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a  b  s  t  r  a  c  t

Amorphous  hybrids  based  on  sodium  salt  of  carboxymethyl  cellulose  (CMC)  and  tetraethoxysilane  (TEOS)
containing  silver  nanoparticles  were  prepared  by sol–gel  method.  The  amorphous  structure,  morphology
and  antibacterial  behavior  were  clarified.  The  thermal  stability  of  obtained  hybrids  decreased  with  the
increase  in  silver  content  from  0.5 to 1.5  wt%.  Infrared  spectra  of  the  material  suggest  that  the  main
eywords:
ol–gel method
arboxymethyl cellulose
ilver nanoparticles

interaction  between  the  cellulose  ether  and  silica  network  is via  hydrogen  bonds  (bands  at  ∼3540  and
3625  cm−1). According  to UV–vis  spectra  the  silver  is  present  in  two different  states  Ag+ (absorption  band
at  ∼210  nm)  and  Ag0 (band  at ∼300  nm).  The  different  sizes  of  silver  particles  are  present  as  clusters.  It
was  demonstrated  that  these  hybrids  have  a well  pronounced  antibacterial  activity  against  B.  subtilis  and
E. coli  K12.  Even  the  hybrid  with  0.5 wt%  Ag has  efficient  antibacterial  activity  for  both  Gram-positive  and
ntibacterial activity Gram-negative  bacteria.

. Introduction

Preparation of nano-sized silver (AgNPs) based materials are
mongst the most emerging areas in the field of nanotechnol-
gy. Nano dimension materials become important because their
nique applications include solar energy conversion, photonics,
atalysis, microelectronics, antimicrobial functionalities, and water
reatment (Amin, Anwar, Janjua, Iqbal, & Rashid, 2012; Dastjerdi,

ontazer, & Shahsavan, 2010; Du, Niu, Xu, Xu, & Fan, 2009;
avage & Diallo, 2005; Setua et al., 2007; Yugang, Mayers, & Xia,
003). A variety of methods exists to synthesize AgNPs, including
he microemulsion technique, �-ray, UV or microwave irradi-
tion, spray pyrolysis and sol–gel (Ahmad, Shameli, Darroudi,
unus, & Ibrahim, 2009; Angelova, Rangelova, Yuryev, Georgieva,

 Müller, 2012; García-Barrasa, López-de-Luzuriaga, & Monge,
011; Husein & Nassar, 2008; Kim, Lee, & Kim, 2006; Rangelova,
enkova, Radev, Samuneva, & Aleksiev, 2007; Sharma, Yngard, &
in, 2009;Vasireddy, Paul, & Mitra, 2012). Chemical reduction is
he most frequently applied method for the preparation of silver

anoparticles as stable, colloidal dispersions in water or organic
olvents (Khan, Al-Thabaiti, Obaid, & Al-Youbi, 2011; Kheybari,
amadi, Hosseini, Fazeli, & Fazeli, 2010; Sharma et al., 2009; Shi
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et al., 2011; Tao, Sinsermsuksaku, & Yang, 2006; Wiley, Sun, Mayers,
& Xi, 2005). Initially, the reduction of various complexes with Ag+

ions leads to the formation of silver atoms (Ag0), which is fol-
lowed by agglomeration into oligomeric clusters. These clusters
can lead to the formation of colloidal Ag particles (Kapoor, Lawless,
Kennepohl, Meisel, & Serpone, 1994). The green synthetic meth-
ods using natural polymers have shown a great potential in AgNP
synthesis. Natural polymers, such as cellulose and its derivatives,
alginates, starch, dextran, guar gums, gelatin and others (Abdel-
Halim & Al-Deyab, 2011; Abdel-Mohsen et al., 2012; Bankura
et al., 2012; Li et al., 2011a, 2011b; Lin et al., 2013; Maity et al.,
2012; Moura, de Mattoso, & Zucolotto, 2012; Pandey, Goswami,
& Nanda, 2012; Pourjavadi & Soleyman, 2011; Singh & Ahmed,
2012a; Vasireddy et al., 2012; Yang, Xie, Deng, Bian, & Hong, 2012)
have been used as matrices or stabilizers for the preparation of
metallic nanoparticles because of their non-toxicity and biocom-
patibility. The biopolymers usually have abundant hydroxyl or
carboxyl groups in their polymer backbone. The mechanism of sil-
ver interaction with functional groups of biopolymers follows next
steps. The presence of large amount of polar OH groups in biopoly-
mers have the ability to coordinate silver ions. When the hydroxyl
groups and silver ions form coordination bonds, the interactions

among the resultant Ag particles and the oxygen atoms of OH
groups become stronger (Abdel-Halim & Al-Deyab, 2011; Bankura
et al., 2012; Pandey et al., 2012). On the other hand the pres-
ence of negative charged carboxylic groups (COO−) in the polymer

dx.doi.org/10.1016/j.carbpol.2013.10.041
http://www.sciencedirect.com/science/journal/01448617
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ackbone and positive charged of Ag ions lead to electrostatic inter-
ction (Abdel-Mohsen et al., 2012; Hebeish, El-Rafie, Abdel-Mohdy,
bdel-Halim, & Emam,  2010). According to Juby et al. (2012) the
resence of COOH and OH groups in the polymeric chains lead
o the formation of weak intermolecular cross-links between the
olymer chains, restricting their mobility.

Sodium carboxymethyl cellulose (CMC) is a water soluble
olymer derived from natural cellulose (Feller & Wilt, 1990;
atakeyama & Hatakeyama, 2004; Jiang et al., 2011). This poly-
er  is biocompatible and biodegradable. It is, therefore, often used

n the biomedical field (Chang, Duan, Cai, & Zhang, 2010; Feller &
ilt, 1990). It has been routinely used for many years now as a

ood additive to give the food smoothness, as thickener, as phase
nd emulsion stabilizer, as suspending agent and in other applica-
ions (Feller & Wilt, 1990; Kim, 2007). As mentioned above CMC  like
atural polymers have been used for “green” synthesis of AgNps.

n all cases cellulose ether acts as both a reducing and a stabiliz-
ng agent in the reaction (Chen, Wang, Zhang, & Jin, 2008; Hebeish
t al., 2010; Hebeish, Hashem, El-Hady, & Sharaf, 2013). CMC  hydro-
els loaded with AgNPs are materials with potential applications in
extile or medical fields.

Many hybrids have been prepared from silica precur-
ors/biopolymer mixed solutions by a sol–gel method. Sol–gel
erived silica hybrid materials have many attractive applications
s adsorption of enzymes and metal ions, good mechanical prop-
rties, thermal stability, and resistance against microbial attack
nd organic solvents. Tetramethoxysilane (TMOS) and TEOS are
ommon precursors that are currently applied to obtain hybrid
aterials. TEOS is of considerable current use on an industrial

cale owing to several advantages over other silica precursors.
hen brought into contact with water, the TEOS is hydrolyzed and

ts products are involved in polycondensation reaction that yield
ydrated SiO2 (Kickelbick, 2007; Shchipunov, 2008).

Up to now only a few publication showing the synthesis and
tructure of CMC/SiO2 hybrid materials obtained with or without
ilver exist in the literature. Reactive octa-aminopropyl polyhe-
ral oligomeric silsesquioxane (POSS–NH2) and CMC  have been
sed as starting materials. The mechanism for preparation of novel
OSS/CMC hybrid hydrogel has been described by the aggrega-
ion of POSS–NH2 nanoparticles and the formation of POSS–CMC
ybrid block copolymers, which was driven by the hydrogen bond-

ng interactions between the amino groups of POSS–NH2 and the
arboxyl groups of CMC. The obtained hybrids had specific proper-
ies such as good mechanical strength, high adsorption capacity for
ater and dyes. They offer potential applications in drug release

ystems, food, cosmetic and water purification (Liu et al., 2013).
enmouhoub, Simmonet, Agoudjil, & Coradin (2008) synthesized
ilica/carboxymethyl-cellulose hybrid gels using aqueous silicates
s promising alternative precursors to SiO2 alkoxides for the devel-
pment of a greener sol–gel process. The authors suggested that
he hydrogen bond formation, a key mode of interaction in biolog-
cal systems and in aqueous chemistry, appears to be responsible
or the polymer/silica association. CMC–AgNp–SiO2 hybrids have
een synthesized by sol–gel process in the presence of an alkali cat-
lyst. TMOS was used as silica precursor. The hybrid synthesis was
ptimized to obtain an efficient matrix for amylase immobilization
Singh & Ahmed, 2012b).

In our previous investigations we reported for successfully
reparation of silica/biopolymers/silver hybrid materials by sol–gel
ethod (Angelova et al., 2012; Rangelova et al., 2007; Rangelova,
eorgieva, Mileva, Yuryev, & Müller, 2012). Hybrid materials using
iO2 precursors such as TEOS, TMOS and low methoxyl pectin was

btained. The different size and shape of silver nanoparticles was
resented on the matrix surface (Rangelova et al., 2007). Silica
ybrid materials containing TEOS and hydroxypropyl cellulose
ith incorporation of silver were prepared and their structure,
mers 101 (2014) 1166– 1175 1167

surface morphology, and antibacterial activity were examined. The
homogeneity of distribution of the silver particles was determined
additionally and they demonstrated good bactericidal activity
(Angelova et al., 2012). In other work we represented the new
generation of sol–gel antibacterial silica hybrid materials based on
ethyl trimethoxysilane (ETMS), CMC  and silver. In this case used
silica precursor does not allow the homogeneity distribution and
irregular shape of silver nanoparticles (Rangelova et al., 2012).

These results and above-mentioned literature data motivate us
to check the possibility to combine the green method (using CMC  as
non-toxic reducer and stabilizer) and the sol–gel approach (using
TEOS as SiO2 source) for successful synthesis of hybrid materi-
als. We also examined the structure and antibacterial behavior of
SiO2/CMC hybrids containing different amount of silver.

2. Materials and methods

2.1. Materials

The sodium salt of carboxymethyl cellulose, tetraethoxysilane
and silver nitrate (AgNO3) were purchased from Aldrich and nitric
acid from Merck. They were used without further purification.

2.2. Preparation of SiO2/CMC/Ag hybrid materials

The sol–gel synthesis of SiO2/CMC hybrids with or without silver
was carried out by a multi-step method using acid hydrolysis reac-
tion (Scheme 1). The quantities necessary to obtain hybrids with
10 wt%  cellulose derivative and silver content are calculated to SiO2
assuming that the precursor (TEOS) is completely hydrolyzed.

Step 1: Dissolving of CMC: 10 wt%  of cellulose ether was dis-
solved in 10 mL  hot water on a magnetic stirrer to produce
Sol A.

Step 2: Pre-hydrolyzation of silica source: TEOS (5 mL)  was used
as SiO2 precursor to generate the siloxane network in the hybrids.
It was pre-hydrolyzed with water (1.5 mL)  and 0.1 N HNO3 (1.5 mL)
solutions as catalyst (Sol B). The obtained sols were homogenized
on magnetic stirrer for 1 h to produce totally clear solutions.

Step 3: Dissolving of AgNO3: Different amounts of AgNO3 were
used to produce hybrids with silver content 0.0 wt%, 0.5 wt%,
1.0 wt%  and 1.5 wt% Ag. Silver nitrate was slowly added to the
above-mentioned solution (Sol B). The formed suspension was
stirred until complete dissolution of AgNO3.

Step 4: Preparation of mixed Sol C: After dissolving the silver salt,
Sol A was mixed with Sol B under stirring and homogenization for
40–60 min.

The obtained Sols C were kept at 50 ◦C for gelation, aging and
drying. The newly synthesized hybrids were tested as antibacterial
materials against Gram-positive and Gram-negative bacteria.

2.3. Sample characterization

2.3.1. X-ray diffraction (XRD)
X-ray diffraction patterns were used to investigate the crys-

tallinity of the materials. For the XRD measurements a Bruker D8
Advance diffractometer was used at Cu K� radiation in 10 < 2� < 80
range.

2.3.2. Fourier transform infrared (FT-IR) spectroscopy

The structural building units of obtained hybrid materials were

determined by FT-IR spectra using KBr pellet technique on a
Bruker’s VERTEX 70 spectrometer with a resolution of ±1 cm−1,
by collecting 32 scans in the range 4000–400 cm−1.
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Scheme 1. Synthesis and applica

.3.3. Scanning and transmission electron microscopy
Scanning electron microscopy (SEM) was employed to study

he morphology of the obtained hybrids. SEM images were taken
ith a Microscope LEO 1530, Gemini. The obtained materials were

overed with gold using BAL-TEC/SCD 050 Sputter coater. Energy-
ispersive X-ray spectroscopy (EDS) was used to determine the
lements on sample surfaces. Transmission electron microscopy
TEM) and high resolution transmission electron microscopy
HRTEM) were used to determine the size of silver nano-particles
nside the hybrids. The TEM investigations were performed on a
EM JEOL 2100 instrument at accelerating voltage of 200 kV. The
pecimens were prepared by grinding and dispersing the powders
n ethanol by ultrasonic treatment for 6 min. The suspensions were
ripped on standard carbon/Cu grids.

.3.4. Ultraviolet and visible (UV–vis) spectroscopy
The optical absorption spectra in the ultraviolet and visible

egion were investigated by Spectrophotometer Evolution 300 in
he wavelength range 200–1100 nm.  The absorbance test was per-
ormed on the powdered samples. The absorption spectra were
onverted from the refraction by Kubelka–Munk method.

.3.5. Differential thermal analysis (DTA/TG)
The thermal stability of synthesized amorphous hybrids was

eterminated by DTA/TG analysis. A Seteram Labsysis Evo 1600
nstrument was used for recording of thermo diagrams over the
ange from room temperature up to 700 ◦C. The heating rate was
0◦/min in air atmosphere under an air flow of 20 mL/min in order
o determine the released gas phases during the increase of tem-
erature by the mass spectrometer OminStar Preffer vacuum.

.4. Antibacterial activity studies

The antibacterial effect of obtained hybrid materials was tested
gainst aerobic Gram-positive Bacillus subtilis and facultative
naerobic Gram-negative Escherichia coli K12. The strains were
btained from the University of Hamburg–Harburg teaching lab-
ratory and were cultured on LB agar plates for 18 h at 37 ◦C before
se.

.4.1. Determination of antibacterial activity in LB broth
easuring turbidity

A single colony of B. subtilis and E. coli K 12 respectively was
sed for inoculating 50 mL  liquid LB medium. 10 mg  from the newly

btained hybrid materials with different silver contents (from 0.5
o 1.5 wt%) were placed in a flask with the investigated strains. The
ositive control contained bacteria and hybrid materials without
ilver. The cultivation process was performed on a rotary shaker
f SiO2/CMC/Ag hybrid materials.

(200 rpm) at 30 ◦C (B. subtilis) and 37 ◦C (E. coli K 12) for 24 h.
Aliquots were taken every hour and optical density was measured
at 620 nm.

2.4.2. Antibacterial activity based on LB agar plating
Bacterial growth inhibitory effect of hybrid materials was fur-

ther confirmed by plating on LB agar plates. 200 �L of bacterial
broth suspension after 24 h of strains cultivation in the presence
of hybrid materials with different silver content were seeded on
LB agar plates. Samples containing bacteria and hybrid materials
without Ag were plated as positive controls. The plates were incu-
bated 24 h at 30 ◦C for B. subtilis and 37 ◦C for E. coli K 12 followed
by counting the number of colonies on the plate. The measurement
of antibacterial activity of hybrid materials was  calculated accord-
ing to Rivero et al. (2011), between the control sample and the test
sample.

Cell reduction (%) =
(

1 −
Test sample

(
CFU
mL

)
Control

(
CFU
mL

)
)

× 100

3. Results and discussion

Homogeneous amorphous hybrids based on the sodium salt
of carboxymethyl cellulose (CMC) and TEOS containing silver
nanoparticles were obtained using sol–gel and green methods. In
this method the biopolymer is used as a material for synthesis of
new hybrids, as a reducing agent for silver ions and as a non-toxic
material for stabilization of nanoparticles. The advantages of the
green process are: there is no need to use reducing agents; the
process can be conducted at ambient temperature and it is a rapid
and environmentally friendly process (García-Barrasa et al., 2011;
Sharma et al., 2009).

The XRD patterns of pure CMC  and hybrid materials are shown
in Fig. 1. The diffractogram of the cellulose derivative shows
that, like all other natural polymers, it has a partially crystalline
nature (Ghaffari, Navaee, Oskoui, Bayati, & Rafiee-Tehrani, 2007;
Rangelova et al., 2011; Wang & Xu, 2006). Differences between
cellulose ether and hybrid materials can be observed in the X-ray
diffractograms shown in Fig. 1a and b, respectively. The shifting
of the peak at 2� = 20◦ (CMC) to 24◦ (SiO2/CMC hybrid) can be
explained by rearrangement in the morphology of the polymeric
chain after interaction between CMC  and silica. Disappearance of
the peak at ∼37◦ in the hybrid (Fig. 1a) compared with the diffrac-

togram of cellulose ether indicate successful incorporation of CMC
molecules into the silica network (Yano, 1994).

The diffraction band at around 23◦ is characteristic of amor-
phous silica (Arreche, Blanco, Martín Martínez, & Vázquez, 2012; Li,
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Fig. 1. XRD patterns of CMC  and pure hybrid (a

hi, & Guo, 2010; Zhang, Wu,  He, & Yang, 2007). Similar diffraction
atterns have been observed (Fig. 1). It can be seen that the diffrac-
ion patterns show slight shifting of “humps” at different angles
enter (2�). It is clear that the hybrids remain amorphous. More-
ver the decrease of diffraction peak intensities and the increased
ackground noise present a sign that the crystalline structure of
ellulose derivative has also been transformed to a less ordered
tate with its dissolution, recrystallization and incorporation into
he composite structure. The absence of silver diffraction peaks in
he samples can be explained with the overlap of a very broad peak
f silica with the silver peaks, which are present in too small trace
mounts to be detected by XRD (Singh & Ahmed, 2012a, 2012b).

The FTIR spectra of pure CMC  and hybrid materials are compared
o the spectra of hybrids doped with different amounts of silver in
ig. 2. The CMC  spectrum (Fig. 2a) shows three frequency regions:
rom 3700 to 3100 cm−1, 3000 to 2800 cm−1 and 1800 to 700 cm−1.

In the first interval (3700–3100 cm−1), the large absorption
and can be assigned to the stretching vibrations of the hydroxyl
roups. In this area OH groups can be divided into free (unsub-
tituted) hydroxyl groups and hydrogen bonding OH groups
Ibrahim, Koschella, Kadry, & Heinze, 2013; Li, Sun, & Wu,  2009;
i et al., 2011a,b; Wang & Somasundaran, 2005). On the other
and the hydrogen bonds of carboxymethyl cellulose macro-
olecule can be classify as interchain and intrachain hydrogen

onds (3380–3200 cm−1) (Li et al., 2009). The bands at ∼2920 and
870 cm−1 correspond to asymmetric and symmetric C H stretch-
ng vibrations of CH2 groups. The last interval (1800–700 cm−1)
s known as “fingerprint region”, where the strong peak at around
590 cm−1 is assigned to the non-hydrated C O groups (Li et al.,

Fig. 2. IR spectra of CMC, pure hybrid (a) and hyb
hybrids doped with different silver content (b).

2009; Rangelova et al., 2012; Yang, Li, He, Ren, & Wang, 2009).
The bands in the range1350–1450 cm−1 represent deformation and
valence vibrations of the C OH bonds in the pyranoid ring. The
stretching vibrations of the skeletal (C O C and C C) glycosides
linkages, as well as primary alcohol groups are found in the range
between1078 and 1030 cm−1 (Ibrahim et al., 2013).

The FTIR spectra of pure hybrid material (Fig. 2a) and the spectra
of hybrids doped with different silver content (Fig. 2b) are similar
with the exception of the shoulder at around 1370 cm−1 due to
NO3

− groups (Jeon, Yi, & Oh, 2003). The bands in the range from
3200 to 3600 cm−1 can be attributed to silanol groups (Si OH) or
to absorbed water on the surface (Han, Taylor, Mantle, & Knowles,
2007; Rangelova et al., 2007, 2010, 2011, 2012). The bands at
1630 cm−1 can be assigned to the vibration of absorbed water.
The characteristic bands of the silica network are usually found
in the area from 1300 to 600 cm−1.The bands at ∼1080 cm−1 and
790 cm−1 can be assigned to the asymmetric and symmetric vibra-
tions of the siloxane linkage (Si O Si) in the [SiO4] tetraedra (Han
et al., 2007; Kim et al., 2009; Nenkova, Radev, Rangelova, Aleksiev,
& Samuneva, 2007; Rangelova et al., 2007, 2011). The bands at
950 cm−1 can be attributed to Si OH groups (Han et al., 2007; Kim
et al., 2009; Nenkova et al., 2007).

The main differences in the IR spectra (Fig. 2a and b) were
observed in the range 3200–3600 cm−1. The vibration of silanol
groups which are associated with molecular water through H-
bonds can be found above 3500 cm−1 (Kim et al., 2009). Many

authors reported that the bands above 3500 cm−1 can be attributed
to the vibration of hydrogen bonds formed between the biopolymer
and the silica network (Han et al., 2007; Kim et al., 2009). It can be

rids doped with different silver content (b).
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ple clusters with an average diameter 0.5 �m can be seen. The
ig. 3. UV–vis absorption spectra of pure hybrid and hybrids doped with different
ilver content.

een that the broad band at around 3250 cm−1 becomes asymmet-
ic with shoulders at ∼3450 and 3640 cm−1 in the spectra of hybrid
aterials (Fig. 2b) and intensity decreases probably due to the for-
ation of hydrogen bonding between CMC  macromolecules and

he SiO2 network (Nenkova et al., 2007; Rangelova, 2012). For more
etails we decompose the peak in the region 3000–3800 cm−1,
here the spectra were fitted with a sum of Gaussian curves by
eans of least square method. The spectrum was decomposed into

ve components with a good fitting quality, giving the peaks at
150, 3240, 3390, 3540 and 3625 cm−1. The results indicate that
he interactions between the biopolymer and silica network are
onded with H-bonds (3540 and 3625 cm−1) (Nenkova et al., 2007;
angelova, 2012). Mohan, Raju, Sambasivudu, Singh, & Sreedhar
2007) suggest that in the presence of silver ions in the hybrids the
xygen atoms of OH and COOH groups get associated with silver
lusters. This leads to broadening and shifting of stretching vibra-
ion of OH groups from 3260 to 3240 cm−1 between silver unloaded
nd silver loaded spectra (Juby et al., 2012).

It is well known that by UV–vis spectra useful structure infor-
ation about the size and oxidation state of silver particles can

e obtained. Fig. 3 presents the UV–vis absorption spectra of pure
ybrid and hybrids doped with different amounts of silver ions (0.5
nd 1.5 wt% Ag). Broad peaks were observed at ∼300, 350, 440 nm
or materials containing silver. It is noted that the presence, shape
nd peak position in these spectra correlates to the Ag content.
enerally absorption bands in the region 200–250 nm correspond

o the presence of Ag+ ions and bands in the range 250–300 nm can
e found with Ag0 ions (Baia & Simon, 2007; Vulpoi, 2011). On the
ther hand it is well known that the absorption bands ∼420 nm
an be attributed to the surface plasmon resonance (Aziz, Abidin, &
rof, 2010; Baia & Simon, 2007; Silvert, Herrera-Urbina, & Tekaia-
lhsissen, 1997; Vulpoi, 2011). The absorption bands located at
210 nm are present in all investigated hybrid materials includ-

ng the initial amorphous matrix without Ag, where the maximum
ppears at 210 nm.  As has been mentioned above, the Ag+ signature
an be seen in the region between 200 and 250 nm and analysis
o assign this peak is a complicate. However, basically this signal
omes from the initial matrix with absorption age � ≈ 230 nm and
ptical band gap Eg ≈ 5.39 eV but a shift of the maximum value of
his peak from 210 to 213 nm can be assigned to the presence of
mall amounts of Ag+. It can be seen that in the UV–vis spectra
f pure hybrid has no other absorption peaks. This means that the

ands at ∼300, 350, 440 nm can be attributed to the presence of sil-
er in the amorphous matrix. The absorption peak at 300 nm can be
ttributed to the electronic transition of Ag0. It has been reported
mers 101 (2014) 1166– 1175

that polymers which contain hydroxyl and carboxyl groups are
responsible for Ag+ reduction (Aziz et al., 2010; Silvert et al., 1997).
Silvert et al. (1997) give an interpretation of this phenomenon with
strong affinity of nitrogen and oxygen atoms of polar groups for
silver ion and metallic silver.

The plasmon bands at ∼440 nm can be related to the formation
of silver nanoparticles and their concentration. It was established
that with the increase of the silver content in the amorphous matrix
the color changes from light brown to dark brown. The same results
were reported from many authors (Aziz et al., 2010; Kang et al.,
2004). Aziz et al. (2010) reported that the color of metal nanopar-
ticles depends on the shape and size of the nanoparticles and only
free electrons possess plasmon resonance in the visible spectra
giving intense color.

The presence of an absorption signal at around 350 nm, a shoul-
der at 500 nm,  which is typical for hybrid material containing
1.5 wt% Ag, can be explained by the presence of different sizes of
silver nanoparticles. It was  discussed that the absorption peaks at
420–430 nm are caused by silver nanoparticles with higher sizes
than the particles giving a signal at 330–350 nm (Vulpoi, 2011). In
this connection it maybe concluded that the silver nanoparticles in
the obtained materials have different sizes and formed clusters.

The DTA curve of pure CMC  (Fig. 4a) in the range from room
temperature to 700 ◦C there are three exothermic effects that can
be attributed to the depolymerization and subsequent combustion
of cellulose ether (Singh & Ahmed, 2012b; Teotia, 2012; Zakharov,
Ezhova, Koval, Kalinnikov, & Chalykh, 2005). The thermal analysis
of the hybrid obtained without silver showed that it is extremely
stable (even at 700 ◦C) as there were no exo-effects. The observed
exothermic peaks at lower temperatures in DTA curves of hybrids
with 0.5 and 1.5 wt%  silver could be explained by degradation of
complexes between silver and macromolecules of the cellulose
derivative. In this way part of OH and COOH groups are blocked,
which means that they are not free and cannot participate in the
formation of H-bonds with the silica network.

Fig. 4b presents the spectra of the released gas phases when
CMC, pure hybrid and hybrids doped with different silver content
were heated. Comparing the curves of DTA analysis of cellulose
ether (Fig. 4a) and data from gas spectroscopy of CO2 (Fig. 4c) there
is similarity between them. This confirms that a greater degree of
phase transitions occur mainly by the release of CO2 due to decom-
position and combustion of CMC.

The TG curves of the thermal treatment of the samples are
presented in Fig. 4d. They show that CMC  undergoes mass loss
of ∼70%. On the other hand, the hybrid prepared without sil-
vers show a weight loss only 3% which occur in the temperature
range 50–150 ◦C and can be attributed to the water evaporation.
For the hybrids doped with silver weight losses are in the range
8–17%, depending on the quantities of the included silver. As noted
above, these losses can be attributed to the degradation of link-
ages between the silver and CMC  macromolecules (Juby et al., 2012;
Singh & Ahmed, 2012b).

Fig. 5 presents SEM images of the obtained hybrids. It can
be seen that the hybrid without silver (Fig. 5a) has a smooth
surface with wavy character and spherical inclusions (sodium
particles) evenly distributed on the sample surface. The formed
micro heterogeneities have an average size of ∼0.9 �m.  On the
surface of the hybrid with 0.5 wt% Ag spherical particles with
an average size in the range 30–100 nm can be seen, uniformly
distributed in the amorphous matrix. The silver particles formed
oval shaped clusters, which were evenly distributed. With the
increase of the silver content to 1.5 wt% the formation of multi-
EDS analysis demonstrates that the identified elements are O,
C, Na, Ag, Si and Au, which are characteristic for the obtained
materials.
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ig. 4. Thermal parameters of CMC, pure hybrid and hybrids doped with different
hermal treatment, and TG curves (d).
To demonstrate the shape and size of the silver nano-particles
ithin the obtained hybrids and to confirm the data from UV–vis

pectroscopy TEM analysis were carried out. Fig. 6 presents TEM
nd HRTEM images of the obtained hybrid materials with different

Fig. 5. SEM images of CMC/SiO2 hybrid (a) and hybrids doped w
 contents: DTA curves (a), realized as gas products H2O (b) and CO2 (c) during the
silver contents. In the micrographs the silver nanoparticles (dark
part) with different shapes and sizes between 5 and 10 nm can be
seen. Silver particles in the sample containing 1.5 wt% (Fig. 6c and
d) are smaller than the particles in the sample containing 0.5 wt%

ith different silver contents – 0.5 wt% (b) and 1.5 wt% (c).
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Fig. 6. TEM images of CMC/SiO2 hybrids doped with a silver conten

g (Fig. 6a and b). The images show that the silver nanoparticles
in the sample with higher concentration of Ag) aggregate to form
lusters with different orientation between lattice fringes having a
-spacing of 0.2–0.25 nm corresponding to refraction [1 0 2] accord-
ng to data base JCPDS [01-087-0598].

The antimicrobial activities of the investigated hybrid materi-
ls were tested with B. subtilis and E. coli K12 in batch experiment,
easuring turbidity and plate method as CFUs after strains expo-

ure to the materials with different Ag concentrations. The bacterial
rowth was measured as optical density of the LB broth and
he data showed typical bacterial growth curves in both con-
rol variants (Fig. 7). B. subtilis exposed to 1.5 wt% Ag showed

 complete inhibition (Fig. 7a). 0.5 wt% Ag led to suppression
f growth phases, the lag-phases is prolonged and logarithmic
hases were reduced. The growth curves for E. coli K12 followed
he same tendency, the high silver concentrations suppressed the
rowth of microorganisms and no growth was observed (Fig. 7b).
he growth of E. coli K12 was affected in a similar manner,
ut the effect was less pronounced when compared to B. sub-
ilis.
The inhibitory effect of hybrid materials was further confirmed
y evaluation of CFU on agar plates (Fig. 8). 0.5 wt%  Ag reduced
rowth of both strains on the plates, and no growth was  observed
t 1.5 wt% Ag by B. subtilis (Fig. 8d).

Fig. 7. Bacterial growth curves for B. subtilis (a) and E. coli K12 (b) in
 0.5 wt% (a and b) and 1.5 wt% (c and d) at different magnifications.

The reduction of bacterial growth reached 100% by B. subtilis
in the presence of 1.5 wt% Ag, whereas the reduction of growth
by E. coli K12 was 95% (Table 1). 0.5 wt%  Ag also affected bacterial
growth – 75% by B. subtilis and 53% by E. coli K12. In batch exper-
iments as indirect method, our results demonstrated no growth
phases by both used microorganisms by 1.5% Ag. In the same time
by plate method as a direct method, we observed 95% reduction
of E. coli. The less pronounced effect on E. coli K12 is proba-
bly due to the different cell wall structure of Gram-positive and
Gram-negative bacteria. Gram-positive B. subtilis is more sensi-
tive to silver, than Gram-negative E. coli.  Based on these results,
the obtained hybrid materials with AgNps even with 0.5 wt% Ag
have efficient antibacterial properties for both Gram-positive and
Gram-negative bacteria.

The antibacterial action of silver may  be due to the interaction
with the bacterial cell wall resulting in cell wall rupture, leading
to protein denaturation and cell death. Silver and silver ions can
cause oxidative stress by free radical formation in cytoplasm and
disruption of bacterial membrane. Many authors established that
the action of silver nanoparticles is similar to that of silver ions

(Rastogi et al., 2011). Yoon, Byeon, Park, & Hwang (2007) investi-
gated the antibacterial activity of silver nanoparticles and reported
that the B. subtilis is more sensitive to silver nanoparticles com-
pared to E. coli, due to different cell wall structure of Gram-positive

 the presence of hybrid materials with different Ag contents.
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Fig. 8. Test results of B. subtilis (upper panel) and E. coli K12 (lower panel) cultivated on solid LB after 24 h: without Ag (a), in the presence of 0.5 wt% Ag (b), 1 wt% Ag (c) and
1.5  wt%  Ag (d).

Table 1
Results of the tests on antibacterial activity of the hybrid materials.

SiO2/CMC hybrid materials B. subtilis E. coli K12

CFU/ml Reduction of bacteria (%) CFU/ml Reduction of bacteria (%)

0 wt  % Ag 3.2 × 104 – 5 × 105 –
4 5

a
A
o
r
t
m
a

a
w
s
n
w
b
t
1
e
w
t
m

a
t

4

m
w
b

0.5  wt% Ag 0.8 × 10 75 

1.0  wt% Ag 0.2 × 104 93.75 

1.5  wt%  Ag – 100 

nd Gram-negative bacteria. Similar data were reported by Lara,
yala-Nunez, Turrent, & Padilla (2010) as a result of investigation
f bactericidal effect of silver nanoparticles against multidrug-
esistant bacteria. They established that lipopolysaccharide might
rap and block the positive charges of silver nanoparticles and

ake Gram-negative bacteria less sensitive to them. Our results
lso revealed greater sensitivity of B. subtilis compared to E. coli.

The mechanism of silver nanoparticles toxicity is complicated
nd depends on some factors such as their shape and size. It
as demonstrated that truncated triangular silver displayed the

trongest antibacterial action, compared to spherical and rod-like
anoparticles (Pal, Tak, & Song, 2007). The silver nanoparticles
ith a diameter of 1–10 nm attached to the surface of cell mem-

rane and after penetrating inside the bacteria caused damage to
he DNA (Morones et al., 2005). In our case the sample contain
.5 wt% Ag shows the presence of irregularly shape with differ-
nt size (5–10 nm)  as compared to the hybrids with 0.5 wt%  Ag
here the size of obtained spherical silver nanoparticles is more

han 20 nm.  These results are confirmed also from the optical trans-
ission spectra.
The applications of these materials can be in various fields such

s improving water quality, medical devices and antimicrobial sys-
ems are possible.

. Conclusions
A series of new silver doped SiO2/CMC amorphous hybrid
aterials have been prepared. According to structural analysis it
as proposed that the most probable mechanism of interaction

etween organic and inorganic components is the formation of new
2.35 × 10 53
1.55 × 105 79
0.25 × 105 95

hydrogen bonds. These bonds are thermally more stable than the
structure of macromolecules. It is suggested that the silver ions in
the hybrids are present in different sizes and valence states (Ag+ and
Ag0) in different ratios depending on the composition. The hybrids
showed enhanced bactericidal activity against both Gram-positive
(B. subtilis) and Gram-negative (E. coli K12) bacteria.
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