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ABSTRACT

The comparative expenimental study on disinfection of
Fscherichia coli (Ecoli) m water using solanization in
associated with a compound parabolic collector (CPC) and
TiO2-based photocatalysis process with and without light
were performed. A set of experimental work was carmed out
to exannne the effect of solar intensity on the mactivation
performance. As a result, E coli population declined faster
and to greater extent uwnder solanzed photocatalytic process
than in the solanzation or in Ti02 muxture only. However,
E coli has been decreased by photocatalysis disinfection up
to 2-log unit in 60 min at a low-infensity radiation. In high-
intensity  imadiant enviromment, the photecatalysis
deactivated bacterial up to 5-log unit of concentration in 60
min whereas the best for solar disinfection was 3-log in 60
min Moreover, the experiment with catalyst in the dark
condition could decrease E. coli up to only 2-log

INTRODUCTION

There have been mumerous research works on
renewable energy for sustaining our fithire energy including
solar, wind, biomass and geothermal. Among those, solar
energy has gained much attention as it can be utilized for
many applications at no cost of fuel Furthermore. solar
energy can be applied for bacteria disinfection wa the
processes called “Selarization” and “Photocatalysis™[1].
Photocatalysis for bacterial inactivation in drinking water
using commercial Titammm-dioxide (TiOz) has been
evaluated by means of solar sinmlator and the effectiveness
of solar disinfection against E coli compared to solar
photocatalysisdisinfection was reported [2]. The recent
studies on water disinfection by photocatalysis mostly
focused on using T10; and solar radiation and examining
kev parameters that effect system performances [3-4].
Moreover, a compound parabolic concentrator has been
applied for water disinfection with solar radiation as well as
various sources of hight showing a threshold of catalyst
concentration on disinfection efficacy [5] The efficiency of
photocatalysis to inactivate bacterial is derived by light
mtensity, light infermmttent. water temperature. catalyst
concentration and solar radiation [6].

This work aimed to evaluate the effectiveness of the
simple photocatalysis disinfection system uwsing suspended
TiO; in E. coli contaminated water compared with a typical
solar disinfection method-solarization and non sclar
exposure one. To further smdy, the effect of solar intensity
on the bacteria inactivation was also analyzed.

MATERIALS AND METHODS
Reactor setup

In this smdy, Pyrex test tubes were adopted as a reactor.
To enhance the solar radiation infensity on the reactors, non-
tracking Compound Parabolic Concentrator (CPC), which
was onginally developed for soil solarization application,
has been emploved for wastewater disinfection purpose
during this research The CPC has a flat receiver as shown
m Fig 1 for which all parameters can be calculated
according to the following equations[7] where H is the
height of CPC, a is the receiver B.s the Acceptancehalf-

angle fis the focus of parabola
: (1)
a" 1 L I
= +
2l tan6, tané&.sng, | 2
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Fig 1 Flat-Plat Compound Parabolic Concentrator.

The flat-plate compound parabelic collector (CPC) was
designed to focus solar radiation beam onto the reactors
mounted on platform tiled 14° local latitude and held by
aluminum frames. The pyranometer was used to measire
solar radiation for analyzing influence of intensity level of
solar radiation on solarized and photocatalysis disinfection
systems. Titanmum-dioxide was used as a photocatalyst. The
experiments were camried out in three conditions: (1) solar
disinfection without catalyst, (2) photocatalysis disinfection
with suspended catalyst in tubes and (3) the dark condition
m which there was suspended catalyst in tube but covered
with a black plastic. For one batch of the expenment. it

[45]
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consisted of 4 tubes for solar disinfection, 4 tubes for
photocatalysis disinfection and 4 tubes for the dark
condifion totaling 12 fubes on the CPC. All tubes were
experimented as the same time. All the expenments were
cammed out at King M s University of Technology
Thenburi, Bangkok (KMUTT) (13° 45' N and 100° 31'E).

Bacteria strain

Eschenichia coli were used as contaminating bactena in
household wastewater. E coli K-12 was moculated at 37 °C
with constant revolufion at 100 rpm for 24 hr before each
experiment.  All  experiments mused imitial  bacterial
concentration of 47107 CFU/mL and inoculated E coli in
tubes directly. The process has been dome in the
Biochemical Laboratory at School of Bioresources and
Technology, KMUTT.

Catalyst preparation

In this study, UNILAB Titanium dioxide (TiO,) by
AjexFinechem is used as a photocatalyst by dispersed into
the wastewater samples at a concentration of 100 mg/L for
each sample All eafalyst and test tubes were sterile in
autoclave every time before expenments.

Experimental parameters

In the experiments, the parameters that may have effect
ot water disinfection such as high-intensity radiation, low-
intensity radiation and catalyst in the dark were evaluated

Methodology of experiments

For all experiments, the Ecoli suspension were
prepared in tube with an initial concentration as 4.7x107
CFUMmL, TiO, was then dispersed in the reactor at 100
mgL dese for photocatalysis for all 4 tubes and sampling
every 15 min for high-intensity radiation and 30 min for
low-intensity radiation

All experiments were performed in exactly the same
photoreactor for all 3 conditions: photocatalysis
disinfection. solar disinfection and the dark condition with
the catalyst. The photocatalysis disinfection was camried out
in the presence of sunlight with the catalyst of 100 mgT.
while solar disinfection expenment was the same as
photocatalysis disinfection but no catalyst in tube and in the
dark expenment, tube with suspended TiO, of 100 mgT
and covered by black plastic to conceal solar radiation.

EESULT AND DISCUSSION

In Fig(2). at low intensity of radiation with the average
solar irradiance of 73.33 Wim’, there is no significant
decrease m E.coli concenfration in both the solarization
without catalyst and m the dark condition while
photocatalysis disinfection could mactive
bacterialconcentration in 2-log unit in 90 min This can be
explained that at low solar radiation the water temperature is
not high encugh to harmfil the bacteria. Sinmlarly, without
the light. TiO, cannot react to produce OH to deactivate the
bacteria as well Regardless to low infensity the
photocatalytic process is capable to generate OH for
bacteria deactivation.
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Fig 2 Water disinfection by solar radiation and
photocatalysiswith low-intensity radiation.

For the high intensity of radiation case shown in Fig
(3), the solar radiation was measured at 892 W/m®. Bacterial
concentration was decreased 2-log by catalyst in the dark
condition. Moreower, solar disinfection decreased bacterial
concentration almost 3-log while 3-log decreasing in
bacterial concentration was observed in photocatalysis
disinfection experiment. Moreover, both curves show the
effect for water disinfection from TiOsand solar radiation.
The expenmental result demonstrates that at the high
radiation mtensity the photocatalysis disinfechon is more

effectivethan solar disinfection
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Fig 3 Water disinfection by solar energy and
photocatalysiswith high-infensity radiation

Comparison of the effect of solar intensity on the solar
disinfection is shown in Fig 4. At the low intensity, bactenial
concentration is still the same as initial concentration while
decreasing up to 3-log at high-intensity radiation. This can
be concluded that solar disinfection is more affected by the
increase in the light infensity.
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Fig 4 Water disinfection by solar energy

To further investigate the effect of light intensity, results
of photocatalysis disinfection with high-intensity radiation
and low-intensity radiation are now compared in Fig 5. As
a result, bactenal concentration in case of Ti0; exposure to
high irradiance decreases up to 5-log whereas the one under
low-intensity reaches at 2-log.

[46]
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Fig. 5 Water disinfection by photocatalysis
CONCLUSION

The compound parabolic concentrator has been
demonstrated to improve water disinfection efficacy over
solar disinfection and photocatalysis disinfection with TiO,
during 0-60 min

For low-intensity radiation photocatalysis could fairly
imactivate E.coli whereas catalyst-only in the absence of
light could not decrease bacterial concentration Moreover,
Bacterial concentration has not been decreased by solar
disinfection with low-intensity radiation and catalyst has
been proven to affect bacterial concentration for low-
intensity radiation.

For high-infensity radiation, solar disinfection and
catalyst-only in the dark condition has significant in
decreasing bacterial concentration and hence the intensity of
solar fadiation affects the disinfection However,
photocatalysis disinfection is more effective in bacterial
inactivation than solar disinfection and the catalyst-only in
absence of light.
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ABSTRACT

The disinfection of Escherichia coli (E.coli) in
water using solar and photocatalytic processes
associated with a compound  parabolic
concentrator (CPC) have been studied. Moreowver,
Titanium-dioxide (TiOy) has been applied 1o the
The

experiment is conducted to examine the effects

solar photocatalysis  process. set  of
of solar intensity, illuminated area and water
temperature on the bacteria inactivation rate. As
a result, bacteria concentration declined after 90
min  of illuminated at water temperature
between 37-44 *C for all cases and no effect on
hacteria inactivation is chserved. Moreover, for

all

concentration decreases to 2 logs unit in 90 min

cases of solar disinfection, E.coli
whereas the bacteria concentration decreases up
to 4 logs unit for the same durations in the

photocatalytic disinfection.

INTRODUCTION

In recent years, there have been numerous

researches on renewable energy. Among those,

75

solar energy has been utilized for many
applications as it has no cost of fuel. Specifically,
in many studies, solar energy has been applied
for bacteria disinfection, so called “solarization”
and “photocatalytic disinfection”. Drinking water
has been found to be a cause of diarrhea and it
becomes a serious problem. Therefore, solar
energy has been introduced to bacteria
disinfection process [1]. Moreower, TiO,, as a
photocatalyst, has also been applied to such a
process to enhance the bacteria disinfection

efficiency of [2, 3], by means of hydroxyl radical

"o produced by UV radiation in a waveleneth
of nearly 390 nm. [4]

The compound parabolic concentrator has been
adopted 1o increase solar intensity on reactor
solar  water and

surfaces  for disinfection

photocatalytic [5].
combination of CPC and TiO; has been applied

disinfection Maoreaver, a
to enhance the solar photocatalysis process for
bacteria inactivation [6]. The effective of solar

disinfection and photocatalytic disinfection with
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TiO, was also evaluated usine E. coli as an
indicator for bacteria inactivation. The effecting
parameters including the effect of imadiated
surface, water temperature, cumulative solar

energy and concentration of TiO, were analyzed.

THE COMPQUND PARABQLIC
CONCENTRATION SET UP

The compound parabolic concentrator (CPC)

a 1 1
=— + -
2itan & tan & s &
f =%(l+ si.n&c}

x* =4 fv
made by stainless plate to reflect global solar
irradiation, which is used to enhance the
intensity of global solar irradiation on the reactor
surfaces. The CPC has been desiened to have a
flat receiver as shown in Fig. 1. The parameters
of CPC can be calculated using the following

equation [T].

where H is the height of CPC. a is the receiver,
8. is the acceptance half-angle and f is the focus

of parabola.

With the equations [1-3], the calculation gives
that the height of CPC is 1.234 m, the aperture
area of CPC is 0.696 m and the focus is 0.092 m.
The B_is set at 21° and the flat receiver is 12.5

CImi.

Fig.1 Compound parabolic concentrator.
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The compound parabolic concentrator (CPC) is
set up to focus light intensity of solar irradiation
onto reactor surfaces mounted on a platform
tiled 14" facing south. This angle proved that the
best ancle to receive solar radiation in Thailand.
Moreover, a pyranometer has been used to
radiation to analyze water
and photocatalytic

measure solar

disinfection disinfection

performances.
THE EXPERIMENT SET UP

The schematic diagram of the experiment set-up

including  reactors, compound  parabolic
concentrator, reservoir, sampling valve, reaulator

valve, circulating pump and flow meter is shown
in Fig. 2. Four reactors, TcmX5cmX20cm each,
connected in series are located on the CPC. The
water flows directly through a sampline valve
and a regulator valve by a circulating pump and
then through the reactors that are connected to
a reservoir and directly returns to reservoir again.
ALl the experiments are carried out at King
Mongkut's University of Technology Thonburi,
Bangkok (13 45" N 100" 31" E)

Fig. 2 Diagram of experiment
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EXPERIMENT PROCEDURE

The bacteria inactivation effect is determined by
measuring F.coli concentration under natural
sunlight on the CPC for ewvery 15 min. The
suspension of bacteria culture about 400 mlL is
added into the reservoir with 6 L of de-ionized
water inside and the initial reaction cell counts
1-0T CFU/mL. The operation s designed to
guantify bacteria concentration against the time
for 90 min. This experiment has been tested in

August.

BACTERIA CONCENTRAION ANALYSIS

Escherichia coli (Feool) are used as a

contaminant in  de-ionized water. Moreover,
bacteria cells are diluted and plated on LB-acar.
The plates are incubated at 37 “C and a colony
count is then taken after 24 hr. After that, the
colonies are counted and the initial of bacteria
cell are calculated. All experiments have been
performed in the Biochemical Laboratory at

School of Bioresources and Technology, KMUTT.

RESULTS AND DISCUSSION

The experimental results reported in this section
are divided into four parts. First is to evaluating
the effect of slobal solar intensities on the
bacteria  disinfection

with

processes in the

experiments four different  reactor
configurations (1, 2, 3 and 4 reactors per set).
With the same configuration, then, the effect of
cumulative solar energy is analyzed. Following is
the effect of water temperature. Finally, the
performances of the only solar disinfection
process and photocatalyst disinfection process
are compared.

1. THE EFFECT OF SOLAR IRRADITION ON
BACTERIA CONCENTRATION.

Fig (3)

concentration

bacteria

with

shows the normalized

under solar  irradiation

v

different illuminated areas as a function of time.
The effect of solar

disinfection with different amount photoreactors

iradiation to bacteria

is then analyzed.

"
sty el el ol et

Vb o eipen £ din 12

Fig. 3. The effect solar irradiance (W/m) azainst
time on bacteria concentration (log (CFU/mL))

Az seen, the photoreactor
illuminated by instable

However, all four cases of experiments show

surfaces  are
solar  irradiation.
that bacteria concentration is decreased almost
the same. It can be observed that, high light
intensities of solar iradiation have no effect an
bacteria inactivation. Moreower, the results have
demonstrated that the more reactors, the lower
efficiency. This is consistent with the work
reported in the literature [2]. On the other hand,
the low light intensities of solar radiation have
an effect on bacteria disinfection. This also
agrees with the previous research result shown
that the bacteria disinfection is no more affected
when increasing reactor surfaces [B]. With the
result, it can be further applied to the system
desien to save cost of reactor used in the
system.

2. THE EFFECT OF CUMULATIVE SOLAR
ENERGY ON BACTERIA INACTIVATION

To further investivate the cause of bacterial
inactivation, the cumulative solar energy is
plotted against time with bacteria concentration

for four reactor surfaces as depicted in Fig. 4.
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Fig. 4. The effect of curulative solar energy
(MJ/m?) against experimental time on bacteria
concentration {log (CFU/mL))

There is no different in the decrease of bacteria
concentration even though the cumulative solar
energy is increased with the reactor surfaces. In
fact, it is clearly seen that the more reactor area,
the more absorbed photon from solar irradiation.
After 20 min of illuminated time, the cumulative
solar energy on the reactor with maximum
surface area (4 reactors connected in series) is
about 47 MJ/m° and that on the minimum
surface reactor (one reactor) is about 4.0 MJ/ .
However, there is no significantly different of
bacteria inactivation rates. Therefore, the largest
iradiated area reactor cannot decrease bacterial
concentration better than the smaller area and
the smallest irradiation area shows the hichest
efficiency for bacteria disinfection. It can be
noted that an amount of energy is not a key to
success in the bacteria inactivation process. This
may deduce that the time of contaminated
water exposure to sunlight has less significant in

the bacteria disinfection process as well.

3. THE EFFECT OF WATER TEMPERATURE ON
BACTERIA COMNCENTRATION

In this step, the water temperature in each
condition of experiments is measured to
examine the effect of water temperature on

bacteria concentration.
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Fig.5 The effect of water temperature (°C) against
experimental time on bacteria concentration
(log(CFU/mL))

Fiz. 5 shows the water temperatures in the test
reactors. For the d-reactor set, the temperature
has increased up to 44 °C because it has the
the
irradiation. Moreover, the water temperatures of
the other reactors are in a range of 32°C - 40°C.
Howewer, none of them shows a sienificant
different

largest area to absorb incident  solar

in a decrease of bacteria
noted that,

result
concentration. It is the water
temperature is not over 45 2C may not has
rmajor influence to bacteria disinfection.

4, PERFORMANCE COMPARISON OF SOLAR
DISINFECTION WITH AND WITHOUT TiO,

To examine the effect of TiO, on bacterial
inactivation process, a 1 g/L TiO; is added into
reservoir to catalyze the solar photocatalysis
process. In this experiment, only a four-reactor

set is employed. The result is shown in Fig. 6.
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In Fig. 6, the photocatalytic disinfection process
with suspended TiO; has more effect to bacterial
inactivation than the only solar. Moreover, the
photocatalytic  disinfection  could  inactive
bacteria concentration in 4 logs in 90 min while
the solar disinfection could do only 2 logs in the
same duration. The result can be explained that
TiOz could react with the photons to product
OH" radicals which enhance the deactivation
process so that bacteria concentration decrease
rate is higher than the only solar disinfection
process. Moreover, the experimental result has
demonstrated that the photocatalysis process is

more effective than the only solar disinfection

process.
CONCLUSION
This work has demonstrated that the solar

intensities, enerey and the temperature of
contaminated water with different amount of
reactor have no significant effect on bacteria
disinfection. This could be attributed to the flow
of photons is not high enough to attack to
bacteria the photocatalytic

disinfection is proven to have higher efficiency

cells. However,
than the only solar disinfection process due to
the OH" radical generated by TiO, at the certain
wavelength of solar iradiation to attack the
bacteria cells. Moreover, the water temperature
is increased by solar light intensities not over 45
°C for all cases. The experiments reveal that the
temperature less than 45 °C is not influent to
bacteria inactivation in both solar energy and
photocatalytic disinfection processes.
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Abhstract Erfects of photocatalytic and solar disintection on Escherichia coli K12
(TISTR T80) are examined. Experiments were conducted with titaniom dioxide
(Ti;) as catalyst, coated on plates by thermal spraying, with global solar 11lumi

nation. Inactivation of E coli as a function of time was conducted to find the rate of
inactivation of the bacteria. The resulis reveded that the solar disinfection in the
absence of the catalyst plates did not significantly affect the rate of inactivation of
the bacteria when Increasing the reactor surface area of solar Numination. Black
rcactor surtacces were slightly more affected when increasing the arca of the reactor
surface. However. the catalyst reactor surface had the greatest etfect on Inacti vation
of the bacteria when the reactor surface area was incrzased. Water tamperaure less
than 45 “C did not affect the decrease in the rate of imactivation of the bacteria for
either solar or photocatalytc disintection.
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Introduction

Chemical and bivlogical contamination of dipking water bas recently become a
critical problem for people in many countries. These problems must be eliminated:
for example, bacteria must be removed by disinfection before human consum ption
of water. The methods used for disinfection of water include heating, chlorination,
and ozonation but these have a nepative effect on people. Chlorination, for example,
leaves @n unpleasant taste In drinking water because of the formation of
trihalomethanes (THMs). CUzonation and heating are expensive methods of
disinfection of water [1].

Solar radiation 1s used for disinfection of water, because its pasteurization effect
successtully inactivates microorganisms [2-3]. Recent papers discuss UV disinfec-
tion by considering the UV dose in KJ/m” or as W/m" [5]. In some experiments solar
enerzy nsed for disinfection has heen measurad in kLT, [T, 8] The semicondnctor
Ti0); has been added as a photocatalyst to enhance inactivation of bacteria by solar
radiation [9—12]. Photocatalyvtic disinfection for inactivation of bacteria in drinking
watcr, by usc of commercial titanium dioxide (Ti0;), has been used to cvaluate the
effectiveness of solar disinfection against £ coli compared with solar photocatalvtic
disinfection [13-15]. Ti(}; is used in solar photocatalysis because it generates the
reactive hydroxyl radical OH" on its surface [16, 17]. TiQ, has been used for
photocatalytic disinfection in water treatment [18=21] and has also proved effective
against organic contaminants [22-24]. In recent years, there has been interest in
nsing compound parabolic concentrators (CPC) with Ti(; because of its efficiency
of collection of both diffuse and direct sunlight [25], and solar photocatalytic
disinfection by the CPC method has bzen reported to achieve inactivation of
bacteria [ 26—28]. Solar photocatalysis has been helpful in improving and protecting
healih in some countries.

Nano and conventional Ti(- powder have been usad to check the properties of
coating by thermal spraying, a new and rapid means of coating plates [29]. This
method was used in our work on inactivation of bacteria. The advanced oxidation
proczss (AOP) is another new technique in which the hydroxyl radical (OH") is
produced when the semiconductor is excited by UV radiation of wavelenzth near
390 nm [30]. The semiconductor produces electrons and holes ieggfhig) which
sepavale ot e comduwetion and valence bands [31]0 This reaction in TiO:
photocatalysis involves water and dissolved oxyegen. as summarized in Egs. (1) and
(11):

H-O + hi, — HO®+ H* (1)
01+ eq — O3 (11)

This research was conducted to evaluate and analyze the etffect of use of TiO, and
CPC on photocatalytic disinfection of water by use of solar energy, using E. coli as
indicator organism. Experiments were conducted to determine the effects of dif-
ferent conditions, for example area of solar irradiation, water tamperature, and area
ol lised catalyst Three types ol reactor surfave were used:
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Effect of solar radiation and reactor surface treatment

— untreated reactor surface;
— black reactor surface; and
— catalyst-coated reactor surface.

Experimental
Preparation of the black reactor and the photocatalytic reactor

Glass plates Tem < 20 cm < 6 mm and 7 cm =< 5cm =< 6§ mm were used to
construct reactors for disinfection of water, as shown in Fig. la: the dimensions of
each reactor were 7 cm >« 3 cm x 20 cm. The bottom plate was coated with acrylic
matt black spray (TOA). The effectiveness of the Ti(; photocatalyst { Amperit) was
also evaluated in a reactor. The TiQ; was coated on a 7 cm x 20 cm = 6 mm
stainless-steel plate by high-current, high-temperature thermal spraying (Fig 1b).
Before coating, the plate was cleaned by sandblasting. The coating was 3 nm thick.
These plates were placed in the bottom of the reactors (Fig. 1c).

Reactor setup

All experiments were conducted at King Mongkut’s University of Technology
Thonburi, Bangkok (13% 45'N 100° 31'E). Experiments were conducted on three tvpes
of reactor surtace. This research was conducted to evaluate and analyze the effect of
use of TiO: and CPC on photocatalytic disinfection of water by use of solar energy,
using E. coli as indicator organism. Experiments were conducted to determine the
effects of different conditions, for example area of solar irradiation, water temperature,
and area of fixed catalyst. Three types of reactor surface were used:

— untreated reactor surface;

— black reactor surtface; and

— catalyst-coated reactor surface.

Four reactors were connected in series in the CPC. The volume of water used for
each experiment was six liters and water flow from a reservoir went directly through
a sampling valve, regulator valve, pump, and flow meter in series with the reactors,
and was then returned to the reservoir (Fig. 2). The experimental conditions are
listed in Table 1.

The reactors were positioned in a CPC aligned in a north—south direction on a
platform tilted at an angle of 14°. The reflector contain a flat receiver, as shown in
Fig. 3a, and was designed to focus solar radiation on to the reactor, as shown in
Fig. 3b.

All variables were calculated as reported elsewhere [32].

i 1 1
H=— 4 |
2 (mn . tan#_sin Hc) (1)

'@ Springer

130



M. Nararom et al.

Fig. 1 a The black reactor
surface. b Catalyst (TiOs) (a)
ooated on a plate by thermal
spraying. ¢ catalyst plate in the
reactor

Black reactor surface

(e)

| Catalyst plate in reactor surface |

f=5(1+sin6,) @)

Xt =dfy (3)

where H is the height of the CPC. a is the receiver, 0. is the acceptance half-angle,
and fis the focus of the parabola. This experiment was conducted in Bangkok, so .
was 21° and the width of the flat receiver was 12.5 cm. Therefore, as calculated
from Egs. (1}—(3), the height of the CPC was 0.617 m and the focus of the parabola
was 0.084 m. The CPC was designed to reduce cost and increase the intensity of the
solar irradiation. The dimensions of the CPC were 61.7 cm x 12.5 cm x 100 cm.
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Effect of solar radiation and reactor surface treatment

Fig. 2 Diagram of the experiment

Table 1 Experimental conditions

Muminated surface 0.014 m* 0.028 m* 0.042 m* 0.056 m”
MNumber of reactors 1 2 3 4

Total volume 6L

Flow rate 2 L/min

Treatment time ) min

Reactor surfaces

The effect of sunlight on inactivation of bacteria was tested for different reactor
surface areas, 0.014, 0.028, 0.042, and 0.056 m”, to analyze the effectiveness of
inactivation of bacteria. Experiments were performed in a four-reactor configura-
tion, shown in Fig. 4, in which each reactor had the same surface area. The reactors
were lluminated by solar radiation using different reactor surtace areas. The first
experiments were performed without Ti(); to analyze the inactivation of bacteria by
natural sunlight. The second experiments were performed without Ti(); but with a
black reactor surface area to absorb photons during solar irradiation. The third
experiments were performed with Ti0; to determine the effect of photocatalytic
disinfection. All experiments were performed under the same conditions. Exper-
iments were conducted to determine the effect of solar light intensity.
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Fig. 3 a Front of the CPC and {a]
reactor, b four reactors
wonneclal in series

Microor ganisms, culture madia, and culture conditions

The £ ceoli bacterial strain K12 (TISTR 780) was obtained trom the Thailand
Institute of Scientific and Technological Research. An initial volums of 5 mL
overnight culture of £ coli was re-suspended in 100 mL Luria Broth (LB) liguid
medium and further incubated at 37 “C with shaking at 100 rpm until the stationary
state was reached (OD 0.85-0.95 at 650 nm or 1010’ colony-forming units
(CFU)YmL). Bacterial cells were harvested by centrifugation at 700 x g for
15 min and the pellets were washed twice in tryptose solution to complete removal
of culturc medium. Each bacterial ccll pellet was resuspended in 100 mL tryptosc
solution and 5 mL of this was used to inoculate photocatalytic reactors previously
filled with 100 mL isotonic soluticn (NaCl 8 o/L.. KCl 0.8 g/L). The initial
concentration of bacterial cells ranged from 10" to 10 CFU/mL.

Experimental procedures

Photocatalytic activity was cvaluated from bactericidal ctfcct against E. coli under
the solar reflactor. The hactericidal effect was determined hy measuring viahle
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1

ﬂ:ﬁ Irradiated reactor
[

Darkness reactor

I I I

Fig. 4 Reactor configuratons

E. coli cells after iradiation for 15 to %) min. Experiments were designed to
quantify disinfcction cfficacy of the rcactor with time. For cach day of testing, the
feed pump was turned on at 9:00 am. at a flow rate of 10 mL/min.

The feed suspension of bacteria used for reactor testing was prepared in 5.0 L
autoclave-sterilized de-ionized water in a 7.5-L containcr. Approximatcly 400 mL
E. coli culture was added to the 6 L water to produce a suspension of inifial volume
6.4 L. The initial cell count was 10’ CFU/mL During operation, the progress of
disinfection was monitored by sampling the reactor contents at 15-min intervals.
The feed was sampled at 10:45 am. and 12:15 p.m. The effluent was sampled at
15-min intervals starting at 11:000 am. and ending at 12:15 p.m. A 10-mL sample
was collected In a sterilized tube; feed samples were obtained from the feed
reservoir.

FPhaotocatalytic disinfection on treated surfaces

Experiments werz conducted with the CPC operated in recirculation mode. The total
volume ol the reactor was 6.04 L, of which 1.04 L was bradiated. The reactor was
connected to a pump fo maintain a continuous Aow of 10 mL/min at 32 “C. The four
reactor blocks were placed at the centre of the CPC to maintain the total radiated
volume at 260 ml/reactor or 1.04 L for tour reactors. Defors cach experiment, the
reactor was cleaned by pumping steriized deionized water through 1t for
approximately 10 min. To follow the eftect of photocatalytic treatment and to
evaluate bactericidal activity, bacterial cell concentrations ranging from 107 to
10® CFU/mL were inoculated, and every 15min during radiation 10 mL was
sampled to monitor the effects of the photocatalytic treatment on the number of
cultivable cells and v viability, The antbactenal scuvity of TiOs-coated swilaces
was evaluated the reactor for ditferent exposure times. The TiO,-coated surface
reactors werz inoculated with the bacterial suspension and placed in the center of
the CPC expused w solar radiation. Alter the eaperinental Ueatment, bacieria were
recovered by washingz twice with sterile deionized water.

&) Springer

134



M. Mararem et al.

Enumeration of cultivable cells

The number of cultivablz cells was determinad by use of a standard plate count method.
The bacterial cells were cultivated in an appropriate dilution of the suspension, in
triplicate, on agar medium, for 24—-48 h, at 37 “C. Additonal verification counts were
pzrtormed after 48 h. Each experiment was repzated at least three times. The number of
viahle hacteria was expressed as the loganthm of the number of CFL

Solar radiation measureinent and assessmenl

Global solar radiation was measured with a pyranometer (model-CM1 |; Kipp and
Zoren), which was mounted at the same angle as the CPC, 12, 14%; the units of solar
radiation werz incident W/m?>.

Results and discussion

Ettcct of global solar radiation and accumulated solar cnergy on inactivation
of bacteria

Fguore 5a shows bactenia concentration (log (CFU/mL)) plottad against time.

The concentration of bactzria decreased with almost the same kinetics under
dilferent doses ol solar energy under cach comdition in 90 min The eactor swlace
(area 0.056 m") absorbed photons from solar radiation, the highest amount of which
was 47 MJ/m® in ) min. bat had no sionificantly ereater effact on inactivation of
hacteria. The amoont of solar eneroy on the reactor snrtace areas of (0042, 0028,
and 0.014 m” was approximately 4.0 MJ/m” in 90 min, and reduced the number of
bacieria by 2 logs CEUL Tnall fowr experiments, results [or inaclivation ol bactena
werz not signihcantly different, as reported elsewhere |31). ‘Theretore, a larger
reactor surface area doss reduce the corcentration of bacteria better than a smaller
reactor surface area. The smallest reactor surface area had the highzst bactena
disinfection ctficicncy in ™) min. The results were analyzed to determine the causc
of inactivarion of bacteria, and showzad that a small number of Incoming photons
from solar energy can canse inactivation of bacteria. Another reason was that the
number of incoming photons was insufficient to have more aftect on inactivation of
bacteria in a continuous How system. Moreovar, the bactena inactivation results also
show e Dacteria nacUvaton rate as a (uetdon ol asccumulated sular energy,
bzcause In thas work analyzed the erfect of water temperature and accumulated solar
energy on inactivation of bacteria. Global solar radiation was measured as solar
iradiance incident per unit surface area (W/m®). Mcreover. the reactor surface area
recelvad illumination by solar energy dose (J/m’) and the accumulated solar ENergy
per it (kJ/L):

A Ar, Mt
Qn ggx—lﬂ FE" n n I, = Ip—1
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Fig. 5 a FEffect of amonnt of solar enstpy Glottes] Tines) and time on snlar disinfaction of water
containing E coli (log (CFU/mL)) for different reactor surfice areas (srright fnes) b Effect of
accumialated solar energy on insctivation of bacteria of 5 coli (log (CFU/mL)) for different reactor
surface aress (straight lines)

where (J,_; and (}» are accumulated solar energy received, Afy1s the time pernod

between sampling, A 15 the area of the wradiated surface, and Vr 15 total water
volume.

All four results for accumulated solar energy in Fig. 5b show that the low-
surface-area reactor has more effect on inactivation of bacteria. The reactor surface
arca of 0.014 m? illuminatcd by accumulated solar cnergy of only 10 /L reduced
the number of bacteria by 2 logs CFJ whereas the cther reactors with differant
surtace areas, which received more accumulated solar energy, resulted in lzss
efficient inactuvarton of bacteria. Incoming photons resulting in accumulared sclar

@ Bpringer

136



M. Muranen el al

energy of only 10 kI/L. was enough to reduce the amount of E. coli by 2 logs CFLU.
Therefore, the low light intensity of solar radiation was sufficient o generate
photons on reactor surfaces. This effect could be explained on the basis that the
system was tested under continuous flow conditions. Theretore, E. coli could
rccover when it was not cxposcd to solar irradiation. Morcover, reactor surfaccs
received discontinuous solar licht intensities and hence iractivated bacteria less
efficiently, in agreement with previous work [1, 26, 31] which showed that in
continuous How systems a larger illuminated surface area results in no significant
improvement of solar disinfection. Therefore, these results could be wsed for cost
saving in terms of smaller surface areas which 1s very interesting for low-cost
processes for inactivation of bacteria.

Eftzct of global solar radiation and accumulated solar energy on black reactor
surfaces on Inactivation of bacteria

It 15 well known thar black objects can absorb more solar energy. Therefore, in this
study, a reactor with a black surface area was used for solar disinfecton. All the
experiments showed that inacfivation of bacteria in 90 min decreased slightly
dilTerently, as shown in Fig, 6a. However, [or the black reacior the swilface area was
0.056 m*, which was illuminated by asolar energy dose of only 2.5 MJ/m” in 90 min:
the result showed that bacteria concentration decreased by 2 logs CFU. Nevertheless,
theblack reactor surface arca of 0.014 m” was illuminated by a highsolarencrgy dosc
of 4.5 MJ/m? in 90 min and inactivation of bacteria decreased only slightly and less
than in other experiments because it had less area to absorb photons to attack bacteria
cells. So,the black reactor surtacz could be used toreceive solar energy to absorb more
photons to attack bacteria cells. Theretore, increasing the black reactor surface area
was slightly more effective for inactivation of bacteria. Moreover, this experiment
showed that the black reactor surfaces could increase light photons to damage bacteria
cells which 1s a superior method to apply for inactivation of bacteria. Moreover, the
resunlts in Fig. 6b show the black reactor surface area of 0.014 m” had the highest
etficiency of inactivation of bacteria because it reduced the concentration of bacteria
by almost 2 logs CFU for an accumulated solar energy of 11 kIVL. However, black
reactor surface areas of 0.028, 0042, and 0.056 m’ were illuminated by accumulared
solar energy of 14, 20, and 16 kI/L, respectively, and were able to reduce the
concentration of baceria by 2 logs CFU. This result showed that the efficiency of a
black surface arca of 0.014 m” is sufficient to inhibit growth of bacteria. The results
revzal E. coli received discontinuous solar irradiation and could recover during flow in
the dark. Therzfore, the results show that a lower surface area is more efficient at
mactivation of bacteria, asrcported clsewhere [26, 21]. However, the reactor surfacce
area of 0.056 m” is slightly more effective on inactivation of bacteria than the reactor
surface of 0.042 m™ with accumulated solar energy of 15 kI/L because it received
solar light of lower intensity. Therefore, a larger surface area could be use for
disinfection for low light mtensity. The reactor surface area of 0056 m’ performed
slightly better in reducing bacteria concentration. Therefore, these results can be
applied to save costs, and so nse of hlack reactor surface areas is a pood technique for
low-cost inactivation of bacteria.
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Fig. & a Effect of amount of solar ensrgy (donted Imes) and experiment dme on inactivation of bacteria
of E. colil (log (CFUMmL)) by use of different reactor surface areas (straipght (ines). b Effect of

accumulaled solar energy on iractivation of bacteria (log (CFU/mL)) by use of different reactor surface
arens (straight lines)

Eftect of global solar irradiation and accumulated solar energy on inactivation
of bacteria in the presence of Ti(;

It has been proved that the catalyst Ti0), can reduce the concentration of bactena when
lluminated by solar radiation tor photocatalytic disinfection [ 10, 11,22]. A CPC solar
reactor has been shown to enable efficient inactivation of bacteria by solar
photocatalysis with immobilizad Ti(),; during treatment times of 159 min. These
eaperinents were sel W enhance he ellectiveness ol Tnacu vation ol bactera by adding
TiO,. The results showed the catalyst-coated reactor surface area of 0.056 m> was
illuminated by low light intensity by a solar energy dose of only 3.6 MJ/m” in90 min,
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but this enabled the most etfective inactivation of bacteria, by approximately 4 logs
CFU, because the large surface area received incoming photons to attack bacteria
cells, whereas a catal yst-coated reactor surface area of 0.014 m” with the highest solar
energy dose of 5.2 MJ/m” reduced E. coli concentration by only 2 logs CFU in ) min
because of the small number of photons. Moreover, the catalyst-coated reactor surface
area of 0.028 m” was illuminated by asolarenergy doseup to4.5 MJ/m’ more than the
catalyst-coated reactor surtface area of (1.042 m-, which was illuminated by a solar
energy dose of 4.3 MJ/m®. However, all experiments show that reactors with larger
surface areas could inactivate bacteria with smaller amounts of solar energy, as shown
in Fig. 7a. Therefore, an increase in catalyst-coated reactor surface area was more
effective for photocatalytic disinfection. Moreover, the graph in Fig. 7b shows the
catal yst-coated reactor surface area of 0.014 m” was illuminated by accumulated solar
energy of 12 kJ/L. This experiment shows thatthe lowest amountof incoming photons
could reduce bacteria concentration and had the highest effect on inactivation of
bacteria ot 2 logs CFU. However, the lower accumulated solar energy was no more
effective at reducing the concentration of bacteria, and the catalyst-coated reactor
surface area of 0.028 m” illuminated by accumulated solar energy of 22 kKI/L
performed slightly at reducing the concentration of bacteria than the catalyst-coated
reactor surface area of 0.014 m”. Moreover, the catalyst-coated reactor surface area of
0.042 m?, which received more incoming photons by accumulated solar energy up to
32 KJ/L, could reduce the concentration of bacteria by 3 logs CFU. Furthermore, the
catalyst reactor surface area of 0.056 m” reduced the concentration of bacteria by 4
logs CFU with solar energy of 35 kJ/L. These results showed the larger catalyst-coated
reactor surface area received more incoming photons to attack bacteria cells.
Therefore, the reactor surface area of 0.056 m” reduces the concentration of bacteria
more effectively than reactor surface areas of 0.042, 0.028, and 0.014 m®. This is
because E. coli moves into the dark, where it receives discontinuous solar light
mntensity and 1s not atfected by photocatalytic disinfection. Moreover, previous work
has shown that intermittent solar light required more time to complete photocatalytic
disinfection [14]. Deactivation of bacteria by solar radiation in a CPC occurs whether
or not the catalvst was present. Total photocatalytic deactivation of bacterial cell
suspensions was a consequence of the combined effect of solar radiation and the
oxidant species generated in the immobilized Ti()>. However, although solarradiation
deactivated bacterial cells, deactivation was not complete, because bacterial regrowth
was detected. The method might be improved by photocatalytic action under solar
radiation to deactivate bacteria completely, enabling photocatalytic disinfection of
water. The irradiated area of the reactor is of crucial importance in the inactivation of
bacteria. There was also a synergistic etfect of ran time and flow rate of the suspension
in the reactor, because of stress trom the flow rate on the bacteria suspensions.

Etfect of water temperature, in the absence and presence of Ti0-, on inactivation
of bacteria

These experiments were conducted to observe the effect of water temperature on

inactivation of bacteria by solar energy and different reactor surtface area. The
results in Fig. 8a show that water temperature was increased by solar radiation. The
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water temperature for a reactor surface area of (1056 m”, the largest reactor surface
area. was increased to 45 °C. However. this was no more effective than other
temperatures at inactivation of bacteria. Water temperature for reactor surtace areas
of 0.014, 0.0282, and 0.042 m” was increased to approximately 30 “C but this had the
same effect on the concentration of bacteria as the 0056 m” reactor surface.
Therefore, the experiments showed that water temperatures up to 43 °C did not
affect inactivation of bacteria, in contrast with the pasteurizing etfect of radiation at
temperatures higher than 45-50 °C [33]. Our results also showed that water
temperatire in the reactor with a catalyst-coated sortace area of (0014 m- was
increasad to much higher than 45 “C but in this experiment bacteria concentration

@ Springer

140



M. Nararom et al.

,-\
=
et

|E+08 50
"_1" ‘ﬁ
3
£ |7 0 -
E -
= Bz
RS 0 %
E 5 A
£
g ks n S
g g
3 53
g =
g RO —a— (014 m? D08 M? e (042 M2 e (1,056 m7 10
(1]
ol (014 m? 0028 m2 ok 0042 m2 ke 0056 me .
1 Falld | — —_— sy — ——t0
) i 40 60 B0 100
Time (min)
(b) 1E+00 5
~ LE+08 0
3
E o
= LE07 LI,
= -
YLEDG WY
: :
2R3 5 F
L )
g 1E«04 : 0.028 m? W E
H =
S 1E03 —— (4] W —— 0156 m? 15 %
.-1: =
£ 1E+02 ol 0014 m? 0028 m? o ®
a
(=]
| E+01 ot (042 m? oo 0056 m? 5
| E+00 +—+— —— + —— +—+
0 20 40 60 &0 100

Time {min)

Fig. 8 Effect of water temperature (dotred ines) and experimert time on inactvation of £ ceff (log
(CFLVmlL}} with different reactor surface areas (arxight lines): o in the absence of Ti0); and b in the
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was reduced by 2 logs CFU only because it had the least surface area to absorb solar
irradiation. Moreover, water temperature in reactors with surface areas of 0028 m>
and 0.042 m* was increased equally, to 40 “C. However, a reactor surface area of
0.042 m? was more effective at inactivation of bacteria. Another result in support of
this observation was that water temperature in the reactor with a surface area of
0.056 m> was increased by the lowest amourt, to 37 “C only, but the reactor surface
area of 0.056 m” had the most effect on photocatalytic disinfection. Therztore,
water iemperamres not above 45 °C did not affect photocatalytic disinfection, as
shown in Fig. %b.
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Conclusions

Solar-only disinfection and photocatalytic disinfection in conjunction with a
compound parabolic concentrator (CPC) were demonstrated to inactivate Esche-
richia coli K12 (TISTR 780) in a continnous flow reactor. Global solar radiation is a
major light source for use as a photon generator. A series of experiments were set up
to examine the effect of a cumulative global solar energy and reactor surface
treatment. The effectiveness of the two systems in reducing the concentration of
bacteria was compared. The effectiveness of solar disinfection showed that smaller
solar-illuminated surface areas and black surface areas were more efficient at
deactivaling bactena in contnuouas low systems. However, the larger black swlace
arca rcactor was slightly more offcctive at inactivation of bacteria becansc more
photons to damage bacteria were absorbed by the black surtace reactor. Similarly,
the larger catalyst-coated surface area received more incoming photons trom solar
energy, which resulted in high performance in deactivation of bacteria cells.
Furthermore, the reactor coated with TiQ,; by thermal spraying enabled high-
performance inactivation of bacteria. The results showed that low-cost Inactivation
of bactena can be achieved by use of a continuous How process with propear design
of a CPC module and reactor surface.
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