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Abstract In the present study, a possibility to realize a

transparent sol by zinc-based precursors in a neutral medium

without acidic or alkaline catalyst was investigated. Moreover,

to study the influence of an inorganic–organic hybrid polymer

on the proposed antibacterial finishing, the Zn-based sol was

mixed with 3-glycidoxypropyltrimethoxysilane (GPTMS), a

hybrid sol–gel precursor, to produce zinc-containing silica

coatings on the cotton fibres. An optimization of functionali-

zation process parameters was performed by monitoring sur-

vival rate of Escherichia coli bacteria. Finally, selected finishes

were tested in respect to their antibacterial activity using

potential pathogenic bacteria Staphylococcus aureus and

Klebsiella pneumoniae. Sol–gel synthesized cotton finishes

based on nano-Zn acetate without and with GPTMS showed

larger bactericidal and bacteriostatic activities. The both types

of finishes also show hydrophobic effect within the first elim-

inates the hydrophobicity effect and reduces antibacterial

activity. The results are very promising, since the antibacterial

activity of cotton is comparably high and the finishing proce-

dure is cheap and can be easily performed.

Keywords Zinc acetate � Antibacterial sol–gel coating �
Cotton fabric

1 Introduction

Recent developments in the field of nanotechnology, i.e.

the ability to prepare highly ionic metal oxide nanoparticles

of any size and shape may lead to the development of new

antibacterial agents [1] which is of considerable interest on

the part of textile industry. Particularly, it has been dem-

onstrated that nanoparticulate ZnO exhibit strong antibac-

terial activities on a broad spectrum of bacteria [2, 3], even

against spores that are high-temperature and high-pressure

resistant. Moreover, the antibacterial activity of ZnO

powder increases with decreasing particle size, i.e.

increasing specific surface area, and increasing powder

concentration [4]. Smaller ZnO particles have a better

antibacterial activity and it is not affected by surface

modifications such as silane surfactant and gold nanopar-

ticle attachments as shown in [2]. In [5], it was shown that

sol–gel synthesized nanocrystalline ZnO shows larger

bactericidal activities tested with Escherichia coli than

commercial ZnO nanoparticles. The photocatalytic gener-

ation of hydrogen peroxide was suggested to be one of the

primary factors concerned in the antibacterial activity of

ZnO as measured by conductimetric assay [1]. Moreover,

among the range of compounds whose antibacterial activity

being investigated, ZnO nanoparticles appear to be the

most promising new unconventional antibacterial agent

that could be helpful to confront methicillin-resistant

Staphylococcus aureus (MRSA) and other drug-resistant

bacteria [6]. Finally, ZnO can degrade dirt and, therefore,

can be used also as an inexpensive self-cleaning material

[7]. At the same time, this inorganic agent has attracted
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increasing attention due to its long-lasting, no drug resis-

tance generation, and heat resistance [8].

A survey of up-to-date literature [9] reveals that sol

preparation procedure to obtain ZnO textile finishing is

basically comparable to that of Spanhel and Anderson [10].

The two-step conventional synthesis consists in the aque-

ous suspension and hydrolysis of the precursor to form the

zinc oxide nanoparticles. Particularly, in the first step the

precursor is uniformly dispersed in a solvent (methanol,

ethanol or isopropanol) by reflux heating for few hours.

Then, after cooling, the precursor suspension is added by

alkaline aqueous solution under vigorous stirring. Finally,

the precipitate is generally collected by filtration and rinsed

with high-purity water and ethanol, to obtain the ZnO

nanoparticles ready for textile fabric treatments. Alterna-

tively, antibacterial coating via sol–gel can be realized in

strong alkaline conditions [11].

In the present study, a possibility to realize a transparent

sol by zinc-based precursors according to their counter

anion and concentration in a neutral medium without acidic

or alkaline catalyst was investigated. Moreover, to study

the influence of an inorganic–organic hybrid polymer on

the proposed antibacterial finishing, the Zn-based sol was

mixed with 3-glycidoxypropyltrimethoxysilane (GPTMS),

a hybrid sol–gel precursor, to produce zinc-containing

silica coatings on the cotton fibres. The feasibility of

introducing functional molecules into a GPTMS sol–gel

matrix onto textile fabrics, have been recently demon-

strated in previous studies [12–14].

A preliminary study was performed to evaluate different

hydrated zinc salts—acetate, nitrate, perchlorate.

Unfortunately, neither nitrate nor perchlorate were able to

give a suitable sol, in agreement with other recent reports

[15]. Conversely, zinc acetate in hydroalcoholic media

allowed to produce a stable and reproducible system under a

great variety of experimental conditions. Methanol was

selected to realize a hydroalcoholic solution since the pre-

cursor is more soluble in this solvent than in ethanol or iso-

propanol, according to dielectric constants of these alcohols.

The aim of the studies described in the paper was to develop

a one-step deposition via sol–gel technique in a neutral

hydro-alcoholic medium, without using base such as NaOH

or LiOH, to realize an antibacterial surface on cotton fabric.

2 Experimental

2.1 Materials

A standard plain weave cotton fabric with a weight of

170 g/m2 (yarn count of 295/295 dtex and pick count of

270/270 pick/dm) was purchased from wfk Testgewebe

(Brüggen, Germany). The fabric was rinsed up to 30 times

with deionized water in order to remove residual surfac-

tants from the fabric until the surface tension of rinse water

was measured to 72 mN/m. The cleaned and dried cotton

samples were conditioned under standard atmospheric

pressure at 65 ± 4 % relative humidity and 20 ± 2 �C for

at least for 24 h prior to all the experiments. Zinc acetate

dihydrate ZnAc2�2H2O, a GPTMS precursor containing

methoxysilane groups and an epoxy group, and methanol

were obtained from Aldrich. All chemicals were used

without further purification. E. coli (ATCC� CRM-

11229TM) was obtained from LGC Standards (UK). Cul-

ture broth (Lurie–Bertani broth, LB) and culture agar

(Luria–Bertani agar) were obtained from Sigma Aldrich for

the use as culturing nutrient sources. Tryptone, Nutrient

broth and Plate Count Agar for testing according to EN

ISO 20743 were obtained from AES Laboratoire (France).

Staphylococcus aureus (CCM 4516) and Klebsiella pneu-

moniae (CNCTC 6120) were derived from the National

Institute of Public Health and Czech Collection of

Microorganisms.

2.2 Sol preparation and application process

In order to test antibacterial properties of textile samples

treated by the sol obtained by the hydrolysis of the pre-

cursor, in spite of the neutral solution, ZnAc2�2H2O was

slowly added to a 25 % v/v methanol aqueous solution

under vigorous stirring to form 5, 15, 30 g/L sols. Trans-

parent sols obtained were left under magnetic stirring for

5 h before application.

The reaction mechanism involves the sequence of sol-

vation, complex formation, hydrolysis, polymerization, and

crystallization, which are typically involved in the sol–gel

processing of non-silicate metal oxides. The pH of the as-

prepared solution was measured to be about 6.5 at 25 �C.

Usually, organic–inorganic hybrid materials are suitable

to immobilize molecules onto textile fabrics and to make

finishing more homogeneously distributed on the fibre

surface. For this reason and to improve the properties of

zinc-based coating applied onto textile fabric, hybrid fin-

ishes were also prepared by adding GPTMS to two

ZnAc2�2H2O sols. The Zn-based sols mentioned above

were prepared by adding an amount of the precursor nec-

essary to obtain 5 and 30 g/L of final concentration into

half of the calculated volume of water/methanol solution

(75:25 %); they were then stirred for 3 h. In the following,

5 mL of GPTMS was slowly added into the two sols,

separately, and finally the residual hydroalcoholic solution

was added to the precursor mixtures to reach a 100 mL

final volume. After a further stirring for 2 h, the sols were

ready for textile treatments.

Cotton fabric samples (20 cm 9 30 cm) were impreg-

nated by the obtained sols and afterward passed through a
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two-roll laboratory padder (Werner Mathis, Switzerland)

working with 3 bar nip pressure in order to achieve a

75–85 % wet pick-up. After drying at 80 �C for 10 min,

the fabrics were cured (at 170 �C for 4 min) in a gravity

convection oven. The total dry solids add-on on cotton

samples (A, wt%) was calculated according to the fol-

lowing equation and reported in Table 1:

A ¼ W2 �W1ð Þ
W1

� 100 ð1Þ

where W1 and W2 are the dry weights of the fabric spec-

imens respectively before and after the impregnation with

the sol solution and the subsequent thermal treatment. The

experiments were repeated four times for each material

investigated to ensure reproducible and significant data; the

experimental error was within 5 %.

Test pieces of the fabric were washed at 40 �C in

aqueous solution of 300 mL Marseille soap (2 % w/w)

using a Labomat (Werner Mathis, Zurich, Switzerland) for

30 min. After washing, the samples were dried over night

at room temperature. Textile samples treated with Zn fin-

ishing were subjected up to 20 washing cycles, GPTMS–

ZnAc were subjected to 1 and 5 washing cycles.

2.3 Characterization

2.3.1 Scanning electron microscopy

For qualitative assessment, the samples were studied by

scanning electron microscopy (SEM). The images were

recorded by a Phenom Desktop SEM (PhenomWorld, The

Netherlands) after sputtering the surfaces with a 7 nm

thickness gold layer, using magnifications of 3,5009 and

7,0009.

2.3.2 Surface roughness analysis

Surface topography of the samples was examined using

two different optical non-contact methods: (1) stereopho-

togrammetry and (2) high resolution scandisc confocal

microscopy. The stereophotogrammetry method was used

to characterize meso-topography of the fabric samples

(5 mm 9 5 mm) by means of a TRACEiT (Innowep,

Germany). To measure the micro-roughness of fibres, a

high resolution scandisc confocal microscope lSurf

(Nanofocus, Germany) was used. A detail description of

this equipment and measuring procedure is provided in

[16].

2.3.3 Wettability characterization

To estimate the degree of fabric’s hydrophilicity/hydro-

phobicity, dynamic wetting measurements were carried out

with a contact angle measuring device OCA 40 Micro

(DataPhysics, Germany) equipped with a high speed video

camera. The initial water contact angle and total absorption

time (drop life time) were used to evaluate the wettability

of fabrics before and after treatment by the sol. More

details about dynamic contact angle measurements are

provided in [17].

2.3.4 Determination of antibacterial activity

First, an optimization of functionalization process param-

eters by monitoring survival rate of E. coli bacteria was

performed. Second, selected finishes were tested in respect

to their antibacterial activity using potential pathogenic

bacteria S. aureus and K. pneumoniae.

A microbiological study with E. coli bacteria was per-

formed in respect to evaluate the cotton fabrics modified

with Zn precursor and organic–inorganic hybrid nanoma-

terials before and after washing about their antibacterial

properties. For that, a quantitative measurement of the

bacterial population on a textile material was used which

compares actual numbers of organisms surviving on treated

fabrics to untreated control fabrics. The amount of bacterial

growth in inoculated and incubated textiles was determined

through serial dilutions and subsequent inoculations of

sterile agar.

A suspension of E. coli bacteria was prepared using LB

broth with a concentration of 0.02 of optical density

measured with a spectrophotometer a WPA CO-8000 Cell

Density Meter at 600 nm. A 30 lL of bacterial suspension

in form of 4 droplets were applied on a textile sample of

20 9 20 mm size. The samples were placed into Petri

dishes with agar plates above them at 37 �C for 24 h. After

incubation, each textile sample—treated with bacteria as a

reference and those after washing—was placed in a tube

with a small amount (5 mL) of LB each. After 30 times

shaking, each suspension was applied according to the

spread plate method onto a sterile agar plate. The plates

were incubated at 37 �C for 24 h. The minimal bactericidal

concentration (MBC)—a minimum concentration showing

Table 1 Experimental setup codes of inorganic and hybrid sols

Formulations Code ZnAc2�2H2O

(g/L)

GPTMS

(mL/L)

Add-on (%)

Untreated Zn0 0 0 0

ZnAc 0.5 % Zn0.5 5 0 Undetectable

ZnAc 1.5 % Zn1.5 15 0 Undetectable

ZnAc 3.0 % Zn3 30 0 0.67

GPTMS–

ZnAc 0.5 %

ZnG0.5 5 50 1.9

GPTMS–

ZnAc 3.0 %

ZnG3 30 50 2.5
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no viable cell growth—of the sols used were determined by

a dilution test. If no colony was observed, the corre-

sponding zinc-based sol solution was considered as being

bactericidal at that concentration. All tests were carried out

in triplicate.

For the determination of antibacterial activity of selec-

ted finishes with S. aureus and K. pneumoniae bacteria,

absorption method according to EN ISO 20743:2007 was

used, in which test bacterial suspension is directly inocu-

lated onto textile samples. The aim of this test is to

determine and compare the number of bacteria on sample

at 0 h and after 24 h incubation bacteria on sample. The

test was carried out separately on two strains of bacteria—

S. aureus and K. pneumoniae. The bacterium was adjusted

to a concentration of 1 9 105 to 3 9 105 CFU/mL by a

McFarland nephelometer using nutrient broth after it has

been diluted 5 times with distilled water. 0.2 mL of this

inoculum suspension was pipetted on each test sample

placed in a closed vial. Immediately after inoculation,

20 mL of SCDLP—a shake-out medium—was added to

each of three vials (all tests were carried out in triplicate),

containing treated samples and each of three vials con-

taining untreated (reference) sample, and bacteria were

shaken-out from textile samples. The number of bacteria

(at 0 h) was determined by the plate count method (see

description below). The remaining vials were incubated at

37 �C for 24 h. After incubation, 20 mL of SCDLP med-

ium was added to each of six vials (three with treated

samples and three for untreated samples) and shaken-out.

The number of bacteria (at 24 h) was calculated by the

plate count method, i.e. a method in which the number of

bacteria present after incubation is calculated by counting

the number of colonies according to a tenfold serial dilu-

tion. Tryptone was used as a dilution medium. 1 mL of

each dilution was pipetted into Petri dishes and approxi-

mately 15 mL of PCA (Plate Count Agar) was added to the

dishes and mixed. After incubation of the Petri dishes at

37 �C for 24–48 h, the number of bacteria in 1 mL was

counted (cB in CFU/mL). The final number of bacteria

(M in CFU) is calculated according to the equation

M ¼ cB � 20 ð2Þ

where M is the number of bacteria per specimen, cB is the

bacteria concentration obtained by the plate count method

(CFU/mL) and 20 is the volume of the shake-out solution

(mL).

3 Results and discussion

Using the sol–gel process described above, ZnO films can

be obtained starting from inorganic salts (i.e. chlorides,

nitrates, perchlorates) or organic salts (i.e. acetates), dis-

solved in alcoholic media. The use of additives, as acid or

basic and/or chelating agent, is promoted to facilitate zinc

salt dissolution in some alcoholic media. Moreover, they

can play a role of chelating and stabilizing ligands,

avoiding rapid precipitation of zinc hydroxide and allowing

any formation of stable dispersions or solutions. Lithium

(or sodium) hydroxide is often used to form stable dis-

persions of colloids. In the innovative way proposed for

sol–gel finishing of cotton fabric, in the absence of other

nucleophilic species competing for the Zn2? Lewis acid

center (i.e. HO- or bidentate ligand), the acetate group

plays a very relevant role. According to [15], the pro-

gressive condensation of the hydrolyzed moieties gives rise

to colloids or precipitates. Stable acetate-capped colloidal

nano-sized to sub-micrometer-sized particles can be

formed in dilute solutions (Fig. 1). This is in agreement

with the present research where the analyzed solutions

resulted in homogeneous, clear and stable sols that were

selected as the optimum compositions.

In order to find evidence of any relevant changes in the

fabric surface due to treatment with the hybrid sols, analysis

CH3
O

+Zn
O

Hydrolysis /
Condensation

OH

O
H3C

H2O

Hydrolysis
HO-Zn+

HO-

Condensation

ZnO1-X(AcO)2X

Zn oxo-acetato species

ZnO

Zn oxo-acetate 
colloidal particle

acetate
groups

Zn++

Fig. 1 Proposed chemical

equilibria taking place by zinc

acetate precursor during sol–gel

process in neutral hydro-

alcoholic media
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by scanning electron microscopy (SEM) was performed.

Figure 2 shows two magnifications of treated and untreated

cotton fabrics. As is well known, pure cotton fibres are

characterized by a certain inhomogeneity level due to the

natural growing, as depicted in Fig. 2a. When the fibres are

sol–gel treated, their surface becomes slightly rougher

(Fig. 2b, c), due to the presence of coating covering the fibres

completely. The textile surfaces treated by sol obtained using

ZnAc precursor shows several fractures in the coating, that

disappear when GPTMS is added in the sol, indicating

excellent inter-particle connectivity and high inter-layer

attachment. The presence of GPTMS in sol makes the hybrid

thin film more homogeneously distributed on the fibre sur-

face (Fig. 2c). No agglomerated particles are visible on the

surface of both treated samples, which indicates an homo-

geneous distribution of the coating and the absence of

unwanted agglomerations on the finished fibres.

Surface roughness plays a critical role in surface wet-

tability. It influences the behaviour of liquid drops in both

thermodynamic and hydrodynamic aspects. Enhanced

Code 3500x 7000x

A
(Zn0)

B
(Zn3)

C
(ZnG3)

Fig. 2 SEM images of

untreated cotton fabric (a) and

cotton fabric treated with pure

(b) and GPTMS-doped

(c) ZnAc sols (at 30 g/L

concentration)
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surface roughness can increase the static contact angle of

water making the surface water repellent or superhydro-

philic. Generally speaking, surface roughness influences

the wetting behaviour of a liquid on a surface and there-

fore, complicates a quantitative interpretation of the wet-

ting results. In this study, surface roughness parameters Sa

and Srl were obtained from topographical measurements

according to ISO/DIS 25178-2. The parameter Sa is the

arithmetic mean surface roughness being the arithmetic

average of all distances between Z-value and mean height

inside a range of captured data. Sa is usually used to

describe the surface roughness. The parameter Srl is a

hybrid parameter originally introduced by Wenzel [18] to

describe wetting of rough surfaces. The roughness factor of

a surface is the ratio between the real surface area and the

projected one. It is obvious, that the roughness factor

determined is bound by the resolution of the measuring

device.

Topographical characteristics of cotton fabrics func-

tionalized by Zn precursor using sol–gel method are pre-

sented in Table 2. The fabric roughness is quite unaffected

by the type of treatment independently on washing. In case

of the cotton functionalization by 3 % of ZnAc and 3 % of

GPTMS–ZnAc, the roughness factor of fibres is slightly

increased after washing. In general, cotton fibres have not

altered after their modification by 3 % ZnAc, whereas they

became slightly smoother in case of 3 % GPTMS–ZnAc

modification, according to SEM characterization.

Wettability, depending on the geometrical structure and

the chemical composition of the materials, was examined

by water contact angle (WCA) measurements. In Fig. 3,

water droplet images placed on differently functionalized

cotton surfaces are shown. The untreated cotton fabric has

been rapidly wetted by water due to the abundant hydroxyl

groups in its structure. On contrary to the pristine cotton

sample, the treated cotton fabrics showed a certain water

repellency. The modification of wetting behaviour of

samples after treatments at different compositions was

characterised. The water droplet behaviour indicated a

decrease in water repellency for 3 % Zinc acetate GPTMS

with respect to the 3 % Zinc acetate. This decrease is

supported by the roughness factor values of the fibres that

decreased from 1.558 to 1.262, due to the presence of silica

coating able to reduce the roughness factor making slightly

smoother the cotton fibres. From dynamic contact angle

measurements data, initial contact angle and total pene-

tration time, also known as droplet life time, are summa-

rized for textile substrates under investigation in Table 3.

The experimental error was within 10 %.

The initial contact angle was almost 89� for untreated

cotton and, after treatment, it increased to 132� for both

ZnAc and GPTMS–ZnAc sols. Treated surfaces showed a

more pronounced hydrophobic character which can be

explained by the reduction of hydroxyl sites due to the

presence of finishes.

The functionalization led to an increase of the initial

water contact angle, while the total penetration time also

depends on washing cycles. After one washing cycle, the

initial WCA on the cotton fabrics coated with ZnAc sol and

GPTMS containing ZnAc sol were 121� and 143�,

respectively; the same behaviour was observed also after 5

washing cycles. However, the total absorption time

decreased remarkably after repeated washing, modifying

drastically the drop life time and making functionalized

cotton surfaces hydrophilic.

This could be due to the swelling property of cellulose

fibre in washing process. As a result, the compatibility and

adhesion between cellulose fibres and inorganic layer

decreased during laundering. This decrease is more

important for samples treated with ZnAc-based sol, that

already after one washing cycle show an absorption rate

similar to the untreated one, probably due to the inorganic

Table 2 Surface roughness characteristics of cotton fabrics functionalized by Zn precursor

Sample Treatment Surface roughness, Sa (lm) Roughness factor, Srl (lm)

Fabric Fibre Fabric Fibre

Zn0 Untreated 17.1 ± 0.3 0.22 ± 0.1 1.061 1.676

Zn0.5-0 ZnAc 0.5 %, unwashed 18.5 ± 0.2 0.26 ± 0.2 1.076 1.483

Zn1.5-0 ZnAc 1.5 %, unwashed 17.8 ± 0.1 0.22 ± 0.1 1.071 1.412

Zn1.5-5 ZnAc 1.5 %, washed 5 times 18.3 ± 0.1 0.21 ± 0.1 1.075 1.306

Zn3-0 ZnAc 3 %, unwashed 17.5 ± 0.2 0.24 ± 0.1 1.067 1.558

Zn3-1 ZnAc 3 %, washed 1 time 17.2 ± 0.3 0.28 ± 0.2 1.065 1.655

Zn3-5 ZnAc 3 %, washed 5 times 17.0 ± 0.2 0.28 ± 0.1 1.064 1.663

ZnG0.5-0 GPTMS–ZnAc 0.5 %, unwashed 17.9 ± 0.1 0.28 ± 0.2 1.073 1.399

ZnG3-0 GPTMS–ZnAc 3 %, unwashed 17.5 ± 0.1 0.24 ± 0.1 1.066 1.262

ZnG3-1 GPTMS–ZnAc 3 %, washed 1 time 16.7 ± 0.6 0.27 ± 0.2 1.065 1.288

ZnG3-5 GPTMS–ZnAc 3 %, washed 5 times 17.0 ± 0.5 0.23 ± 0.1 1.064 1.291
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nature of this films that tend to crack during the laundering.

Crack formation, resulting in bare fibre areas, leads to

ineffectiveness of the repellency, allowing the absorption

of water into the fibre due to capillary forces [19]. When an

epoxide group containing silane, GPTMS, was added in the

ZnAc sol, the total absorption time and, consequently,

hydrophobicity of the obtained coating is slightly

decreased; at the same time the laundering durability was

slightly higher compared to ZnAc-based sol.

A typical contact angle curve measured as a function of

time is shown in Fig. 4 as an example. Two wetting regimes

are clearly seen—quasi-static wetting where the drop base

and, consequently, contact angle remains approximately

constant and penetration which is marked by liquid drop

absorption into fabrics. The wetting behaviour of a liquid

droplet on a textile surface has been extensively studied by

the authors and described previously in [20].

Time (s)

Untreated co�on fabric Treated by 3% Zinc acetate Treated by 3% Zinc acetate-
GPTMS

0

1

2

100

200

Fig. 3 Water droplet on the

surface of untreated and

differently treated cotton fabrics

Table 3 Contact angle characteristic data for some of the textile

substrates under investigation

Sample Treatment Initial contact

angle (�)

Total

absorption time

(s)

Zn0 Untreated 89 3

Zn3-0 ZnAc 3 %, unwashed 132 212

Zn3-1 ZnAc 3 %, washed 1

time

121 5

Zn3-5 ZnAc 3 %, washed 5

times

133 5

ZnG3-

0

GPTMS–ZnAc 3 %,

unwashed

132 140

ZnG3-

1

GPTMS–ZnAc 3 %,

washed 1 time

143 23

ZnG3-

5

GPTMS–ZnAc 3 %,

washed 5 times

143 13
Fig. 4 Contact angle of water on a cotton surface functionalized by

3 % Zinc acetate as a function of time. Three measuring runs are

shown using open symbols, the average curve is highlighted with

filled spheres
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Antibacterial activity of cotton fabrics coated with both

ZnAc-based sols and hybrid GPTMS–ZnAc solutions were

evaluated respect to the untreated sample to assess the

effectiveness of finishing. Antibacterial activity was eval-

uated qualitatively and quantitatively. There are several

possible mechanisms for the antibacterial action of Zinc

against bacteria, but to date, the process underlying their

antibacterial effect is not completely clear. However, few

studies have suggested that the Zinc particles are attached

on the bacterial cell wall through electrostatic interaction,

Fig. 5 Photographs of

incubated E. coli agar plates

demonstrating the effect of

antibacterial finishing of cotton

on the number of CFU after

24 h: a untreated, b 3 % Zinc

acetate and c 3 % Zinc acetate-

GPTMS. The cotton samples

were unwashed

Fig. 6 Photographs of incubated E. coli agar plates demonstrating the effect of antibacterial finishing of cotton by 3 % Zinc acetate on the

number of CFU after 24 h: a unwashed, b after 1 washing cycle; c after 5 washing cycles, d after 10 washing cycles, e after 20 washings cycles

Fig. 7 Photographs of incubated E. coli agar plates demonstrating the bactericidal effect of Zinc acetate on the number of CFU after 24 h:

a untreated, b 0.5 % Zn acetate, c 1.5 % Zn acetate, d 3 % Zn acetate

Table 4 The colony forming

units (CFU) of Staphylococcus

aureus and Klebsiella

pneumoniae bacteria on

cotton—untreated and

differently treated

Sample Treatment Staphylococcus aureus, CFU Klebsiella pneumoniae, CFU

0 h 24 h 0 h 24 h

Zn0 Untreated 2.1 9 104 5.7 9 107 2.8 9 104 2.3 9 108

Zn0.5-0 ZnAc 0.5 %, unwashed 2.2 9 104 B20 2.5 9 104 B20

Zn0.5-5 ZnAc 0.5 %, washed 5 times 2.2 9 104 5.9 9 103 2.5 9 104 2.4 9 104

Zn3-0 ZnAc 3 %, unwashed 7.9 9 103 B20 2.1 9 104 B20

Zn3-5 ZnAc 3 %, washed 5 times 1.8 9 104 B20 2.2 9 104 B20
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rupturing the cell walls, increasing the permeability,

causing the leakage of cytoplasm, and leading to bacterial

cell death [21]. Another possibility could be the induction

of intercellular reactive oxygen species, including hydro-

gen peroxide (H2O2), a strong oxidizing agent harmful to

bacterial cells [22, 23]. In this study, the evaluation of

antibacterial activity of textile finishings against a gram-

negative bacterium, E. coli, was studied qualitatively in

aqueous LB broth by halo method (zone of inhibition)

(Fig. 5). As expected, no reduction of the bacteria E. coli

was found on the unfinished cotton sample. On the con-

trary, antibacterial activity results revealed that Zn pre-

cursor on cotton acted as excellent antibacterial agent

against Gram-negative bacteria. After the E. coli (Gram-

negative) suspension was applied onto a sterile agar plate

and they were incubated at 37 �C for 24 h, their viable

colonies vanished. The results showed that when bacterial

colonies of E. coli interact with the unwashed cotton

samples treated with both ZnAC and GPTMS–ZnAc

solutions, they are almost completely suppressed.

The results reported in Fig. 6 show that a complete

reduction in growth of bacterium was reached for the

unwashed sample treated with 3 % ZnAc sol. In the same

way, after one and five washing cycles, the finished fabrics

exhibited a complete reduction of E. coli. A distinct zone

of inhibition was observed indicating complete inhibition

of the bacterial growth. Only a small numbers of colonies

are visible after 10 washing cycles, while bacterial growth

after 20 washing cycles is evident.

As shown in Fig. 7, the antibacterial activity of finished

fabric treated with ZnAc is independent on the concentra-

tion used. In fact, the antibacterial activity against E. coli

shows a clear zone of inhibition within and around the disc

impregnated with ZnAc-based sol at (A) 0.5 %, (B) 1, 5

and (C) 3 %.

The results of the antibacterial test according to the

absorption method using pathogenic S. aureus and K.

pneumoniae bacteria, are summarized in Table 4. Judg-

ment of the test effectiveness was done according to three

criteria: (1) concentration of the test inoculum was

1.4 9 105 CFU/mL; (2) the difference in extremes for the

three control fabrics immediately after inoculation and

after incubation was 0.22 and 0.36 for S. aureus and 0.23

and 0.25 for K. pneumoniae, respectively; (3) the growth

value obtained according to lg(arithmetic average of CFU

after incubation, control fabrics; 24 h) - lg(arithmetic

average of CFU immediately after inoculation, control

fabrics, 0 h) was 3.43 and 3.91 for S. aureus and K.

pneumoniae, respectively. Inspection of the results

revealed that the bacteria did not grow on all the finished

samples. Importantly, only sample treated just with 0.5 %

of ZnAc sol did not show full bacteria reduction after 5

consecutive washings, suggesting the effective prevention

of bacterial on cotton fabrics. In fact, for each pathogenic

bacterium, the treatment of cotton by Zn acetate has shown

the bactericidal effect independently of the concentration

of Zn acetate under study with a reduced number of 4

logarithmic grades for both bacteria types compared to the

untreated sample. It should be noted that the growth of

bacteria was visible in the case of cotton treated with ZnAc

at 0.5 % after five washing cycles as compared to the other

coated fabrics. These results demonstrate that, after repe-

ated laundering, the antibacterial activity of the treated

samples at lowest concentration is limited to the biostatic,

rather than the biocidal. They inhibit the growth of bacte-

ria, but do not kill them. The results furthermore show that

the unwashed 3 % ZnAc sample, tested on S. aureus, has

immediately shown, after first contact with sample (in 0 h),

an antibacterial effect. Moreover, also after five laundering

cycles, non negligible bactericidal property for the 3 %

ZnAc sample has been observed.

4 Conclusion

In this paper, zinc-based coatings for antibacterial finishing

of cotton fabric were successfully synthesized using an

innovative sol–gel route in neutral hydro-alcoholic media.

Compared to the conventional methods to obtain ZnO

powder by zinc precursors in alkaline solution with reflux

heating, the one-step coating system reported is simple and

reproducible for the preparation of transparent antibacterial

surfaces. The coating proposed might provide a novel, easy

alternative to conventional methods for the manufacturing

of protective textile fabrics, highlighting that precipitation

of ZnO is not necessary. The most important advantages of

the present method are the low-temperature process, the

neutral media and the formation of the unique morphology

on the treated textile fabrics. In fact, sol–gel synthesized

cotton finishes based on nano-Zn acetate without and with

GPTMS show larger bactericidal and bacteriostatic activi-

ties, tested with E. coli, S. aureus and K. pneumoniae

bacteria, even after five cycles of washing in case of

highest concentration. The both types of finishes also show

hydrophobic effect within the first laundering cycle elimi-

nates the hydrophobic. The results are very promising,

since the antibacterial activity of cotton is comparably high

and the finishing procedure is cheap and can be easily

performed.
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