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The efficiency of different chemical forms of silver in protecting cellulose fibres against biodegradation
was studied using a soil burial test. Cotton samples were finished using nanopowder of elemental silver
with a particle size of 30 nm (Ag-1), dispersion of AgCl (Ag-2), and colloidal silver (Ag-3) of different con-
centrations. The degree of biodegradation was determined by SEM, colour measurements, tensile
strength, degree of polymerization and FT-IR spectroscopy. The results showed that a strong agglomera-
tion of Ag-1 led to its insufficient antimicrobial activity, since it was restricted only to Ag+ released from
the surface of elemental silver by reduction. Despite the agglomeration, a concentration of Ag+ released
by the dissociation of AgCl of the finish Ag-2 in the presence of moisture was high enough to provide
excellent protection against fibre biodegradation. The high protective properties of Ag-3 were probably
caused by the synergistic action of Ag nanoparticles and Ag+ cations.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The durability of textiles produced by the cellulose fibres is di-
rectly related to their biodegradation, since they are mainly com-
prised of cellulose and therefore highly susceptible to bacteria
and fungi in water, soil and air, which, in the presence of moisture,
heat and dirt, form a biofilm on the surface of the fibres and, during
their growth and development, cause depolymerization of the cel-
lulose macromolecules (Allen, Auer, & Pailthorpe, 1995; Clarke,
1997; Desai & Pandey, 1971; Itävaara, Siika-aho, & Viikari, 1999;
Montegut, Indictor, & Koestler, 1991; Park, Kang, & Im, 2004;
Salerno-Kochan & Szostak-Kotowa, 2001; Szostak-Kotowa, 2004).
Although the biodegradability ranks cellulose fibres among envi-
ronmentally friendly renewable natural materials, biodegradation
of the fibres can cause serious functional, aesthetic and hygiene
problems of products that are still in use, especially if they are used
for protective clothing, textiles for sport and leisure, the military,
textiles for the home and decorative textiles. Protection of the cel-
lulose fibres against microorganisms is therefore of great techno-
logical importance.

Successful protection of cellulose fibres against biodegradation
can be obtained in various ways, which include either worsening
the conditions of the microorganisms’ growth, or active antimicro-
bial protection of the fibres. Both forms of protection can be ob-
tained by chemical modification of the cellulose fibres, whereby
ll rights reserved.
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finishes of various chemical structures can provide active or pas-
sive antimicrobial properties to the modified fibres. On this basis,
the application of water and oil repellent finishes causes a signifi-
cant drop of fibre wettability, resulting in a decrease in the amount
of moisture required for microbial growth (Montegut et al., 1991;
Park et al., 2004; Tomšič, Simončič, Cvijin et al., 2008; Tomšič,
Simončič, Orel et al., 2008; Vilčnik et al., 2009). Furthermore, mod-
ification of cellulose fibres by durable press finishes causes the for-
mation of covalent bonds between the finish and the cellulose
macromolecules, which strengthens the less ordered amorphous
regions, resulting in a decrease of fibre swelling (Tomšič, Simončič,
Orel, Vilčnik, & Spreizer, 2007). This inhibits the penetration of
microorganisms into the fibres, in which biodegradation takes
place. However, the most effective protection against fibre biodeg-
radation can certainly be obtained by applying antimicrobial
agents that could directly interact with the microorganisms, caus-
ing their destruction (Dring, 2003; Purwar & Joshi, 2004; Schindler
& Hauser, 2004).

Among modern antimicrobial agents that can be used as antimi-
crobial finishes for textiles, silver based compounds are of great
technological importance (Chen & Schluesener, 2008; Lee, Yeo, &
Jeong, 2003; Lok et al., 2006; Mahltig, Fiedler, & Böttcher, 2004;
Morones et al., 2005; Rai, Yadav, & Gade, 2009). It has been shown
that silver bound on a solid surface, as well as in solution, acts as a
very effective biocide. Its advantage over other antimicrobial
agents is the biological compatibility and low toxicity toward
mammalian cells (Kusnetsov, Iivanainen, Elomaa, Zacheus, &
Martikainen, 2001). Commercially available products based on
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silver mostly include the hard to dissolve salt AgCl, an elemental
nanosilver in the form of a powder of different particle dimensions
and colloidal silver. According to the literature (Adams, Santschi, &
Mellencamp, 1999; Ahearn, May, & Gabriel, 1995; Choi et al., 2008;
Gorenšek & Recelj, 2007, 2009; Maneerung, Tokura, & Rujiravanit,
2008; Matyjas-Zgondek, Bacciarelli, Rybicki, Szynkowska, &
Kołodziejczyk, 2008; Tomšič et al., 2009; Wasif & Laga, 2009;
Yeo, Lee, & Jeong, 2003), all three chemical forms of the silver par-
ticles have already been successfully applied to textile fibres in or-
der to increase their antimicrobial properties. In our previous
research (Tomšič et al., 2009) it was demonstrated that aqueous
AgCl applied together with a reactive organic–inorganic binder
matrix possesses antimicrobial properties on cotton fabrics and
that its antibacterial activity against the bacterium Escherichia coli
was higher than antifungal activity against the fungi Aspergillus ni-
ger and Chaetomium globosum. Namely, the minimum inhibitory
concentration of Ag in the coating providing a sufficient bacterial
reduction of 60% was ca 24 mg/kg, but effective antifungal activity
was achieved only at Ag concentrations higher than 100 mg/kg.
Furthermore, we have also determined (Tomšič, Simončič, Cvijin
et al., 2008; Tomšič, Simončič, Orel et al., 2008) that, at the same
concentrations on cellulose fibres, the antibacterial activity of
aqueous AgCl against bacterium E. coli was higher than that of ele-
mental nanosilver of a particle size of 30 nm. On the other hand,
Gorenšek and Recelj (2007) determined that application to cotton
fibres of silver nanopowder with a particle size of 80 nm, in com-
bination with the reactive dyes by the exhaust dyeing procedure,
caused 98% bacterial reduction of the bacteria Streptococcus feacalis
and Staphylococcus aureus, if the concentration of Ag on the fibres
was high enough, which proved its excellent antibacterial activity.
As can be seen from the literature, most contemporary research
work in the field of antimicrobial finishing of cellulose fibres has
focused on the application of colloid silver (de Santa Maria et al.,
2009; Ilić et al., 2009; Maneerung et al., 2008; Petica, Gavriliu,
Lungu, Buruntea, & Panzaru, 2008; Tankhiwale & Bajpai, 2009;
Tien, Tseng, Liao, & Tsung, 2009). This research work includes a
study of the influence of the mode of production of the Ag nano-
particles, which directly influences the diameter of the nanoparti-
cles, on their biocidal activity, as well as the washing resistance of
the finish when present on the fibres. The results of these studies
have shown that the antimicrobial activity of Ag nanoparticles
strongly increases with a decrease of nanoparticle size, which re-
sults in an increase of their specific surface area. At this point, it
should be stressed that the antibacterial activity of colloidal silver,
mostly against E. coli, has been investigated much more intensively
than its fungicidal activity.

To our knowledge, there have been no reports on the influence
of silver based compounds on the biodegradation of cellulose fi-
bres. In order to obtain this information, the present research in-
cluded the chemical modification of cellulose fibres with three
commercially available products based on silver, i.e., nanopowder
of silver in elemental form with an average particle size of
30 nm, a dispersion of AgCl and colloidal silver of various concen-
trations. The biodegradability of the finished as well as unfinished
cellulose fibres was measured by a soil burial test, in which cotton
fabric samples were buried in commercial grade compost for peri-
ods of 3 and 12 days. Structural changes after different periods of
biodegradation were determined from electron microscopic and
spectroscopic analyses, as well as tensile strength and degree of
polymerisation measurements. The results of the soil burial test
were correlated with the results of the bactericidal and fungicidal
activities of the studied finishes determined by ISO 20645:2004 (E)
and AATCC 100-1999 and modified DIN 53931 Standard methods.
The significance of this research included assessment of the effi-
ciency of different chemical forms of Ag to protect cellulose fibres
against biodegradation.
2. Experimental

2.1. Materials

Plain-weave 100% cotton woven fabric with a mass of 145 g/m2,
warp density of 26 threads/cm and weft density of 23 threads/cm
was used in the experiments. In pre-treatment processes, the fabric
was bleached with H2O2 in an alkaline solution followed by neu-
tralization with diluted CH3COOH solution.

Three antimicrobial finishes based on silver (Ag) were used, i.e.,
Silver Nano Powder NP-30 (Ames Goldsmith Corp., USA) (Ag-1),
which is pure superfine powder of silver in elemental form with
an average particle size of 30 nm, iSys AG (CHT, Germany) (Ag-
2), which is a water dispersion containing AgCl, and Ionosil (Ion Sil-
ver, Sweden), which is a colloidal silver with average particle size
smaller than 10 nm (Ag-3). For dispersing and deagglomerating
the Ag-1 powder in water, Setamol WS (BASF, Germany) was used
as a dispersing agent, and dispersions were exposed to ultrasound
before being used in the finishing process.

2.2. Finishing the cotton fabric

The finishes Ag-1, Ag-2 and Ag-3 were applied to cotton fabric
at various concentrations by the exhaustion method. Ag-1 was
used in concentrations of 0.05%, 0.10%, 0.25% and 0.50% of the
weight of fabric (o.w.f.) (concentrations from a to d), Ag-2 in con-
centrations of 0.15% and 0.30% o.w.f (concentrations a and b) and
Ag-3 in a concentration of 0.05%. Cotton fabric samples with a mass
of 7 g were immersed in the Ag-1, Ag-2 and Ag-3 dispersions with
a ratio of 1:50 and left at room temperature with intensive rotation
and stirring of the finishing bath for 30 min in a Launder-ometer.
The samples were then wrung and dried at room temperature.
Room temperature for drying of the finished cotton samples was
chosen, since the results of our previous research work (Tomšič,
Simončič, Cvijin et al., 2008; Tomšič, Simončič, Orel et al., 2008)
showed that the drying temperature influences neither the sam-
ples’ physical properties nor the antimicrobial activity of Ag on
the finished samples. Four fabric samples were treated with each
dispersion, in order to provide a sufficient number of replicate
samples for carrying out measurements and statistical analysis.

2.3. Analyses and measurements

2.3.1. Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDXS)

The morphology of the cotton fabric finished by the Ag-1, Ag-2
and Ag-3 finishes was determined by a JEOL JSM 5800 scanning
electron microscope. The samples were coated with �20-nm-thick
carbon layer to ensure sufficient electrical conductivity and to
avoid charging effects. Analyses were performed using a 10-keV
electron beam, 200–500 pA beam current and X-ray spectra acqui-
sition under a 35� take-off angle. SEM micrographs were recorded
using both secondary electron (SE) and backscattered electron
(BSE) imaging modes. BSE compositional (Z-contrast) imaging
was applied to emphasize and expose the difference between the
added particles and the cotton fibre–matrix.

A microscopic evaluation of morphological changes occurring
during the biodegradation of unfinished and finished cotton sam-
ples after 3 and 12 days of exposure to the soil microflora was car-
ried out using a JEOL JSM 6060 LV scanning electron microscope,
whereby the samples were coated with carbon and an Au/Pd
(90%/10%) alloy in a layer about 10 nm thick before observation.

2.3.2. Inductively coupled plasma mass spectroscopy (ICP-MS)
The concentration of Ag in the finished cotton samples was

determined by ICP-MS on a Perkin Elmer SCIED Elan DRC
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spectrophotometer. A sample of 0.5 g was prepared in a Milestone
microwave system by acid decomposition using 65% HNO3 and 30%
H2O2. Three measurements were taken for each sample, and the Ag
concentration was given as a mean value.

2.3.3. Soil burial test
Determination of the resistance of the unfinished and finished

cotton fabrics to the action of soil microflora was carried out by
a soil burial test according to ISO 11721-1:2001 and ISO
11721:2003 standards. In this standard process, a container was
filled with commercial grade compost. The water content of the
soil was 60 ± 5% of its maximum moisture retention capacity. It
was held constant during the experiment by spraying with water.
The pH of the soil was between 4.0 and 7.5. Cotton fabric samples
were buried in the soil for periods of 3 and 12 days. After the de-
fined incubation time, the samples were removed from the soil,
lightly rinsed with running tap water and immersed in 70% ethanol
for 30 min and dried at room temperature.

2.3.4. Colour measurements
Colour measurements of unfinished and finished cotton sam-

ples after different periods of burial time were carried out in the
CIELAB colour space with a Datacolor Spectraflash SF 600 Spectro-
photometer using D 65/10� light. Twenty colour measurements
were taken for every sample. From the measured L*, a* and b* val-
ues, the chroma, C*, was calculated as follows:

C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða�Þ2 þ ðb�Þ2

q
ð1Þ
2.3.5. Breaking strength
The breaking strength of unfinished and finished buried cotton

samples was measured with an Instron 6022 dynamometer
according to SIST ISO 5081:1996. The relative reduction in break-
ing strength, qred, of the buried cotton samples compared with
the unburied ones was calculated from the mean value of five mea-
surements of the breaking strength for each sample, using the fol-
lowing relationship:

qred;t ¼
Ft

Fto
ð2Þ

where qred,t is the loss of breaking strength of the buried cotton
sample after burial time t, Ft is the breaking strength of the buried
cotton sample after burial time t, and Fto is the breaking strength of
the unburied cotton sample. Before testing, the samples were con-
ditioned at 65 ± 2% relative humidity and 20 ± 1 �C temperature
for 24 h.

2.3.6. Degree of polymerization (DP)
The DP of the cellulose samples dissolved in Cuoxam, a solution

of cupric hydroxide in aqueous ammonia [Cu(NH3)4](OH)2, was
determined viscosimetrically using an Oswald shear dilution
viscometer.

2.3.7. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra were obtained on a Brucker IFS 66/S spectropho-

tometer, equipped with an attenuated total reflection (ATR) cell
(SpectraTech) with Ge crystal (n = 4.0). The spectra were recorded
over the range 4000–600 cm�1, with a resolution of 4 cm�1 and
averaged over 128 spectra. Before measurement, the studied sam-
ples were dried for 5 h at 100 �C.

3. Results and discussion

The morphological changes and the distribution of Ag particles
induced by the application of the finishes Ag-1, Ag-2 and Ag-3 to
the cotton fabric can be seen from the SEM micrographs in Fig. 1.
Spherically shaped silver particles were observed on samples Ag-
1-c and Ag-2-b, with a particle size ranging from 100 to 500 nm,
indicating that smaller as well as larger clusters of elemental silver
and AgCl are present on the fabric surface as a result of the agglom-
eration process. At this point, it is important to stress that in the
case of finish Ag-1, agglomeration of Ag particles on the cotton fi-
bres could not be prevented despite the presence of the dispersing
agent, the use of ultrasound treatment before finishing and by
application of the finish by the exhaustion method, which is
ensured by intensive rotation and stirring of the finishing bath.
Because of the agglomeration process, there are almost no
de-agglomerated Ag particles with a size of 30 nm on sample Ag-
1-c, since it is decelerated by the producer. In contrast to the fin-
ishes Ag-1 and Ag-2, the application of finish Ag-3 from the colloid
solution was much more uniform, with a diameter of particles
which rarely exceeded 20 nm. On several larger individual parti-
cles of the finishes Ag-1 and Ag-2 on the cotton samples, the chem-
ical structure of the Ag particles was determined with the use of
qualitative EDXS microanalysis, which clearly showed the charac-
teristic peaks belonging to the family of Ag-La spectral lines in
the case of the finish Ag-1 and the characteristic peaks of Ag-La
spectral lines accompanying the Cl-Ka peak in the finish Ag-2, indi-
cating a chemical composition corresponded to the composition of
AgCl salt. Unfortunately, the Ag nanoparticles of finish Ag-3 on the
cotton sample were too small to be detected by EDXS microanaly-
sis, since the signal of the Ag particle was overshaded by the signal
of the cellulose.

The bulk concentration of Ag particles on the cotton samples
was determined by ICP-MS analysis (Table 1). The results showed
that an increase in the initial concentration of Ag-1 and Ag-2 in dis-
persion expectedly led to an increase in the Ag concentration on
the finished cotton samples. Surprisingly, using the same concen-
tration of the finishes Ag-1 and Ag-3 in the dispersion equal to
0.05% o.w.f., the exhaustion of finish Ag-3 was more than 3.8 times
higher than that of finish Ag-1. Furthermore, the exhaustion of fin-
ish Ag-3 was also much higher in comparison to that of finish Ag-2,
since only 0.05% o.w.f. of finish Ag-3 in the dispersion resulted in
130 mg/kg Ag on the cotton fibres, while a three times higher con-
centration of finish Ag-2 was needed to obtain a concentration of
the adsorbed Ag equal to 120 mg/kg fibres. These results indicate
that the concentration of Ag on the cotton fibres was not only influ-
enced by the concentration of the finishing bath, but also by the
adsorption affinity of the finish to the cotton fibres. Accordingly,
the highest affinity was obtained for finish Ag-3, followed by finish
Ag-2 and finish Ag-1. To explain these results, both the chemical
form of the silver and its particle size should be taken into account.
It is believed that the silver cations in finish Ag-2 which could form
attractive electrostatic forces with the anionic charged cotton fi-
bres in the aqueous solution have higher adsorption affinity in
comparison to the non-ionic particles of the elemental silver pres-
ent in the finish Ag-1, which can be adsorbed only by van der
Waals forces. On the other hand, the highest adsorption affinity
of finish Ag-3 is certainly related to the much smaller silver parti-
cles (�20 nm) with a larger specific surface area, as well as to their
cationic character. Finish Ag-3, namely, is decelerated as colloidal
silver, which, according to the producer, includes both Ag+ and
Ag NPs in an appropriate proportion. While Ag+ cations can be ex-
hausted to the anionic cotton fibres to a high degree because of the
attractive electrostatic interactions, the high increase of the
adsorption ability of Ag NPs caused by the van der Waals forces re-
sulted from the high surface area to volume ratio of these particles.

The efficiency of the studied finishes to protect the cotton fibres
against the biodegradation process was studied by a soil burial
test. Visual examination of the cotton samples removed from the
test soil after different incubation times (Fig. 2) showed that the



Fig. 1. SEM/BSE micrographs of cotton fabric samples with the corresponding EDXS spectra. (A) Sample Ag-1-c. (B) Sample Ag-2-b. (C) Sample Ag-3 (EDXS spectrum could not
be obtained).

Table 1
Concentration of Ag on finished cotton samples determined by ICP-MS.

Antimicrobial
finish

Concentration of the
finish in dispersion (%
o.w.f.)

Concentration of Ag
on cotton sample
(mg/kg)

Sample
designation

Ag-1 0.05 34 Ag-1-a
0.10 97 Ag-1-b
0.25 176 Ag-1-c
0.50 295 Ag-1-d

Ag-2 0.15 120 Ag-2-a
0.30 195 Ag-2-b

Ag-3 0.05 130 Ag-3
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microorganisms in the soil caused the cotton fibre to rot, which re-
sulted in colour changes of the fabric sample surface. A higher rate
of rotting was accompanied by greater colour changes. To describe
this phenomenon quantitatively, the C* value of the samples was
calculated from the spectrophotometric measurements (Fig. 3).
The results showed that the fibre biodegradation process was pro-
moted by an increase of the burial time, whereby the most inten-
sive brownish colour was obtained in the case of the unfinished
sample after 12 days of burial. While finish Ag-1 only slightly
inhibited fibre biodegradation, the protection by finishes Ag-2
and Ag-3 was much more effective, since insignificant colour
change was observed on the finished samples.

Differences in the rotting intensities of the finished samples
were also detected by the SEM micrographs (Fig. 4), which showed
that the morphological changes obtained on sample Ag-1-d were
much greater than those of sample Ag-2-a, in spite of the fact that
the concentration of Ag on sample Ag-1-d was more than twice as
high as that on sample Ag-2-a (Table 1). The SEM micrograph of
sample Ag-3 (Fig. 4D) also revealed that this sample was almost
unaffected by the microorganisms in the soil.

In addition, the influence of the Ag finishes on the cotton fabric
biodegradation process was investigated by measurements of the



Fig. 2. Photos of unfinished and finished cotton samples before (0 days) and after 3 and 12 days of soil burial.
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breaking strength and DP, since these parameters are directly
influenced by the degree of sample degradation. As expected,
the breaking strength of the unfinished sample greatly decreased
after 12 days of soil burial (Fig. 5). The presence of finish Ag-1 in
concentrations of Ag higher than 97 mg/kg slightly inhibited the
biodegradation process, resulting in a lower drop of the breaking
strength in comparison to the unfinished sample. In contrast to
finish Ag-1, much more effective inhibition of the biodegradation
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process was observed for samples treated with finishes Ag-2 and
Ag-3 (Fig. 5). In spite of the fact that the concentration of Ag on
the samples Ag-1-c and Ag-1-d was higher in comparison to sam-
ples Ag-2-a and Ag-2-b, the breaking strengths of the first two
samples were much lower than those of the latter ones. The values
of qred,t equal to 0.97 and 0.90 obtained for samples Ag-2-b and Ag-
3 after 12 days of soil burial indicated that the mechanical proper-
ties of these samples did not significantly decrease during expo-
sure to the microorganisms. The results of DP (Fig. 6) were in
accordance with the results of the breaking strength. Since the de-
gree of polymerization of all measured samples decreased with
increasing time of burial, the drop of DP was directly influenced
Fig. 4. SEM micrographs of unfinished cotton sample (A) and finished cotton
by the structure and the concentration of the Ag finishes. These re-
sults showed that the highest DP drop, of about 15%, was obtained
for the unfinished cotton sample after 12 days of incubation, and
the lowest for samples Ag-2-b and Ag-3, which was less than 1.5%.

According to the results of our previous study (Tomšič et al.,
2007), important information about the progress of the cotton fibre
biodegradation process can be obtained by FTIR analysis, in which
the intensity of the bands at 1640 and 1548 cm�1, belonging to
the Amides I and II groups (Socrates, 2001; Vince et al., 2006),
resulting from the presence of protein production by microbial
growth (Socrates, 2001) on fibres, should be inspected. A higher de-
gree of fibre biodegradation is accompanied by a greater growth of
samples Ag-1-d (B), Ag-2-a (C) and Ag-3 (D) after 12 days of soil burial.
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microorganisms on the fibres, reflected in the larger increase of the
bands at 1640 and 1548 cm�1. At this point, it should be stressed
that silver particles present on the finished cotton samples are
not chemically bonded to the cotton fibres and cannot therefore
be detected by FTIR analysis. Inspection of the measured ATR spec-
tra of unfinished and finished cotton samples (Fig. 7) revealed that,
irrespective of the presence of the finish, bands that are character-
istic of cellulose fibres (Hulleman, van Hazendonk, & van Dam,
1994; Kačuráková & Wilson, 2001; Langkilde & Svantesson, 1995)
occur at 3340 cm�1 due to OH stretching, at 2918 and 2853 cm�1

due to CH and CH2 stretching and at 1456, 1429, 1370, 1336,
1318, 1280, 1160, 1105, 1053 and 1029 cm�1 due to C–C and C–O
stretching vibrations, skeletal vibrations and ring vibrations in the
cellulose fingerprint region. The band at 1640 cm�1 due to deforma-
tion vibration of the absorbed water molecules also appeared in the
spectra (Hofstetter, Hinterstoisser, & Salmen, 2006; Kondo, 1997;
Łojewska, Miśkowiec, Łojewski, & Proniewicz, 2005). As was
Wave num
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Fig. 7. Measured infrared ATR spectra of unfinished (a) and fin
demonstrated in our previous research (Tomšič et al., 2007), the
intensity of this band decreased on degraded cellulose fibres, indi-
cating that the ability to adsorb water decreases after a period of
biodegradation. However, the location of this band coincides with
the band related to Amide I, the intensity of which increased with
an increase in the degree of biodegradation. This phenomenon is
clearly seen in the spectra of unfinished cotton samples after differ-
ent period of soil burial (Fig. 8). Moreover, in addition to the in-
creased band at 1640 cm�1, a characteristic band at 1548 cm�1

related to Amide II was also visible in the spectrum of the degraded
fibres after 12 days of burial.

Examination of the band intensities at 1640 and 1548 cm�1 in
the spectra of the finished cotton samples after 12 days of soil bur-
ial (Fig. 9) showed that, irrespective to the concentration of the fin-
ish, a greater increase of the bands at 1640 and 1548 cm�1 was
observed in spectra of cotton samples Ag-1-a to Ag-1-d than Ag-
2-a, Ag-2-b and Ag-3. This indicated that the growth of microor-
ganisms was greater on the former than on the latter samples.
The ineffective protection of cellulose fibres against biodegradation
in the presence of finish Ag-1 was not a surprise, since insufficient
antibacterial activity with a reduction of the bacteria E. coli not
higher than 60% was obtained even when the concentration of
Ag-1 was raised to 350 mg/kg (Tomšič, Simončič, Cvijin et al.,
2008). In contrast to finish Ag-1, finish Ag-2 caused excellent,
100% bacterial reduction of the bacteria E. coli, as well as sufficient
fungicidal activity against the fungi C. globosum and A. niger, at con-
centrations higher than 100 mg/kg (Tomšič et al., 2009).

To explain why the efficiencies of finishes Ag-1, Ag-2 and Ag-3
in protecting the cotton fibres against biodegradation differ, both
the chemical form and the particle size of the silver on the fibres
should be discussed. It has already been established that the
antimicrobial activity of silver based compounds is related to the
activity of the silver nanoparticles (Ag NPs) as well as to the silver
cations (Ag+). Namely, both Ag NPs and Ag+ can form attractive
interactions with microorganisms. Due to their small size, they
can also penetrate the microbial cell, where they bond to the thiol
groups of enzymes or nucleic acid (Akkopru & Durucan, 2007; Feng
et al., 2000; Matsumura, Yoshikata, Kunisaki, & Tsuchido, 2003;
Monteiro et al., 2009; Morones et al., 2005; Sharma, Yngard, &
Lin, 2009; Sondi & Salopek-Sondi, 2004) causing inhibition of the
cellular metabolism and final eradication of the microorganisms.
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Fig. 8. Measured infrared ATR spectra of unfinished cotton samples before (a) and after 3 (b) and 12 (c) days of soil burial.
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Furthermore, the antimicrobial properties of Ag NPs are size
dependent, since particles with a smaller size have a larger specific
surface area with which they can form interactions and therefore
higher antimicrobial activity. Moreover, it has been determined
that only Ag NPs smaller than 10 nm can directly interact with
microorganisms (Morones et al., 2005).

According to the SEM micrographs on Fig. 1A, Ag NPs of finish
Ag-1 strongly agglomerated on the cellulose fibres and therefore
largely exceeded a diameter of 30 nm indicating that the Ag NPs
agglomeration strongly decreased their antimicrobial activity.
Because no de-agglomerated Ag particles could be seen on the cel-
lulose fibres, we believe that the antimicrobial properties of finish
Ag-1 were influenced only by the release of Ag+ ions from the
surface of the elemental silver, which can occur in an oxidation
reaction in the presence of water and oxygen (Damm, Münstedt,
& Rösch, 2008; Hoskins, Karanfil, & Serkiz, 2002). The inadequate
antimicrobial protection of the cellulose fibres by finish Ag-1, irre-
spective to its concentration, indicated that the rate of silver ion re-
lease from the finish was too slow and therefore the concentration
of Ag+ too low to reach the critical concentration of inhibition at
which fibre biodegradation is prevented. This assumption was con-
firmed by the SEM/BSE micrograph of cotton fabric sample Ag-1-d
after 12 days of soil burial (Fig. 10), in which highly degraded parts
of the fibres were present in the immediate vicinity of Ag NPs
agglomerates.

In contrast to finish Ag-1, finish Ag-2 contains AgCl and its anti-
microbial activity is related to the concentration of Ag+ released
from the surface of the crystals by dissociation of the silver salt
in water. In spite of the fact that the SEM micrographs also indi-
cated the growth of AgCl into large crystals on the cellulose fibres



Fig. 10. SEM/BSE micrograph of the cotton fabric sample Ag-1-d after 12 days of
soil burial.
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(Fig. 1B), the water content in the soil was high enough to ensure
dissolution of the salt crystals and provide a sufficient amount of
Ag+ cations to inhibit cellulose fibre biodegradation. The much
more effective protection of the cellulose fibres by finish Ag-2 than
finish Ag-1 of similar concentration and the particle size also con-
firmed that, under the same conditions, the rate of the reaction of
salt dissociation is much higher than the reaction of silver
oxidation.

It is believed that excellent antimicrobial properties of finish
Ag-3, which were comparable with finish Ag-2 and much better
than those of finish Ag-1, were caused by the synergistic action
of Ag NPs and Ag+ present on the finished cellulose fibres. Namely,
in addition to the direct antimicrobial activity of the Ag NPs, the
large specific surface area of these particles enabled a high increase
of the concentration of released silver cations from the particle sur-
face, which resulted in the rise of the biocidal activity of the finish.

Comparison of the protective properties against cellulose bio-
degradation and the antibacterial activity (Tomšič, Simončič, Cvijin
et al., 2008; Tomšič, Simončič, Orel et al., 2008; Tomšič et al., 2009)
of the studied finishes revealed that these two properties are in
good correlation. While in the case of finish Ag-1 insufficient pro-
tection of the fibres against rotting was accompanied by a low bac-
terial reduction, which did not exceed 60%, excellent protection
against microorganisms in the soil as well as against bacteria, high-
er than 99%, was determined for finishes Ag-2 and Ag-3. These re-
sults differed from those obtained for the biostatic activity of the
QAS, for which excellent bacterial reduction was obtained for bac-
teria E. coli, S. faecalis, Pseudomonas aeruginosa and S. aureus but, at
the same time, the presence of Si-QAC had no affect on the activity
of the cellulose, which allowed the biodegradation process of the
cellulose fibres (Tomšič & Simončič, 2005, 2009).
4. Conclusion

To conclude, the chemical form and particle size of silver di-
rectly influence the rate and the degree of cellulose biodegrada-
tion. It was found that the use of Ag NPs for fibre
functionalisation does not necessarily lead to adequate protection
against microorganisms. Because the agglomeration of Ag NPs
strongly decreases their antimicrobial activity, it is limited only
to the release of a small amount of Ag+ cations from the surface
of the agglomerates occurring in the oxidation reaction in the pres-
ence of water and oxygen. In this case, Ag NPs are much less effec-
tive than AgCl, with which the concentration of Ag+, released from
the surface of the crystals by dissociation of the silver salt in the
presence of moisture in the soil, is high enough to inhibit fibre bio-
degradation. Only in the case of mostly de-agglomerated Ag NPs,
could their antimicrobial activity be caused by the synergistic ac-
tion of Ag NPs and Ag+ cations.
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Kačuráková, M., & Wilson, R. H. (2001). Development in mid-infrared FT-IR
spectroscopy of selected carbohydrates. Carbohydrate Polymers, 44(4), 291–303.

Kondo, T. (1997). The assignment of IR absorption bands due to the free hydroxyl
groups in cellulose. Cellulose, 4(4), 281–292.

Kusnetsov, J., Iivanainen, E., Elomaa, N., Zacheus, O., & Martikainen, P. J. (2001).
Copper and silver ions more effective against legionellae than against
mycobacteria in a hospital warm water system. Water Research, 35(17),
4217–4225.

Langkilde, F. W., & Svantesson, A. (1995). Indentification of celluloses with Fourier-
Transform (FT) mid-infrared, FT-Raman and near-infrared spectrometry. Journal
of Pharmaceutical & Biomedical Analysis, 13(4/5), 409–414.

Lee, H. J., Yeo, S. Y., & Jeong, S. H. (2003). Antibacterial effect of nanosized silver
colloidal solution on textile fabrics. Journal of Materials Science, 38(10),
2199–2204.
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