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Abstract

Nowadays the World is facing a scarcity of safe drinking water and the water sector encounters great challenges. The impact
of a growing population and the change of climate on water availability and quality; public health and environmental issues
related to emerging pollutants are the major challenges that need to be addressed. In drinking water, there may be a chance
of having water-related diseases and health issues due to the occurrence of some pathogens. In the present study, we synthe-
sized nanosilica from rice husk and it was encapsulated with sodium alginate beads and tested its efficiency for removal of
bacteria from drinking water. These beads are novel since it is fully bio-origin, biodegradable and cost-effective. The isolated
nanosilica were characterized spectroscopically and morphologically (FT-IR, XRD, FESEM, and HRTEM). The synthesized
beads were characterized by FT-IR, FESEM, and EDX and antibacterial analysis. Using the Petrifilm method and column
disinfection experiment, different filler loadings were optimized and found that higher content (1.25 g) of nanosilica reduced
bacterial contamination of drinking water. The alginate-nanosilica beads are cost-effective compared to alginate beads
incorporated with other nanomaterials. The antibacterial evaluation verified superior antibacterial efficacy against E.coli.
The prepared alginate-nanosilica beads can be used in the wastewater treatment industry, as an effective antibacterial agent.
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1 Introduction

Owing to the increasing demand for drinking water,
researchers are facing a challenging task to develop materi-
Highlights ) als that should easily remove the contaminations in drinking
e Nanosilica was extracted from Rice husk, an agro-waste. t 11t should not mak h t t Both
o Nanosilica were reinforced in Alginate beads. water as well 1t shou I_IO make afly arm O. na ur(.a. 0.
e The new environmentally benign beads were efficient in developed and developing countries are facing this seri-

removing bacteria from contaminated groundwater. ous issue [1]. Every year water-borne diseases kill a large
e The beads have shown 92% of disinfection efficacy with 20 min population. Many people in developing countries depend

of HRT, indicating that the beads can be used more extensively. t like i d s. st t
e This research can be scaled up to a low-cost water filtration on water resources ke 11vers, ponds, wells, streams, etc.

system to assure clean water in contaminated locations. Due to bacterial contamination, the water turns unsafe to

drink [2]. Researchers are focused on the decontamination
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same group have fabricated another photocatalyst based on
Gd,ZnMnOg¢/ZnO and exhibited as an effective photocata-
lysts for the breakdown of dye contaminants [6]. P. Mehdi-
zadeh et al. [7] fabricated TbFeO; ceramic nanostructures as
photocatalyst for the adsorbing organic dyes in water. Treat-
ment of water that included Methyl orange, Acid Black 1,
Acid Blue 92 and Acid Brown 214 was carried out using
fabricated nanomaterials. Additional research looked at
the effects of contamination level and pH on the degrading
efficiency of contaminant-containing solutions. In an acidic
environment, TbFeO; nanostructures exhibit greater photo-
catalytic properties while also exhibiting reduced pollution
level.

Karimi-Maleh et al. [8] fabricated chitosan hydrogel
beads incorporating 1-butyl-3-methylimidazolium bromide
(BmImBr). From the results, they observed that the CS
bead was successfully impregnated with the BmImBr. With
a removal percentage of 86% in less than half an hour, the
produced beads are highly effective for removing methylene
blue (MB) from water. The removal percentage increased
with increasing sorbent dose and increasing pH of the solu-
tion. To catalyze the deterioration of an organic dye, two
tri-metal layered double hydroxides (LDH- (FeCuMg and
CrCuMg) were used as sonophotocatalysts [9]. To clean dye-
contaminated wastewater, scientists are turning to sonocatal-
ysis with the help of an appropriate catalyst. The compounds
that have been produced are not only capable of decolor-
izing textile wastewaters by sonophotocatalysis, but they
are also capable of inactivating harmful bacteria present in
the wastewater before being released into the environment.
This capacity increases the reusability potential of treated
effluent, allowing it to be utilized in industrial processes and
other beneficial uses in the future.

One of the major water quality concerns across the world
is caused by pathogen contamination [10]. In the majority
of water bodies in India, pathogen contamination is a seri-
ous threat [11, 12]. The Central Pollution Control Board
(CPCB) has released a database of water quality data that
shows significant organic and microbiological infestation in
several groundwater bodies. [13]. Untreated household and
industrial wastewater discharged into water bodies from met-
ropolitan areas may be a major source of pollution [14, 15].
If the receiving water bodies do not have enough water flow
for dilution, oxygen demand and bacterial pollution may
increase. Studies have reported water contamination due to
industrial pollution in several regions of Kochi, Palakkad,
Kollam, Kozhikode, and Kannur districts of Kerala. In Ker-
ala, for drinking purposes almost 60% of the people depend
on groundwater; but most of the open wells are under the
threat of bacterial contamination. The open nature of wells,
the use of buckets and ropes to collect water, cooking wastes,
and drainage systems below 7 m from wells are all important
contributors to microbiological pollution.
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Nanoparticles may be used for wastewater management
and have a wide range of uses in aquatic systems, both ex-
situ and in-situ. [16—18]. Because of its stability and cost-
effectiveness, silica nanostructures have attracted interest in
water treatment methods [19-21]. Due to the availability of
natural resources and increasing demand for recycling agro
waste, the utilization of biopolymers is important [22—24].
The biopolymer derivatives for adsorption studies are low-
cost and environmentally benign. Activated carbon is the
commonly used adsorbent are which was found to be expen-
sive and less efficient. The increasing numbers of publica-
tions in the field of biopolymers are true evidence showing
its importance worldwide. But the studies investigating the
formation and manipulation of biopolymers in wastewater
treatments are being reported only in fewer numbers. Modi-
fication of the biopolymer to aid in water purification can
have immense implications on the development of water
treatment technologies. A large number of multipurpose
porous membranes and nanocomposites can be fabricated by
integrating nanomaterials that outperform traditional materi-
als. These unique materials allow the retention of particles
and pollutant prevention [25].

Among the biopolymers, Alginate is found to be of great
interest. It can be transformed into beads and films and is
ideal for adsorption studies. Also, it is hydrophilic, contains
a large number of functional groups, and is flexible. “Algi-
nate is a linear polysaccharide comprised of (1,4)-linked
B-D-mannuronate (M) and a-L-guluronate (G) residues and
is extracted from seaweeds”. Polysaccharides have several
benefits, including being compostable, safe, easy to handle,
and biocompatible.

Shim et al. [26] investigated the effectiveness of alginate
beads reinforced with silica and immobilized bacteria for
water remediation. Heavy metal elimination was shown to
be more effective with alginate beads containing silica than
with zeolite beads. Baek et al. [27] developed zinc oxide
entrapped alginate beads for the remediation of antibiotic-
resistant bacteria. They studied the mechanism for antibacte-
rial property and reusability of the synthesized beads. The
adsorption of divalent metal ions can be done by using algi-
nate beads. This adsorption efficiency is due to the -COOH
and -OH groups present in the corresponding biopolymer
via the ion exchange process [28, 29]. Ocinski et al. [30]
developed alginate beads incorporated with water treatment
residuals (WTR) for treating water containing arsenic. Effec-
tive disinfection properties were exhibited by silver incorpo-
rated alginate beads and these beads showed effectiveness
for E.coli remediation [31]. Novel alginate bead composites
were fabricated by the integration of MnO, nanoparticles
[32]. They have checked the kinetics of the sorption mecha-
nism, reusability, and adsorption efficiency.

Factors like population growth, urbanization, unavailabil-
ity of water due to weather changes, and expanding areas of
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water scarcity increase pressure on existing drinking-water
resources, and there exist an urge to figure out an alterna-
tive method for the supply of drinking water. Economically
and practically, potable reuse and disinfection methods can
maintain the sustainability of drinking-water supplies [33].
The major drawbacks associated with conventional disin-
fectants are the production of carcinogenic by-products.
These carcinogens are generated by the reaction between
the oxidants present in disinfectants and natural organic
matter. This paper reports on the extraction of nanosilica
from the husk of rice followed by entrapping into alginate
beads for water treatment. We chose alginate because it is
readily available and nontoxic as an encapsulation medium.
Porous columns of alginate-nanosilica beads were packed to
pass bacterially contaminated water. The impact of hydrau-
lic retention time (HRT) in the column is investigated. The
characterizations of extracted nanosilica were done by
FT-IR, XRD, FESEM, and HRTEM. The bactericidal abil-
ity of synthesized alginate entrapped nanosilica beads has
been utilized in the purification of water.

2 Materials and Methods
2.1 Materials

Rice husk was collected from the various of sources in the
area (rice mill, Kalady, Kerala, India). Sodium alginate, Cal-
cium chloride, Sodium hydroxide, and Hydrochloric acid, of
AR grades were procured from Merck India.

2.2 Methods
2.2.1 Extraction of Nanosilica Derived from Rice Husk

Rice husk is the raw material and was obtained from the
rice mill at Kalady, Ernakulam, Kerala. Analytical grade
reagents were used and their solutions were prepared in dis-
tilled deionized water. To get rid of impurities like sand and
dust, the rice husk was thoroughly cleansed. Later calcina-
tion was done to obtain the ash. A programmable muffle fur-
nace was set at 650 °C and the husk was calcinated for 2 h.
All the organic compounds were degraded at 500 °C and a
large amount of ash with high silica content was obtained at
650 °C. To the above-calcinated rice husk, ash added 1.5 M
NaOH solution. Stirred constantly for three hours with the
help of a magnetic stirrer at 80 °C and filtered. Continued
the filtration till the filtrate was clear. Then concentrated
hydrochloric acid was added to the above filtrate dropwise
by constant stirring using a magnetic stirrer till silica gel
(transparent white silica sol) formed. The silica gel was cen-
trifuged by washing many times with deionized water and
then dried in the oven at 50 °C for 48 h. Finally, after the

calcination of the dried powder (723 K for 2 h), pure silica
powder was obtained.
The overall process is indicated in Fig. 1.

2.2.2 Synthesis of Calcium Alginate Beads
for Encapsulation of Nano Silica

In 100mL deionized water, sodium alginate (3 g) was stirred
at 50 °C. Complete dissolution was achieved when the algi-
nate—water mixture was magnetically stirred for 30 min. The
above alginate solution was gradually incorporated with the
0.5 g/0.75 g/1 g/1.25 g of nano silica. To ensure maximum
entrapment, the alginate solution and nanosilica mixture
were continuously stirred with a glass rod. Then the solu-
tion was sonicated for half an hour at room temperature for
complete dissolution. The resultant viscous mixture was
quickly dropped into a 0.73% deoxygenated cooled aqueous
solution of CaCl, and beads were formed. After washing
with deoxygenated water the remaining nanosilica which is
not entrapped was accounted for by measuring them. Out of
a total of 3 g, the average amount leftover was found to be
0.0019 g, which corresponded to an error of 0.19%. In the
deoxygenated CaCl, solution the gel beads were retained.
Hardening takes 9 h, after which it is rinsed with deionized
water. An optimal diffusion of substrates into and out of the
prepared beads was obtained by hardening for a minimum
of 6 h.

2.3 Characterisation of Nanosilica and Nanosilica
Entrapped Alginate Beads

2.3.1 Fourier Transform-Infrared Spectroscopy

Make use of PERKIN ELMER ATR infrared spectrome-
ter, Fourier Transform Infrared Spectroscopy of nanosilica
and nano silica entrapped Ca-alginate beads was observed
between 400 and 4000 cm~!. Nanosilica powder was taken
by mixing with KBr and pellets were made to take the
FT-IR spectra. The solution of the alginate-silica mixture
was dropped directly onto the diamond to record the IR
spectrum.

2.3.2 X-ray Diffraction Analysis (XRD)

The diffraction pattern of the nanosilica was investigated
on Bruker AXS D8 Advance with an operating voltage of
45 kV, a wavelength of 1.541 A, Cu Ka radiation with an
angle range 5°-80° (20 angle range) and a current of 35 mA.

2.3.3 Field Emission Scanning Electron Microscopy (FESEM)

Hitachi SU6600 Variable Pressure Field Emission Scanning
Electron Microscope was utilized to take the morphology of
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Fig. 1 Schematic representation of the extraction of nanosilica from rice husk

samples (nanosilica and nano silica entrapped Ca-alginate
beads) were analyzed at an acceleration voltage of 30 kV and
Probe current of 1pA~200nA. Gold sputtering was done on
each sample to avoid charging.

2.3.4 Transmission Electron Microscopy (TEM)

A High-Resolution Transmission Electron Microscope,
JEM-2100 HRTEM was used to obtain the transmission
electron micrographs of nanosilica. On a copper grid with
a carbon film coating, a dilute suspension of nanosilica was
dropped, dried up, and analyzed.

2.3.5 Antibacterial Tests
Before the antibacterial assay, the nano-silica powder was
disinfected using UV irradiation at room temperature for

12 h. The antibacterial activity of nano-silica power was
further investigated using the agar well diffusion technique
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as per the procedure of Valga et al. [34]. Using aseptic tech-
niques, a single pure colony of E.coli was transferred into 10
ml of nutrient broth and was placed in an incubator at 37 °C
for overnight incubation. Sterile MHA plates were prepared
and the bacterial inoculum of E. coli was uniformly swabbed
in each plate. Test samples of different volumes were added
to the wells over the agar plates. The samples were incubated
at 37 °C for 18 h, which was enough time for the bacteria
to proliferate. After incubation, the diameter of inhibitory
zones formed around each well was measured in cm and
recorded. Three different dilutions of nano-silica beads were
used in the study, viz., 25 pl, 50 pl, and 100 pl. Along with
the nano-silica beads, ethanol and ampicillin control were
kept for E.coli.

2.3.6 Column Disinfection Experiment

The quantification of antibacterial efficiency of nano-silica
entrapped alginate beads was carried out using a column
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experiment. The suspension of E.coli was initially sifted via
a densely packed column with alginate beads entrapped with
nano-silica. At 37 °C, an E.coli culture was produced in Luria-
Bertani broth and sampled at the mid-exponential growth
phase. Further, the harvested culture was washed using the
centrifugation method, and 10 mM phosphate buffer of 7.4
pH was used to re-disperse the E.coli bacteria. The column
with a diameter of 1.8 cm, length of 16 cm, and apparent vol-
ume of 30.5 ml was packed with the beads. The flow rates
were controlled and adjusted to maintain an HRT (hydraulic
retention time) of 1, 5, 10, 15, and 20 min respectively. A ten
pore volume of buffer solution was added to the column before
injecting the E.coli culture to equilibrate the beads. At five
separate periods during the experiment, triplicate samples of
the effluent were taken for each run. The E. coli samples were
taken immediately after they were obtained and were homoge-
neously plated on agar plates and incubated at 37°C overnight
to view visible colonies. Those influent samples which were
not passed through the column and prepared as per the E.coli
suspension and the effluent from the column which was packed
with blank alginate beads were also plated in triplicates.

2.3.7 Application of Nanosilica Entrapped Alginate Beads
for Remediation of Bacteria

An antibacterial study of silica nanoparticles derived from
rice husk was attempted against gram-negative bacteria
E-coli. 3 M Petrifilm method was particularly chosen for
the study. The effectiveness of the 3 M Petrifilm Aerobic
Count Plate has been compared to normal plating methods
in several investigations. According to the findings, the 3 M
Petrifilm method was similar to the normal plating method-
ology and hence may be utilized as an alternate process for
counting test organisms in AOAC Methods [35].

A pipette was used to put 1ml of sample onto the center of
the plate in the technique. A spreader was used to distribute
the sample uniformly over the media surface. Plates were
incubated for 24 h at 37 °C. The number of blue colonies (E.
coli) and red colonies producing gas was enumerated, Col-
ony-forming units (CFUs)/100 ml water were calculated. For
the antibacterial study utilizing silica nanoparticles, a con-
taminated water sample with high content of E-Coli from an
open well at Kalady, Ernakulam, Kerala was selected. The
selected water sample was treated with nanosilica (0.5 g,
0.75 g, 1.0 g, 1.25 g) entrapped calcium-alginate beads.

3 Results and Discussions
3.1 Dry Weight% and Yield Percentage of Nanosilica

A specific amount of rice husk at the muffle furnace was
charred at 650 °C for 2 h. Using digital microbalance, the

obtained ash was pre-weighed. The dry weight% of rice husk
ash (RHA) was computed with the following formula:

(Weight of the ash in grams)

Dry weight percentage = - - -
(Weight of rice husk in grams)

Rice husk (RH) = 225-790;31 * 100

= 10.4553 %

Yield percentage of nanosilica from (RHA) can be deter-
mined by the following relation.

(Amount of silica nanoparticles synthesized in grams)

Yield percentage = % 100

(Amount of rice husk ash used in grams)

1.6676
== %
2.7083 100

=61.5%

Si(RHA)

The yield percentage of rice husk-derived nanosilica was
found to be 61.5%.

3.2 Characteristics of Synthesized Nanosilica
and Nanosilica Entrapped Alginate Beads

3.2.1 Formation of Alginate Beads

The beads prepared were found to be globular in shape
(Fig. 2) with a diameter of 0.5-1 mm. Calcium alginate
beads appeared transparent, colorless, and smooth (Fig. 2)
whereas nanosilica entrapped beads appeared white with a
rough surface (Fig. 2). Schematic diagram of the formation
of nanosilica entrapped calcium alginate beads is illustrated
in Fig. 3.

3.2.2 Fourier Transform Infrared Spectroscopy
(FT-IR):(Nano Silica)

The bending vibration of O-Si-O was observed from peaks
along 465 cm™! to 485 cm™!. The stretching modes of Si-
0-Si belonged to bands from 1090 cm™" to 1100 cm™' and
from 790 cm™' to 815 cm™' [36]. A band at 1640 cm™'
corresponded to —OH bending vibrations. The presence
of hydroxyl groups on the surface and water which is
chemically absorbed can be observed from 3450 cm™! to
3640 cm™!. The Si—O-Si stretching vibrations were assigned
at 1056.2 cm ~!, confirming the existence of silica groups
[37]. FT-IR spectra are given in Fig. 4.

3.2.3 X-ray Diffraction (XRD)
XRD pattern of nanosilica isolated from rice husk
(Fig. 5) showed a wide-angle at 20 = 22° confirmed the

formation of nanosilica from rice husk. This unique
broad peak at 20 =22° indicated the presence of silica
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Fig.2 A) Calcium-alginate
beads B) Nanosilica entrapped
calcium alginate beads

Fig.3 Schematic representation
of the formation of nanosilica
entrapped calcium alginate
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Fig.4 FT-IR spectra of rice husk (RHA), nanosilica obtained from
rice husk (R)

in the amorphous form[38-40]. If the peak was sharp
then the silica obtained should be crystalline. The pure
nano silica, on the other hand, was sintered at 1373 K
to reach the crystalline phase and quantify the crystal-
lite size.
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Fig.5 XRD curve of nanosilica from rice husk

3.2.4 Field Emission Scanning Electron Microscopy
(FESEM): Nanosilica

From the SEM analysis (Fig. 6) it was observed that rice
husk-derived nano silica exhibited porous structure. The
hydrogen bonding between silanol groups on the surface of
nanosilica was determined to be the cause of aggregation.
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This result is in agreement with other literature reports
[41]. It is illustrated in Fig. 7.

3.2.5 TEM: Nanosilica

The TEM images and particle size of nanosilica derived
from rice husk are shown in Fig. 8. The TEM analysis
showed that nanosilica particles formed small clusters fol-
lowing FESEM images. They have an average diameter of
about 50 nm. Tan et al. [42] isolated nanosilica from rice
husk and used it for iron adsorption. They have got similar
results. Many other researchers also got similar TEM images
per our results [43—45].
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Fig.6 FESEM image of nano silica obtained from rice husk
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3.2.6 Fourier Transforms Infrared Spectroscopy (FT-IR)
of Nano Silica Entrapped Calcium Alginate Bead

Infrared spectrum of alginate (neat), and reinforced alginate
beads (0.5 wt%, 0.75 wt %, 1 wt %, 1.25 wt%) are shown in
Fig. 9. The individual functional groups present in alginate
beads are not perfectly evident due to the existence of water
in excess. The hydrogen-bonded hydroxyl groups found in
water are responsible for the large broad peak at 3320 cm™".
The vibrations such as asymmetric stretching of carboxyl
groups found in alginate biopolymer are the reasons for the
bands at 1420 cm~! and 1610 cm™' [46]. The small peak at
1090 cm™! is due to the vibration of the carbohydrate ring
in alginate. Si-O-Si linkages are the cause for the peak at
1040 cm™!. These results confirmed the attachment of nano-
silica into alginate beads. The Si-O-Si groups will attach
to C-O-0O- groups present in alginate biopolymer. Previous
reports also support our results [43, 47].

3.2.7 Field Emission Scanning Electron Microscopy (FESEM)
of Calcium Alginate Bead

FESEM image of Calcium alginate beads without entrapped
nanosilica particles is indicated in Fig. 10. The results
showed that the beads were in spherical shapes [48]. The
surface of the spherical spheres was found to be rough. Some
researchers have reported similar results [49].
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Fig.7 Schematic representation of nano silica particle prepared from rice husk [41]
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Fig.8 TEM images of nanosilica
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Fig.9 FT-IR spectra of nanosilica entrapped calcium alginate bead

3.2.8 10Field Emission Scanning Electron Microscopy
(FESEM) of Silica Entrapped Calcium Alginate Bead

FESEM analysis was used to analyze the shape of
Si0,-alginate beads (1.25), surface properties of produced
Si0,-alginate beads, and SiO, dispersion on the beads.
Figure 11 gives FESEM images of SiO, -alginate beads.
Beads had a consistent plain morphology in FESEM images
[43, 50]. (Fig. 11A). The incorporation of nanosilica into
the beads improved the surface roughness. SiO, dispersed
uniformly throughout the beads are indicated in Fig. 11B.
According to these images, nanosilica were found not just on
the outside, but also inside the beads, (Fig. 11C). Nanosilica
has a diameter of around 30-38 nm.
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3.2.9 Energy Dispersive X-Ray Spectroscopy (EDS or EDX)

Energy-dispersive X-ray spectroscopy was used to analyze
the alginate-nanosilica beads (1.25) further (Fig. 12). The
reinforced beads exhibited Si, O, and C signals. The nano-
silica entrapment on alginate beads was confirmed by the
presence of Si signals. The C and O, on the other hand, come
from biopolymers, whereas Ca and Na come from alginate
beads. The EDX spectra gave affirmation on the successful
reinforcement of nanosilica in the alginate beads.

3.2.10 Application of Nanosilica Entrapped Calcium
Alginate Beads for the Removal of Bacteria
from Drinking Water

Antibacterial Study of Nanosilica Antibacterial properties
of silica nanoparticles have already been reported. The
susceptibility of E. coli in the first set of agar well diffu-
sion experiments, the nano-silica powders were put to the
test. On E. coli plates, there are no inhibition zones (IZs).
with 25 and 50 pl, which demonstrates that the nano-silica
power should be in larger quantity to affect the organism.
Whereas, as shown in Fig. 13., an inhibition zone of 1.3 cm
in diameter was obtained for nano-silica power in the agar
diffusion well. The nano-silica powder’s antibacterial prop-
erties are most likely due to the particles’ tiny size. This
tiny nano-silica has a lot of surface area, so it may have a
lot of interaction with the bacterial cells that release a lot of
silica. Furthermore, the partial oxidation on the surface of
nanosilica was favored by antibacterial tests’ aerobic condi-
tions. Antibacterial activities may be enhanced by partially
oxidized nano-silica with high silica levels.

The bacterial toxicity property of nano-silica has been
observed in various studies[51]. Moreover, the cell wall of
E.coli is made up of phospholipids, lipopolysaccharides, and
transmembrane proteins, as well as layers of peptidoglycan
also units of the saccharides abequose, mannose, rhamnose,
galactose, and glucose, make up the outer lipopolysaccharide
base [52]. The hydroxyl groups of nano-silica aid hydron
bonding with saccharides of lipopolysaccharides and the
other groups present in E.coli resulting in the destabilization
of peptidoglycan. Our finding of the antibacterial efficiency
of nano-silica is supported by similar studies [53-57]. Silica
nanoparticles can interact and kill the bacteria by attachment
with its outer wall. Nanosilica connects with the bacterial
membrane through hydrogen bonds formed between silanol
groups and the functional groups of the bacterial wall. These
bonds destabilize the peptidoglycan (bacterial wall) and
kill the bacteria [52]. The results of this study also proved
that the nanoparticles exhibited good bactericidal activities
against E.coli bacteria. Moreover, because the silica NPs
do not get buried inside the bacterial cells, immobilization
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Fig. 10 FESEM images of calcium alginate beads without the entrapped nanosilica

enables contact-mode interaction of silica NPs with a large
number of bacterial cells.

Antibacterial Study of Nanosilica Entrapped Alginate
Beads Antibacterial study of silica nanoparticles derived
from rice husk was attempted against gram-negative bacte-
ria E.coli. In environmental water samples, E. coli indicates
the chances of having human pathogens associated with
feces. Blue colonies with gas formation were identified as
E.coli. Petrifilm plates were selected for the study because
of their reliability, cost-effectiveness, and ease of use. Petri-
film method can be utilized to detect and enumerate several
microorganisms much easier and faster compared to tradi-
tional testing methods [58, 59].

The selected water sample (500 mL) with highly infected
E.coli was treated with calcium alginate beads entrapped

with different concentrations of nanosilica. Results obtained
for the antibacterial study treated with calcium alginate
beads loaded with different concentrations of nanosilica for
a treatment time of 0.5 and 1 h are indicated in Table 1. The
total number of colonies of E.Coli was found to reduce as
concentration rises of silica nanoparticles. The study was
continued until the bacterial colonies were not detected.
Maximum removal of E.coli was obtained on the treatment
of contaminated water with 1.25 g silica nanoparticle-loaded
alginate beads for a treatment time of one hour. Results of
treatment of contaminated water with 1.25 g nanosilica
entrapped beads are indicated in Fig. 14.

Column Experiments Using Nano-silica Alginate Beads Fig-
ure 15 represents the results obtained as per the column
experiment studies. The notable feature of this work is that
the blank beads which were used as a control for the disin-
fection experiment were capable of eradicating some portion
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Fig. 11 FESEM images of nanosilica -alginate beads A) morphology of the surface of bead B) nanosilica particles entrapped inside alginate
beads C) Dimension of entrapped nanosilica particle
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Fig. 12 Energy Dispersive X-Ray Spectroscopy (EDS or EDX) of nanosilica -alginate beads
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Fig. 13 Antibacterial activity of nanosilica powder

Table 1 Results of antibacterial study utilizing nanosilica entrapped
alginate beads

Concentration of silica Bacterial count  Bacterial count after

nanoparticle entrapped in CFU/100 mL remediation
bead CFU/100 mL
Initial 05h 1h
Control TNTC 800 400
05¢g 700 300
075¢g 500 200
10g 300 100
125¢ 200  Not detected

TNTC-Too numerous to count >2500 CFU/100 mL

of the target bacteria. Just by filtration process a removal rate
of 1%, 11%, 22%, and 35% with a hydraulic retention time
(HRT) of 1 min, 5 min, 10 min, 15 min, and 20 min respec-
tively was observed. This removal efficiency of blank beads
when compared to the classic filtration theory, was found to
be slightly higher. As this theory predicted the percentage
of particle separation in water treatment plants using deep-
bed filtering, it was apt to understand the notable feature of
our study by a slight comparison [60]. The failure of classic
filtration theory was attributed to the permeable collectors,
as it can allow the passage of porous beads under pressure.
Which can indirectly affect the efficiency of the collector
particles. Despite this, the removal efficiency of blank beads
observed as per this study was not found to be enough when
it comes to the treatment of drinking water. An additional

observation was the enlargement of alginate beads observed
throughout filtration, which can be one of the reasons for
removal efficiency. Many research findings were obtained in
a study by Lin et al. [31], where they used alginate beads as
a control in point-of-use drinking water disinfection. Both
biological activations, as well as physical filtration, were
achieved using nano-silica alginate beads. A significantly
higher disinfection rate of 92% with an HRT of 20 min was
achieved using the fabricated nano-silica beads. However,
as per the study, it was observed that the HRT has a very
meager effect on disinfection efficiency. This might be the
effect of nano-silica, as it can render its action on the target
bacteria even after the effluent is plated. Therefore, it is also
noted that the retention time inside the column can be rela-
tively insignificant, as long as it is not scanty to allow the
release of enough nano-silica particles.

4 Conclusions

Contamination has put the quality of potable groundwater in
jeopardy, and there is always an ever-increasing urge for pure
drinking resources. Rice husk nanosilica was isolated and
encased in calcium alginate beads. Nanosilica and entrapped
beads were characterized by different methods like FESEM,
TEM, XRD, FTIR, etc. The entrapped nanosilica inside
beads were utilized for remediation of bacteria in drinking
water. To various extents, nano-silica powder was shown to
be efficient in eradicating E. coli. The columns packed with
these nano-silica beads can be used as a viable source for
the purification of bacteria from potable water. To be precise
92% of disinfection efficiency was observed with 20 min
HRT, indicating the further application of these beads. The
study also indicated the moderate release of nano-silica from
the beads, which implies a better shelf life for the product
without even compromising with the disinfection efficiency.
Therefore, this research stresses the importance of boosting
the production of such non-metal-based nanomaterials for
multiple uses, especially water disinfection. Contaminated
water was treated with different concentrations of nano-
silica for a different contact treatment time of 0.5 and 1 h.
The results showed that the nanosilica at a concentration of
1.25 g had the potential to disinfect contaminated water (500
ml) when treated for one hour. This study can be scaled up
to a cost-effective water purification system to ensure pure
water in areas of bacterial contamination.

4.1 Outlook and Future Perspectives
Nanomaterials can be used in the treatment of contami-
nated water in several means depending on the structure

and morphology. Nanotechnology is emerging as an effec-
tive medium for the treatment of wastewater commercially
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Fig. 14 Results of treatment of contaminated water with 1.25 g nanosilica entrapped beads A) Control (Contaminated water) B) Water after
treatment with 1.25 g nanosilica for 0.5 h C) Water after treatment with 1.25 g nanosilica for 1 h
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and nowadays accepted globally. The mechanism of water
treatment by nanotechnology consists of adsorption, cataly-
sis, photocatalysis etc. There are many States in India fac-
ing challenges of drinking contamination, scarcity of pure
drinking water and related health issues. Even 80% of the
open wells of Kerala, a Sothern State of India are reported
to be contaminated with coliform bacteria. Cost effective
treatment especially availability of Nanomaterial which can
remove bacteria will be helping millions of people all over
the world affected with water borne diseases. The present
study we hope that, will once developed as water filter can
solve many of the water related health issues globally.

One of the major challenges is to ascertain the inter-
mediate composition of the materials if formed any and
to remove those materials. Second challenge is related
to the reuse of the materials and the determination of its

@ Springer

efficiency while reusing the material. The disposal is also
a challenge. We may focus on safe disposal of the product
developed and will do a study on the environmental fate
and toxicity if any of the material. Cost effective ratio of
the technique is very important. The method developed
can be popularised in rural areas only if the filters can be
distributed at a low cost in rural areas. We plan to under-
take the cost effectiveness of the technology developed so
as to understand the cost involved in the filter developed
and the health outcome (the reduction of bacteria can be
correlated with number of water borne diseases being
reported in an area).
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