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Abstract

The present manuscript deals with the application of carbon nano particles (CNP) and
chitosan (CHIT) in the form of CHIT-CNP composite for the disinfection of water. The
CHIT-CNP composite was prepared by the solution casting method and characterized by
TEM, XRD and elemental analysis. In the present investigation we study the disinfection
efficiency towards E. coli bacteria of both CNP and CHIT-CNP, under sunlight (SODIS) in
identical experimental conditions. Both CNP and CHIT-CNP enhanced disinfection as
compared to SODIS alone, and comparable performance was achieved when the same dose
of CNP in the two materials was applied. However, the CHIT-CNP composite is in the form
of a fabric and it is easier to use and handle as compared to the CNP powder, especially in
rural and resource-constrained areas. Moreover the SODIS-CHIT-CNP setup, when used in a
compound parabolic collector (CPC) reactor showed high bactericidal efficiency compared to
SODIS alone, which is promising for practical applications. The disinfection potential of the
CNP powder was compared with that of the well-known material TiO, Degussa P25 (DPys):
DP,s gave 6-log kill of bacteria in 180 minutes, whereas CNP produced 6-log kill in 150
minutes.

Keywords : Carbon nanoparticle (CNP); Chitosan-CNP composite; E. coli; Water
disinfection; SODIS.



1. Introduction

Clean water is necessary to human life and it is a significant feedstock in a variety of
industries including pharmaceuticals and food. A recent World Health Organization (WHO)
report shows that more than 1.8 billion people in the world do not have access to clean water
[1]. As a consequence, water that is highly contaminated with pathogenic organisms is used
for drinking purposes. The lack of safe drinking water in developing countries is a
continuously growing problem, due to the increase in population and increasing water
demand [1]. The main difficulty is presently a lack of water distribution infrastructures and
water treatment systems. A literature review has shown that significant progress in water
treatment has been made with techniques such as chlorination, ozonation, bioremediation,
adsorption processes and photocatalytic oxidation. Moreover, during the past few decades
many investigations have been carried out concerning the use of synthetic and natural
zeolites, polymer films and metal ions such as Ag, Cu, Zn, Hg, Ti, Ni, Co, Au, Fe as
bactericidal agents for water disinfection [2]. The use of nano-catalysts, nano-sorbents,
nanostructured catalytic membranes, bioactive nanoparticles, and nanoparticle-enhanced
filtration has the potential to solve problems associated with water purification [3-6].
Nanomaterials show promising results because of their high surface area, and the
nanomaterials presently used in water treatment can be classified into four groups, i.e., metal-
containing nanoparticles (MNP), zeolites, dendrimers and carbon-based nanomaterials. At the
same time, nanostructured materials attracted a lot of attention due to their physical, chemical
and optical properties [7]. The bactericidal action of several nanoparticles has been well
discussed along with merits, limitations and applications for water disinfection and biofouling

control [8]. For instance, silver (Ag) nanoparticles can be used conveniently for water



disinfection because the silver ions interact with the thiol groups in the proteins of the
bacterial cells, thereby damaging the cell structure [8]. Moreover, the hydroxyl groups
occurring on the surface of iron-oxide nanoparticles provide a useful synthetic tool to bind
and disperse different functionalities, with promising applications for water disinfection [9].

Metal oxide nanoparticles (MONP) displaying photocatalytic activity are also
interesting for water treatment processes. The use of nanoparticles is interesting because they
provide an elevated surface area that has important implications on the efficiency of
photocatalysis [10]. For instance, zinc oxide nanoparticles provide high surface reactivity
linked to the large number of active sites, and they are emerging as efficient nano-
photocatalysts as compared to TiO, [11]. Silver-loaded titanium dioxide nanoparticles
(1wt%Ag-TiO,) supported on hydroxyapatite (HAP) have been investigated for their
capability of disinfecting E. coli bacteria in aqueous media [12]. The investigation reported
that 5 wt% Ag-TiO./HAP was able to kill 100% E. coli within 2 minutes. Kaur et al. studied
Ag-loaded TiO, (1:20, 1:50, 1:100 and 1:200) catalysts prepared by the sol-gel technique, and
observed that 1:50 Ag/TiO, nanoparticles could disinfect 4.8x10* CFU/mL E. coli within 60
minutes [13].

Several nanoparticles can thus be applied to water treatment [3], including carbon
nanoparticles (CNP). CNP have received considerable attention recently, because their large
and hydrophobic surface provides strong adsorption affinity towards a wide range of
contaminants. Hence, they can be used as promising adsorbents for the removal of
contaminants from water. Besides adsorption, carbonaceous nanomaterials have the potential
to purify water through photothermal or photocatalytic properties. The antibacterial activity
of carbon nanoparticles is for instance based on their capability to produce photothermal heat
when exposed to photon energy (sunlight) [14], The physical interaction of nanomaterials

with bacteria can be crucial for solar disinfection (SODIS) applications. In SODIS,



microbiologically contaminated water is placed in 1-2 L PET (polyethylene terephthalate)
bottles and exposed to sunlight for 6 h [15, 16]. The time required for the total disinfection
can be significantly shortened with the use of photocatalysts [17, 18], where the interaction
between the bacterial cells and the photocatalyst plays an important role in the disinfection
mechanism. Carbon-based nanomaterials may cause cell membrane damage in bacteria due to
the generation of photothermal heat, with a mechanism that is similar to the destruction of
cancerous cells via surface plasmon resonance (SPR) [19].

Solar energy is clean, renewable and abundant, although diluted on a large scale. It is
interesting to observe that the sunlight energy incident on Earth is about 1000 times higher
than the current world energy consumption. The utilization of the incident sunlight is a
feasible solution in everyday practice to obtain clean and safe water, particularly in those
rural areas that have availability of prolonged and intense sunlight [20]. For this reason,
SODIS is commonly employed in many developing countries as a water treatment technique.
Unfortunately, SODIS acts slowly and several proposals have been advanced to accelerate
the process, including the use of CNP. Varghese et al. have reported the antibacterial activity
of CNP against various pathogenic strains such as the Gram-negative Proteus refrigere and
Pseudomonas aeruginosa, as well as the Gram-positive Staphylococcus aureus and
Streptococcus haemolyticus [21].

Chitosan is used in full-scale water and wastewater treatment systems as a
coagulant/flocculant, and it has been recently used as a disinfectant, too [22]. Chitosan has
several advantages over other disinfectants because it has a broad spectrum of antimicrobial
activity, with high rate of efficiency and low toxicity towards mammalian cells [23].
Venkatesan et al. have synthesized chitosan-carbon nanotube (Chitosan-CNT) hydrogels by
the freeze lyophilized method, and they have evaluated antimicrobial activity against

Staphylococcus aureus, Escherichia coli and Candida tropicalis [24].



In the present investigation we used a cost-effective method to synthesize carbon
nanoparticles (CNP), and fabricated a sheet of composite material containing chitosan
(CHIT) together with CNP. We then tested the solar disinfection performance of CNP and a
CHIT-CNP composite in batch conditions and in a Compound Parabolic Collector (CPC)
reactor. To the best of our knowledge, this is the first report of the use of a Chitosan (CHIT) —
CNP composite fabric membrane in the context of SODIS. The studied technique is
interesting because it may provide a low-cost and easy-to-operate system for the solar
disinfection of microorganisms in water, exploiting the synergistic bactericidal activity of

CNP and Chitosan.

2. Experimental
2.1. Materials and chemicals

Chitosan, having 95% deacetylation degree (DD) and molecular weight (MW) of 360
kDa was purchased from Chemchito India Limited, Chennai (India). Soybean oil used as
CNP precursor was purchased from the local market and it was used as provided, without any
further purification. Titanium dioxide P,s (DP,s) was obtained from Degussa AG, Germany,
and it was used as a benchmark photocatalyst for the assessment of the disinfection rates. All
the other chemicals including glacial acetic acid (99.8%) were purchased from Merck, India.
The well water (WLW) used had a natural pH of 7.5 -7.9, turbidity lower than 15 NTU and
relatively low organic content (chemical oxygen demand of 18-25 O, mg/L).The
characteristics of the well water are provided in Table 1, and this water was used throughout

the experiments.

2.2. Synthesis of CNP and CHIT-CNP composite film
The synthesis of Carbon Nanoparticles (CNP) was carried out as per the method
reported by Rayalu et al. [25]. In a typical procedure, a cotton wick was soaked in oil for a

certain time period and then it was burned at room temperature in a traditional vedic lamp.



The generated carbon nanoparticles (CNP) were collected over a brass plate that was held at a
fixed position over the lamp. The synthesized nanoparticles were used as such for the solar
disinfection of E.coli, without further purification. It was found that the morphology and size
of the recovered CNP was highly dependent on the size of the wick and the distance of the
brass plate from the lamp. This distance was thus maintained in such a way that the collected
CNP has sizes in the range of 30 to 35 nm. The CHIT-CNP membrane was prepared by
dissolving different doses (2-10 mg) of the CNP powder in 10 mL of chitosan (CHIT)
solution (3% w/v), stirring for an hour. Air bubbles were removed by centrifugation, after
which the suspension was slowly spread on a glass plate and dried at room temperature to

allow the development of the composite CHIT-CNP film.

2.3. Characterization of materials

The prepared CNP and the CHIT-CNP composite were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), UV-vis and IR spectroscopy, as
well as elemental analysis according to the procedures described in the supplementary

material S.

2.4. Antimicrobial activity
2.4.1. Bacterial Strain and cultivation

The E. coli ATCC 25922 bacterial strains used in the present investigation were
received from CSIR-Institute of Microbial Technology (CSIR-IMTECH), Chandigarh, India.
Bacterial cultures were obtained by streaking the freezing stock (stored at -20 to -80°C) onto
nutrient agar plates (HIMEDIA, Mumbai, India) that were incubated for 24 h at 37°C. A
single colony was then inoculated into a 10 mL sterilized nutrient broth (HIMEDIA,
Mumbai, India) and incubated on rotary shaker for 18 h at 37°C. Bacterial cells were
harvested by centrifuging the above broth at 3000rpm for 15 minutes. The obtained pellet

was suspended in 10 mL sterilized phosphate buffer saline (PBS) to obtain a final



concentration of 10° CFU (colony forming units)/mL. A suitable volume of this PBS solution
was spiked in experimental well water (WLW) in order to obtain 10° CFU/mL as the starting
concentration of bacteria. One mL of the sample was used after consecutive dilutions to
achieve a countable population of bacteria on a Petri dish. Each sample was plated in
triplicate after suitable serial dilutions, and the colony-forming units (CFU/mL) were counted

following 24 h incubation at 37°C.

2.4.2. Solar experiments — Effect of CNP dose as standalone CNP suspension and as dose in
CHIT-CNP composite film

All the experiments were performed in borosilicate glass beakers (100 mL) with UV-
A transparent borosilicate glass covers (300-nm cut-off wavelength) in the month of
September, 2014, at Nagpur, India (21.15°N, 79.09°E). Well water (WLW) spiked with E.
coli ATCC 25922 was used throughout the investigation. Thereafter, WLW was spiked with
E. coli as described above, aerated for 10 min to dissolve air and exposed directly to sunlight
for SODIS control experiments. Table 1 shows the physico-chemical parameters of the WLW
before and after the treatment. The table shows that the treatment in the presence of CNP did
not cause important changes in the WLW parameters, which was also true for the SODIS
treatment alone (without CNP).

In the CNP experiments, the CNP dose was varied in the range of 2-50mg CNP per 50
mL of WLW, and 1 mL sample aliquots were withdrawn after suitable time intervals for
bacteria enumeration. In order to determine the CNP bactericidal efficiency under sunlight,
the CNP performance was compared with that of the commercially available DP;s
photocatalyst. This TiO, material contains anatase and rutile phases in a ratio of about 3:1,
and it has been used by several researchers for photocatalytic oxidation and disinfection. For

the DP,5 experiments we used 10 mg of DP,s dispersed in 50 mL WLW spiked with E. coli



ATCC 25922, exposing this system to sunlight and following the same experimental
procedure as for CNP.

Further, the CHIT-CNP composite was prepared as described in section 2.2. The
CHIT-CNP membranes thus obtained were placed vertically in 100 mL beakers containing 50
mL WLW spiked with E. coli ATCC 25922, and the beakers where then exposed to sunlight
as described above. Blank experiments were simultaneously performed in the dark in
otherwise identical experimental conditions, and in these dark experiments the enumeration
of bacteria was carried out at the end of each experimental run.

Further experiments were carried out by using a CPC reactor as a ONE SUN solar
radiation collector (Fig. la). The CPC reactor consisted of four inner tubes coated with
immobilized CNP material (CHIT-CNP composite film) on their external surface (Fig. 1c¢).
These coated tubes were placed concentrically inside the outer tubes (Fig. 1b), where the
treatment water was circulated as shown in Fig. 1a. Therefore, the CHIT-CNP film wrapped
around the inner tubes was in contact with the treatment water circulating inside the outer
tubes. The CPC reactor was operated in recirculating mode with the help of a peristaltic
pump. Blank experiments were also performed in the CPC reactor without the CHIT-CNP

composite film coating, for comparison of the efficiency.

2.4.3. Disinfection Kinetics

The Chick and Watson disinfection model was used to calculate the disinfection
kinetics. This model is based on pseudo-first order reaction kinetics and the relevant equation
reads as follows:

log(N/Ny)=—kt

where N is the concentration of viable microorganisms at time ‘¥, Ny their initial

concentration, and k the disinfection rate constant. This law is respected if, under constant



irradiation conditions within the same reactor, the concentration of disinfecting agent is

approximately constant over time for a fixed catalyst concentration [26].

2.4.4. Measurement of UV Radiation and Temperature
The intensity of UVA radiation was measured using a UV radiometer (ILT 1700
Research radiometer, NIST Traceable Light measurement) with detector model no. SED240.

The temperature measurement was carried out using a thermometer immersed in the solution.

3. Results and Discussion

3.1. Characterization of CNP
3.1.1. XRD, TEM, UV-vis spectroscopy and Elemental analysis

The XRD pattern of synthesized CNP is shown in Fig. S1 (supplementary material).
From the Figure, it is clear that there are two broad peaks near 20 = 23.68° and 44.01°. Both
peaks suggest the occurrence of amorphous material and are evidence of high-quality carbon
nanomaterials [25]. Moreover, the TEM image of CNP (Fig. S2) shows particles size,
morphology and structural details. The micrograph reveals the presence of interconnected
carbon particles that form elongated spherules. These spherules are expected to produce
improved electron transport and to help the localization of the substrate [27]. The average
particles were in the range of 30-50 nm with irregular morphology. From the elemental
analysis, carried out on a Variol EL III CHNS analyzer, it was found that CNP contain 91%
elemental C, 0.053% H, 0.045% N and no S. The UV-visible spectrum of CHIT-CNP shows
a broad-band absorption from 300 to 700 nm (Fig. S3). The increase of the absorbance in the
visible region by CHIT-CNP compared to CNP suggests that, in agreement with previous
reports concerning carbon black absorption properties [28], the composite carbon film might

be capable of exploiting solar radiation for disinfection.



3.1.2. Infra-red spectroscopy analysis of CHIT and CHIT-CNP composite

IR spectra were recorded of the freshly prepared CHIT film, fresh CHIT-CNP film
and used CHIT-CNP film (Fig. 2). The bands in the IR spectrum of CHIT in the range from
3750 to 3000 cm™' can be attributed to the stretching vibrations of the OH groups, which
partially overlap with the stretching vibrations of the C-H bond in the —CH, (2961 cm™) and
—CHj3 (2846 cm™) groups, respectively [29]. Bending vibrations of the methyl and methylene
groups are also visible at 1375 cm™ and 1426 cm™, respectively. Absorption at 1680—1480
cm™ is related to the vibrations of the carbonyl bond (C=0) of the amide group CONHR
(secondary amide, centered at 1647cm™") and to the vibrations of the protonated amine group
(1566 cm™) [30]. Absorption in the range from 1158 cm™ to 1000 cm™ is due to the
vibrations of the CO group. The band located near 1158 cm™ corresponds to the asymmetric
vibrations of CO in the oxygen bridge resulting from the deacetylation of CHIT. The bands
near 1080-1025 cm™" are attributed to the stretching vibration of CO in the ring groups COH,
COC and CH,OH [31]. The small peak at 890 cm™" corresponds to the saccharide structure
(wagging) of CHIT [30].

FT-IR was also used to study the CHIT/CNP interaction, because a shift in the
protonated amino group vibration might be expected when —NH;" interacts electrostatically
with the negatively charged sites of CNP. These results are in agreement with the findings
reported in the literature [29-33]. The composite CHIT-CNP structure enables an electron
exchange between CNP and the functional groups of CHIT, thereby allowing redox reactions
[34]. In Fig. 3 it is provided the comparative FT-IR spectrum of fresh CHIT-CNP, and of the
CHIT-CNP film exposed for 90 min under solar light in the presence of the treatment water
in the compound parabolic collector (CPC) reactor. The spectra show a broad absorption
signal from 3000 to 3500 cm™ due to the stretching vibrations of the NH, and OH groups,

which was drastically decreased upon exposure to sunlight in the CPC reactor. This decrease
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suggests that a modification of CHIT under irradiation would take place, and that it would

mainly involve the groups NH, (coherently with their interaction with CNP) and OH.

3.2. Antimicrobial Studies
3.2.1. Effect of Solar Radiation and CNP Dose

In SODIS experiments, the inactivation of bacteria is due to the synergistic effect of
the 3-5% UV-A radiation and the thermal energy in the solar spectrum [35]. In our
experiments, when natural well water containing bacteria was exposed continuously to
sunlight for about 5.5 - 6 h, a 6-log kill was achieved. The well water we used had a natural
pH of 7.5 -7.9, turbidity lower than 15 NTU and a low organic content in terms of chemical
oxygen demand (18-25 mg O, /L). The characteristics of well water are given in Table 1 and
this same water was used throughout the experiments. A number of organic and inorganic
species present in water (chloride, arsenic, nitrate, nitrite, NOM, pesticides etc.) have shown
detrimental effects on the rate of disinfection in both SODIS and photocatalytic experiments
[36]. The ability of CNP to kill bacteria under irradiation was ascertained in an initial
experiment in beakers as described in the experimental section. The solar radiation intensity
was measured, because the irradiance of sunlight varies significantly due to daily weather and
solar zenith angle conditions.

Fig. 4 shows the effect of the variation of the CNP dose on the rate of disinfection, by
reporting the trends of bacteria inactivation with time. The irradiance of sunlight was
comparable in all the experiments conducted. It can be observed from the figure that
disinfection was considerably improved in the presence of the suspended CNP powder, and a
6-log kill could be achieved in less than 75 min in the presence of a CNP dose higher than 25
mg/50 mL. For a comparison with blank runs, exposure to CNP for 90 minutes in the dark

resulted in just 10-50% reduction in the bacterial colony-forming units.
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The curves shown in Fig. 4 have a log-linear inactivation region and a final tail also
termed as the deceleration process, in agreement with previous reports [37]. The majority of
the disinfection occurred in the first linear phase, which was thus taken into account to
calculate the disinfection rate. The addition of CNP clearly improved the SODIS disinfection,
and the cumulative UVA dose needed to achieve a 6-log reduction value was, on the average,
198 kJ and 58 kJ for SODIS experiments carried out without and with 25 mg/50 mL
suspended CNP, respectively. The temperature at the end of the SODIS experiments was
44°C with CNP and 53°C without CNP. Therefore, the solution temperature does not appear
to play a major role in bacterial inactivation in the present experiments, but there is also
evidence that carbon-based nanomaterials are able to generate reactive oxygen species that
can carry out a cytotoxic action [38].

In order to investigate the effect of dose variation and to compute the optimum one,
the dose of CNP powder added to well water (WLW) spiked with E. coli was varied in the
range of 2-50 mg/50 mL. The suspensions thus obtained were exposed to direct sunlight with
continuous stirring during the month of September, 2014, in Nagpur, India (21.15°N,
79.09°E). The samples were withdrawn at 10 min intervals for the enumeration of E. coli. All
experiments were carried out in triplicates and repeated on three days during the month.
Table 2 shows the disinfection kinetics data for the studied CNP doses, as well as the results
obtained with SODIS alone without CNP. An increase in disinfection rate was observed with
the increase in the dose of CNP, and optimum conditions (i.e., a dose for which the
disinfection rate was maximum) were not identified in the studied dose range. Interestingly,
CNP at 25 mg/50 mL dose attained complete disinfection in 75 min exposure time, and the
relevant disinfection rate was found to be enhanced by 3.2 times in comparison with SODIS
alone, without CNP. The time needed to obtain a 6-log kill varied from 120 min at a dose of 5

mg/50 mL to 60 min at a dose of 50 mg/50 mL. However, a dose of 25 mg/50 mL can
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achieve 99% absorption of the solar radiation (A > 300 nm) entering the photo-reactor, and it
can be considered as satisfactory for disinfection.

Further experiments were carried out with the composite material CHIT-CNP, added
to WLW spiked with E. coli. In this case the doses of CNP in the CHIT-CNP composite were
varied from 2 mg/50 mL to 10 mg/50 mL, and a 6-log kill was obtained in 90 minutes of
sunlight exposure in the presence of 10 mg/50 mL of CNP in CHIT-CNP (see Table 3 and
Fig. 5). In the same conditions, the temperature increased from 23°C to 41°C in 90 min as
reported in Table 3. At a dose of 5 mg/50 mL the time to achieve a 6-log kill was 120 min, as
compared with 90 min for 10 mg/50 mL. Therefore, a dose of 10 mg/50 mL can be
considered as the best option for CHIT-CNP. For comparison with the blank runs, exposure
to CHIT-CNP in the dark for 150 min produced a decrease of just 2-21.15 % in the bacterial
colony forming units.

When comparing the efficiencies of the CNP powder and the CHIT-CNP composite,
it is observed that the CNP powder under optimal conditions (6-log reduction in 75 minutes
at 25 mg/50 mL) showed a somewhat higher efficiency than the CHIT-CNP composite (6-log
reduction in 90 minutes at 10 mg/50 mL). However, CHIT-CNP at 10 mg/50 mL CNP dose
showed comparable performance as CNP at 10 mg/50 mL, and similar findings were obtained
whenever CNP and CNP in CHIT-CNP were used at the same dose (see Table 2 and Table
3). On the one side, it is to be noted that CNP immobilized in CHIT has less contact with
WLW as compared to CNP dispersed throughout the WLW volume. On the other side, CHIT
is known to have an anti-microbial action on its own [22] that would be added to the anti-
microbial performance of CNP. Moreover, considering that CHIT-CNP is in the form of a

tissue, it is easier to use in practical applications than a CNP water suspension (vide infra).
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3.2.2. Comparison of DP,s and CNP powder

The DP,s material is used as a standard for disinfection in SODIS conditions [39]. A
single dose of DPs (10 mg/50 mL) and two doses of CNP powder (10 mg/50 mL and 50
mg/50 mL) were spiked to WLW, and the different systems were exposed to sunlight
(SODIS). The temperature increased to 48°C and 52°C from 23°C for DP,s and the CNP
powder, respectively. Fig. 6 and Table 3 show the results of irradiation experiments for DP;s,
for CNP at the two doses (the 10 mg/50 mL one is shown in Fig. 6), and for SODIS alone.
The relevant disinfection rate constants were 0.019 min™" (SODIS), 0.032 min~ (DPys), 0.040
min~' (CNP at 10 mg/50 mL), and 0.119 min~' (CNP at 50 mg/50 mL). These results indicate
that, depending on the CNP dose, the disinfection rate constant was enhanced in the presence
of CNP by 2 to 6 times compared to SODIS alone. Moreover, a 6-log kill was achieved in
300 min (SODIS), 180 min (DP3s), 150 min (CNP at 10 mg/50 mL), and 60 min (CNP at 50
mg/50 mL). These results confirm the effectiveness of CNP for water disinfection and

suggest that, in the SODIS context, CNP shows comparable disinfection capability as DPys.

3.2.3. Compound parabolic collector (CPC) reactor study

In order to check for the efficiency of the used approach in conditions that are nearer
to practical applications, and to understand the effect of water recirculation, another set of
experiments was carried out using a Compound Parabolic Collector (CPC) reactor (Fig.1).
The CPC reactor was operated in recirculating mode and the flow rate was 28 mL/min at 42
rpm. In the reactor, WLW and CHIT-CNP composite coat film were used for performance
investigation. The disinfection rate constant based on the Chick-Watson model was found to
be k = 0.008 min~' for CPC:SODIS alone, and k = 0.037 min~' for CPC:SODIS-CHIT-CNP
(Table 4). The time evolution of the two systems is shown in Fig. 7, in which one can see that
CPC:SODIS-CHIT-CNP achieved 6-log kill in 180 minutes whereas CPC:SODIS took over

300 min to achieve a 5-log kill. The higher disinfection shown by CPC:SODIS-CHIT-CNP
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compared to CPC:SODIS is likely due to the synergistic effect of the antibacterial activities

of CHIT and CNP.

4. Conclusion

This study presents a novel approach to use a CHIT-CNP composite membrane
against Escherichia coli under solar irradiation, showing highly efficient antimicrobial
activity when used in a recirculating compound parabolic collector (CPC) reactor. The latter
is a similar system as those used in practical applications. Characterization of CNP was done
successfully by TEM, XRD and elemental analysis. The batch study of antimicrobial activity
showed that CNP and CHIT-CNP performed better than solar irradiation (SODIS) alone. The
disinfection kinetics by both CNP and CHIT-CNP was strongly dose-dependent, and the
disinfection rate constant continuously increased when increasing the CNP dose (either
suspended or incorporated inside the CHIT film). Comparable results in terms of both rate
constants and times needed to achieve a 6-log kill of bacteria were obtained when equal doses
of CNP were used in the form of suspended powder or inside the CHIT-CNP composite film.
On the one side, it could be expected that CHIT-immobilized CNP is less effective than the
CNP powder towards bacteria inactivation. However, in the case of the CHIT-CNP
composite there is a likely synergic effect of the two components towards bacteria
inactivation, because CHIT is known to have bactericidal activity, too. Interestingly, CNP
under sunlight irradiation showed similar and even slightly higher bactericidal performance
than the widely studied photocatalyst DP,5 in comparable experimental conditions. The main
advantage of CHIT-CNP as compared to the CNP powder lies in the fact that CHIT-CNP has
a tissue form that allows its use in practical applications. For instance, CHIT-CNP could be
wrapped around the inner CPC reactor tube as the treatment water flowed in the outer tube,
which would not be possible by using the CNP powder. In the CPC reactor case also, CHIT-

CNP enhanced disinfection as compared to SODIS alone.
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Tables

Table 1 Characterization of well water before and after the
solar disinfection treatment

Sr. Parameters Well Water
No.
Before After
1 pH 7.9 8
2 Conductivity (umol/cm) 315 320
3 COD (mg/L) 23 20
4 Chloride (mg/L) 18 20
5 Alkalinity (mg/L) 318 300
6 Turbidity (NTU) 15 10

Table 2  Decay rates and 6-log reduction for CNP
CNP LRV 6 T (min.) T (max,) Average Final Decay Rates R’
Dose, time (C) (C) UV-A CFU/mL k¢ (min™)
mg/50mL (min) Dose
(kJ/m®)
0 240 20-23 53+2.5 198.79 9+5 0.024 0.952
2 >150 20-23 40£1.5 118.53 29+10 0.035 0.907
3 >150 20-23 40£1.5 118.53 22410 0.036 0.915
4 150 20-23 43+3.5 118.53 14+10 0.037 0.929
5 120 20-23 43+4.5 100.71 245 0.049 0.944
10 120 20-23 40+4.5 100.71 145 0.054 0.983
25 75 20-23 44+4.5 58.29 5+5 0.096 0.918
50 60 20-23 43+4.5 37.13 545 0.119 0.906

"LRV 6": 6-Log Reduction Value; Initial CFU/mL value is 10°
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Table 3  Decay rates and 6-log reduction for DP,s and CNP

DP5,s and CNP LRV 6 Vi) T max) Average Final Decay Rates R’
0 o o s -1
t11¥1e (C) (C) UV-A CFU/mL k¢ (min™)
(min) Dose
(kJ-m?)

SODIS 300 20-23 5342.5 229.65 745 0.019 0.864
DP25 (TiO,) 180 20-23 4842 151.96 245 0.032 0.953
(10mg/50mL)

CNPs 150 20-23 5242 127.16 545 0.040 0.923
(10mg/50mL)

CNPs 60 20-23 4344.5 37.13 545 0.119 0.906
(50mg/50mL)

Initial CFU/mL value is 10°

Table 4 Decay rates and 6-log reduction for CNP in CHIT-CNP composite film. The dose

is referred to CNP inside the CHIT-CNP composite material

CHIT- LRV6 Tmin) T max) Average Final Decay R’
CNP Dose, time (OC) (OC) UV-A CFU/mL Rates
mg/50mL (min) Dose k¢ (min'l)
(kJ/m?)
0 240430 20-23  53+2.5 198.79 945 0.024 0.952
2 >150 20-23  42+41.5 118.53 37£10 0.036 0.897
3 >150 20-23  42+41.5 118.53 32410 0.037 0.929
4 >150 20-23 42435 118.53 29+10 0.038 0.914
5 12010 20-23 41445 100.71 1545 0.044 0.926
10 90+5 20-23  41+4.5 80.25 145 0.049 0.959
CHIT >150 20-23 49+15 9945 8+2 0.030 0.897
Blank

Initial CFU/mL value is 10°
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Figure Captions

Figure Figure caption

number

Fig. 1. (a and b) Compound Parabolic Collector (c) inner tube coated with CHIT- CNP composite film
Fig. 2. FT-IR spectra of fresh CHIT, fresh CHIT/CNP composite film and used CHIT/CNP composite film
Fig. 3. FTIR spectra of CHIT-CNP before solar illumination and after solar illumination

Fig. 4. Solar disinfection (SODIS) of E. coli with time Vs concentration of CNP

Fig. 5. Solar disinfection (SODIS) of E. coli with time Vs concentration of CNP in CHIT-CNP composite
Fig. 6. ggﬁr disinfection (SODIS) of E. coli: Comparative study-CNP with DP,s

Fig. 7. Solar disinfection (SODIS) of E. coli with time in Compound Parabolic Collector (CPC)

reactor: with CHIT-CNP and without CHIT-CNP (SODIS alone)
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Fig. 1 — (a and b) Compound Parabolic Collector reactor (c) Inner tube coated
with the CHIT- CNP composite film
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Fig. 2 - FT-IR spectra of fresh CHIT, fresh CHIT/CNP composite film and used
CHIT/CNP composite film

Fig. 3 - FTIR spectra of CHIT-CNP before solar illumination and after solar
illumination
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Fig. 4 — Solar disinfection (SODIS) of E. coli with time Vs concentration of CNP
(in 50 mL volume of treatment water)
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Fig. 5 — Solar disinfection (SODIS) of E. coli with time Vs the loading-of
CNP in the CHIT-CNP composite film (50 mL volume of
treatment water)
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Fig. 6 — Solar disinfection (SODIS) of E. coli: Comparative study of CNP with DP;;
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Fig. 7 — Solar disinfection (SODIS) of E. coli with time in the Compound Parabolic
Collector (CPC) reactor: with CHIT-CNP and without CHIT-CNP (SODIS
alone).
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