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ARTICLE INFO ABSTRACT
Article history: This study was conducted to develop novel chitosan nanocomposites and to optimize the minimum amount and 22
Received 12 January 2015 contact time required to achieve complete inactivation of bacteria in water. Gram-negative Escherichia coli and 23
Received in revised form 2 June 2015 Gram-positive Enterococcus faecalis bacteria were used to test the antibacterial activity of chitosan cross-linked 24
Accepted 6 June 2015 with glutaraldehyde and chitosan nanocomposites in water. The silver and zinc oxide nanoparticles supported 25
Available online xxxx . . . . . . . .
on bentonite were synthesized using microwave-assisted synthesis method. The resulting bentonite- 26
Keywords: supported silver and zinc oxide nanoparticles were dispersed in a chitosan biopolymer to prepare bentonite 27
Bentonite chitosan nanocomposites chitosan nanocomposites. The obtained bentonite chitosan nanocomposites were characterized with BET surface 28
Gram-negative bacteria area measurements, FTIR, XRD, ICP-AES and SEM. When using cross-linked chitosan, it was demonstrated that 29
Gram-positive bacteria factors such as pH, particle size and surface area influenced the inactivation of bacteria. For instance, the antibac- 30
Antibacterial activity terial activity of cross-linked chitosan was illustrated to increase with an increase in contact time. Meanwhile, an 31
Silver and zinc oxide nanoparticles improvement in the inactivation activity was indicated with the introduction of silver and zinc oxide nanoparti- 32
cles containing bentonite into the chitosan matrix. Although both silver and zinc oxide containing bentonite 33
chitosan nanocomposites exhibited good antibacterial activity against bacteria, with removal efficiencies of at 34
least 51%, the best antibacterial activity was demonstrated for silver-zinc oxide bentonite chitosan nanocomposite, 35
with a removal efficiency of at least 78%. Furthermore, the antibacterial activity of bentonite chitosan nanocompos- 36
ites was identified to be influenced by the amount of material, contact time and bacterial concentration. Finally, 37
leaching tests demonstrated that bentonite chitosan nanocomposites were stable and, consequently, could be 38
effectively used as antibacterial materials for water disinfection. 39
© 2015 Published by Elsevier B.V.
1. Introduction and national standards (WHO, 2006b). The greatest threat posed to Q3
drinking water resources arises from bacterial contamination. In 59
The World Health Organization (WHO) estimates that more than 3.4 addition to affecting the quality of water, bacterial contamination of 60
million people, many of them children, die each year from water related water is a concern as they cause diseases that could be life-threatening 61
diseases. Globally, waterborne diseases are the second leading cause of upon ingestion or exposure. WHO recommends that any water intended 62
death in children below the age of five years. It is estimated that 10% of for drinking purposes should contain fecal and total coliform counts of 0 63
diseases worldwide can be prevented by improving the water supply, ina 100 ml sample (WHO, 2006a). Given these concerns, many tradition- 64
sanitation, hygiene and management of water resources (Priiss-Ustiin al treatment methods, both chemical (chlorine, ozone, iodine) and phys- 65
et al., 2008; WHO, 2013). The gravity of water shortages, including ical (ultraviolet light, radiation) (Boorman et al,, 1999; Woo et al., 2002; Q4
quality issues and their effects on the health of consumers, makes it Tiwari et al., 2008), have been applied to inactivate bacteria in water 67
necessary to direct considerable and focused efforts toward research supplies. Although these methods can effectively reduce and control 68
and development programs in the drinking water sector (Savage and pathogenic bacteria to the desired levels, in recent years, research has 69
Diallo, 2005). WHO defines safe drinking water as water whose micro- revealed that such methods can lead to the formation of harmful disinfec- 70
bial, physical and chemical characteristics comply with their standards tion byproducts (DBP) (Richardson, 2003a; Krasner et al., 2006). 71
Chemical disinfectants such as chlorine and ozone can react with var- 72
* Corresponding author. Fax: +27 12 841 2229. ious constituents of water to form DBP that are carcinogenic. However, 73
E-mail address: rsuprakas@csir.co.za (S.S. Ray). one of the most complex and important challenges in water treatment 74
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is that some of these bacteria have become increasingly resistant to the
available disinfectants and now require extremely high disinfectant
doses, leading to the formation of greater abundance of DBP. Therefore,
there is an urgent need to re-evaluate conventional disinfection
methods and to consider innovative approaches that can offer
enhanced reliability and robustness of disinfection while avoiding DBP
formation (Richardson, 2003b, 2004; Li et al., 2008). Apart from DBP
formation, the above technologies are often costly and time-consuming.

In the past two decades, advances in nanoscience and nanotechnol-
ogy have expanded the possibilities for the development of high-
performance nanomaterials targeted at solving the current problems
related to water quality. There are four classes of nanoscale materials
that are being evaluated for use as functional materials for water treat-
ment: (1) metal/oxide nanoparticles, (2) carbonaceous nanomaterials,
(3) zeolites and (4) dendrimers. These materials possess a broad
range of physico-chemical properties that make them attractive for
use as separation and reactive media for water treatment (Savage and
Diallo, 2005; Tiwari et al., 2008). They can also be functionalized with
various chemical groups to increase their affinity toward a given
compound. They can be prepared as nanosorbents, nanocatalysts and
reactive membranes and, therefore, exhibit promising and enhanced
properties of selective bacteria inactivation and removal (Savage and
Diallo, 2005; Tiwari et al., 2008; Ray et al., 2012). Moreover, given the
concerns regarding the treatment resistance of pathogenic bacteria in
water, the search for new disinfection agents has become a critical issue.

Silver (Ag) nanoparticles have drawn considerable interest for water
disinfection because of their antibacterial activity, and they have
attracted application in various consumer products (Lin et al., 2012).
Ag nanoparticles are a well-known disinfectant that is effective for a
wide spectrum of bacteria and viruses. It is thought to be more effective
and is more widely used for Gram-negative bacteria. Drinking water
often contains a broad range of both types of bacteria (Gram-negative
and Gram-positive). Therefore, the treatment of water in which both
types are likely to be present with a disinfectant that has been reported
to be more effective against Gram-negative bacteria makes it difficult to
achieve complete inactivation of bacteria (Shahverdi et al., 2007;
Theivasanthi and Algar, 2011; dos Santos et al., 2012). Consequently,
this approach will compromise the effectiveness of the disinfectant
and increase the amount required. To compensate for this shortcoming
and achieve thorough inactivation for a wide spectrum of bacteria,
inorganic metal/oxide nanoparticles are often combined to form
nanoparticle hybrids. Among the inorganic metal oxide nanoparticles
that have been tested extensively for their antibacterial activity are
zinc oxide (ZnO) nanoparticles. ZnO nanoparticles have been studied
extensively using various pathogenic and non-pathogenic bacteria.
They have also been reported to possess strong antibacterial activity
against a broad range of bacteria (Reddy et al., 2007; Jones et al.,
2008; Li et al.,, 2008; Azam et al., 2012; Motshekga et al., 2013).
Therefore, it is highly probable that a combination of Ag and ZnO
nanoparticles will be effective against both Gram-negative and Gram-
positive bacteria that are typically found in water. Both Ag and ZnO
nanoparticles possess larger surface areas for interaction and higher
reactivity than the corresponding bulk materials and therefore produce
stronger antibacterial effects (Emami-Karvani and Chehrazi, 2011;
Azam et al,, 2012). These unique properties make nanoparticles appeal-
ing compared to their bulk counterparts. However, the disadvantage of
nanoparticles is that when used as individual components of functional
materials, they tend to agglomerate, which reduces their effectiveness.
Another disadvantage is that the release of nanoparticles into the envi-
ronment during the treatment process poses a health risk, as the toxicity
effect to the end user is not well known. For nanoparticles to be applied
effectively for water disinfection, they typically must be supported on
substrates such as carbon nanotubes, clays or polymers (Savage and
Diallo, 2005; Li et al, 2008; Tiwari et al., 2008).

Clays and clay minerals are an excellent material for this purpose
given the various relevant concerns. Clays such as bentonite and clay

minerals such as montmorillonite, kaolinite, palygorskite and
halloysites have been used as supporting substrates for nanoparticles
in various water purification systems (Yavuza et al., 2003; Metes et al.,
2004; Bhattacharyya and Gupta, 2006; Karapinar and Donat, 2009).
They can be used as individual components or as substrates for compos-
ite materials. Bentonite (Bent), which consists of more than 70%
montmorillonite, has attracted considerable interest because it is easily
available in bulk quantities, economically attractive and environmentally
friendly and because it possess excellent swelling and adsorption
properties. Bent has been used as a support to disperse and stabilize
nanoparticles in various applications (Ayari et al., 2005; Hashemian,
2010; Zamparas et al., 2012).

Although there are numerous studies regarding the antibacterial
activity of clay-supported metal/oxide nanoparticles, most have used
the disk diffusion method to test their antibacterial effect, and no
reports of further water treatment applications of these materials are
available in the literature (Magafia et al., 2008; Santos et al., 2011;
Shameli et al., 2011a; Hrenovic et al., 2012; Bagchi et al., 2013). To
limit the leaching of nanoparticles into the water, clays that contain
metal/oxide nanoparticles are often imbedded in various polymer
matrices. Therefore, the robustness of applying these metal or metal
oxide nanoparticles decorated clays in water disinfection is established
when they are incorporated within a polymer. In this work, chitosan
(Cts) biopolymer was used as a matrix. Cts is the second most plentiful
natural biopolymer. It was chosen because it is non-toxic and possesses
inherent antimicrobial properties. However, the antimicrobial activity
of Cts is affected by a number of factors, including its molecular mass,
the species and concentration of the bacteria, and the type and pH of
the solution. Cts has also been widely used as an adsorbent for
transition-metal ions and organic species because the amino (—NH,)
and hydroxyl (—OH) groups on Cts chains can serve as coordination
and reaction sites (Zheng and Zhu, 2003; Chang and Juang, 2004; Li
et al., 2008; Raafat and Sahl, 2009; Kittinaovarat et al., 2010; Guibal
et al,, 2013).

To date, few studies have been performed concerning the antibacte-
rial activities of clay polymer nanocomposites, although such studies are
necessary and significant. In this study, Bent was used as a supporting
substrate for Ag, ZnO and Ag-ZnO nanoparticles. A facile microwave-
assisted synthesis method was employed for the impregnation of the
nanoparticles on the clay, while solvent-casting method was used to
disperse nanoparticles containing clay in the Cts matrix. The obtained
Bent Cts nanocomposites were therefore expected to demonstrate
effective antibacterial activity against Escherichia coli (E. coli) and
Enterococcus faecalis (E. faecalis) bacteria, which served as representatives
of Gram-negative and Gram-positive bacteria, respectively.

2. Materials and methods
2.1. Materials

Pristine Bent, which was used as the solid support for Ag, ZnO and
Ag-Zn0O nanoparticles, was obtained from Ecca Holdings (Pty) Ltd,
South Africa. Cts was purchased from Sigma Aldrich (South Africa) as
a flake material. Glutaraldehyde (GLA, 50 wt.% in H,0); phosphate
buffered saline (PBS, pH 7.4); sulfuric acid (H,SO4, 98%); acetic acid
(C3H40,, 99%); sodium chloride (NaCl); sodium hydroxide pellets
(NaOH); silver nitrate (AgNOs, 99.98%), which was used as the Ag
precursor; and ZnO nanoparticles dispersed in ethanol were
purchased from Sigma Aldrich, South Africa. All aqueous solutions
were prepared using distilled water. Sodium thiosulfate (Na,S,05),
nutrient broth and nutrient agar were purchased from Merck,
South Africa. The bacterial strains used to provide the antibacterial
activity were Gram-negative E. coli (ATCC 11775) and Gram-
positive E. faecalis (ATCC 14506) from the American Type Culture
Collection.

Please cite this article as: Motshekga, S.C., et al,, Preparation and antibacterial activity of chitosan-based nanocomposites containing bentonite-
supported silver and zinc oxide nanoparticles for water disinfection, Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2015.06.010

141
142


http://dx.doi.org/10.1016/j.clay.2015.06.010

203

204
205
206
207
208
209
210
211
212
213
214
215
216
217

218

219
220
221
222
223
224
225

226

250

252
253
254
255
256
257
258
259
260

S.C. Motshekga et al. / Applied Clay Science xxx (2015) XXx-XxXx 3

2.2. Cross-linking of Cts with GLA

Cross-linked Cts was prepared by dissolving 1 wt.% Cts flakes into a
1% (v/v) aqueous C;H40, solution and stirring overnight at 50 °C and
500 rpm until a clear solution was obtained. The solution was centri-
fuged to remove insoluble Cts. The solution pH was then adjusted to 5.
The Cts solution was added dropwise using a disposable syringe pump
into 1 M NaOH under gentle stirring and stirred overnight to neutralize
the acid. The resulting Cts beads were extensively rinsed and filtered
with distilled water to remove any residual NaOH. The wet beads
(now irregular in shape after filtering) were then dispersed in 1% GLA
solution and stirred overnight. The cross-linked Cts beads were exten-
sively washed to remove excess GLA solution. Finally, the beads were
air dried at 30 °C for 4 h, followed by an increase in temperature to
70 °C overnight. The beads were then ground and sieved to a constant
size of <400 pm before use.

2.3. Synthesis of Ag, ZnO and Ag-ZnO nanoparticles containing Bent

Metal and metal oxide containing Bent were synthesized as reported
in a previous study (Motshekga et al., 2013), and used without any
further modification. In brief, three different batches of Ag-containing
Bent (Ag Bent), ZnO-containing Bent (ZnO Bent), and both Ag and
ZnO-containing Bent (Ag-ZnO Bent) were prepared using microwave-
assisted synthesis method. The Bent nanocomposites were character-
ized and stored for later use.

2.4. Synthesis of Bent Cts nanocomposites

The preparation method for Bent Cts nanocomposites (Ag Bent Cts
nanocomposite, ZnO Bent Cts nanocomposite and Ag-ZnO Bent
nanocomposite) was modified from previously reported procedures
(Wang et al., 2005; Kamari et al., 2009). A Cts solution was prepared
by dissolving 1 wt.% Cts flakes into a 1% (v/v) aqueous C,H40, solution
and stirring overnight at 50 °C and 500 rpm until a clear solution was
obtained. The solution was centrifuged to remove insoluble Cts. The
solution was then adjusted to pH 5. To obtain clay dispersion, 1.0 g of
each Bent nanocomposite (such as Ag Bent, ZnO Bent and Ag-ZnO
Bent) was first dispersed in 250 ml of distilled water, followed by
stirring at 200 rpm for an hour at room temperature. The stirring was
increased to 500 rpm, and 250 ml of Cts solution was slowly added to
each Bent dispersion. The mixtures were left stirring overnight at
room temperature. The Bent Cts dispersions were added dropwise
using a disposable syringe pump into 1 M NaOH solution under gentle
stirring and stirred overnight to neutralize the acid. The resulting Bent
Cts nanocomposite beads were extensively rinsed and filtered with
distilled water to remove any residual NaOH. The wet beads (now
irregular in shape after filtering) were then dispersed in 1% GLA solution
and stirred overnight. The cross-linked Bent Cts nanocomposite beads
were extensively washed to remove excess GLA solution. Finally, the
beads were air dried at 30 °C for 4 h, followed by an increase in temper-
ature to 70 °C overnight. The beads were then ground and sieved to a
constant size of <400 pm before use.

2.5. Preparation of synthetic bacteria-contaminated water

The bacterial activities of the prepared Bent Cts nanocomposites (Ag
Bent Cts nanocomposite, ZnO Bent Cts nanocomposite and Ag-ZnO Bent
Cts nanocomposite) were evaluated against E. coli (ATCC 11775) and
E. faecalis (ATCC 14506) as model test strains for Gram-negative and
Gram-positive bacteria, respectively. These bacterial strains were
obtained from the American Type Culture Collection (Quantum Biotech-
nologies, RSA). The strains were confirmed through cultural tests using
selective agar media in accordance with the Standard Methods
(Standard Methods, 1998).

Bacterial strains were maintained on nutrient agar (Merck, South
Africa) plates and incubated at 36 4 1 °C for 24 h. One loop of each
organism was grown in 100 ml of sterile nutrient broth (Merck, South
Africa) in a 250 ml flask. The flasks were incubated overnight in a
shaking incubator (Scientific Model 353, Lasec South Africa) at
120 rpm for 24 h. The bacteria were harvested via centrifugation at
3500 rpm for 15 min and washed twice with 50 ml of sterile 0.01 M
PBS (pH 7.4). Stock solutions were prepared by redispersing the final
pellets in 10 ml of PBS solution. For each test bacterium, 1 ml of an over-
night culture was serially diluted into 9 ml of sterile physiological water
(0.9% w/v NaCl) and spread plated onto selective agar plates. The plates
were incubated at36 + 1 °C for 24 h, and the resulting colonies were
counted to determine the initial bacterial concentrations in units of
cfu/ml. For each target bacterium, aliquots of the overnight cultures
corresponding to approximately 5 x 102, 5 x 10 and 5 x 10* cfu/ml
were inoculated into 2 1 or 5 1 glass bottles containing the final volumes
of sterile normal saline water (0.9% w/v). The spiked water samples
were prepared freshly each day and shaken vigorously several times
prior to being used in testing against Bent Cts nanocomposites. All
experiments were performed in triplicate.

2.6. Bactericidal experiments

Samples of each Bent Cts nanocomposite (Ag Bent Cts nanocompos-
ite, ZnO Bent Cts nanocomposite and Ag-ZnO Bent nanocomposite) in
amounts of 0.3, 0.4 and 0.5 g (to evaluate the minimum amount
required for complete inactivation of bacteria) were weighed into
Falcon test tubes. The tubes were filled with 20 ml of contaminated
water and shaken at 36 4 1 °C in a water-bath shaker (Jalubo SW22,
Labotec South Africa) at 160 rpm for 60 min. To evaluate the influence
of contact time between the contaminated water and Bent Cts nano-
composites on the inactivation of bacteria, aliquots were drawn after
2 min, 5 min, 10 min, 20 min, 30 min, 40 min, 50 min and 60 min. At
each time interval, 100 pl was withdrawn from each tube into micro
test tubes, which contained 1 ml of Na,S,0s, to terminate the disinfec-
tion reaction. The aliquots were plated onto nutrient agar without any
further dilution to count the bacterial colonies. Controls containing
bacteria but no Bent Cts nanocomposites were also included in the
experiment. The plates were incubated at 36 + 1 °C for 24 h. After the
incubation period, the colonies on each plate were counted using a
colony counter. All antibacterial tests were performed in triplicate, and
the averaged results are reported.

2.7. Leaching tests

To evaluate the stability of the nanoparticles in the Bent Cts
nanocomposites, leaching tests were performed. A sample of 0.2 g of
each Bent Cts nanocomposite (Ag Bent Cts nanocomposite, ZnO Bent
Cts nanocomposite and Ag-ZnO Bent Cts nanocomposite) material
was immersed in 20 ml of distilled water and vigorously shaken in a
water-bath shaker (at 36 4+ 1 °C, 200 rpm) for various time periods.
After shaking, a fraction of each dispersion was drawn. The samples

were analyzed using inductively coupled plasma atomic emission :

spectroscopy (ICP-AES, PerkinElmer, USA) to determine the quantity
of the nanoparticles that had leached into the water.

2.8. Characterization

The surface morphology and dispersion of Bent in the Cts matrix

were analyzed using a scanning electron microscopy (Zeiss Ariga SEM, :

Germany). The samples were mounted on a copper stub using carbon
tape and sputter coated with carbon to avoid charging. Energy-
dispersive X-ray spectroscopy (EDS) analysis of the Bent Cts nanocom-
posites was performed at various points to obtain a qualitative determi-

nation of the elemental composition of the Ag and ZnO (as Zn) 3i¢

nanoparticles. The crystalline phases of the samples were determined
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via powdered X-ray diffraction (XRD, PANalytical XPERT-PRO diffrac-
tometer, the Netherlands) measurements using Ni-filtered CuKot
radiation (N = 1.5406 A) and a variable slit at 35 kV and 50 mA. BET
(Brunauer, Emmett, and Teller) surface area and pore size measurements
of Bent Cts nanocomposites were performed using a Micromeritics
TRISTAR 3000 (USA) surface area analyzer via the low-temperature N,
adsorption method. Prior to analysis, the samples were degassed at
50 °C overnight under a continuous flow of N, gas to remove volatile
moisture and adsorbed contaminants from the surfaces and pores of
the Bent Cts nanocomposites. Fourier transform infrared spectroscopy
(FTIR) spectra were recorded using a PerkinElmer Spectrum100 (USA)
spectrometer equipped with a germanium crystal.

3. Results and discussion
3.1. BET surface area and pore size

The BET surface area and pore size analyses of cross-linked Cts and
Bent Cts nanocomposites are summarized in Table 1. The cross-linked
Cts presented a low surface area of 0.0695 m?/g and a pore size of
86 nm. From these results, it is apparent that the low surface area of
Cts indicates that the physical adsorption of Bent (Ag Bent, ZnO Bent
and Ag-ZnO Bent) onto the surface is not possible, whereas the large
pore size allows for nanoparticles to be deposited within the pores of
Cts, as was confirmed from the reduced pore sizes of Bent Cts nanocom-
posites (Table 1). With regard to antibacterial activity, these findings
could also mean that adsorption/adhesion of bacterial cells on the Cts
surfaces would not be possible. Such a characteristic would be advanta-
geous because it would indicate that Bent Cts nanocomposites could be
potential antibacterial disinfectants. A considerable increase in the BET
surface area with respect to that of Cts was demonstrated for all Bent
Cts nanocomposites: Ag Bent Cts nanocomposite, ZnO Bent Cts
nanocomposite and Ag-ZnO Bent Cts nanocomposite. A large surface
area implies better interaction between the Bent Cts nanocomposites
and the bacteria. Similarly, a comparable decrease in the pore sizes of
Bent Cts nanocomposites was demonstrated. These observations could
be attributable to the deposition of the nanoparticles within the larger
pores of Cts matrix. These results confirm the observation from SEM
images (as discussed latter) that the morphology of Cts was modified
by the addition of Ag Bent, ZnO Bent and Ag-ZnO Bent nanocomposites.

3.2. Powder XRD studies

Fig. 1 presents the XRD patterns of cross-linked Cts and Bent Cts
nanocomposites (Ag Bent Cts nanocomposite, ZnO Bent Cts nanocom-
posite and Ag-ZnO Bent Cts nanocomposite). The presence of the two
broad reflections at 26 = 6.94° and 20° in the XRD results for Cts indi-
cates poor crystallinity. A typical XRD pattern of Cts is characterized
by two sharp reflections at 26 = 10° and 20°. The results obtained in
this study are in agreement with previous studies (Wang et al., 2005;
Beppu et al., 2007; Li et al., 2013), in which the crystallinity of Cts was
found to decrease after cross-linking with GLA. This phenomenon has
been attributed to the deformation of the hydrogen bond in the Cts
caused by the substitution of the —OH and —NH, groups, which
destroys Cts chains and results in the formation of amorphous GLA
cross-linked Cts (Li et al., 2013). The reflections that appeared at

Table 1
BET surface area and pore size measurements of cross-linked Cts, Ag Bent Cts nanocom-
posite, ZnO Bent Cts nanocomposite and Ag-ZnO Bent Cts nanocomposite.

—1

Samples BET surface area/m? g Pore size/nm
Cts 0.0695 + 0.017 86.54 £ 0.23
Ag Bent Cts nanocomposite 3.4685 + 0.008 15.67 + 1.11
ZnO Bent Cts nanocomposite 2.9189 £ 0.27 20.90 + 1.09
Ag-ZnO Bent Cts nanocomposite 3.1812 £ 0.2877 17.96 + 0.11

— Chitosan
—— Ag Bent Cts nanocomposite

— Ag-ZnO Bent Cts nanocomposite

Intensity /a.u

0 10 20 30 40 50 60 70
2theta /degrees

Fig. 1. XRD spectra of cross-linked Cts and Bent Cts nanocomposites.

26 = 26° and 28°, are attributed to Bent as indicated in the Bent Cts
nanocomposites and not identified in the XRD reflection of Cts. These
findings are corroborated with the published literature (Wang et al.,
2005; Motshekga et al., 2013). The XRD pattern of Bent Cts nanocom-
posites reveals that the characteristic reflections of Bent which
appeared at 260 = 6°, 20° and 35°, overlap with those of Cts. Although
the first two reflections of Bent were not identified due to this overlap,
the 35° reflection was identified in all Bent Cts nanocomposites. Slightly
shifted reflection corresponding to Ag nanoparticle in Ag Bent Cts
nanocomposites, attributed to the crystallographic planes of the
face-centered cubic silver crystals, was identified at 35° and 62°, in
agreement with previous studies (Shameli et al., 2011b; Quang and
Chau, 2013). Other reflections at 26 = 31.94°, 36.39°, 56.67°, 62.50°
and 68.60° were assigned to the wurtzite structure of hexagonal ZnO
(Lietal., 2010; Raghupathietal.,, 2011; Talebian et al., 2013). In addition,
the characteristic reflection at 26 = 62°, which overlaps with reflections
associated with Ag and ZnO, is assigned to Bent (Shameli et al., 2010).
All reflections of Cts, Bent and Ag and ZnO nanoparticles were evident
in the Bent Cts nanocomposite samples, reflecting the successful forma-
tion of clay polymer nanocomposite.

3.3. FTIR analysis

FTIR measurements were performed to identify possible interactions
between Bent nanocomposites and the Cts matrix. Typical FTIR spectra
of cross-linked Cts and Bent Cts nanocomposites are presented in
Fig. 2. In the spectrum of cross-linked Cts, the strong broad band
indicated at 3338 cm™! can be assigned to the N—H stretching
vibration of —NH, groups. The presence of the 2885 cm™' band
corresponds to the C—H stretching vibration of —CH, groups, the
1656 and 1559 cm ™! bands to N—H bending, the 1363 cm™! band to
C—H bending, and the intense band at 1033 cm™ ! is assigned to C—O
stretching (Beppu et al., 2007; Li et al, 2013). The Cts spectrum exhibits
typical characteristics of Cts as reported in the literature, and all these
bands are also present in the spectra of Bent Cts nanocomposites. The
interlayered O—H group band at 3630 cm™ ! originating from the clay
in the Bent Cts nanocomposites was identified with a relatively low
intensity. On the other hand, the bands of Si—O0—Si, which are charac-
teristic of phyllosilicate minerals, were revealed at 1006 cm™ ! and
796 cm™ ! in the absence of Cts (Motshekga et al., 2013). Upon the
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Ag-ZnO Bent Cts

Ag Bent Cts

Chitosan

Transmittance /%

3630/
3338 1656
1015‘
I I I I I I I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber /cm™

Fig. 2. FTIR spectra of cross-linked Cts and Bent Cts nanocomposites.

addition of Cts, the band at 1006 cm ™! shifted slightly to 1015 cm™!
and manifested as a very intense, sharp band, while the band at
796 cm~ ! remained the same. The bands of —NH, group appeared at

1656 and 1559 cm ™' The band at 1656 cm ™" shifted to 1647 cm™ ' in
the Bent Cts nanocomposites, while the band at 1559 cm™ ! remained
in the same position but exhibited a reduced intensity (Shameli et al.,
2010). These results indicate an interaction between the clay and the
Cts, with some bands overlapping each other. Another band was identi-
fied at 519 cm™ ! in the Bent Cts nanocomposites samples; this band has
been assigned to the bending vibration of Al—O—Si in octahedral
sheets of the clay (Ozcan and Ozcan, 2004; Shameli et al., 2010;
El-Sherif and El-Masry, 2011). These results also demonstrate that
with the presence of Ag Bent, ZnO Bent and Ag-ZnO Bent in the Cts
matrix, the bands shifted to lower wavenumbers (from 1656 to
1647 cm~ 1), while the band intensities either increased or decreased
(the band at 1015 cm ™" manifested as a sharp band in the Bent nano-
composites, compared to pristine Bent as reported in the literature
and 1656 cm™ ' band increased in intensity in the Bent Cts nanocom-
posites) indicating the interaction between the Bent and Cts in Bent
Cts nanocomposites

3.4. Surface morphology and elemental analysis

SEM is a widely used technique for studying the morphology and
cross-sectional surface characteristics of materials. In the present
study, SEM was used to assess morphological changes in Bent nanocom-
posites encapsulated in cross-linked Cts. The cross-linked Cts [parts
(a) and (b) of Fig. 3] exhibited a dense and uniform plain morphology,
indicating that Cts was chemically modified by GLA. This observation
is consistent with the results of previous studies in which GLA has

Fig. 3. SEM micrographs of cross-linked Cts and Bent Cts nanocomposites: (a-b) cross-linked Cts, (c-d) Ag Bent Cts nanocomposite; (e-f) ZnO Bent Cts nanocomposite and (g-h) Ag-ZnO

Bent Cts nanocomposite.

Please cite this article as: Motshekga, S.C,, et al., Preparation and antibacterial activity of chitosan-based nanocomposites containing bentonite-
supported silver and zinc oxide nanoparticles for water disinfection, Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2015.06.010

424

427

431

433
434
435
436
437


http://dx.doi.org/10.1016/j.clay.2015.06.010

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

471

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

6 S.C. Motshekga et al. / Applied Clay Science xxx (2015) XXX-Xxx

been used as a cross-linking agent (Anirudhan and Rijith, 2009; Li et al.,
2013). Although the cross-linked Cts exhibited a relatively rough
morphology, Bent Cts nanocomposites exhibited a significant rougher
morphology, with numerous protruding bulk-like agglomerates, as
illustrated in parts (c) to (d) of Fig. 3 (Ag Bent Cts nanocomposite),
parts (e) to (f) of Fig. 3 (ZnO Bent Cts nanocomposite) and parts (g) to
(h) of Fig. 3 (Ag-ZnO Bent Cts nanocomposite). The morphology of
the Bent Cts nanocomposites clearly indicated the presence of Ag
Bent, ZnO Bent and Ag-ZnO Bent. Aggregated particle structures were
identified for all Bent Cts nanocomposites. The agglomeration of the
particles may be attributable to poor mixing and the difference in the
viscosities of the solutions, which may have caused the more viscous
solution to encapsulate the less viscous one before proper mixing
could be achieved. The elemental composition of Bent Cts nanocompos-
ites was studied via EDS. Parts (a) to (c) of Fig. 4 depict the EDS analysis
of selected areas. The EDS analysis confirmed that ZnO Bent Cts
nanocomposite and Ag-ZnO Bent Cts nanocomposite contained approx-
imately 18 wt.% and 21 wt.% ZnO, respectively, whereas the Ag Bent Cts
nanocomposite and Ag-ZnO Bent Cts nanocomposite contained
3.9 wt.% and 1.7 wt.% Ag, respectively. The results indicate a large
quantity of ZnO compared with Ag. However, it was not possible to
measure the actual size of the impregnated Ag and ZnO nanoparticles
in the Cts matrix, as was done for Ag Bent, ZnO Bent and Ag-ZnO Bent
nanocomposites in a previous study (Motshekga et al., 2013). Thus,
the sizes of Ag and ZnO nanoparticles in the Cts matrix were assumed
to be 9-30 nm and 15-70 nm, respectively, as was determined using
the TEM technique in the previous study. The sizes of nanoparticles
have a considerable effect on their antibacterial activity, as they deter-
mine how easily nanoparticles are able to penetrate through bacterial
walls. The presence of other elements (Al C, Si, Fe, Mg, etc.), which
originated from Cts and Bent, were also detected. The analysis also
identified the presence of carbon, which originated from the carbon
coating of Bent Cts nanocomposites prior to SEM analysis.

3.5. Leaching studies

The leaching rates of Ag and ZnO (as Zn) nanoparticles into the
water were analyzed via ICP-AES, and the results are summarized in
Tables 2 and 3. The release of nanoparticles from Bent Cts nanocompos-
ites could affect the stability and application of these materials in
drinking water disinfection, which is of great significance. Moreover,
metal/oxide nanoparticles may cause adverse effects on consumers
and the environment when their concentration is above the recom-
mended levels. The accepted concentrations for Ag and Zn in drinking
water as defined by WHO are 0.1 mg/l and 3-5 mg/l, respectively
(WHO, 2011). Water above these levels is not allowed to be used for
consumption. The ICP analyses performed in this study demonstrated
that Ag nanoparticles were released into the water in small amounts
of 0.01 mg/1 after shaking for 30 min, which increased to 0.050 and
0.069 mg/1 after contact times of 4 and 12 h, respectively. These findings
confirm the stability of the nanoparticles within the Bent Cts nanocom-
posites under adverse shaking conditions. Regiel et al. (2013) have
reported a strong attachment of Ag nanoparticles on Cts with a different
molecular mass; therefore, the low leaching rates revealed in this study
could be expected. Although the leaching of Zn was higher and more
inconsistent, the leached amount was still below the allowable levels.
Fluctuations in the leaching rate of Zn were indicated in all Bent Cts
nanocomposites that contained ZnO, and the relative stability of Ag
was also confirmed in all Bent Cts nanocomposites. The fluctuations in
leaching may be attributed to the grinding process and the quantity of
nanoparticles within the Bent Cts nanocomposites. During the grinding
process to prepare samples of < 400 um, the nanoparticles became
partially exposed from the polymer; some were left loose and were
therefore able to leach into the water immediately upon coming in
contact with the water. To confirm this hypothesis, an ICP analysis of
Bent Cts nanocomposites before the grinding process was performed

Si a

Intensity /a.u

Binding energy /keV

ZnAl

Intensity /a.u

Zn 74

0 2 4 6 8 10 12
Binding energy /keV

Zn

Al
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Fig. 4. EDS analysis of (a) Ag Bent Cts nanocomposite, (b) ZnO Bent Cts nanocomposite and
(c) Ag-ZnO Bent Cts nanocomposite.

Table 2
Leaching-test analysis of Ag and ZnO nanoparticles from Bent Cts nanocomposites.
Samples Omin 30min 60min 4h 12h
Ag Bent Cts nanocomposite Ag <0.005 0.010 0.023 0.050 0.069
ZnO Bent Cts nanocomposite Zn <0.020 0.270 0.160 0.180 0.220
Ag-ZnO Bent Cts nanocomposite Ag <0.005  0.008 0.011 0.023 0.022
Zn <0.020 <0.02 0.047 0.440 0.460
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Table 3
Leaching-test analysis of Ag and ZnO nanoparticles from Bent Cts nanocomposites (before
grinding).

Samples 30 min 4h

Ag Bent Cts nanocomposite Ag <0.005 0.010

ZnO Bent Cts nanocomposite Zn <0.020 <0.020

Ag-Zn0 Bent Cts nanocomposite Ag <0.005 <0.005
Zn <0.020 <0.020

for 30 min and 4 h of shaking (Table 3). The results revealed no leaching
of either Ag or Zn into the water or the leaching amount was below the
detection limits. The higher rate of Zn leaching can also be understood
by referring to the EDS spectra [parts (a) and (c) of Fig. 4]. The EDS spec-
tra indicate a high quantity of ZnO nanoparticles and a very low quantity

of Ag nanoparticles within the Cts matrix, meaning that more ZnO is
available to be exposed and released into the water. The present results
were also compared with the ICP analysis of Bent nanocomposites (Ag
Bent, ZnO Bent and Ag-ZnO nanocomposites) (Motshekga et al.,
2013), and this comparison demonstrated that Bent Cts nanocompos-
ites leached less. The stability of the nanoparticles in Bent Cts nanocom-
posites confirms that these materials are suitable for use in drinking
water disinfection applications, as they comply with the standards set
by WHO.

3.6. Evaluation of antibacterial activity
The antibacterial activities of cross-linked Cts and Bent Cts

nanocomposites were tested against representative Gram-negative
and Gram-positive bacteria, E. coli and E. faecalis, respectively. Parts
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Fig. 5. Relations between contact time and colony counts of E. coli and E. faecalis at various bacterial concentrations: (a) three different weight percentages of Cts with 500 cfu/ml E. coli,
(b) three different weight percentages of Cts with 500 cfu/ml E. faecalis, (c) three different weight percentages of Cts with 5000 cfu/ml E. coli, (d) three different weight percentages of
various Bent Cts nanocomposites with 500 cfu/ml E. coli, (e) three different weight percentages of various Bent Cts nanocomposites with 5000 cfu/ml E. coli, (f) three different weight per-
centages of various Bent Cts nanocomposites with 50,000 cfu/ml E. coli, (g) three different weight percentages of various Bent Cts nanocomposites with 500 cfu/ml E. faecalis, (h) three
different weight percentages of various Bent Cts nanocomposites with 5000 cfu/ml E. faecalis, (i) three different weight percentages of various Bent Cts nanocomposites with 50,000

cfu/ml E. faecalis.
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(a) to (i) of Fig. 5 present the relations between colony count and
contact time for three different bacterial concentrations. Both E. coli
and E. faecalis bacteria exhibited significant resistance to cross-linked
Cts [parts (a) to (c) of Fig. 5]. As the bacterial concentration was in-
creased, the time required to reduce the number of colonies increased.
A slight reduction in colony count was illustrated after 40 min of contact
time with 500 cfu/ml bacterial concentration. These observations can be
understood in terms of the factors affecting the antibacterial efficiency
of Cts, one of which is pH. It has been reported that at pH 7, at which
the synthetic bacteria-contaminated water used in this study was
prepared, Cts does not demonstrate any bactericidal activity because
of the presence of a significant proportion of uncharged —NH, groups.
Antibacterial activity of Cts has been reported at a pH below the corre-
sponding pKa (pH 6.3), the value at which the soluble molecule disasso-
ciates into ions in solution. At a pH below the pKa, the positively charged
—NH, group in Cts can interact with the negatively charged bacteria
surface molecules which may result in the leakage of the intracellular
constituents and hence causing cell death. At this pH, the —NH, groups
are more active compared to a neutral pH (Kong et al., 2010; Regiel
et al., 2013). However, pH is not the only factor that affects the antibac-
terial activity of Cts; the size of the particles and the specific surface area
also play significant roles. Takahashi et al. (2008) have reported a
similar study using Cts, in which they found that the antibacterial
activity of Cts was influenced by the size of the powdered Cts, its
shape and its specific surface area. In this study, the powdered Cts was
sieved to <400 um, and the surface area was 0.0695 m?/g. Therefore,
because the Cts used in this study possessed both a larger particle size
and a lower surface area than the Cts investigated by Takahashi, it can
be concluded that the same factors reported by Takahashi could have
had significant effects on the antibacterial activity of Cts investigated
here.

In contrast to the results obtained for Cts, Bent Cts nanocomposites
demonstrated good antibacterial activity (parts (d) to (i) of Fig. 5).
The antibacterial activity of Bent Cts nanocomposites against E. coli
was found to be slightly higher than that against E. faecalis at all tested
bacterial concentrations, as indicated by the colony counts. After a
given contact time, there were consistently fewer viable colonies of
E. coli than of E. faecalis. The counts decreased with increasing contact
time and increased with increasing bacterial concentration. These
findings can be explained in terms of the bacterial cell walls. E. coli, as
a Gram-negative bacterium, is characterized by a thin cell wall, which
means it is easier to penetrate than the thick cell wall of the Gram-
positive bacterium E. faecalis (Kim et al., 2007). Similarly, the contact
time played a critical role in the inactivation of bacteria. The time
required to reduce the number of colonies increased with increasing
bacterial concentration. For instance, the number of viable colonies
was reduced to zero within 2 min (Fig. 5g) at the lowest bacterial
concentration (500 cfu/ml), whereas at a high concentration of 5000
cfu/ml, 20 min was required (Fig. 5h). This also confirmed that more
contact time was required when higher concentrations were employed.
These observations are in agreement with the study of Gangadharan
et al. (2010), in which the authors demonstrated that the inactivation
of 10-300 x 10° cfu/ml of various bacteria was dependent on the
contact time and the amount of polymer nanocomposite used. Their
study demonstrated that after the first 2 h, there were still bacteria
present in the treated water, whereas complete inactivation was
achieved after 4 h, and the results differed between Gram-negative
and Gram-positive bacteria.

A comparison on the performances of Ag Bent Cts nanocomposite and
ZnO Bent Cts nanocomposite in reducing the number of bacterial colonies
in the water indicated that ZnO Bent Cts nanocomposite was more effec-
tive than Ag Bent Cts nanocomposite. Both Bent Cts nanocomposites

Fig. 6. Photographs of representative Petri dishes containing (a-b) control samples and (c-d) adsorbed/adhered bacteria-treated samples.
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achieved total inactivation of bacteria within the first 10 and 15 min for
ZnO Bent Cts nanocomposite and Ag Bent Cts nanocomposite,
respectively. In the case of Ag-ZnO Bent Cts nanocomposite, complete
inactivation was illustrated within the first 2 min at bacterial concentra-
tions of 500 cfu/ml for both bacteria, and more surviving colonies were
identified as the bacterial concentration was increased. The more rapid
bacterial inactivation demonstrated by ZnO Bent Cts nanocomposite
and Ag-ZnO Bent Cts nanocomposite, may be explained in terms of
the amount of nanoparticles present within Bent Cts nanocomposites.
The EDS spectra indicated that Bent Cts nanocomposites contained
more ZnO (21 wt.%) than Ag (3.9 wt.%), suggesting that ZnO should
achieve more rapid inactivation. All three Bent Cts nanocomposites
(Ag Bent Cts, ZnO Bent Cts and Ag-ZnO Cts nanocomposites) proved
to exhibit antibacterial activity against both bacterial species, with a
strong relation between the number of viable colonies and the contact
time. The conclusions that can be drawn from these results are that
the inactivation of bacteria is dependent on the contact time, and it is
likely that all factors influencing the antibacterial activity of Cts also
affected the antibacterial activity of Bent Cts nanocomposites but with
different intensities. These results also demonstrate that a moderate in-
activation effect is exerted by all Bent Cts nanocomposites independent
of the bacterial cell walls and the amount of nanoparticles present,
although at higher bacterial concentrations, more contact time is neces-
sary for complete inactivation.

3.7. Testing for adsorption/adhesion of bacteria on cross-linked Cts and Bent
Cts nanocomposites

After completion of the antibacterial experiments, the bacteria-
contaminated water was decanted, and the residual material was
poured onto an agar plate inoculated with bacteria and incubated
for 24 h at 37 °C. This was done to test whether the material was
acting as an adsorbent or a disinfectant or both. From the results
obtained (Fig. 6), it was difficult to conclude whether the material
was acting as an adsorbent or a disinfectant. The control samples
[parts (a) and (b) of Fig. 6] showed bacterial growth, while few
colonies accompanied by a small inhibition zone was measured
near the decanted material [parts (c) and (d) of Fig. 6], which may
indicate that the material behaved as both an adsorbent and a
disinfectant.

4. Conclusions

Cts cross-linked with GLA and Bent Cts nanocomposites were
successfully prepared using the solvent-casting method. Cts, a versatile
material with proven antibacterial activity, did not demonstrate
antibacterial activity against bacteria tested in this study. Previous
studies revealed that factors such as pH, surface area and bacterial
concentration play major roles in determining the antibacterial activity
of Cts, which may have influenced the results obtained for Cts in this
study. The nanoparticles in the Bent Cts nanocomposites were proven
to be stable, with leaching below the accepted WHO standards. The
antibacterial activity of Bent Cts nanocomposites was demonstrated to
be dependent on the contact time, where the colony counts were
revealed to decrease with increasing contact time in the presence of
Bent Cts nanocomposites. Additionally, at higher bacterial concentra-
tions, Bent Cts nanocomposites yielded better inactivation results for
more contact time and a greater amount of Bent Cts nanocomposites.
From these results, it is apparent that cross-linked Cts alone is ineffec-
tive in achieving the complete inactivation of the studied bacteria, and
hence, it is imperative to synthesize Bent Cts nanocomposites. The
results also indicate that the investigated Bent Cts nanocomposites are
potential antibacterial materials that may be used to combat water-
borne bacteria.
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