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Abstract
An increased discharge of nitrates to the natural water resources was observed across the globe due to
various anthropogenic activities resulting in environmental pollution and associated harmful effects. In
the present work, sol-gel-derived functional nanocomposites based on silver (Ag) doped titanium dioxide
(TiO2) coated chitosan nanocomposites were successfully synthesized in the form of beads and their
application for the removal of nitrates from the water was studied. The synthesized nanocomposite
beads were further characterized for their structural, textural, and morphological features using X-ray
Diffraction Analysis, Fourier Transform Infrared Spectroscopy, UV-Visible Spectroscopy, BET Surface Area
analysis, Scanning Electron Microscopy, and Transmission Electron Microscopy. A uniform coating of
doped titania species on the chitosan porous structure was achieved through electrostatic interaction.
Adsorption/ photocatalytic reduction of nitrates was further monitored by measuring the concentration of
nitrate ions in the model contaminated water in the presence of functional nanocomposite beads when
subjected to an adsorption study under dark conditions and photocatalytic study under UV/sunlight for a
de�nite time. Drying conditions of the nanocomposite beads were found to have a signi�cant effect on
the adsorption cum photocatalysis e�ciencies of the nanocomposite. The freeze-dried chitosan-titania
nanocomposite beads containing 0.5 mol% Ag exhibited an adsorption e�ciency of ~ 43.5% (under dark
for 30 min) and photocatalytic reduction capability of ~ 95% (under sunlight for 2 hours), whereas the
adsorption and photocatalytic e�ciencies were 40% (under dark for 30 min) and 70% (under UV light for
2 hours) respectively, in the case of oven-dried nanocomposite beads, towards the removal of nitrate ions
in an aqueous solution. Continuous �ow adsorption cum photocatalytic study using the oven-dried
nanocomposite beads was carried out further with the help of an experimental setup fabricated in-house
and under varying experimental conditions such as �ow rate, bed height, and concentration of feed
solution. A nitrate removal e�ciency of 87.6% and an adsorption capacity of 7.9 mgg− 1 were obtained
for the nanocomposite beads in the continuous �ow adsorption cum photocatalysis experiment for up to
8 hours when using an inlet concentration of 100 ppm, bed height 12 cm and �ow rate 5.0 mlmin− 1. A
representative �xed-bed column adsorption experiment using a real groundwater sample collected from
the Palakkad District of Kerala was also performed using the oven-dried functional nanocomposite beads
that show promising results for nitrate removal (85.9% e�ciency) along with a signi�cant removal rate
for the other anions as well. Thus, the adsorption cum photocatalytic nitrate reduction ability of the
synthesized functional material makes them suitable for the e�cient removal of nitrates from
water/wastewater through an integrated nanocomposite approach.

1. Introduction
Globally, quality aspects of the available natural water resources are getting stressed due to various
anthropogenic activities that raise huge concerns for the sustainable development on earth (Mehran et al.
2017). Nitrate contamination of groundwater is identi�ed as a major threat to human health which is
contributed by various anthropogenic activities such as intense use of fertilizers, septic and sewage
systems, and municipal wastes (Shukla et al. 2019). The permissible limit of nitrates in drinking water is
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10 mg/L according to WHO (Ward et al. 2018) and an excess nitrate intake in humans leads to diseases
like methemoglobinemia, cancer, etc. Hence, the e�cient removal of nitrates from the contaminated water
resources before their use for drinking purposes is very important (Huno et al. 2018).

Conventional water treatment methods such as �ltration, and lime/soda ash softening could not remove
nitrates from drinking water (Dahab et al. 1991). Even though various physicochemical and biological
techniques such as reverse osmosis, electrodialysis, chemical precipitation, ion exchange, bio-
denitri�cation, etc. are available for the removal of nitrates from drinking water, the high cost, energy, and
post-treatment requirements involved in them limit their practical applications (Archna et al. 2012;
Mohsenipour et al. 2014). Photocatalytic reduction of nitrates into harmless nitrogen gas is a relatively
new technique for nitrate removal and titanium dioxide is the most widely used material in this regard
(Yang et al. 2013; Silva et al. 2018).

Titanium dioxide (TiO2), a semiconductor material has got wide environmental applications, especially in
the �eld of water treatment for the removal of various pollutants such as organic dyes, heavy metals,
harmful anions such as nitrates, phosphates, etc. due to its low toxicity, low cost, high physical/chemical
stability and unique photocatalytic activity (Liu et al. 2022). Photocatalytic property of titanium dioxide
depends on the crystalline phase and surface area of the material and the wide band gap energy of 3.2
eV usually limits its application under UV light which demands band gap modi�cation to enable its use
under sunlight/visible light (Marcelino et al. 2019). Titanium dioxide when doped with silver (Ag) ions
modi�es its band gap thereby generating electron-hole pairs when excited under sunlight/visible light and
the photo-generated electrons can be used for the reduction of nitrates into nitrogen gas (Doudrick et al.
2012). On the other hand, chitosan, a biopolymer is an e�cient bio sorbent for nitrate removal (Banu et al.
2021). Chitosan in acidic media is reported to enhance the adsorptive removal of nitrates because of its
cationic property and electrostatic interaction. The major shortcomings of chitosan such as its poor
chemical stability and mechanical strength (Szymańska et al. 2015) can be solved when it is
appropriately incorporated into a nanocomposite system as it may result in tunable properties and
synergistic effects. Hence a nanocomposite system of chitosan and titanium dioxide would be an ideal
choice for adsorption cum photocatalytic applications for the removal of nitrates from water/wastewater.

A novel 2D Ag-TiO2/γ-Al2O3/chitosan nano-composite photocatalyst was fabricated (Zarei et al. 2020) for
enhanced photocatalytic reduction of nitrate through a sol-hydrothermal method and their results show
that Ag-doped hybrid heterostructures can effectively utilize UV–visible-light to remove nitrate with an
e�ciency of 74% in 5 min reaction time. TiO2-graphene/chitosan nanocomposite system and its
application for the removal of anionic dyes was studied (Mohammadi et al. 2020) which demonstrated
an excellent photocatalytic enhancement over TiO2 and TiO2-graphene samples. The synergistic effect of
chitosan and titanium dioxide by photodegradation technique was reported (Farzana and Meenakshi
2014) for the removal of toxic dyes and explained the synchronous role of chitosan and TiO2 present in
the system for both adsorption and photodegradation activities. Removal of nitrate ions by
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Chitosan/Zeolite Y/Nano ZrO2 nanocomposite as adsorbent was investigated (Teimouri et al. 2016), in
which an adsorption capacity of 23.58 mg nitrate per g of the adsorbent was observed.

The present work deals with the development of a functional material based on chitosan and titanium
dioxide in the form of beads that can remove nitrates from water/wastewater through an integrated
adsorption cum photocatalysis technique enabled through a nanocomposite approach. Titanium dioxide
doped with silver ions (Ag) acts as the photocatalyst for the reduction of nitrates while the adsorption of
nitrates and other toxic elements in the aqueous solution is enabled by the porous structure of chitosan in
the integrated nanocomposite system. Ag doping on titanium dioxide is envisaged to reduce the band
gap energy of titanium dioxide thus making it active under visible light for practical applications. Further,
the application of the synthesized nanocomposite beads in the removal of nitrates from model
contaminated water was investigated in detail through batch/column adsorption cum photocatalytic
studies under dark, UV, sunlight, and visible light.

An integrated adsorption cum photocatalytic removal of nitrates from water using bifunctional chitosan-
titanium dioxide nanocomposite is not reported so far to the best of our knowledge. The novelty of the
work relies on the fact that e�cient removal of nitrates from water/wastewater using an integrated
photocatalyst-adsorbent system derived from microwave-assisted sol-gel technique through a
nanocomposite approach is rarely available in the literature. Thus, the novel integrated nanocomposite
system developed in the present work offers superior functional features due to the synergistic effect of
chitosan and titanium dioxide. The continuous �ow �xed bed adsorption cum photocatalytic study
performed using the functional material further suggests its potential for practical (domestic/industrial)
applications in the �eld of water/wastewater treatment.

2. Experimental

2.1. Materials
Titanium(IV)tetraisopropoxide (97%) was procured from Sigma-Aldrich (U. S.) and was used as
purchased. Glacial acetic acid (99%, Emplura), sodium hydroxide pellets, Glutaraldehyde (25%), Formic
Acid (98–100%, Emparta→), and silver nitrate was supplied by Merck Life Science Pvt. Ltd., Mumbai,
India. Chitosan (medium MW, extra pure with 90% deacetylated degree) was procured from Sisco
Research Laboratories Pvt. Ltd, Maharashtra, India. Potassium nitrate (Emsure ) was supplied by Sigma
Aldrich, Germany.

2.2. Methods

2.2.1. Synthesis of silver doped TiO2

The methodology for the synthesis of Ag-doped TiO2 is schematically represented in Fig. S1. A single-
step sol-gel methodology (Venkatachalam et al. 2007) is used for the synthesis of titanium dioxide sol in
which titanium(IV)tetraisopropoxide (TTIP), glacial acetic acid, and water were mixed in the molar ratio of
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1: 10: 350. In a typical experiment, to about 18.43 ml of TTIP, 35.57 ml of acetic acid was added and kept
for stirring. To the solution under stirring, 390 ml of water is added slowly. The whole mixture was stirred
for 1 hour and kept aside for 2 days when titania sol is formed. Silver doped titania was prepared by
adding different quantities of AgNO3 (0.5, 1, and 2 mol%) to 100 ml of the prepared titania sol. Silver
nitrate added titania sols were then microwave heated in a kitchen microwave oven (600 W, frequency 50
Hz) for 5 minutes as depicted in Fig. S2. The synthesized Ag-doped titania was labelled as TA-0, TA-0.5,
TA-1, and TA-2 where ‘T’ stands for titania and ‘A’ stands for Ag, and 0, 0.5, 1, and 2 stands for the mol%
of AgNO3 to that of titanium dioxide.

2.2.2. Synthesis of chitosan beads
Methodology for the synthesis of chitosan beads is schematically shown in Fig. S3. About 3g of the
chitosan powder is mixed with 100 ml of 0.2 N acetic acid, followed by stirring for about 2 hours. This
homogeneous solution is dropped into 50 ml of 0.5 N NaOH when chitosan hydrogel beads are obtained
(Azlan et al. 2009). The size of the synthesized beads was found to depend on the nozzle size of the
dropper. The beads were washed with distilled water until it reaches a neutral pH. The prepared beads
were then cross-linked with glutaraldehyde solution (10%) by immersing in it for 24 hours followed by
washing to get cross-linked chitosan beads.

2.2.3. Synthesis of Ag-doped TiO2@chitosan beads
The synthesized chitosan beads are impregnated in the dispersion of microwave-treated Ag-doped titania
sol for about 1 hour to get Ag-doped TiO2 coated chitosan beads. The coated beads were then dried in a
freeze dryer (Scanvac Cool Safe 55 − 4 Pro, -55°C) for 2 hours. Before freeze-drying, the samples were
deep-frozen for 1 hour in a deep freezer (Blue star, 5°C). The synthesized Ag-doped titania coated
chitosan beads were further labelled as CTA-0, CTA-0.5, CTA-1, and CTA-2 in which ‘C’ stands for chitosan,
‘T’ stands for titania, ‘A’ stands for Ag and 0, 0.5, 1 and 2 stands for the mol% of AgNO3 to TiO2. Coated
beads of the sample CTA-0.5 was dried under oven condition also (65°C) to prepare oven-dried
nanocomposite beads.

2.2.4. Characterizations
Undoped/Ag-doped titania and Ag-doped TiO2@chitosan nanocomposite beads were characterized
further using X-ray diffraction (XRD) analysis, Fourier Transform Infrared (FTIR) analysis, BET (Brunauer,
Emmett and Teller) surface area measurements, UV-Visible Analysis, Field emission scanning electron
microscopic (FESEM) analysis. BET surface area measurements and pore size analysis of the undoped
and Ag-doped titania were carried out by nitrogen adsorption using a Micromeritics Gemini 2375 surface
area analyzer after degassing each sample at 150–200°C for 2 hours. X-ray diffraction analysis of the
powder samples was carried out in a PANALYTICAL, Aeris Research XRD instrument in the 2θ range 10–
80° using Cu Kα radiation (λ = 1.54 Å). The Crystallite size of the anatase TiO2 was calculated using the
Debye-Scherer formula (Smitha et al. 2013).
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DXRD = kλ/βCosθ (1)

where DXRD is the average crystallite size, k has a value of 0.9 which is the shape factor, λ is the X-ray
wavelength (1.5406 A˚ for Cu Kα1), β is the full width at half maximum of (1 0 1) peak and θ the Bragg
angle.

The infrared spectrum of the nanocomposite beads was recorded in a Perkin Elmer Spectrum Two FTIR
spectrometer, in the range 4000–400 cm− 1 on the powder samples, using a Universal ATR accessory
(UATR Two). UV-Visible spectra of TiO2/Ag-doped TiO2 were collected using a Cary 5000 UV-Vis-NIR
spectrophotometer in the wavelength range 200–1000 nm. The morphology of the undoped and Ag-
doped titania and that of pure chitosan, Ag-doped titania coated chitosan beads were observed using a
Hitachi SU6600 Variable Pressure Field Emission Scanning Electron Microscope (FESEM) operated at
5kV.

2.2.5. Nitrate removal study using freeze-dried
nanocomposite beads
The photocatalytic reduction of nitrates in the present study was followed by monitoring the
concentration of nitrate anions in the presence of Ag-doped titania-coated chitosan beads under sunlight
irradiation for 2 hours. About 1 g of the prepared nanocomposite beads were weighed in a beaker to
which about 75 ml of the prepared nitrate solution (166 ppm) was added. (Potassium nitrate was used
for preparing standard nitrate solution). Formic acid was added as a hole scavenger in the study to
promote the photocatalytic nitrate reduction reaction. A molar ratio of 1:8 was followed between the
nitrates and formic acid here. The whole solution under mild stirring was kept under dark conditions for
about 30 minutes for equilibration. This equilibration time of 30 minutes given before the photocatalytic
test is to eliminate the adsorption of nitrates by the porous chitosan network. 10 ml of the solution is
withdrawn now which corresponds to the initial concentration of nitrate after nullifying the adsorption.
The solution is then kept under sunlight exposure for about 2 hours. 10 ml of samples are withdrawn
after 1, 2 hours under sunlight irradiation which corresponds to the concentration of nitrate at time
intervals of 60, 120 minutes after sunlight exposure. The nitrate concentration was analyzed in a UV-
Visible Spectrophotometer (Model: Evolution, Thermo Fischer) using the HCl method. The absorbance of
the solutions was determined at λmax = 270 nm. The quantity of nitrate remaining in the solution and the
percentage removal of nitrate is calculated further using the equations given below. The concentration of
the nitrate solution without the adsorbent was taken as the initial concentration (C0). The concentration
of the nitrate solutions at de�nite time intervals after adsorption/photocatalysis is taken as the �nal
concentration (C). The concentration of nitrate remaining in the solution could be calculated from the
formula as follows.

Q = (C/C0) *100 (2)

where Q is the quantity of the nitrate remaining in %.
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Similarly, the percentage removal of nitrate could be calculated using the equation given below.

R = (C0-C/C0)*100 (3)

where R is the % removal of nitrate.

2.2.6. Nitrate Removal Study using oven-dried
nanocomposite beads
Removal of nitrates by the oven-dried chitosan beads/chitosan beads coated with Ag-doped TiO2 (CTA-
0.5) was also studied. Nitrate adsorption experiments under dark conditions were conducted using model
water containing nitrate ions (100 ppm). The adsorption experiment was carried out by immersing 1 g of
the nanocomposite beads into 75 ml of the standard nitrate solution, followed by stirring the solution
using a magnetic stirrer. The experiment was conducted for about 180 minutes and 10 ml of the solution
was collected at de�nite intervals of time (30 min). The nitrate concentration of the samples collected
was measured using UV Visible spectrophotometer. The quantity of nitrate remaining and the percentage
removal of nitrates was calculated using Equations (2) and (3) above.

Adsorption cum photocatalytic experiments were also conducted using the dried beads for the removal of
nitrates from model contaminated water. Photocatalytic reduction of nitrates was followed by monitoring
the concentration of nitrate anions in the presence of pure chitosan beads and Ag-doped titania coated
chitosan beads under UV irradiation for 2 hours in a small UV chamber under constant stirring. The UV
source was fourteen 8W UV-A tubes (354 nm) providing illumination of 755 lux. Stirring under dark
conditions for about 1 hour was provided initially for the adsorption equilibration and the photocatalytic
experiment was performed with and without the hole scavenger, formic acid. Nitrate concentrations of the
solution at de�nite time intervals were measured as detailed above followed by calculating the
percentage removal of nitrates.

2.2.7. Continuous �ow �xed-bed column adsorption cum
photocatalytic study using oven-dried nanocomposite
beads
A continuous �ow �xed bed column adsorption experiment was carried out further with the help of an
experimental setup fabricated in-house. Figure 1. shows the photograph of the experimental setup
fabricated in-house for the removal of nitrates from water.

The setup consisted of two acrylic glass columns of 2 cm internal diameter and height of 20 cm in which
the nanocomposite beads are �lled and model water containing nitrate ions is continuously passed
through the columns at a de�nite �ow rate using a peristaltic pump. The light source used was two
Philips LED tube lights (15 W) that provides illumination in the visible region. Nitrate removal experiments
were carried out under varying experimental conditions such as �ow rate (5, 7.5, 10 mlmin− 1), bed height
(6, 8, 12 cm corresponding to 12 g, 16 g and 24 g beads), and concentration of feed solution (100, 200
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ppm). The experiments were performed in dark for 1 hour before switching on the visible light so that
adsorption equilibration is attained. Photocatalytic experiments were performed for 2 hours of visible
light exposure during which samples are collected at de�nite intervals and measured the nitrate
concentration.

Representative �xed-bed column adsorption alone experiment was also carried out for the nitrate removal
from a real groundwater sample. The column was packed to a height of 6 cm with 15 g beads as
adsorbent on a layer of glass wool placed at the bottom of the column. Groundwater sample collected
from Pallimukku, Palghat district, Kerala [Water quality parameters of the collected water sample are
given in the Supplementary Information (Table SI).] with an initial nitrate concentration of 31.4 ppm was
pumped through the column at a �ow rate of 15 ml/minute. The water sample was collected from the exit
of the column after 20 min for nitrate concentration and was analyzed using a UV visible
Spectrophotometer.

The adsorbent capacity of the target nitrate ions was determined by the concentration before and after
adsorption using Eq. 2.

qe = t.Q(Cin−Cout)/m (4)

where t is treatment time (h), Q is the �ow rate (ml/min), Cin and Cout are the in�uent and e�uent nitrate

concentrations, respectively in mgl− 1 and m is the total mass of adsorbent in the column (g).

The experiment was carried out under room temperature and data obtained was used to plot the graph
from which nitrate removal e�ciency was calculated.

3. Results And Discussion
The different processing stages involved in the synthesis of Ag-doped titania coated chitosan beads are
presented below in Fig. 2. The color of the chitosan wet gel beads was found to change from white to
brown after coating with Ag-doped titanium dioxide and freeze-drying for 1 hour. Pure chitosan beads
after freeze-drying have shown less mechanical stability whereas the freeze-dried/oven-dried chitosan
beads with Ag-doped titania coating have exhibited su�cient mechanical stability for handling. Silver
doped titanium dioxide was characterized for its structural, textural, and morphological features and the
results are presented below.

XRD analysis of undoped and Ag-doped titanium dioxide is presented in Fig. 3. XRD analysis of the Ag-
doped TiO2 shows the presence of phase pure anatase (JCPDS Card No: 00-021-1272) which is reported
to be highly bene�cial for the photocatalytic reduction of nitrate (Reyes-Coronado et al. 2008). No peaks
corresponding to silver species were observed indicating that the addition is well below the doping level
(below 2%) which is too low to show clear peaks.
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Five minutes of microwave treatment of the synthesized titania sol (Peiró et al. 2001) and the silver
doped titania sol has resulted in the crystallization of titanium dioxide in the anatase phase. Microwave
heating of aqueous titania sol is reported to enhance the crystallization of titania as the presence of
water as a solvent favors the crystallite formation (Smitha et al. 2013). Microwave energy is easily
absorbed by polar solvents such as water resulting in homogeneous nucleation of the system due to the
rapid energy transfer involved during the treatment. Kinetics of the crystallization of titania sol is
signi�cantly improved via the use of microwaves for a shorter duration (Dufour et al. 2012). Moreover,
microwave energy facilitated the predominant growth of anatase crystallites suitable for photocatalytic
application.

Figure 4 represents the morphological analysis of undoped titania and Ag-doped titania, microwave
treated for �ve minutes. Nanosized titania particles are visible from the SEM images. The average particle
size of titania was ~ 5–6 nm for undoped titania whereas it was ~ 3–4 nm for the 0.5 mol% Ag-doped
titanium dioxide. TEM analysis of the TA-0.5 sample also shows the presence of anatase TiO2 with a
particle size as small as 3–4 nm. Particle sizes obtained from the SEM/TEM analysis were consistent
with the crystallite sizes calculated from the XRD analysis for the anatase crystals using the Debye
Sherrer Equation as the values were 5.4 nm and 4.8 nm for the undoped titania and Ag-doped titania (TA-
0.5) respectively.

Reduction in the particle size of titanium dioxide to Ag doping is already reported in the literature which is
ascribed to the decrease in the particle nucleation during hydrolysis/condensation of Ti(IV)isopropoxide
in presence of silver species (Mogal et al. 2014). According to the researchers, there exists a critical Ag
concentration above which the particle size increases (Li et al. 2020). Figure 5 presents the N2 adsorption-
desorption isotherms and the pore size distribution of the pure titania and the silver doped titania. A type
IV isotherm with a hysteresis loop characteristic of the mesoporous materials was obtained from the
surface area analysis (Sotomayor et al. 2018). Pure titania had a surface area of 251 m2g− 1 (Table I).
Among the different samples, TA-0.5 has shown the highest surface area of 282 m2g− 1. There was only a
marginal increase in the surface area for the 1 mol% Ag-doped sample when compared to the undoped
sample and it was found to decrease further by increasing the percentage doping. The �ne mesoporous
structure of the titanium dioxide and Ag-doped titanium dioxide as evident from a monomodal pore size
distribution is also very clear in Fig. 5b. TA-0.5 has shown a narrow pore size distribution when compared
to that of other samples.

Table I. Textural features of titania and Ag doped titania, microwave treated for 5 minutes.



Page 10/29

Sample BET Surface Area
(m2g− 1)

Total Pore Volume
(cm3g− 1)

Micropore
Volume

(cm3g− 1)

Mesopore
Volume

(cm3g− 1)

Pore
diameter
(nm)

TA-0 251.4 0.3043 -0.0195 0.3238 4.8

TA-0.5 282.3 0.3150 -0.0131 0.3281 4.5

TA-1 253.6 0.2904 -0.0178 0.3082 4.6

TA-2 227.8 0.3343 -0.0123 0.3466 4.7

The high surface area of the TA-0.5 sample obtained here could be due to the reduction in the crystallite
size due to the effective doping by the Ag ions. The Ag ions existing on the surface of anatase titania
particles can hinder the mutual contact and material transfer between the anatase grains, thereby
depressing the grain growth of anatase leading to an increased surface area (Chao et al. 2003).

The UV-Visible absorbance of pure titanium dioxide and TA-0.5 was further recorded using a UV-Visible
spectrophotometer and the obtained results are presented in Fig. S5. Absorption in the visible region
(400–800 nm) was more for Ag-doped titania when compared to that of pure titania indicating that Ag-
doped TiO2 may be active under visible light irradiation (Li et al. 2011).

Figure 6 represents the FTIR analysis of the undoped titania coated chitosan beads and the 2 mol% Ag-
doped titania coated chitosan beads. FTIR spectra mainly show the vibrational modes of chitosan in the
undoped and Ag-doped systems (de Souza et al. 2015). The broad band centered at 3300 cm− 1 shows
the overlapping of O-H and N-H stretching vibration, together with N-H secondary amine stretching of the
cross-linked chitosan. The presence of bands corresponding to amides was noted at 1633 cm− 1 and
1550 cm− 1. The band at 1026 cm− 1 and 1072 cm− 1 is attributed to the C–O stretching vibration
contributed by the primary alcohol in chitosan. Bands corresponding to CH2 bending and C-O-C

asymmetric stretching vibration were also observed at 1411 and 1155 cm− 1 respectively. Ag-doped TiO2-
coated chitosan beads contain a trace amount of silver oxide in them. The different peaks obtained from
the FTIR spectra are assigned to their respective vibrational modes as given in Table II.

Both the samples had characteristic Ti-O-Ti stretching vibration for TiO2 at 410 cm− 1 (Vasconcelos et al.

2011) whereas TA-2 coated chitosan beads contain a small peak at 455 cm− 1 corresponding to the
presence of oxidized silver species (Ag2O) (Pawar et al. 2016).

Table II. FTIR peak assignment (de Souza et al. 2015) for TA-0 and TA-2 coated chitosan beads, freeze-
dried for 1 hour.
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No. FTIR peak (cm− 1) Vibrational Mode Assignment

a 3220–3380 NH & OH Stretching Amines & H2O

b 1633 N-H bending vibration Secondary amide

c 1550 N-H bending vibration Secondary amide

d 1411 CH2 bending Pyranose ring

e 1155 C-O-C asymmetric stretching from β(1–4) bond

f 1072 C-O stretching Primary OH

g 1026 C-O stretching Primary OH

h 410 cm− 1 (Ti-O-Ti) stretching vibration TiO2

Other vibrational peaks obtained for NH, OH, CH2, CO, etc. are characteristic of the chitosan polymer
which is present in both the samples. Thus, FTIR analysis revealed the successful formation of the
chitosan-titania nanocomposite as evidenced by the characteristic peaks corresponding to the chitosan
and titanium dioxide.

SEM analysis of the pure chitosan beads and the 0.5 mol% Ag doped titania coated chitosan beads, after
freeze-drying for 1 hour is presented in Fig. 7.

The microporous structure of the prepared chitosan beads is very clear from the SEM images with an
average pores size of ~ 0.5 mm. Ag-doped TiO2 gets coated uniformly over the porous surface of
chitosan which eventually decreases the pores size of chitosan (Jayakumar et al. 2011) from ~ 0.5 mm
to ~ 0.25 mm. TA-0.5 coated chitosan beads have shown hard agglomerates on the surface of the beads
could be due to the presence of excess TiO2 that gets precipitated out.

The photocatalytic reduction of nitrates by the freeze dried nanocomposite beads was monitored by
measuring the concentration of nitrate ions in the model water sample (spiked with nitrate ions)
subjected to photocatalytic studies under sunlight for 2 hours in the presence of a hole scavenger.
Undoped titania and Ag-doped titania coated chitosan beads were subjected to a photocatalytic reduction
study. The nitrate solution along with the coated chitosan beads was kept in the dark for about half an
hour to nullify the effect of any adsorption by the porous structured chitosan beads. Table III provides the
adsorption and photocatalytic e�ciency of the synthesized chitosan beads with varying Ag
concentrations towards nitrate anion. The obtained results clearly shows that Ag doping on titania is
affecting the adsorption characteristics of the synthesized chitosan beads. The sample, CTA-0.5, the one
containing 0.5 mol% Ag-doped titania coated chitosan beads are showing a nitrate adsorption e�ciency
of 43.5%. The smaller particle size (~ 10 nm) and enhanced surface area of the TA-0.5 sample might
have contributed to the relatively high adsorption e�ciency (Tian et al. 2008). About 95% nitrate
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reduction e�ciency was observed for the sample CTA-0.5 which was the highest e�ciency among the
other samples. Undoped titania-coated chitosan beads had a nitrate reduction e�ciency of 42%.

Table III. Adsorption e�ciency of the undoped and Ag-doped titania coated chitosan beads towards
nitrates.

Sample Initial nitrate
concentration (ppm)

Remaining nitrate after
adsorption (ppm)

Adsorption
e�ciency (%)

Photocatalytic
e�ciency (%)

CTA-0 166 100.9 39.2 42

CTA-
0.5

166 93.7 43.5 95

CTA-1 166 100.7 39.3 37

CTA-2 166 93.4 43.7 80

According to the researchers, many factors such as particle size of titanium dioxide, reaction temperature,
the metal used for doping, and hole scavenger and its concentration can in�uence the photocatalytic
nitrate reduction e�ciency. The hole scavenger formic acid used in the study aids in achieving
signi�cantly higher nitrate conversion (Doudrick et al. 2013). A decrease in the particle size of titanium
dioxide due to the Ag doping in the present work increases the amount of exposed unit area per unit mass
which increases the adsorption e�ciency. The metal species (Ag) clusters incorporated on the TiO2

surface can induce the formation of oxygen vacancies which act as electron traps (Pan et al. 2013). The
new allowed electronic states below the TiO2 conduction band enhance the visible light absorption of the
photocatalysts which makes them active even under sunlight due to the band gap energy modi�cation.
Moreover, the new energy levels created can act as an electron sink, which improves the electron-hole
separation and thus more electrons will be available on the catalyst surface for the nitrate reduction
reaction (Sa et al. 2009). The UV-visible absorbance spectra of pure TiO2, Ag doped TiO2 and the
mechanism behind the photocatalytic nitrate reduction (Kobwittaya and Sirivithayapakorn 2014) is
presented in Fig. 8.

It is assumed that the end product of the nitrate reduction reaction in the present work is N2 as no nitrites
were measured during the ion chromatographic (IC) analysis of the samples collected and there was no
signi�cant change in the pH of the sample out of NH4+ ions. Thus, in the present work, Ag-doped TiO2

coated chitosan beads (CTA-0.5) show superior nitrate reduction e�ciency and adsorption e�ciency
which makes it a suitable candidate for the removal of nitrates from water/wastewater. The
nanocomposite CTA-0.5 was selected for further studies considering its high adsorption as well as
photocatalytic e�ciency towards the removal of nitrate from water.

Figure 9 represents the surface morphology of oven-dried pure chitosan beads and Ag-doped TiO2 coated
chitosan (CTA-0.5) beads. The porous structure of the chitosan bead was considerably changed for the
oven-dried sample when compared to that of the freeze-dried sample. The pore size of the pure chitosan
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beads was in the range of 50–100 nm whereas the mesoporous structure of the chitosan beads was
uniformly covered with nanoparticles of titanium dioxide with a size less than 10 nm as revealed from
Fig. 9b-c.

Batch/column adsorption cum photocatalytic experiments were also carried out using the CTA-0.5
nanocomposite beads in its oven dried form as it exhibits more mechanical stability when compared to
the freeze dried sample. Results on the nitrate adsorption study of pure chitosan beads and CTA-0.5
beads (oven dried) under dark conditions are presented below in Fig. 10a. From the results, it is clear that
Ag-doped TiO2 coating over the chitosan beads signi�cantly increases the adsorption e�ciency of the
beads, and the adsorption of nitrates is getting saturated within 1 hour of stirring under dark conditions
as major concentration changes of nitrates was not observed further. Figure 10b demonstrates the
adsorption cum photocatalytic e�ciency of the oven dried chitosan beads coated with Ag-doped TiO2 in
removing nitrates from model contaminated water.

The adsorption e�ciencies were 10.9% and 54–60% for the pure chitosan beads and Ag-doped TiO2

coated chitosan beads respectively under dark stirring conditions for 1 hour. The photocatalytic
e�ciencies were ~ 8.8% for pure chitosan beads whereas it was 70%, 69% and 53% for Ag-doped TiO2

coated chitosan beads with nitrate: formate ratio 1:2, 1:5 and 1:8 respectively in 2 hours of UV irradiation
time. Pure chitosan beads lack photocatalytic activity while an enhanced photocatalytic e�ciency of the
nanocomposite system was observed in the presence of formic acid scavenger.

When the nanocomposite is irradiated with incident light having energy greater than the band gap of
titanium dioxide, electrons and holes are generated that can be utilized for the reduction and oxidation,
respectively. However, the recombination of the electron and holes in a few nanoseconds can slow down
the redox reactions on the surface of the semiconductor and hence adding a hole scavenger (i.e., electron
donor) can help overcome the recombination effect and provide a continuous supply of electrons for the
nitrate reduction reaction. Formic acid scavenger is reported to have highest activity among other
scavengers and the overall redox reaction between nitrate and formic acid with TiO2 under UV irradiation
could be represented as given below when the formate: nitrate ratio is 1:2.5 (Yang et al. 2013).

2NO3−+5HCOOH + 2H+→N2 + 5CO2 + 6H2O (5)

During nitrate reduction reaction, both formic acid and nitrate will get consumed and an ideal
stoichiometric ratio of 2.5 between the formate and nitrate is considered to offer 100% N2 selectivity. The
photocatalytic e�ciencies were nearly same when the nitrate:formate ratio was 1:2 to 1:5 in the present
study and the formic acid scavenger helps in attaining signi�cantly higher nitrate conversion as it can
abstract the holes thereby making more electrons available for the nitrate reduction reaction.

Figure 11 demonstrates the results on the continuous �ow adsorption cum photocatalytic studies of the
nanocomposite beads carried out in an experimental set up fabricated in-house. Figure 11a shows the
effect of the integrated adsorbent-cum photocatalyst system in reducing the nitrate levels well below the
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permissible limits of standard drinking water in a �xed bed continuous �ow system even up to 5 hours
whereas the nitrate levels increase above the permissible limits in 200 min itself if we are exploring only
the adsorption property of the material. Figure 11b-c shows that as the bed height of the column
increases from 6 to 12 cm, there is a prominent effect on the nitrate removal characteristics and nitrate
removal for a longer time can be enabled by increasing the bed height to a desired level. The nitrate
removal percentage is increased from 49.6–60.8% and to 97.5% when the bed height is increased from 6
cm, 8 cm and to 12 cm in 5 hours time. A larger amount of nitrate gets adsorbed when the bed height is
high due to an increase in the surface area of adsorbent cum photocatlyst, providing more binding sites
for the adsorption, followed by photocatalytic removal.

The effect of concentration was also studied using continuous �ow adsorption cum photocatalysis study
in the fabricated water treatment set up that shows a nitrate removal e�ciency of 87.6% & adsorption
capacity 7.9 mgg− 1 for 8 hours when using an inlet concentration of 100 ppm for a bed height of 12 cm
at 5.0 mlmin− 1 �ow rate. The nitrate removal e�ciency was 55.5% with an adsorption capacity of 7.3
mgg− 1 for 5 hours when using an inlet concentration of 250 ppm for a bed height of 12 cm at 5.0 ml/min
�ow rate.

In summary, the variations in the residual nitrate are prominent when the amount of catalyst is low and at
higher initial concentration of nitrate, and at high �ow rate conditions, indicating the need for scavenger
addition at a minimum level for a higher overall nitrate removal e�ciency in the continuous �ow system
of adsorption cum photocatalysis. Considering the relatively high adsorption e�ciency of the synthesized
functional nanocomposite beads, a column adsorption alone experiment was also performed and the
results obtained for the adsorption of various anions from a real groundwater sample are presented
below in Table IV.

Table IV: Results of the column adsorption study using functional nanocomposite beads.
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Sample Anions Initial
concentration
(ppm)

Concentration after adsorption
for 20 min (ppm)

Adsorption
e�ciency

(%)

Pure
chitosan
bead-

Nitrate 31.4 15.4 50.8

CTA-0.5 bead Nitrate 31.4 4.4 85.9

Pure
chitosan
bead

Sulphate 29.0 27.0 6.9

CTA-0.5 bead Sulphate 29.0 1.0 96.5

Pure
chitosan
bead

Phosphate 0.84 2.9 ---

CTA-0.5 bead Phosphate 0.84 0.81 3.6

Pure
chitosan
bead

Chloride 127.9 121.9 4.7

CTA-0.5 bead Chloride 127.9 51.9 59.4

It was found that the synthesized functional nanocomposite beads are highly e�cient in the removal of
nitrates and other anions present in a real groundwater sample when compared to that pure chitosan
beads. The mechanism behind the removal of nitrates and other anions is attributed to the electrostatic
attraction by the positively charged TiO2 coated chitosan beads. Thus, the e�ciency of the functional
nanomaterial synthesized in the present work for the removal of multiple ions from groundwater samples
suggests the potential of the material for water/wastewater �ltration application.

4. Conclusions
Ag-doped titania coated chitosan beads were successfully synthesized by a sol-gel method in the present
work. Microwave treatment of the synthesized titania sol and the silver doped titania sol has resulted in
the crystallization of titanium dioxide preferably in the anatase phase which is the highly photoactive
phase. A reduction in the particle size of titanium dioxide was observed in Ag doping which is ascribed to
the decrease in the particle nucleation during hydrolysis/condensation of the titania precursor in the
presence of silver species. The synthesized Ag-doped titania (TA-0.5) has enhanced surface area and
narrow pore size distribution when compared to that of undoped titania. Ag-doped TiO2 gets coated
uniformly over the porous surface of chitosan which eventually decreases the pore size of chitosan from
~ 0.5 mm to ~ 0.25 mm. The freeze-dried chitosan-titania nanocomposite beads containing 0.5 mol% Ag
exhibited an adsorption e�ciency of ~ 43.5% (under dark for 30 min) and photocatalytic reduction
capability of ~ 95% (under sunlight for 2 hours), whereas the adsorption and photocatalytic e�ciencies
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were 40% (under dark for 30 min) and 70% (under UV light for 2 hours) respectively, in the case of oven-
dried nanocomposite beads, towards the removal of nitrate ions in an aqueous solution. A nitrate removal
e�ciency of 87.6% and an adsorption capacity of 7.9 mgg− 1 were obtained for the nanocomposite beads
in the continuous �ow adsorption cum photocatalysis experiment for up to 8 hours when using an inlet
concentration of 100 ppm, bed height 12 cm and �ow rate 5.0 mlmin− 1. Fixed bed column adsorption
alone experiment also shows promising results for a real groundwater sample with 85.9% nitrate removal
e�ciency. Thus, the superior nitrate removal e�ciency of the Ag doped TiO2 coated chitosan beads via
adsorption/photocatalysis make it a suitable candidate for the removal of nitrates from contaminated
water using adsorption/photocatalysis.
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Figure 1

Photograph of the experimental setup that was fabricated in-house, used for the continuous �ow
adsorption cum photocatalytic study.
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Figure 2

Synthesis of Ag-doped titania coated chitosan beads through different stages (a) pure chitosan beads (b)
crosslinked chitosan beads (c) freeze-dried crosslinked chitosan beads and (d) Freeze-dried, Ag-doped
TiO2coated crosslinked chitosan beads (e) Oven-dried crosslinked chitosan beads and (f) Oven-dried, Ag-
doped TiO2 coated crosslinked chitosan beads [Different stages involved in the processing are (1)
crosslinking by impregnation in 10% glutaraldehyde solution (2) freeze-drying for 1h (3) impregnation in
Ag-doped titania sol (4) oven drying for 24 h]
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Figure 3

X-ray diffraction patterns for titanium dioxide and Ag doped titania.
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Figure 4

SEM analysis of (a) undoped titanium dioxide, (b) 0.5 mol% Ag-doped titanium dioxide, both microwave
treated for 5 minutes (zoomed images are provided as inset), and TEM analysis of (c) 0.5 mol% Ag-doped
titanium dioxide, microwave treated for 5 minutes, (d) High-resolution image of ‘c’ with SAED pattern in
the inset.
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Figure 5

(a) Adsorption-desorption isotherms and (b) pore size distribution of pure titania and Ag-doped titania,
microwave treated for �ve minutes.
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Figure 6

FTIR analysis of TA-0 and TA-2 coated chitosan beads freeze-dried for 1 hour.
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Figure 7

SEM analysis of (a) pure chitosan beads and (b) TA-0.5 coated chitosan beads, freeze-dried for 1 hour.

Figure 8

(a) UV-visible absorbance spectra of pure TiO2, Ag doped TiO2 and (b) Mechanism behind the
photocatalytic nitrate reduction reaction using Ag modi�ed titanium dioxide.
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Figure 9

SEM morphology of (a) pure chitosan beads (b) Ag doped TiO2coated chitosan beads (CTA-0.5) and (c)
high resolution image of ‘b’, both dried under oven conditions.
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Figure 10

(a) Adsorption of nitrate ions under dark conditions by pure chitosan beads and Ag-doped TiO2 coated
chitosan beads and (b) adsorption cum UV-photocatalysis by pure chitosan beads and Ag-doped TiO2
coated chitosan beads (both oven-dried) with nitrate: formate ratio 1:0 and 1:5
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Figure 11

Fixed bed continuous �ow adsorption cum photocatalytic studies using the oven dried CTA-0.5
nanocomposite beads (a) comparison between adsorption vs adsorption cum photocatalysis for a bed
height 6cm, initial concentration-100 ppm and 5 ml min-1�ow rate (b, c) effect of bed height and effect of
initial concentration on the adsorption cum photocatalysis at a constant �ow rate of 5 ml min-1and (d)
effect of �ow rate on the adsorption cum photocatalysis for a bed height 12 cm and initial concentration
100 ppm.
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