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Abstract We report the antibacterial efficacies of silver

and/or silver chloride containing titania xerogels synthe-

sized with modified single step sol-gel methods against

Escherichia coli bacteria. As the silver loading in TiO2

increases, the amount of the xerogel required to inhibit the

growth of the bacteria decreases and also we found that

pure TiO2 was not bactericidal. Among modified single

step sol-gel methods used in this study, the additional HCl

treatment sol-gel route III was very effective to obtain only

AgCl crystallites in TiO2. Based on viable cell count

method, 0.125 g/L of 29%Ag/TiO2 (made with HNO3 sol-

gel route I) was enough to inhibit the growth of E. coli

whereas 0.6 g/L of 29%Ag/TiO2 (made with the additional

HCl treatment sol-gel route III) was required. However,

antibacterial activity of 29%Ag/TiO2 (made with HNO3

sol-gel route I) after 6 usages was the same as 29%Ag/TiO2

(made with the additional HCl treatment sol-gel route III).

Keywords Sol-gel � Xerogels � Silver � Silver chloride �
Titania � E. coli

1 Introduction

Some microorganisms, such as E. coli bacteria, may

adversely affect our health through many infectious routes;

for example, ingestion and inhalation. Bacteria can be

eliminated from contaminated areas using chemical and

mechanical means. Cleaning with chemicals which are

toxic and corrosive is time consuming and labor intensive

procedure. Instead, the growth of bacteria can be inhibited

using materials containing biocidal additives, such as sil-

ver, copper and zinc [1, 2]. Among these additives, silver

salts and compounds, such as silver nitrate and silver sul-

fadiazine; have been known as effective antibacterial

agents in medicine for a long time. For example, they were

sold as cures for treating local infections as early as 1902

and also they have been used in the treatment of burns in

clinics since 1965 [3–5]. In addition to these medical and

clinical usages, silver compounds have been recently used

as biocidal additives in many practices ranging from the

sterilization of water, to the antimicrobial food packaging,

to preservative usages in cosmetics, to the long lasting

sanitization of public facilities, such as public telephones

and toilet seats [6, 7].

Antibacterial materials are known to be biocidal in

inhibiting the growth of bacteria when they are in the form

of soluble ions and/or nano-particles. For example, Gupta

et al. reported that water soluble ionic Ag-halide com-

plexes, such as AgCl2
-, in addition to water soluble Ag?

ion could be very active in reducing bacteria population on

agar media [8]. Metal and metal oxide nanoparticles, such

as silver and magnesium oxide, were also found to be

effective against bacteria [9–11]. On the other hand,

nanoparticles in liquid systems are known to suffer from

the aggregation due to the presence of bacteria, hence

leading to decrease in their biocidal activities [9].

The slow release of the soluble Ag? ions and/or com-

plexes seems to be a better approach to achieve long lasting

protection against bacteria. This can be accomplished

through the incorporation and stabilization of ionic silver

species in inorganic or organic carriers, such as fibers,

zeolite and polymers [12–14]. Rivera-Garza et al. [12]

prepared natural zeolite supported silver using ion-

exchange method and found out that silver loaded natural
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zeolites were effective in destroying E. coli and S. faecalis

bacteria in the solution and the efficacy of these zeolites

depended on the silver amount and the contact time.

Estevao et al. [15] found that the silver impregnated waste

oil refinery catalysts which were incorporated in the

polyurethane had biocidal activity against S. aureus,

E. coli, C. humicolus and C. tropicalis. Besides, Jeon et al.

[16] reported that silver doped silica thin films prepared

using tetraethyl ortosilicate and silver nitrate in the sol-gel

method were very active bactericides against E. coli and

S. aureus. Similarly, Trapalis et al. [17] showed that the

sol-gel synthesized copper doped silica thin films coated on

the microscope glass plates were very active in destroying

E. coli bacteria. In the last few years, several studies on

silver containing titania materials were reported. Thiel

et al. studied the antibacterial properties of silver-doped

titania nanoparticles by the sol–gel technique [18]. Fol-

lowing the study of Thiel et al., several other studies

focused on antibacterial properties of silver containing

TiO2 composites were published [19–22]. However, to the

best of our knowledge, there is no study on understanding

the effect of crystallite phase and counter ion effect on the

bactericidal activities and also on the long term usage of

the titania supported silver.

In this manuscript, we report the effect of preparation

conditions and silver amount on the bactericidal activity

and silver release of titania supported silver xerogels made

through the three modified sol-gel routes.

2 Experimental section

2.1 Synthesis of silver or silver chloride containing

titania xerogels

We modified the sol-gel method given in ref. [23] to syn-

thesize pure titania, silver and/or silver chloride containing

titania xerogels in a single-step sol-gel approach. The

procedures used in this study are summarized in Fig. 1.

Silver nitrate (99% purity, from Aldrich Inc.) was used as

silver precursor. For silver containing titania xerogels, 1.2

wt.%, 12 wt.% and 29 wt.% Ag loadings were used.

2.1.1 HNO3 sol-gel route I

For the synthesis of Ag/TiO2 xerogels, tetrabutyl-orthoti-

tanate (TBOT) (99% purity, from Aldrich Inc.), nitric acid

(65% purity, from Aldrich Inc.) and ethanol (99% purity,

from Aldrich Inc.) were used without further purification.

The molar ratio of [HNO3]/[Ti] = 0.087, [H2O]/[Ti] = 4

and [Ethanol]/[Ti] = 27 were used in the preparation.

After mixing TBOT and ethanol at room temperature, the

mixture of HNO3 and water was added to obtain the sol.

Then, the necessary amount of AgNO3 in water was added

to the sol to obtain the gel. Finally, all the gels were cal-

cined at 400 �C for 3 h. The xerogels obtained in this way

is designated as the silver loading preceding Ag/TiO2

notation throughout the manuscript. For instance, for 1.2

wt.% Ag loading, it is 1.2%Ag/TiO2.

2.1.2 HCl sol-gel route II

Hydrochloric acid (HCl) was used in the synthesis of

Ag-AgCl/TiO2 xerogels. Tetrabutyl-orthotitanate (TBOT)

and ethanol were mixed at room temperature. After that,

hydrochloric acid was diluted with water, and was added to

tetrabutyl-orthotitanate—ethanol solution. In the synthesis,

molar ratios of [HCl]/[Ti] = 0.25, [H2O]/[Ti] = 4 and

[Ethanol]/[Ti] = 27 were used. HCl acid was first diluted

with half of the total amount of water and then was added

to tetrabutyl-orthotitanate and ethanol mixture. The

required amount of silver nitrate was dissolved in the

second half of the total amount of water and slowly added

to partially hydrolyzed tetrabutyl-orthotitanate solution.

The gelation occurred without formation of precipitates in

1 h. Once the gels were obtained, they were calcined at

400 �C for 3 h. Similar to route I, the xerogels obtained in

this route II is designated as the silver loading preceding

Ag-AgCl/TiO2 notation throughout the manuscript. For

instance, for 1.2 wt.% Ag loading, it is 1.2%Ag-AgCl/

TiO2.

2.1.3 Additional HCl treatment sol-gel route III

In order to form only AgCl nanocrystals in TiO2, Ag-AgCl/

TiO2 xerogels were further treated with HCl acid using

incipient wetness impregnation. Finally, HCl treated xero-

gels were calcined at 200 �C for 2 h. The xerogels obtained

TBOT + Ethanol 

Transparent sol 

HCl/H2O 

Transparent sol 

AgNO3 in 
H2O 

AgNO3 in 
H2O 

Gel Gel 

Calcination Calcination 
Ag/TiO2 

xerogels 

HCl 

HNO3/H2O 

Calcination 

Ag-AgCl/TiO2 

xerogels 

AgCl/TiO2 

xerogels 

HCl sol-gel route IIHNO3 sol-gel route I

Additional HCl treatment sol-gel route III 

Fig. 1 The sol-gel procedures used in this study
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in this route III is designated as the silver loading preceding

AgCl/TiO2 notation throughout the manuscript. For

instance, for 1.2 wt.% Ag loading, it is 1.2%AgCl/TiO2.

2.2 Materials characterizations

Crystallite size and phases present in the materials were

determined by X-ray diffraction (Philips X’pert Pro XRD,

operated at 40 kV and 45 mA). Average crystallite sizes of

silver and silver chloride were calculated from the broad-

ening of X-ray diffraction peak and the Scherrer equation.

2.3 Bactericidal activity measurements

The antibacterial efficacies of the titania supported silver

xerogels were evaluated by using two methods: (1) disk

diffusion and (2) viable cell count. In the disk diffusion

method, the medium was prepared by using Mueller–Hinton

broth (from Mercks Co.) and agar agar (from Mercks Co.).

Bacteria cells were grown in the growth medium at 37 �C

overnight. E. coli colony was dissolved in 1 mL of distilled

water; the turbidity was adjusted to McFarland no. 0.5 (108

CFU/mL). After soaking a sterile cotton swab in the bacte-

rial suspension, the swab was streaked in at least 2 directions

over the surface of the Mueller–Hinton agar to obtain uni-

form growth. Plates were divided into 4 parts. 8 mm in

diameters of pellets (each of them were about 0.1 g) were

prepared using a hydraulic press at ambient temperature and

placed in each division on the plates. Then, the plates were

incubated at 37 �C. After 1 day of incubation, the zone

diameter was measured. The zones were measured with

digital caliper at 4 different symmetric points around the

antibacterial zone in order to minimize the measurement

errors.

In viable cell count method, E. coli bacterial cultures

were first grown on nutrient agar plates at 37 �C for over-

night. Sufficient amount of E. coli colony was dissolved in

0.9% NaCl-water to adjust the turbidity to McFarland no.

0.5 (108 CFU/mL). Sterile tissue culture plates (24 well with

2 mL volumes) were obtained from Becton Dickinson

Labware Company. 0.1 mL of bacteria suspension and

1.9 mL of liquid Mueller-Hinton broth was added into the

well containing different amount of xerogels. They were

incubated at 37 �C for 24 h. After that, 0.1 mL of liquid

sample was added on nutrient agar plates and spread out

over the plates. Plates were incubated at 37 �C for 24 h.

Finally, cells grown were counted on the plates.

2.4 Determination of silver dissolution from selected

xerogels

0.1 g of each powder was put into the falcon tubes con-

taining 25 mL of deionized water. They were placed in a

shaking incubator to mix the content while keeping the

temperature constant at 30 �C for 24 h. Then, they were

centrifuged and filtered with a filter paper. As the solid

content was removed, the liquid samples were acidified

with about 2% HNO3. The samples were tested at Agilent

7500ce Series inductively coupled plasma quadruple mass

spectrometer (ICP-MS) (Tokyo, Japan) without further

dilution.

3 Results

Figure 2 shows the results of the disk diffusion tests for all

the xerogels made with HCl sol-gel route II as a function of

silver loading. The error bars given in the figure represent

95% confidence interval in the measurement of the zone

diameter. As seen in the figure, three duplicate for each

silver loading indicates that the results are reproducible. In

fact, the antibacterial activity of the xerogels increased

with the silver loading. For example, *25% increase in the

zone diameter was observed when Ag loading was changed

from 1.2 to 12% but further increase of Ag loading to 29%

resulted in only *6% expansion in the zone diameter. In

contrast, pure titania (i.e. without silver) made with the

same sol-gel routes using both HNO3 and HCl was not

bactericidal against E. coli (data not shown). The reason

why 29 wt.% of high silver loading was used is because

final percentage of the antibacterial agent in a host matrix,

such as a polymer, is generally desired to be *1 wt.%.

Based on the disk diffusion results and the 1wt.%

requirement, we focused our attention on 29 wt.% Ag

containing TiO2 xerogel.

Figure 3 shows the XRD patterns of 29% Ag/TiO2

xerogels prepared with the three preparation routes men-

tioned in the experimental section. It is clearly seen from

the figure that silver is in metallic form in Ag/TiO2 xerogel

synthesized with the HNO3 sol-gel route I whereas the one

Fig. 2 Disk diffusion method: Ag loading effect on the bactericidal

activity of the xerogels made with HCl sol-gel route II
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synthesized through HCl sol-gel route II (i.e. Ag-AgCl/

TiO2) contains both Ag and AgCl crystallite phases.

Interestingly, we found that additional HCl treatment sol-

gel route III ensured the conversion of metallic Ag crys-

tallites into AgCl in TiO2. In fact, our observations are in

parallel with the studies given in the literature. For

instance, Li et al. [24] found that Ag nano-crystallites were

highly reactive toward HCl to form AgCl although it is

well known that bulk silver does not react with HCl acid. In

addition, we found from EDX surface elemental analysis of

two xerogels, 29%Ag/TiO2 and 29%Ag-AgCl/TiO2, that

the silver was fairly uniformly dispersed on TiO2 even

though silver loading was 29 wt.% (data not shown).

Besides, from the line broadening of XRD peaks and

Scherrer equation, we calculated the average crystallite

size of Ag and AgCl in the unused (i.e. fresh) xerogels

made with three sol-gel routes for 29% silver loading. As

seen in Table 1, the additional HCl treatment sol-gel route

III resulted in the formation of the largest AgCl crystallites

(*65 nm in diameter) and with the HCl sol-gel route II,

Ag and AgCl crystallites of *16 and *12 nm in diameter,

respectively, were present. In contrast, HNO3 sol-gel route

I produced only metallic Ag with *16 nm of average

crystallite size.

Figure 4 shows the antibacterial activities of all the 29

wt.% Ag/TiO2 xerogels made with three sol-gel routes. We

found that there was no significant difference in the bac-

tericidal activities of the xerogels made with HNO3 sol-gel

route I and HCl sol-gel route II within our measurement

errors. However, the xerogel made with additional HCl

treatment sol-gel route III was *25% less bactericidal than

the others. In order to better understand bactericidal

activities of 29 wt.% Ag/TiO2 xerogels, Ag ion released to

deionized water from the xerogels made with HNO3 sol-gel

route I and also the additional HCl treatment sol-gel route

III was studied using ICP analysis. We found that silver

concentration in water that was released from the xerogel

made with additional HCl treatment sol-gel route III was

117 ppb whereas for the xerogel made with HNO3 sol-gel

route I, it was 680 ppb.

Based on the viable cell counting method, the minimum

amounts of the xerogels required to inhibit the growth of

bacteria are given in Table 2. It is seen that as the silver

loading increases, minimum amount required for the

xerogels made with the additional HCl treatment sol-gel

Fig. 3 XRD patterns of 29% Ag/TiO2 xerogels prepared with the

three preparation routes

Table 1 Average crystallite sizes of 29% Ag-TiO2 pellets before

used in antibacterial tests

Ag (nm) AgCl (nm)

29%Ag-AgCl/TiO2 15.6 11.6

29%Ag/TiO2 16.4 –

29%AgCl/TiO2 – 64.6

Fig. 4 Bactericidal activities of all the 29 wt.% Ag/TiO2 xerogels

made with three sol-gel routes

Table 2 Minimum amounts required for the inhibition of E. coli
growth for silver titania xerogels

Minimum amount required to

inhibit bacteria growth (g/L)

1.2%AgCl/TiO2

(made with the additional HCl

treatment sol-gel route III)

5.6

12%AgCl/TiO2

(made with the additional HCl

treatment sol-gel route III)

2.5

29%AgCl/TiO2

(made with the additional HCl

treatment sol-gel route III)

0.6

29%Ag/TiO2

(made with HNO3 sol-gel route I)

0.125
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route III decreases from 5.6 to 0.6 g/L. In contrast, 29%Ag/

TiO2 made with HNO3 sol-gel route I showed the lowest

minimum amount required to inhibit the bacteria growth,

0.125 g/L. In other words, the amount of the xerogel nec-

essary to inhibit the growth of bacteria is very low for

29%Ag/TiO2 made with HNO3 sol-gel route I.

4 Discussion

4.1 Chloride ion effect on antibacterial activity

Antibacterial activity reported in literature was mostly

correlated with the silver crystallite size (i.e., the smaller

the silver crystallite size, the higher the antibacterial

activity) without measuring the dissolution rate of silver

[18, 21]. Also, the effect of chloride ion present in the

nutrient was ignored in the studies reported in literature.

Our results are not in parallel with this trend reported in the

literature since the different preparation methods was used

in our study and the chloride ion effect was considered. We

found that the presence of chloride ion either in medium or

in the xerogels significantly affects the dissolution of sil-

ver; hence, the antibacterial activity. For instance, one

should notice that the bulk silver does not dissolve in water

unless there is some counter ions, such as chloride, present

in water. However, it is known that nano-silver is soluble in

water [25, 26]. Therefore, it is plausible that silver was

released to water from xerogel made with HNO3 sol-gel

route I since the crystallite size of the silver in this xerogel

was *16 nm. Our ICP analyses also support this finding

because the dissolution of silver was very high for this

xerogel; hence, leading to a high concentration of silver in

the medium. However, for the xerogel made with the

additional HCl treatment sol-gel route III (i.e. contains only

AgCl crystalline phase), the amount of xerogel necessary to

inhibit the bacterial growth is high because of the low

dissolution of silver chloride; hence, low silver concen-

tration in the medium. It should be noted that the initial

bacteria concentration in our study was higher than the

other studies in the literature. It is hard to compare the

results of antibacterial tests reported by different research

groups, since the experimental conditions, such as initial

bacteria concentration, active material composition, test

procedures and types vary among studies and laboratories

around the world [18, 19, 21].

The small zone diameter formation found in disk dif-

fusion tests for low silver loading, such as 1.2%Ag, seems

to indicate the slow release of silver ions; hence, resulting

in low amount of silver during the incubation time.

However, this would be correct if there were no interac-

tion between the diffusing silver cation and the reactive

anions, such as chloride ion, in the MH agar medium.

In other words, bactericidal activity (i.e. anti-bacterial

zone diameter or the optical density measurements) could

be falsified by the presence of chloride ion present in the

MH agar medium through the formation of AgCl. Because

chloride ions in MH medium react with diffusing silver

cations to form AgCl; hence, resulting in local deposition

of AgCl in the MH agar medium or resulting in the optical

density in the solution used in minimum inhibition test

analyses. That’s why we did not use minimum inhibition

concentration determination due to adverse effect of

chloride in the solution. It was easy to observe the local

precipitation of AgCl in the vicinity of the pellets (espe-

cially for 29%Ag loading) using reflective optical micro-

scope equipped with a digital camera as seen in Fig. 5.

We believe slivery and shiny band close to the perimeter

of the pellet is AgCl deposits. The transparent region after

AgCl deposit is the bacteria free zone, i.e. no bacteria

growth. In this bacteria free zone, there may be some

AgCl deposit too but it cannot be seen using optical

microscope due to magnification limitation of the optical

instrument. Therefore, one could explain the local depo-

sition of AgCl by the following chemical reaction occur-

ring between Ag? and Cl- ions in the MH agar medium

and also inside the pellets:

AgþðaqÞ þ Cl�ðaqÞ $ AgClðaqÞ ð1Þ

XRD analyses of unused (i.e. fresh) xerogels showed that

the xerogel made with HCl sol-gel route II contained both

Ag and AgCl nano-crystallites and the xerogel made with

HNO3 sol-gel route I contained only Ag nano-crystallites,

whereas AgCl was the only crystalline phase present in the

Pellet 

AgCl deposit 

E.Coli Bacteria 

Bacteria free zone 

Fig. 5 Bacteria free zone formation and local AgCl deposition

around 29%Ag/TiO2 made with HNO3 sol-gel route I
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xerogel made with additional HCl treatment sol-gel route

III. It seems that Ag crystallites in the pellets made with the

sol-gel routes I and II dissolved more readily by the pres-

ence of Cl anions in the MH agar medium as compared to

the xerogel made with the sol-gel route III because the Cl

anions present in the test medium forces the reaction Eq. 1

to the right. Therefore, the high bactericidal activities are

observed with the xerogels containing both Ag and AgCl

but the release rate of silver from the xerogel containing

only AgCl crystallites is low because the Cl anions present

in the test medium forces the reaction Eq. 1 to the right;

hence resulting in low silver ion concentration and the

lowest antibacterial zone formation.

When we examined all the xerogels using XRD after the

anti-bacterial tests, we found that AgCl was also formed

inside the 29%Ag/TiO2 xerogel made with sol-gel route I

(it should be noted that in the unused sample, only metallic

silver was present). After the antibacterial test, the average

crystallite size of AgCl in the xerogels made with the sol-

gel routes II and I increased to *26 and *25 nm,

respectively, as seen in Table 3. These seem to prove our

hypothesis that Cl anions present in the MH agar medium

reacts with Ag crystallites inside the xerogel pellets and

also Ag cations diffusing in the MH agar medium. In other

words, AgCl formed inside the pellet and also deposited

around the pellet in the MH agar medium; causing the low

antibacterial zone diameter formation. This is also in par-

allel with our viable cell counting measurements. The

amount required for the xerogel made with sol-gel route I

was the lowest among the xerogels because of high silver

dissolution. The extent of the chloride ion effect depends

on chloride ion concentration in both MH agar medium and

the synthesis steps of the sol-gel method used in this study.

4.2 The effect of repetitive usage of xerogels

on the antibacterial activities

It seems that xerogel containing Ag is promising antibac-

terial material since the xerogel containing only Ag metal

(i.e. xerogel made with HNO3 sol-gel route I) result in the

highest antibacterial zone diameter and the lowest mini-

mum amount of the xerogel to inhibit the bacteria growth

as compared to other xerogels containing Ag and AgCl.

But this is not enough to choose the suitable material for

antibacterial applications because repetitive usage is also

important factor. Therefore, one may expect to observe that

the antibacterial zone diameter of the xerogels would

decrease continuously because of the loss of silver if they

were used repetitively. To check this, we used the same

xerogel pellets for 9 times but each test was done with a

fresh MH agar medium streaked with the same concen-

tration of E. coli bacteria (McFarland no. 0.5). Then, the

bactericidal activities of the pellets were measured each

day. After each measurement, for the next test, another

fresh MH agar media were again streaked with E. coli and

then used pellets that was recovered from the previous tests

were directly placed on this fresh growth medium. We

found that the zone diameter around 29%Ag/TiO2 made

with additional HCl treatment sol-gel route III did not

change with the number of usage. However, the zone

diameter around 29%Ag/TiO2 made with HCl sol-gel route

II and 29%Ag/TiO2 made with HNO3 sol-gel route I sig-

nificantly dropped with the number of usage (data not

shown). After 6 usages (i.e. 6 days), 29%Ag/TiO2 made

with HCl sol-gel route II and HNO3 sol-gel route I had

almost the same antibacterial zone diameter as that of

29%Ag/TiO2 made additional HCl treatment sol-gel route

III and stayed the same for the additional 3 days (total of

9 days of test). From the XRD analyses of the xerogels

used for 9 times, we found that AgCl crystallite phase was

present in the pellets, as seen in Fig. 6. Thus, this seems to

show that a controlled release of Ag could be achieved

when Ag is in the form of AgCl crystallite in TiO2. In fact,

it is known that a small amount of silver is enough to kill

bacteria or inhibit the bacterial growth at low concentra-

tions, even at ppb levels [27].

Table 3 Average crystallite sizes of 29% Ag-TiO2 pellets after used

in antibacterial tests

Ag (nm) AgCl (nm)

29%Ag-AgCl/TiO2 15.5 25.8

29%Ag/TiO2 16.4 24.5

Fig. 6 XRD patterns of 29%Ag/TiO2 made with HNO3 sol-gel route

I before and after using 9 times in antibacterial tests
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5 Conclusions

We show that the controlled release of Ag from TiO2 could

be achieved if AgCl crystallites were formed inside TiO2.

In this study, AgCl crystallite was successfully formed in

TiO2 using the modified sol-gel method and additional HCl

treatment and also the adverse effect of chloride ion was

shown. Our findings are:

• The antibacterial zone diameter around Ag containing

TiO2 xerogels increases with the silver amount.

• Unnecessary release of silver occurs if silver is not in

the form of AgCl crystallite phase.

• Most importantly, our results showed that without

considering chloride ion present in the MH agar

medium, the usage of antibacterial zone diameter and

optical density measurements to assess real bactericidal

performance of the materials could not be correct due

to the possibility of the local precipitation of AgCl

inside the pellet and also in the MH agar medium

through the interaction between diffusing silver and

chloride ion.

• AgCl/TiO2 xerogels made with the additional HCl

treatment sol-gel route III are good candidate for

polymers to make long lasting sterilization of materials

used in public facilities and for a direct usage in

biofilters.
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