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The Ag core-TiO2 shell structured (Ag@TiO2) nanoparticles were found to be efficient in the disinfection of
water under solar light irradiation both in free and immobilized form. Complete disinfection of
40 ⁄ 108 CFU/mL Escherchia coli cells was achieved in 15 min by solar photocatalysis with 0.4 g/L
Ag@TiO2 catalyst loading. Ag@TiO2 nanoparticles were found to be superior to TiO2 nanoparticles in solar
disinfection. Photocatalysis rate was found to increase with increase in catalyst loading and with
decrease in cell concentration. Ag@TiO2 nanoparticles showed their efficacy in the degradation of endo-
toxin, a harmful disinfection byproduct. Kinetics of solar disinfection with Ag@TiO2 nanoparticles fol-
lowed Chick’s law. The kinetics of endotoxin degradation followed zero order kinetics at high
concentrations of endotoxin. However at lower concentrations, rate followed a nth order model with
n = 6.99. A lower rate of photocatalytic disinfection with Ag@TiO2 nanoparticles immobilized on cellulose
acetate as compared to that in their free form was observed, owing to diffusional and light penetration
limitations. The re-growth of cells after photocatalytic disinfection was below the detectable limits, thus
proving the potential of the process to produce safe drinking water. Ag@TiO2 nanoparticles can find
potential application in solar water disinfection and the process which harnesses the solar energy may
prove to be energy efficient and economical, thus can be easily adopted for large scale applications
and portable drinking water treatment units for domestic applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Water is the most imperative resource needed for life sustain-
ability. Availability of safe and good quality drinking water is a
basic need and is scarce, in most of the developing and under
developed countries (WHO, 2014). Traditional methods of water
purification include processes such as sedimentation, boiling, fil-
tration, chlorination, ozonation and others. However, usage of such
methods involves high operating costs and the formation of harm-
ful disinfection by products (Qilin et al., 2008; Richardson et al.,
2007). To circumvent these problems the use of advanced oxida-
tion process came into existence. Matsunaga et al. (1985) proposed
TiO2 as a photocatalytic disinfectant to inactivate Lactobacillus aci-
dophilus, Saccharomyces cerevisiae, and Escherichia coli. Lanao et al.
(2010, 2012) have also shown bacterial inactivation by photocatal-
ysis using TiO2. However, TiO2 is active under shorter wavelength
radiation owing to its high band gap energy of 3.2 eV (Gamage,
2014), and the ability of TiO2 to effectively use natural sunlight is
limited. Higher rate of electron-hole recombination with TiO2
(Choi et al., 1994) is also disadvantageous in terms of lower rate
of photocatalysis. Recombination of electrons and holes reduces
the probability of formation of active radicals which bring about
photocatalysis (Sclafani and Herrmann, 1996)

Solar energy is a highly economical and easily available form of
energy known to mankind. The oldest method of water purification
using sunlight dates back to 2000 BCE. Nonetheless, it is only in
more recent times that water purification by sunlight has been sys-
tematically evaluated. Acra et al. (1980) at the American University
in Beirut projected the practical application of sunlight for the dis-
infection of drinking water and described the process as solar dis-
infection or SODIS. Solar water disinfection is widely used.
However the disadvantage of this process includes factors such
as turbidity of water, seasonal variations, longer inactivation time
and bacterial regrowth (Ibáñez et al., 2015; Sciaccaa et al., 2011;
Gelover et al., 2006; Meierhofer and Wegelin, 2002). Optimum
growth temperature of the microorganisms can have an antagonis-
tic effect on solar disinfection and slow down the process (Vivar
et al., 2017). To improve the efficacy of the process, TiO2 coated
surfaces were used, where photocatalysis serves as a purification
process thereby making it useful for drinking purposes
(Meierhofer and Wegelin, 2002). However the ability of TiO2 to
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effectively use natural sunlight is limited due to its high band gap
energy of 3.2 eV (400 nm) (Gamage, 2014). The inability of TiO2 in
its application under solar light can be overcome by the use of
composite structures with TiO2 (Markad et al., 2017), metal doping,
or core shell structures of metal and TiO2 (Kedziora et al., 2012; Li
and Li, 2001; Liga et al., 2011; Mai et al., 2010; Pratap Reddy et al.,
2007; Sumana et al., 2013) . One such engineered approach was
done by Khanna and Shetty (2013, 2014, 2015) using Ag metal core
and TiO2 as the shell wherein the band gap energy was lowered
(Khanna, 2014). The synthesis of Ag@TiO2 nanoparticles for effec-
tive utilisation of UV light and sunlight was done by Khanna and
Shetty (2013, 2014, 2015) for degradation of dyes, and these
nanostructures have been reported to be effective in phenol degra-
dation under UV and solar light (Shet and Shetty, 2015; 2016),
water disinfection under UV light (Sreeja and Shetty, 2016). The
present study reports the solar light mediated water disinfection
using Ag@TiO2 nanoparticles. Nanoparticles with silver core and
TiO2 shell can offer advantages as photocatalysts due to distinctive
properties such as electron charge transfer and surface plasmon
resonance (Hirakawa and Kamat, 2005) thereby promoting effec-
tive separation of photogenerated electron – hole pair which may
lead to enrichment of photocatalytic efficiency of Ag@TiO2

nanoparticles.
The mechanism underlying the photocatalytic disinfection

process mainly involves the formation of reactive oxygen species
which attack the bacterial cell wall causing lipid peroxidation
thereby leading to cell damage and cell death (Maness et al.,
1999). The disinfection byproduct, endotoxin is harmful as it
shows multiple injurious biological activities (Miyamoto et al.,
2009). This paper reports the application of Ag@TiO2 nanoparticles
as photocatalysts for the inactivation of E. coli under solar
light irradiation and the comparison of photocatalytic efficacy
with that of TiO2 nanoparticles. The effects of catalyst loading,
initial cell concentration and sunlight intensity were studied and
the kinetics of disinfection and endotoxin degradation are
reported.
2. Materials and methods

2.1. Microorganism used as a model pathogen

Esterichia coli (NCIM No. 2350; ATCC No. 8134) was used as a
model pathogen and was procured from NCIM (National Collection
of Industrial Micro Organisms), Pune, India.

2.2. Preparation of Ag@TiO2 nanoparticles

Ag@TiO2 nanoparticles were synthesised using one pot synthe-
sis method of hydrolysis of Titanium-(triethanolaminato) iso-
propoxide (Sigma-Aldrich, Bangalore, India) in 2- propanol
(Merck (India) Ltd, Mumbai, India) and the reduction of silver ions
from aqueous AgNO3 (Merck (India) Ltd, Mumbai, India) using
dimethyl formamide (Merck (India) Ltd, Mumbai, India) with
molar ratio of Ag to Ti in the synthesis mixture as 1:1.7 and with
calcination temperature of 450 �C, following the methodology
adopted by Khanna and Shetty (2013).

2.3. Immobilisation of nanoparticles using cellulose acetate

Ag@TiO2 nanoparticles were immobilized in cellulose acetate
film using the methodology reported by Wu et al. (2005) with fur-
ther modifications (Sreeja and Shetty, 2016; Shet and Shetty,
2016). 1.2 g of cellulose acetate and 10 mL of acetone were mixed
well and 0.04 g of the catalyst was added followed by mixing. The
thick paste thus formed was cast on a glass perti dish, allowed for
evaporation of acetone and further dried for 15 min in oven. The
film was further cut into flakes of 1 cm � 1 cm and used for photo-
catalytic experiments with immobilized nanoparticles.
2.4. Preparation of E. coli cell culture

E. coli cells were grown in 100mL nutrient broth (HiMedia,
Mumbai, India) at 37 �C and 150 rpm in a rotary incubator shaker
for 12 h. Microbial culture in stationary phase having viable cell
count of nearly 108 CFU/mL was centrifuged at 10,000 rpm for
5 min and the pellet was washed with sterilized water. The process
of Centrifugation and washing was repeated to remove the nutri-
ent traces on the cell pellet. The cell pellet was re-suspended in
100 mL sterilized water and the cell culture with the required cell
count was prepared by suitable dilutions for disinfection studies
(Sreeja and Shetty, 2016).
2.5. Photocatalytic disinfection studies

100 mL of E. coli culture containing the known cell count as
required for the experiment was taken in a 250 mL conical flask
and required amount of catalyst was added. This reaction mixture
was kept under continuous stirring conditions using a magnetic
stirrer. The reactor set-up was placed in open terrace. Experiments
were conducted in the month of March and April 2015 in the town
of Surathkal, Mangalore, India and the average visible light
intensity was measured by LUX meter (KM-LUX-100 K). The
initial pH of the reaction mixture was 7 ± 0.5. The conical flask
was placed inside a glass beaker with the moist sterilized cotton
at the bottom portion, in the space between the beaker and conical
flask, such that the temperature of the reaction mixture was main-
tained at 30.5 ± 1.5 �C throughout the period of the experimental
duration. 1mL of sample was collected from the reactor after
desired time intervals, suitably diluted for the estimation of viable
cell count. The disinfection experiments were also performed with
the nanoparticles under dark conditions (in the absence of solar
irradiation); in the absence of nanoparticles under solar irradiation
and in the absence of nanoparticles under dark conditions. All the
experiments were carried out in triplicates, and mean values were
used for analysis, at each interval of time.
2.6. Estimation of viable cell count

20 mL of the suitably diluted samples from disinfection experi-
ments were plated on nutrient agar plates in duplicates and incu-
bated at 37 �C overnight. The colonies were then counted and the
viable cell concentration was determined in CFU/mL (Sreeja and
Shetty, 2016). The percentage disinfection was calculated by find-
ing the difference in initial cell concentration and the cell concen-
tration at any time as a percentage of initial cell concentration
(Sreeja and Shetty, 2016)
2.7. Determination of endotoxin concentration

10 ll of samples collected from the reactor during photocat-
alytic disinfection experiments were refrigerated overnight at
�20 �C to stop any bacterial activity. The samples were suitably
diluted and the concentration of endotoxin was measured (Sreeja
and Shetty, 2016) by Limulus amebocyte lysate (LAL) assay
(Tanaka et al., 1992) using Pierce LAL Chromogenic Endotoxin
Quantitation Kit (Thermo-Scientific) by comparing with standard
endotoxin solution (E. coli 011:B4).
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3. Results and discussion

3.1. Solar photocatalytic disinfection of water by Ag @TiO2

nanoparticles

To validate the photocatalytic activity of Ag@TiO2 under solar
light in terms of photocatalytic disinfection of water, the pho-
todegradation of E. coli was studied for the following cases (i) in
the presence of light and catalyst to test for photocatalysis. (ii) in
the presence of light and absence of catalyst to test for possible
photolysis by solar light (uncatalyzed) (iii) in the presence of cata-
lyst and absence of light to test for possible bactericidal activity of
the nanoparticles and (iv) in the absence of both catalyst and light
to test for possible bacterial death. The batch experiments for dis-
infection were conducted using bacterial suspensions having an
initial viable cell concentration of 40 � 108 CFU/mL. The experi-
ments were conducted under solar irradiation of average light
intensity of 970 � 102 lux throughout the period of experimenta-
tion. The experiments were carried out from 10.30 AM to 12.30
PM (Indian Standard Time) in the month of March 2015. Fig. 1 pre-
sents the time course variation of percentage disinfection for all
the four cases.

As observed in Fig. 1, complete disinfection of E. coli infected
water had occurred within 40 min owing to the photocatalytic
activity of Ag@TiO2 nanoparticles. It can be observed from Fig. 1
that in the absence of catalyst and presence of light, 78% disinfec-
tion has been achieved at the end of 120 min. Only 30% disinfection
occurred in 40 min in the absence of the catalyst. This can be
attributed to disinfection by photolysis with UV rays from solar
light causing the bacterial cell lysis (Wegelin et al., 1994). The rate
of disinfection with solar light has been enhanced by the presence
of catalyst, as compared to that in the absence of the catalyst. This
faster rate is due to the rapid release of OH� during photocatalysis
which weakens the self defense mechanism of the bacteria thereby
leading to loss of cell respiration and death (Maness et al., 1999). It
clearly shows that the photolytic disinfection reaction is effectively
catalyzed by Ag@TiO2 nanoparticles, thus proving their photocat-
alytic efficacy for water disinfection. In the presence of nanoparti-
cles and absence of solar irradiation, 67% disinfection is seen in
120 min of irradiation and only around 25% has occurred in
40 min, which can be due phagocytosis by nanoparticles (Huang
et al., 2000) and also due to the antimicrobial activity of Ag and
TiO2 nanoparticles thereby leading to disintegration of the cell
membrane (Guzmán et al., 2009; Piskin et al., 2013). In the con-
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Fig. 1. Disinfection studies (i) in the presence of light and catalyst (catalyst
loading = 0.3 g/L), (ii) in the presence of light and absence of catalyst, (iii) in the
presence of catalyst (catalyst loading = 0.3 g/L) and absence of light, and (iv) in the
absence of catalyst and light. Average initial viable cell concentration = 40 * 108 -
CFU/mL.
trol/dark experiment i.e. the absence of both light and Ag@TiO2, a
mere 25% disinfection was seen after 120 min of irradiation, which
could possibly be because of the absence of nutrient source for sur-
vival. On comparison from Fig. 1, it can be concluded that the dis-
infection is occurring mainly due to photocatalytic effect which is
caused by the Ag@TiO2 nanoparticles and thus proving Ag@TiO2

nanoparticles to be efficient photocatalysts for water disinfection
under solar light.

3.2. Effect of initial cell concentration

Inactivation of a bacterial population is considered to be a func-
tion of viable cells remaining in the system (Pham et al., 1997).
Increased cell concentration may also increase the turbidity of
the solution which is known to influence the photocatalytic effi-
ciency of the process (Meierhofer and Wegelin, 2002). The efficacy
of the catalyst for effective inactivation of E. coli was studied by
varying the initial cell concentration from 104 to 108 CFU/mL in
the reaction mixture and keeping the catalyst loading constant at
0.1 g/L. The experiments were conducted for 35 min of irradiation
with the average solar light of intensity 1040 ⁄ 102 lux and the
temperature was maintained at 30.5 ± 1.5 �C throughout the per-
iod of experimentation. The experiments were conducted between
12.00 Noon and 12.35 PM (IST) in the month of March 2015. Fig. 2
presents the variation of percentage disinfection with time during
photocatalysis at various initial cell concentrations. These experi-
ments were conducted with a lower catalyst loading of 0.1 g/l, as
when higher catalyst loadings were used with cell concentrations
of <108 CFU/mL, the photocatalysis occurred at a very fast rate
making it difficult in analysis.

Fig. 2 shows the effect of initial cell concentration on the photo-
catalytic activity of Ag@TiO2 for water disinfection. Highest cell
concentration used was around 40 ⁄ 108 CFU/mL wherein only
80% disinfection was achieved at the end of 35 min and an
increased exposure time of 60 min resulted in complete inactiva-
tion (data not shown). However with decreased initial bacterial
concentrations, the disinfection rate increased and 100%
disinfection was achieved within 35 min for bacterial loading of
107-104 CFU/mL. The hindered photocatalytic activity at higher
concentrations can be accounted for the insufficient production
of ROS in the short time interval needed for disinfection of such
a large number of cells, owing to fixed number of active sites
provided by the catalyst. Higher cell concentrations lead to the
turbidity in the reactor content, which may act as a barrier for light
penetration thereby diminishing the light exposure to the
nanoparticles leading to its reduced photocatalytic activity. Inacti-
vation time of as low as 10 min was sufficient to disinfect water
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Fig. 2. Effect of initial cell concentration on the percentage disinfection of E. coli.
Catalyst loading = 0.1 g/L, initial cell concentrations used are (a) 108 CFU/mL, (b)
107 CFU/mL, (c) 106 CFU/mL, and (d) 105 CFU/mL (e) 104 CFU/mL.
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with 104 CFU/mL cell concentrations. This result is in agreement
with results obtained by Bekbölet (1997) and Sunada et al.
(2003) wherein disinfection rate was reported to be increased with
decreased cell concentration which can be associated with lower
turbidity and sufficient generation of ROS thereby providing effec-
tive disinfection and higher photocatalytic activity. Prolonged
exposure times may be recommended when the bacterial popula-
tion density is larger to achieve effective disinfection with lower
catalyst loading.

3.3. Kinetics for disinfection

Evaluation of kinetics of disinfection facilitates the assessment
of disinfection performance and the design of contactors for micro-
bial disinfection (Gyiirek and Finch, 1998). The kinetics of the com-
plex disinfection mechanism is often represented by the classical
Chick’s model which is widely used to evaluate the kinetics
(Chick, 1908). Chick’s law (Eq. (1)) assumes that the rate is first
order with respect to cell concentration (Gyiirek and Finch, 1998).

dN
dt

¼ �kN ð1Þ

where N is the cell concentration in CFU/mL, t is the time of disin-
fection and k is the rate constant

Further the general expression for this model is given by Eq. (2)

ln
N
N0

¼ �k � t ð2Þ

In the present work, the applicability of the Chick’s model has
been assessed for the evaluation of the kinetics for photocatalytic
disinfection. The cell-concentration-time data obtained during
photocatalysis by batch experiments conducted with
40 ⁄ 108 CFU/mL initial cell concentration and Ag@TiO2 catalyst
loadings of 0.1 g/L was used to test the validity of the kinetic
model.

The plot of log survival ratio v/s time shown in Fig. 3 gives a lin-
ear fit with the goodness of fit being indicated by the R2 value of
0.9886 which is closer to 1 as shown in Fig. 3. The good fit of the
model validates the hypothesis and theories as stated in the Chick’s
model. The pseudo first order rate constant was obtained from the
slopes of the line and was found to be 0.0426 min�1 for catalyst
loading of 0.1 g/L and average light intensity of 1040 ⁄ 102 lux.

3.4. Effect of catalyst loading

The photocatalytic degradation efficiency depends on the con-
centration of both the target compound and the catalyst concentra-
Fig. 3. Chick Watson model fit for the photocatalytic disinfection with 0.1 g/L of
Ag@TiO2 catalyst loading.
tion (Habibi et al., et al., 2005). It also aids in the economics of the
process and effective use of reactor space (Ibhadon and Fitzpatrick,
2013). The experiments on the effect of catalyst loading were per-
formed with an average initial viable cell concentration of
40 ⁄ 108 CFU /mL, initial pH of 7 ± 0.5 and with the catalyst loading
of 0.1–1 g/L in the month of March between 12.00 PM and 12.35
PM (IST). These experiments were conducted for 35 min with irra-
diation using solar light of average intensity 998 ⁄ 102 lux and the
temperature was maintained at 30.5 ± 1.5 �C throughout the per-
iod of experimentation. Fig. 4 presents the variation of percentage
disinfection with time during photocatalysis with initial cell con-
centration of 108 CFU/mL and varying catalyst loading.

As presented in Fig. 4, maximum photocatalytic activity could
be achieved when 1 g/L of Ag@TiO2 was used wherein 100% disin-
fection was observed at the end of 10 min. However with
decreased catalyst loading a decrease in the disinfection rate was
seen. With a low catalyst loading of 0.1 g/L, 80% disinfection
occurred at the end of 35 min. However with prolonged exposure
time of 60 min, 100% disinfection was achieved (data not shown).
In case of 0.2 g/L, 0.3 g/L and 0.4 g/L Ag@TiO2 loading, 100% disin-
fection was observed at the end of 35, 25 and 15 min respectively
indicating a delay of 10 min in the disinfection rate for a drop of
0.1 g/L catalyst loading. However, an increase in catalyst loading
from 0.4 g/l to 1 g/L, decreased the time for complete disinfection
only by 5 min, thus catalyst loading of 0.4 g/L has been found to
be favorable for the disinfection of water with cell concentration
of 108 CFU/mL.

These results also show that, there is no proportional correla-
tion between the time for achievement of complete disinfection
and the catalyst loading. This may be owing to the two opposing
phenomena of increase in surface active sites and hindrance to
light penetration effect occurring with increase in catalyst loading.
The former tends to increase the rate and later tends to decrease it,
and the net effect governs the overall rate. Rincón and Pulgarin
(2006) has reported a 100% disinfection using TiO2 and solar light
illuminated systems at the end of 40 min using a catalyst loading of
0.5 g/L and Paleologou et al. (2007) has reported that above 1 g/L
catalyst loading, E. coli inactivation reached a saturation level
which is accounted for weak light penetration into the solution
at these high catalyst loadings. Such an effect was not observed
in the present study, perhaps due to the fact that relatively low cat-
alyst loadings were used. However, at higher increase in catalyst
loading resulted in smaller increase in the rate, showing that the
effect of light penetration effect is becoming dominant. Neverthe-
less, in the present study even at low catalysts loading, E. coli pho-
tocatalytic inactivation was significantly high with Ag@TiO2

nanoparticles.
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3.5. Comparison of TiO2 and Ag@TiO2 photocatalysts

Semiconductors are the most widely used photocatalysts and
TiO2 is a widely used photocatalyst (Gupta and Tripathi, 2011).
TiO2 nanoparticles are generally used as a common reference for
photocatalytic activity. Thus the photocatalytic activity of Ag@TiO2

was compared with that of commercial TiO2 (Degussa P25)
nanoparticles for water disinfection in the present study. The
experiments were conducted using 1 g/L catalyst loading, initial
cell concentration of 108 CFU/mL and an initial pH of 7 ± 0.5.
Fig. 5 presents the comparison of time course variation of percent-
age disinfection with Ag@TiO2 and TiO2 photocatalysts.

As observed in Fig. 5, Ag@TiO2 is more efficient than TiO2.
Ag@TiO2 caused 100% disinfection at the end of 10 min while
TiO2 took 35 min for complete disinfection under solar light with
the catalyst loading of 1 g/L. This pronounced disinfection efficacy
of Ag@TiO2 can be accounted for the rapid release of hydroxyl rad-
icals in the initial phase by photocatalytic action which acts on cell
membrane leading to loss of cell integrity in the preliminary stages
of disinfection. This activity of Ag@TiO2 is due to its low band gap
energy (Khanna, 2014) as compared to that for TiO2 which
increases the e � h + charge separation (Khanna and Shetty,
2014; Tunc et al., 2010) and implying that Ag@TiO2 results in
delayed recombination rate (Hirakawa and Kamat, 2004), thereby
increasing the rate of photocatalytic disinfection. Ag@TiO2 has
been reported to have a lower band gap energy (Khanna, 2014)
as compared to the band gap energy of TiO2 nanoparticles.
Khanna and Shetty (2014) have shown that Ag@TiO2 nanoaprticles
can absorb light both in the UV and visible light wavelength range
and the maximum absorption under solar light was reported to
occur at a wavelength of 509 nm. The results thereby obtained
are in concordance with that reported by Khanna (2014) for photo-
catalysis of Reactive blue-220 dye under UV light irradiation as
well as in solar light irradiation (Khanna and Shetty, 2014). These
results illustrate the enhanced photocatalytic activity of Ag@TiO2

as compared to TiO2 under solar light irradiation. The Ag@TiO2

nanoparticles synthesized in the current study contained a Ag core
and TiO2 shell with the average size of 37 nm. The Transmission
electron microscopic (TEM) image of the particles along with the
Energy Dispersive Spectra of Ag@TiO2 have been reported by
Sreeja and Shetty (2016). The present study reveals that the core
shell structure imparts good photocatalytic activity in terms of
microbial disinfection of water under solar light.

3.6. Endotoxin degradation

Endotoxin is a lipopolysaccharide complex which is an active
component of the bacterial cell wall and are covalently linked.
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The lipid component causes toxic effects while the polysaccharide
unit results in immunogenic responses (Rosenstreich et al., 1973)
in humans at very low concentrations (Galanos et al., 1984). The
mechanism of disinfection studied previously suggests that this
lipid component of the gram negative bacteria undergoes oxida-
tion resulting in the disinfection process (Sunada et al., 1998)
thereby releasing the endotoxin into the treated water. As the
endotoxin levels in drinking water may lead to certain health
effects, the possibility of endotoxin degradation by solar photo-
catalysis was tested. Experiments were performed with an average
initial viable cell concentration of 40 ⁄ 108 CFU/mL and with the
catalyst loading of 1 g/L. The experiment was conducted for
120 min with irradiation using solar light of average intensity
970 ⁄ 102 lux and the temperature was maintained at
30.5 ± 1.5 �C throughout the period of experimentation. The sam-
ples were refrigerated at �20 �C to stop any bacterial activity and
suitably diluted before use. The samples were analyzed for endo-
toxin concentration using the LAL assay kit as described in
Section 2.7.

From Fig. 6 it is seen that endotoxin levels have reduced from
0.44 EU/mL to 0.121EU/mL which shows that Ag@TiO2 nanoparti-
cles can effectively degrade the endotoxins. Around 72% degrada-
tion of endotoxin occurred in 120 min. Prolonged exposure to
photocatalytic treatment may further reduce the endotoxin levels
below the harmful limit. The rates of endotoxin degradation by
photocatalysis as a function of endotoxin concentrations were
determined by drawing the tangents at various points on the endo-
toxin concentration vs. time plot and then calculating the slopes of
these tangents. The slopes of the tangents yield the rates at partic-
ular concentration. The plot of rate vs. concentration is presented
in Fig. 7.

From the plot of rate vs concentration of endotoxin shown in
Fig. 7, it can be seen that the dependency of rate on concentration
falls into two regions. The rate remains constant at high concentra-
tions of endotoxin, showing that the rate is independent of concen-
tration at concentrations at and above 0.25 EU/mL. However in the
region below this concentration level, the rate was found to
increase with the increase in concentration. This may be attributed
to higher number of collisions and the higher fraction of effective
collisions of endotoxin molecules on the catalyst surface occurring
at higher concentration of endotoxin.

To determine the kinetics of endotoxin degradation in this
region, a nth order kinetics shown in Eq. (2) was tested. A plot of
lnr vs. ln C was plotted as shown in Fig. 8.

From Fig. 8 it is seen that the plot is linear indicating the validity
of nth order model representing the kinetics, wherein k is the rate
constant having a value 778.75 (EU/L)�5.99.min�1 and n has a value
of 6.99. This implies that the rate of endotoxin degradation follows
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Fig. 7. Kinetic studies for endotoxin degradation using Ag@TiO2 nanoparticles.

Fig. 8. Fit for kinetics of endotoxin degradation using Ag@TiO2 nanoparticles at low
concentration.
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a zero order kinetics at high concentrations of endotoxin, but at
lower concentrations rate follows a nth order model of positive
order.

3.7. Effect of light intensity

The amount of light that earth receives is dependent on the
time of the year and the day. Rincón and Pulgarin (2006) stated
that the flow and number of photons generated is directly propor-
tional to the light intensity thereby increasing the bacterial disin-
fection rate. Light intensity is one of the rate controlling
parameters in photocatalysis (Borges et al., 2016). Cho et al.
(2004) reported an increase in disinfection rate with an increase
in light intensity. Thus, the effect of light intensity on photocat-
alytic disinfection by Ag@TiO2 nanoparticles was studied. This
was done by exposing the reaction mixture to photocatalytic disin-
fection at various times of the day in the month of April 2015. The
experiments were performed with an average initial viable cell
concentration of 40 ⁄ 108 CFU /mL, initial pH of 7 ± 0.5 and with
the catalyst loading of 0.4 g/L. The experiment was conducted for
35 min of irradiation with solar light at different times of the day
and the temperature was maintained at 30.5 ± 1.5 �C throughout
the period of experimentation. Fig. 9 presents the variation of per-
centage disinfection with time during photocatalysis.

From Fig. 9, it can be observed that, disinfection rate is nearly
the same during all times of the day. During the morning from
9.30 to 10.05AM and in the evening, 100% disinfection is seen at
the end of 20 min, while the complete disinfection occurred within
15 min during mid-day. During mid-day from 1.30 to 2.05 PM,
highest efficiency of catalyst was observed. The intensity of light
is the maximum during the mid-day, thus increasing the rate of
photocatalysis yielding complete disinfection with less time.
Hence it can be concluded that maximum catalyst efficiency was
seen during mid-day when sunlight intensity is the highest. How-
ever, the dependency of photocatalytic disinfection rate on solar
light intensity seems to be marginal, owing to marginal variation
in intensities throughout the day in the summer in topical
countries.

3.8. Bacterial recovery test

When growth conditions become favorable, bacteria can
re-grow to a viable state even after disinfection and cause disease
(Dunlop et al., 2002). Thus it becomes essential to check the surviv-
ability of the bacteria post disinfection cycle. In photocatalysis
experiment using 0.4 g/L of free catalyst and an initial bacterial
concentration of 40 ⁄ 10 CFU/mL, after 100% disinfection was
reached, the liquid samples from the reactor at the end of 60 min
were cultured for 8, 16, 24,32 and 48 h. The number of viable cells
found was below the detectable limits and hence it can be con-
cluded that complete disintegration of E. coli had occurred by solar
photocatalysis making the treated water safe for use.

3.9. Solar photocatalysis by immobilized Ag@TiO2 nanoparticles

To avoid the challenges in the separation and recovery of
nanoparticles post photocatalysis, nanoparticles in immobilized
form may prove beneficial. Photocatalysis can be carried out by
immobilising nanoparticles on various matrices (Gumy et al.,
2006). In the present study the Ag@TiO2 nanoparticles are immobi-
lized on to a transparent cellulose acetate film. Experiments were
performed with an average initial viable cell concentration of
40 ⁄ 108 CFU /mL, initial pH of 7 ± 0.5 and with the catalyst loading
of 0.4 g/L. Cellulose acetate (CA) flakes prepared with 1.2 g of cellu-
lose acetate containing 0.04 g of Ag@TiO2 catalyst were used for
the batch experiment on photocatalysis with 100 mL reaction
media such that the catalyst loading was 0.4 g/L. The experiments
were conducted with the immobilized catalyst and bare cellulose
acetate flakes for 35 min with irradiation under solar light of aver-
age intensity 980 ⁄ 102 lux and the temperature was maintained at
30.5 ± 1.5 �C throughout the period of experimentation. Fig. 10 pre-
sents the variations of percentage disinfection with time during
disinfection with free catalyst, immobilized catalyst and in the
absence of catalyst with bare CA flakes.

From Fig. 10, it can be seen that 29% disinfection occurred over a
period of 35 min with bare cellulose acetate film flakes, which may
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be attributed to the death of microbes due to lack of availability of
nutrient source and due to photolysis in the presence of solar light.
In comparison with the result shown in Fig. 1, in the presence of
light source without the catalyst and the values obtained for per-
centage disinfection using bare cellulose acetate, it can be inferred
that in the presence of cellulose acetate marginal increase in pho-
tocatalytic disinfection was observed. This may be attributed to
attachment of a few bacteria on to the film surface and bactericidal
activity of Cellulose acetate itself. From Fig. 10, it is observed that
photocatalytic disinfection is faster in case of free nanoparticles.
However 90% disinfection is seen while using immobilized
nanoparticles at the end of 35 min which confirms the photocat-
alytic activity of immobilized Ag@TiO2 nanoparticles. The reduced
degradation efficiency with immobilized catalysts can be attribu-
ted to lack of light penetration to the nanoparticles as they are
entrapped in the film, thereby reducing the net photoexcitation
capacity of all the nanoparticles present. This reduced photocat-
alytic activity may also be due to the diffusional mass transfer lim-
itations for the transfer of ROS generated on the surface of the
nanoparticles to the bulk solution, to be available for disinfection.
Diffusional limitations to oxygen transfer to the surface of
nanoparticles may also exist. Regardless of this reduced efficiency
of immobilized nanoparticles, it is preferred due to ease of recov-
ery and reduced risk of toxicity of treated water. The drawback
in terms of reduced rate of photocatalysis can be however circum-
vented using higher catalyst loadings.
4. Conclusion

The efficacy of Ag@TiO2 nanoparticles in the disinfection of
water under solar light irradiation was investigated. Ag@TiO2

nanoparticles were found to be effective photocatalysts for disin-
fection of water contaminated with E. coli under solar light irradi-
ation. Complete disinfection of 40 ⁄ 108 CFU/mL was achieved in
15 min for solar photocatalysis with 0.4 g/L catalyst loading.
Ag@TiO2 nanoparticles were found to be superior to TiO2 nanopar-
ticles in disinfection of water by photocatalysis. Photocatalysis rate
was found to increase with increase in catalyst loading. With
increase in cell concentration, the photocatalytic activity of
Ag@TiO2 decreased and a change in light intensity was found to
have marginal effects in case of solar photocatalysis. Kinetics of
solar disinfection with Ag@TiO2 nanoparticles followed Chick’s
law and the pseudo first order rate constant was found to be
0.0426 min�1 for a catalyst loading of 0.1 g/L. Ag@TiO2 was found
to degrade endotoxin during photocatalytic disinfection of water
wherein 72.5% endotoxin was degraded during solar photocataly-
sis with 1 g/L catalyst loading. The kinetics of endotoxin degrada-
tion follows zero order kinetics at high concentrations of
endotoxin, but at lower concentrations rate follows a nth order
model with a positive order. Ag@TiO2 nanoparticles immobilized
on cellulose acetate were found effective in solar disinfection, but
with a lower rate than the free nanoparticles owing to diffusional
and light penetration limitations. The re-growth of cells after pho-
tocatalytic disinfection was below the detectable limits, thus prov-
ing the potential of the process to produce safe drinking water. The
nanoparticles were found to be photo catalytically active even in
endotoxin degradation during photocatalytic disinfection. Disin-
fection of microbes and degradation of endotoxins occurred simul-
taneously thereby making the treated water safe for use. Ag@TiO2

nanoparticles can find potential application in solar water disinfec-
tion and the process which harnesses the solar energy may prove
to be energy efficient and economical, thus can be easily adopted
for large scale applications and portable drinking water treatment
units for domestic applications.
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