

according to ISO 105-E04:1989E: Colour fastness to

perspiration (1989). A 1 L of acidic artificial sweat

(pH 5.5) contained: 0.5 g of L-histidine monohydro-

chloride monohydrate, 5 g of sodium chloride and

2.2 g of sodium dihydrogen orthophosphate dihydrate.

A 1 L of alkaline artificial sweat (pH 8.0) contained:

0.5 g of L-histidine monohydrochloride monohydrate,

5 g of sodium chloride and 5 g of disodium hydrogen

orthophosphate dodecahydrate. The solutions were

adjusted to pH 5.5 and 8.0 with 0.1 M solution of

sodium hydroxide. A 0.300 g of fabric was dipped into

the artificial sweat at liquor-to-fabric ratio 50:1. The

samples have been incubated in a water bath at 37 �C

for 24 h. Afterwards the artificial sweat was collected

and the concentration of released silver was measured

by AAS.

UV protection

Transmission spectra of the samples were measured by

UV–Vis spectrophotometer Varian Cary 100 Scan

(Varian). The UV protection factor (UPF) values were

automatically calculated on the basis of the recorded

data in accordance with Australia/New Zealand stan-

dard AS/NZS 4399:1996 using a Startek UV fabric

protection application software version 3.0 (Startek

Technology).

Results and discussion

Impregnation of Co fabric with TiO2/Ag NPs

according to procedure developed for PET fabrics

The dip-coating procedure described in experimental

section was initially developed for PET fabrics

(Milošević et al. 2013a) and it was applied for the

deposition of TiO2 NPs on Co fabrics prior to

photoreduction process. After in situ photoreduction

of Ag?-ions, the color of Co fabric turned from white

to dark yellow. Evident color change indicated the

presence of Ag NPs which was confirmed by FESEM

analysis. Figure 1 shows a large amount of TiO2/Ag

NPs evenly deposited over the Co fiber surface.

Obviously, narrow size distribution of fabricated

TiO2/Ag NPs with an average size of approximately

70 nm was obtained.

AAS measurements revealed that one gram of Co

fabric contains 448.5 lg of Ag. This amount was almost
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three times larger compared to one detected in the PET

fabric modified in the same manner (Milošević et al.

2013a). Huge amount of deposited TiO2/Ag NPs was

reflected in excellent antibacterial properties of Co

fabric which were tested against bacteria E. coli and

S. aureus (Milošević et al. 2013b). However, the

deterioration of Co fabric strength appeared here as a

major limitation due to hydrolysis of Co fibers in acidic

conditions. In our experiments, Co fabrics were dip-

coated in TiO2 NPs colloid at pH 3.5 for 30 min and

subsequently cured at 100 �C for 30 min. Low pH and

elevated temperature resulted in weakening of the fabric

mechanical properties. Co fabrics became so fragile that

they could be manually torn without considerable effort.

This became particularly obvious after washing likely

because of the additional mechanical agitation. Such

behavior of Co fabrics during the treatment with

colloidal TiO2 NPs in acidic conditions has been

already reported in literature (Daoud et al. 2005).

Obtained results indicated that procedure initially

developed for the modification of PET fabrics was not

suitable for Co fabrics and it required revision. Therefore,

in order to preserve both, desired antibacterial activity

and mechanical properties, the duration of dip-coating

process with TiO2 NPs was cut down to 5 min,

photoreduction process to 10 min whereas the curing

of fabric after dip-coating in TiO2 NPs colloid was

omitted. Modified procedure was utilized for the treat-

ment of Co and Co/PET fabrics which were further

characterized.

Characterization of cotton and cotton/PET fabrics

impregnated with TiO2/Ag NPs

Successful fabrication of metallic Ag on Co and Co/

PET fabrics by in situ photoreduction of Ag?-ions

using TiO2 NPs was proved by XRD measurements.

The XRD spectra of Co, Co ? TiO2/Ag, Co/PET and

Co/PET ? TiO2/Ag samples are shown in Fig. 2. The

diffraction peaks at 2h = 34.4� and 42.3� and broad

peak at 2h* 46� in all XRD spectra are characteristic

for Co fabrics (Yin et al. 2007).

The presence of face centered cubic (fcc) Ag metal

phase in Co ? TiO2/Ag and Co/PET ? TiO2/Ag sam-

ples is confirmed by peaks that appeared at 2h = 38.4�
in both XRD spectra, and correspond to (111) crystal

plane (Zhong-Ai et al. 2010; Krklješ et al. 2007).

The changes in chemical composition of Co and Co/

PET fibers caused by deposition of TiO2/Ag NPs were

evaluated by XPS measurements. In order to deter-

mine an average chemical composition of the fiber

surface, each sample was mapped and representative

high resolution spectra were collected. High resolution

scans of Co and Co/PET fabrics in C1s region are shown

in Fig. 3. High resolution scans accomplished in C1s,

O1s, Ti2p and Ag3d regions for the Co ? TiO2/Ag and

Co/PET ? TiO2/Ag fibers are presented in Figs. 4 and

5, respectively. The comparison of chemical composi-

tion between untreated and modified Co and Co/PET

fabrics derived from high resolution scans are summa-

rized in Table 1. In general, Co fibers comprise of a-

cellulose (88–96.5 %) and non-cellulosic components

like waxes, pectin, proteins and inorganic matter. Pectic

substances and waxes are located in the cuticle layer and

primary wall that are considered as outer layers of Co

fiber (Chung et al. 2004). Cellulose is polysaccharide

consisting of linear chains of b (1–4) D-glucose units.

Therefore, C–OH, O–C–O and C–O–C groups detected

in C1s signal of investigated Co fibers can be attributed

to cellulose (Fig. 3a). It is suggested that the O–C–O

groups partially originate from pectic substances

(Chung et al. 2004; Topalovic et al. 2007; Tourrette

et al. 2009). Additional peak corresponding to C–C/C–

H groups is also recorded. This peak can be assigned to

cotton waxes. Namely, waxes are mixtures of

Fig. 1 FESEM image of pristine Co fiber impregnated with

TiO2/Ag NPs synthesized by procedure developed for PET

fabric
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hydrocarbons, alcohols, esters and free acids with long

alkyl chains (Chung et al. 2004). Hence, they contain

considerable amount of carbon atoms without oxygen

neighbors (Fras et al. 2005). On the other hand, the

carbon is commonly absorbed on the surface of

polymers, metals and metal oxides when exposed to

air (Johansson 2007). Thus, it is assumed that some of

recorded C–C/C–H groups are due to adventitious

contamination. The intensity of C–C/C–H peaks is

affected by the laboratory conditions during the sample

preparation and the spectrophotometer itself (Kontturi

et al. 2003).

Additional O–C=O, C–O and C–C/C–H groups

originating from PET were recorded in the C1s signal

of the Co/PET blend (Fig. 3b). The peak at 284.7 eV is

assigned to carbon atoms bound to carbon or hydrogen

in benzene ring (C–C, C–H). The peak at 286.45 eV

corresponds to methylene carbons single bonded to

oxygen (C–O) while the peak at 288.91 eV is attrib-

uted to ester carbon atoms (O–C=O).

Table 1, Figs. 4a and 5a reveal that the amount of

carbon functional groups on the Co ? TiO2/Ag and

Co/PET ? TiO2/Ag fabrics decreased after photore-

duction of Ag?-ions. In addition to organic O, clear

Fig. 2 XRD patterns of a Co and Co ? TiO2/Ag samples and b Co/PET and Co/PET ? TiO2/Ag samples

Fig. 3 High resolution XPS C1s spectra of a Co and b Co/PET fabrics

3786 Cellulose (2014) 21:3781–3795
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Fig. 4 High resolution XPS a C1s, b O1s, c Ti2p and d Ag3d spectra of the Co ? TiO2/Ag fabric
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Fig. 5 High resolution XPS a C1s, b O1s, c Ti2p and d Ag3d spectra of the Co/PET ? TiO2/Ag fabric
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peak corresponding to O in TiO2 in O1s spectra of the

Co ? TiO2/Ag and Co/PET ? TiO2/Ag fabrics con-

firm the presence of TiO2 NPs (see Figs. 4b, 5b). The

Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting electrons are

located at binding energies of 464.2 and 458.6 eV,

respectively (see Figs. 4c, 5c). The results from

Table 1 indicate that within experimental error

(±10 % of atomic percent value) Ti content on the

surface of Co ? TiO2/Ag and Co/PET ? TiO2/Ag

fabrics is almost the same.

The high resolution XPS spectra of the Co ? TiO2/

Ag and Co ? TiO2/Ag fibers surface in the region of

binding energies related to Ag3d core-electrons are

shown in Figs. 4d and 5d, respectively. The accurate

determination of the oxidation state of silver deposited

on the fabrics is not a simple task due to variation of

particle size and electrostatic charging (Yuranova

et al. 2003). Reference value of binding energy for

metallic Ag is 368.2 eV2. In the current study, the

position of Ag3d5/2 peak is shifted towards lower

binding energies (367.7 eV) which is close to the

binding energy assigned to Ag2O (367.8 eV) (Yura-

nova et al. 2003). This finding disagrees with the

results of the XRD analysis, i.e. the presence of Ag in

metallic form. Keeping in mind the surface sensitivity

of XPS, it could be supposed that detected peak relates

to layer of Ag2O generated on the surface of Ag NPs.

This hypothesis relies on the fact that though the

incident X-rays penetrate deep into the sample, the

emitted photoelectrons have a strong interaction with

the solid. This attenuation length is typically in the

range of 1–10 nm, depending on the surface compo-

sition and the binding energy of the emitted photo-

electron. For the Ag3d5/2 orbital, the attenuation

length is such that the signal arises from the top

4 nm of the surface, with the majority of the signal

being from the outermost 1.5 nm. Taking into account

that the average dimension of the TiO2/Ag NPs was

approximately 70 nm, it is very likely that XPS

provides only information corresponding to outer

surface of particles.

In addition, data in Table 1 demonstrated that

larger amount of Ag has been found on the surface of

Co/PET ? TiO2/Ag fabric (1.1 %) compared to

Co ? TiO2/Ag fabric (0.49 %). However, AAS mea-

surements indicated that larger amount of Ag has been

fabricated on the surface of the Co ? TiO2/Ag fabric.

Namely, one gram of Co ? TiO2/Ag and Co/

PET ? TiO2/Ag fabrics contains 290 and 165 lg of

Ag, respectively. This discrepancy between XPS and

AAS results can be attributed to uneven deposition of

TiO2/Ag NPs that was confirmed by XPS mapping. It

should be also kept in mind that AAS gives the

information on total amount of fabricated Ag whereas

XPS is confined to the thin surface layer of Co and Co/

PET fibers.

Table 1 Comparison of chemical composition of Co, Co/PET, Co ? TiO2/Ag and Co/PET ? TiO2/Ag fabrics derived from high

resolution XPS spectra

Atom %

Co Co/PET Co ? TiO2/Ag Co/PET ? TiO2/Ag

O (organic) 35.94 34.32 30.13 27.49

O (TiO2) 0.00 0.00 11.39 13.71

C1s C–OH (Co) 31.74 28.66 24.26 21.27

C1s C–C/C–H (Co) 21.65 14.25 17.21 11.05

C1s C–O–C (Co) 8.58 8.44 7.61 6.13

C1s O–C–O (Co) 1.62 0.85 1.56 1.43

C1s C–C/C–H (PET) 0.00 8.08 0.00 6.30

C1s C–O (PET) 0.00 2.55 0.00 1.99

C1s C=O (PET) 0.00 1.99 0.00 1.55

Ti (TiO2) 0.00 0.00 6.32 7.14

N 0.25 0.48 0.74 0.71

Si 0.23 0.38 0.31 0.12

Ag 0.00 0.00 0.49 1.10
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7.755 9 11.473 mm2 area of the Co ? TiO2/Ag

fabric and 7.882 9 10.390 mm2 area of the Co/

PET ? TiO2/Ag fabric were mapped in steps of

850 lm and C1s, O1s, Ti2p and Ag3d signals were

measured at each point. The number of data points

for these samples was 130. For this discussion atomic

percent profiles for Ti2p and Ag3d signals are

particularly important and they are shown in Fig. 6.

Presented images clearly indicate that quite uneven

distribution of TiO2/Ag NPs on the surface of Co and

especially Co/PET fabrics has been obtained. Evi-

dently, there are some areas that are uncoated and

they are higher in carbon content (not shown). The

amount of Ti on investigated samples is roughly half

of the maximum and approximately 2 % lower than

average (Table 1). Further, it could be noticed that

areas with smaller amounts of Ti also contain smaller

amount of Ag and vice versa. This was particularly

prominent on the Co/PET sample and such areas are

marked with arrows in Fig. 6c, d. According to these

results it could be suggested that larger amount of

deposited TiO2 NPs facilitates the photoreduction of

Ag?-ions and eventually larger quantities of metallic

Ag is formed. The EDX analysis of scanned single

TiO2/Ag nanoparticle deposited on the Co and Co/

PET fibers also proved that peaks corresponding to

both Ti and Ag regularly appeared in the spectra

(Fig. 7). Therefore, this confirms that our original

idea has been realized and Ag was fabricated on

deposited TiO2 NPs.

Fig. 6 TiO2 mapping of the

surfaces of the

a Co ? TiO2/Ag and c Co/

PET ? TiO2/Ag fabrics;

b Ag mapping of the

surfaces of the Co ? TiO2/

Ag and d Co/PET ? TiO2/

Ag fabrics
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Interaction between silver and alanine modified

TiO2 NPs

FTIR spectra were recorded with an aim to get

information on a possible interaction between silver

and alanine modified TiO2 NPs. The vibrational

spectra of pure alanine, alanine after binding to Ag?-

ions, after adsorption on the surface of TiO2 NPs, and

after adsorption on TiO2 NPs and binding to Ag?-ions

are shown in Fig. 8. The main bands and their

assignment in free alanine are as follows: asymmetric

and symmetric stretching vibration of OCO- group at

1,592 (masOCO-), 1,414 (masOCO-) (Bellamy 1975),

and 1,361 (msOCO-) cm-1; bending vibrations of

NH3
? group at 1,622 (dasNH3

?), and doublet at 1,518/

1,507 (dsNH3
?) cm-1, rocking vibrations of NH3

?

group at 1,237, 1,153 and 1,115 (qNH3
?) cm-1;

bending vibrations of CH3 groups at 1,454 (dasCH3)

and 1,411 (dsCH3) cm-1 and bending vibrations of CH

bond at 1,307 (dCH) cm-1 (Garcia et al. 2008).

Few changes in vibrational spectrum of Ala/Ag

were observed after binding of Ag?-ions to alanine.

The decrease in intensity of asymmetric stretching

vibration of OCO- group at 1,414 cm-1 and the

appearance of new band at 1,383 cm-1 indicated an

interaction of silver and OCO- group from alanine,

i.e. unidentate binding of silver and carboxyl group

(Socrates 2001). A new band at 1,274 cm-1 in Ala/Ag

spectrum is suggested to be an effect of deprotonation

of alanine amino groups and this change is followed by

decrease in intensity of rocking vibration (qNH3
?) at

1,237 cm-1 and symmetric bending vibration (ds-

NH3
?) at 1,518 cm-1 (Rosado et al. 1997). This effect

is also responsible for the appearance of new band at

1,195 cm-1 characteristic for the presence of NH2

group (Rajh et al. 1998). Finally, a weak band in the

Fig. 7 SEM images and EDX spectra of a–c Co ? TiO2/Ag and d–f Co/PET ? TiO2/Ag fibers
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Ala/Ag vibrational spectrum at 1,037 cm-1 indicates

the presence of NO3
- as a residue of precursor

(Socrates 2001).

A slight decrease of intensity of bands at 1,592 and

1,362 cm-1, which correspond to asymmetric and

symmetric stretching vibrations of COO- (mOCO-)

group in vibrational spectrum of alanine after adsorp-

tion on the surface of TiO2 NPs was observed.

Vibrational spectrum of alanine after adsorption on

the surface of TiO2 NPs and binding to Ag?-ions

reveals further decrease of intensity of band at

1,592 cm-1 (masOCO-) and almost complete disap-

pearance of the band at 1,414 (masOCO-) cm-1. The

band that appeared in Ala/Ag vibrational spectrum

still exists at 1,383 cm-1, suggesting that the interac-

tion between TiO2, alanine and silver has been

established. In other words, carboxyl group of alanine

bridges surface titanium and silver ions in the structure

which enhances the symmetrical stretching. This

assumption is in agreement with finding of Rajh

et al. (1998). They explained the binding of copper

ions to the surface of TiO2 NPs through carboxyl

group of alanine followed by appearance of new band

assigned to C–O band at 1,380 cm-1 order of 1.5. A

possible binding structure of silver to the surface of

alanine modified TiO2 NPs is shown in Fig. 9.

Antibacterial activity of cotton and cotton/PET

fabrics impregnated with TiO2/Ag NPs

Antibacterial activity of Co and Co/PET fabrics

impregnated with TiO2/Ag NPs was tested in the dark

against bacteria E. coli and S. aureus. The results from

Tables 2 and 3 demonstrate that maximum bacteria

reduction was reached with both fabrics. Although the

amount of fabricated Ag on the Co fabric was by 35 %

smaller compared to the Co fabric modified in

accordance with original procedure, maximum bacte-

ria reduction was obtained and it was preserved after

ten washing cycles. The Co/PET ? TiO2/Ag fabric

exhibited almost the same behavior but the reduction

of S. aureus colonies decreased after ten washing

cycles. Despite this slight decrease, antibacterial

efficiency against S. aureus was considered as an

excellent.

Washing fastness of cotton and cotton/PET fabrics

impregnated with TiO2/Ag NPs

Although excellent antibacterial activity of Co and Co/

PET fabrics impregnated with TiO2/Ag NPs even after

ten washing cycles was obtained, significant release of

silver occurred during washing (Table 4). Consider-

able amount of silver leached out from the fabrics

particularly in the first three washing cycles. After-

wards, smaller but still significant amounts of silver

were released from the fabrics. Silver release was

more than three times larger in the case of Co ? TiO2/

Ag fabric. In spite of observed release about 50 % of

Fig. 8 FTIR spectra of pure alanine, alanine after binding to

Ag?-ions, alanine after adsorption on the surface of TiO2 NPs

and alanine after adsorption on TiO2 NPs and binding to Ag?-

ions

Fig. 9 Possible binding structure of silver to the surface alanine

modified TiO2 NPs
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initial Ag amount remained on the Co fabric after

washing ensuring maximum bacterial reduction.

Perspiration fastness of cotton and cotton/PET

fabrics impregnated with TiO2/Ag NPs

The study on the perspiration fastness of the

Co ? TiO2/Ag and Co/PET ? TiO2/Ag fabrics

pointed out that release of silver also occurred in both

acidic (pH = 5.5) and alkaline (pH = 8.0) artificial

sweat. 12.15 and 17.53 lg of silver leached out from

one gram of the Co ? TiO2/Ag fabric in acidic and

alkaline sweat, respectively. Similar behavior was

noticed on the Co/PET ? TiO2/Ag fabric: 14.53 and

18.13 lg of silver were released under the same

conditions. Evidently, larger release of silver occurred

in alkaline sweat. Such trend was already reported in

literature (Kulthong et al. 2010).

UV protection of cotton and cotton/PET fabrics

impregnated with TiO2/Ag NPs

The presence of TiO2/Ag NPs on the surface of the Co

and Co/PET fabrics produced additional effect. UV

protective properties of investigated fabrics were

significantly improved after fabrication of TiO2/Ag

NPs. The recommendation is to supply garment with

excellent to maximum UPF rating (Xin et al. 2004).

The coating of both fabrics with TiO2/Ag NPs resulted

in maximum UPF rating (50?). UPF values and UPF

ratings of Co and Co/PET fabrics before and after

washing are given in Table 5. UPF values of the

Co ? TiO2/Ag fabric decreased after five and ten

washing cycles likely due to detachment of NPs during

washing, UPF rating of 50? was preserved even after

ten washing cycles. In the case of Co/PET fabric, UPF

values slightly increased after washing. The longer the

washing, the higher the UPF values. Such behavior

was already reported in literature and it was attributed

to rearrangement of NPs on the surface of fabrics

during washing (Paul et al. 2010). However, taking

into account that PET fibers are components of the

studied blend as well as that such trend was not found

in the case of Co ? TiO2/Ag fabric, we believe that

this slight improvement appears as a result of fabric

Table 2 Antibacterial activity of Co fabric impregnated with

TiO2/Ag NPs

Sample Bacteria Number of

bacterial colonies

(CFU)

R (%)

Before washing

Control Co E. coli 1.9 9 105

Co ? TiO2/Ag 40 99.9

Control Co S. aureus 1.8 9 105

Co ? TiO2/Ag \10 99.9

After 10 washing cycles

Control Co E. coli 1.1 9 104

Co ? TiO2/Ag \10 99.9

Control Co S. aureus 1.4 9 105

Co ? TiO2/Ag 60 99.9

Table 3 Antibacterial activity of Co/PET fabric impregnated

with TiO2/Ag NPs

Sample Bacteria Number of

bacterial

colonies (CFU)

R (%)

Before washing

Control Co/PET E. coli 1.2 9 105

Co/PET ? TiO2/Ag \10 99.9

Control Co/PET S. aureus 1.9 9 105

Co/PET ? TiO2/Ag 25 99.9

After 10 washing cycles

Control Co/PET E. coli 1.2 9 105

Co/PET ? TiO2/Ag \10 99.9

Control Co/PET S. aureus 1.9 9 105

Co/PET ? TiO2/Ag 360 99.8

Table 4 Silver release during washing of Co ? TiO2/Ag and

Co/PET ? TiO2/Ag fabrics

Washing

cycles

Release of silver (lg/

g) Co ? TiO2/Ag

fabric

Release of silver (lg/g)

Co/PET ? TiO2/Ag

fabric

1 24.4 ± 6.7 15.4 ± 2.3

2 25.6 ± 3.2 6.9 ± 4.1

3 20.4 ± 2.8 4.3 ± 2.2

4 12.8 ± 2.4 4.6 ± 1.5

5 15.4 ± 6.2 4.4 ± 2.9

6 11.2 ± 2.0 5.0 ± 2.0

7 19.9 ± 4.8 3.9 ± 0.8

8 10.0 ± 4.0 1.9 ± 0.5

9 9.1 ± 2.9 1.3 ± 0.2

10 10.8 ± 0.7 2.4 ± 0.4
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shrinking during washing which additionally contrib-

ute to blocking of UV light (Paul et al. 2010).

Summary

In situ photoreduction of Ag?-ions with TiO2 nano-

particles deposited on cotton and cotton/PET fabrics in

the presence of alanine and methyl alcohol resulted in

generation of TiO2/Ag nanoparticles. The existence of

TiO2/Ag nanoparticles on the surface of both fabrics

was confirmed by SEM, EDX, XRD, XPS and AAS

analyses. The formation of TiO2/Ag nanoparticles was

proved by EDX while the results of FTIR analysis

suggested that carboxyl group of amino acid alanine

likely bridges surface titanium and silver ions estab-

lishing the interaction between them.

The fabrics impregnated with TiO2/Ag nanoparti-

cles provided excellent antibacterial activity against

Gram-negative bacterium E. coli and Gram-positive

bacterium S. aureus which was preserved after ten

washing cycles. In spite of satisfactory washing

fastness, the leaching of silver during washing was

prominent particularly from the cotton fabric. Silver

was also released from both fabrics in the artificial

sweat, in particular in alkaline conditions. The

presence of TiO2 nanoparticles provided maximum

level of UV protection.
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