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a b s t r a c t

The use of azo dyes as dosimetric indicators to measure the efficiency of enhanced photocatalytic solar
disinfection has been developed based upon the solar dose required to inactivate helminth ova, a highly
resistant waterborne pathogen frequently found in surface water sources in developing countries. A range
of treatment conditions were examined to determine the optimal inactivation conditions required for a
range of pathogens. The inactivation data were fitted using a modification of the Chick–Watson kinetic
model. It was determined that the radiation dose required for >5-log helminth egg inactivation was
approximately 140 kJ L−1 (using photo-Fenton reaction at [Fe(II)] = 10 mM and initial [H2O2] = 280 mM).
In order to develop a dosimetric indicator providing a visual color change corresponding to this dose,
a range of reaction conditions were examined to achieve removal of a dye, Acid Orange 24 (AO24).
For experiments performed at [Fe(II)] = 0.7 mM and initial [H2O2] = 5 mM, complete color removal was
achieved following receipt of a dose equal to 155 kJ L−1. 6-log inactivation of Escherichia coli and Pseu-
domonas aeruginosa was achieved following receipt of less than 10 kJ L−1. No significant increase in the
inactivation dose was required when up to 5 mg L−1 natural organic matter (NOM) was added to the bac-

terial suspension. These results confirm that helminth eggs are an appropriate index for microbiologically
safe water following enhanced photocatalytic solar disinfection. AO24 dye degradation was determined
to serve as an accurate dosimetric indicator. The indicator employed is easy to use in the laboratory and
field conditions, where the dye solutions may be prepared on-site and submitted to solar radiation in a
glass vial in close proximity with water being disinfected in the solar collector. The user can easily and

ment
tion h
quickly monitor the treat
when complete discolora

. Introduction

The need to supply safe drinking water in developing coun-
ries is a major critical necessity. In Africa, Latin America and
he Caribbean, nearly one billion people have no access to safe
ater supplies [1]. The resultant burden of waterborne diseases
as serious human health effects and results in the death of 1.5
illion children every year [2]. In addition to health concerns, the
ack of access to safe drinking water is commonly associated with
overty [3,4] and presents considerable limitations for sustain-
ble development [5,6]. In Mexico diseases caused by waterborne
icroorganisms, and other water contaminants, affect 6.4% of the

∗ Corresponding author. Tel.: +52 222 2252652; fax: +52 222 2292000x4199.
E-mail address: erick.bandala@udlap.mx (E.R. Bandala).
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efficiency and be confident that the water disinfection process is complete
as been reached.

© 2011 Elsevier B.V. All rights reserved.

total population [7]. Small rural communities, with population of
less than 2500 inhabitants are usually the most affected. This sector
represents around 25.3% of the Mexican population, of whom only
about 65% have access to piped water supply systems [8].

Upon release into the environment, human pathogens become
sensitive to the environmental conditions. Therefore, certain envi-
ronmental parameters such as temperature and ultraviolet (UV)
radiation can be used to inactivate the pathogens present in
polluted water [9]. Solar water disinfection (SODIS) is a sim-
ple, environmentally friendly and low cost point-of-use treatment
technology for drinking water purification [10]. SODIS uses the
bacteriostatic effect of the UV-A part (wavelength 320–400 nm)

of the solar radiation and the presence of dissolved oxygen to
inactivate pathogens in water by production of reactive forms
of oxygen. These reactive oxygen species (ROS) contribute to
the inactivation of pathogenic microorganisms. SODIS typically
uses UV-A-transparent polyethylene terephthalate (PET) bottles of

dx.doi.org/10.1016/j.jphotochem.2010.12.016
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:erick.bandala@udlap.mx
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olumes ranging from 0.3 to 2.1 L that are filled to ¾ of their
apacity with water and agitated to increase dissolved oxygen
ontent in water. The bottles are exposed to sunlight for a min-
mum period of 6 h. According to the department of water and
anitation in developing countries (SANDEC) of the Swiss Federal
nstitute of Aquatic Science and Technology [9,11], the best bacte-
ia inactivation effect is reached on sunny days when heat and UV
adiation combine synergistically [12,13]. However, in a cloudy day
more than 50% covered sky), it is necessary to use longer exposure
imes (two days or even longer) to disinfect water [14,15]. Several
ifferent systematic studies have been undertaken to determine
nergy requirements and doses to achieve pathogen inactivation to
certain level [16–22]. Some studies [10,20] have shown that ther-
al inactivation of Escherichia coli is important only when water

eaches temperatures over 45 ◦C, when a strong synergy with the
ffect of radiation is observed. These studies concluded that in
laces with high ambient temperatures, disinfection using solar
nergy is a low cost and effective method to improve the microbi-
logical quality of water. However, bacterial re-growth after short
torage (24 h) of SODIS treated water has been observed [14,19].
n more recent reports, seeking improvements in SODIS perfor-

ance, research has focused on a reduction in irradiation time
nd prevention of bacterial re-growth. Advanced oxidation pro-
esses (AOPs) could play a critical role in SODIS enhancement. AOPs
enerate hydroxyl radicals (•OH) via titanium dioxide (TiO2) pho-
ocatalysis, Fenton reagent (ferrous iron and hydrogen peroxide),
V/hydrogen peroxide, UV/ozone, electron beam excitation, sonol-
sis, and gamma irradiation. Among various AOPs, photocatalytic
rocesses are very attractive for the mineralization (conversion to
arbon dioxide, water, and other mineral species) of aqueous pol-
utants [23–25,53] and inactivation of pathogenic microorganisms
26–32,52]. Application of these technologies to water disinfec-
ion using solar radiation, coined as enhanced photocatalytic solar
isinfection (ENPHOSODIS), has allowed the efficient inactivation
f highly resistant microorganisms [30,33–35,55]. However, the
roblem concerning the determination of the amount of radia-
ion required for complete inactivation of the microorganisms is
ust starting to be reported [36,54]. To date, despite that sev-
ral methodologies for radiation dose measurements have been
eported, research on inexpensive and easy way to determine the
nd point of the inactivation process in poor and isolated rural
ones of developing countries, is necessary. The aim of this work is
o explore the use of an azo dye as dosimetric indicator in enhanced
hotocatalytic solar disinfection processes for the inactivation of
scaris ova, a highly resistant waterborne pathogen. In addition,
he validity of the indicator system is evaluated for the inactiva-
ion of two strains of pathogenic bacteria: E. coli and Pseudomonas
eruginosa.

. Methodology

.1. Reagents

Chemicals used in the experiments, FeSO4·7H2O (Baker), H2O2
50% stabilized) industrial grade and sodium hydroxide (Merck)
ere used as received. Acid orange 24 (AO24) industrial grade was

upplied by Orion Co. (Cuernavaca, Mexico). Ascaris suum eggs were
urchased from Excelsior Sentinel Inc. (Ithaca, NY) as a concentrate
ith 100,000 eggs (viability of 90%).
.2. Photoreactor

Photo-assisted experiments were carried out using solar radi-
tion and conducted in a bench-scale solar collector. Tests for
nhanced photocatalytic solar disinfection using helminth ova and
otobiology A: Chemistry 218 (2011) 185–191

for dye degradation were carried out in individual 50 mL pyrex glass
vials transparent to solar UV and visible radiation. The 50 mL glass
vials were placed in the focus of a compound parabolic concentra-
tor (CPC) detailed elsewhere [25,37,56]. The system was fixed at 19◦

(local latitude) and had a total collection surface of 0.1 m2. Global
radiation from 280 to 2800 nm was measured during the exper-
iments using a Li-Cor pyranometer (LI-200SA) which was placed
at the same angle as that of the solar collector. Since the photo-
Fenton reaction allows the use of wavelengths from 300 to 650 nm
for solar driven processes, the actual incoming irradiation was esti-
mated using as reference an AM1.5 standard, from which a 0.35
factor was obtained for the radiation included in this wavelength
range, as proposed in previous works [37,38]. Accumulated energy,
defined as the total amount of irradiative energy reaching the reac-
tor since the beginning of the experiment up to a given time per unit
volume, was determined using the relation previously reported by
Goslich et al. [39] and previously used as a measurement of solar
radiation dose on the photocatalytic disinfection of bacteria and
fungi [19]:

Qn = Qn−1 + �t Gn

(
A

V

)
, �t = tn − tn−1 (1)

where Qn is the accumulated energy (kJ L−1), �t is the time between
radiation measurements, Gn is the adjusted global radiation (W/m2)
measured, in the 300–1200 nm range, in the radiometer in each
experiment, A is the module area (m2) and V is the total system
volume (L).

2.3. Culture preparation

From the A. suum concentrate, dilutions with approximately
6250 ova were prepared in 20 L of sterilized, distilled, de-ionized
water. All the experimental runs were carried out using this A. suum
egg concentration. To determine egg viability during the disinfec-
tion process, the methodology proposed by the Mexican legislation
(NOM-004-SEMARNAT-2002) was used. Briefly, samples obtained
at different exposure times were diluted to 30 mL with distilled-
deionized water and incubated at 26 ◦C during 4 weeks, while
mixing once per week by hand. After incubation, each sample was
concentrated by centrifugation (1000 × g for 5 min) and the pellet
was observed using a microscope. Presence of larvae in the eggs
was considered as a positive viability test. The percentage of viable
eggs was calculated by dividing the number of viable eggs by the
total number of eggs observed and multiplying by 100.

2.4. Photo-assisted pathogen inactivation

All the inactivation experiments were performed in sterilized
deionized water. A. suum eggs were placed in silanized 50-mL glass
vials. Once the eggs were transferred to the glass vial, Fe(II) was
added until desired concentration (0, 5 or 10 mM) was reached. The
vial was shaken in a vortex mixer and a sample (100 �L) removed.
This was considered as the initial time point (t = 0). The sample
was filtered, rinsed and stored in the freezer at 2 ◦C until incuba-
tion. At, t = 0 H2O2 (0, 140 or 280 mM) was added to photoreactor;
the addition of hydrogen peroxide was considered as the start of
the inactivation process. Samples were collected at t = 30, 60, 90
and 120 min for A. suum viability analysis. Samples were immedi-
ately filtered and rinsed with sterilized deionized water, to remove

the remaining reagents and avoid further oxidation reaction, and
stored at 2 ◦C until incubation. Upon completion of the experimen-
tal run, all samples were submitted to the viability test described
in Section 2.4. All experiments were carried out in triplicate, and
the error was estimated to be less than 15%.
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.5. Design of visual dosimeter

AO24 dye samples were prepared by dissolving 200 mg L−1 in
eagent grade water. The effects of Fe(II) (0, 0.7, 1.0 and 1.5 mM)
nd H2O2 (0, 5.0 and 10 mM) concentrations were examined in
he experiments, considering previous results reported by Chacon
t al. [37]. The initial pH in the synthetic samples was adjusted
o c.a. 3.0 using H2SO4 0.1 M. The dye samples were added to 50-

L glass vials (as described in Section 2.3). For every experiment,
n initial sample (1 mL) was taken following preparation of the
O24 solution. Ferrous iron was then added to the dye solution
nd the vial content was mixed using a vortex mixer. Following
ddition of H2O2, the vial was caped, and immediately placed in
he focus of the solar collector. This point was considered as the
eginning of the photo-assisted degradation process (t = 0). Sam-
les were removed every 5 min and the AO24 concentration was
etermined immediately using a diode array HP-8452 UV–vis at
30 nm.

.6. Inactivation of E. coli and P. aeruginosa

E. coli (ATCC-25922) was obtained from ATCC and P. aeruginosa,
solated from a clinic sample (wound) and identified using the 32GN
allery of mini-API system, were used in this work.

For the ENPHOSODIS experimental runs, each strain (stored at
20 ◦C) were first inoculated in soy tripticasein agar (STA) (Bioxon,
éxico) and incubated at 37 ◦C overnight. Two colonies were then

noculated in trypticasein soy broth and incubated under constant
gitation (orbit shaker at 250 rpm) overnight. Suspensions were
repared using 300 mL of sterile de-ionized water in a glass flask
nd inoculated with the bacterial cells from a logarithmic phase
acterial culture. The initial concentration (C0) of bacteria ranged
rom 106 to 107 CFU mL−1. For every experimental run, two flasks
ere used, one for the ENPHOSODIS treatment and the other as

lank, to assess the effect on inactivation by solar disinfection. In
oth cases, magnetic stirring was used to mix the solution. No pH
djustment was carried out for the reaction mixture in any of the
dditional experiments described here. For the photo-Fenton reac-
ion, the same Fe(II)/H2O2 concentration determined as the most
ffective for helminth eggs inactivation was used. After prepara-
ion of the culture suspension, FeSO4·7H2O was added to reach the
esired Fe(II) concentration and the mixture stirred in the dark for
min. After this time, the required quantity of H2O2 was added
nd the flasks exposed to sunlight. No significant variation in the
H value of the mixture was observed.

In all tests, 100 �L samples were taken at 0, 15, 45, 75 and
05 min. Once taken, samples were diluted up to 108 times using
.85% sodium chloride solution at pH 7.0. Between dilution steps,
he bacterial suspensions were mixed using a vortex mixer to
nsure the homogeneity and 10 �L of every dilution were inoc-
lated in STA. Colonies were visually identified and counted
ollowing 24 h incubation at 37 ◦C in a microbiological incubator.
n all the experiments, solar radiation was measured as described
n Section 2.2. Experiments were carried out in triplicate.

.7. Influence of natural organic matter on disinfection rate

In order to test the effect of the presence of natural organic
atter (NOM) on the inactivation reaction rate, experiments using

ifferent NOM concentrations (2.5, 5 and 10 mg L−1) were carried
ut. To perform these experimental runs, Suwannee River Natural

rganic Matter (SR-NOM, obtained from IHSS) was used. A SR-NOM

tock solution was prepared in distilled water and the required
mount of the stock solution transferred to the reaction mixture
n the vials to obtain the desired NOM concentration. For exper-
ments using SR-NOM, this reagent was added before addition of
Qn (kJ/L)

Fig. 1. Solar inactivation of helminth eggs using mild ENPHOSODIS reagents
([Fe(II)] = 5 mmol L−1; [H2O2] = 140 mmol L−1).

Fenton reagents to the mixture and the inactivation experiments
were performed as previously described.

3. Results and discussion

3.1. Photo-assisted pathogen inactivation

Low helminth ova inactivation was obtained by the use of Fenton
reaction under solar radiation using mild reagents concentrations
(Fig. 1). For these conditions ([Fe(II)] = 5 mM, [H2O2] = 140 mM), 97%
inactivation (slightly over 1.5-log inactivation) after 120 kJ L−1 of
accumulated energy was achieved. The effects of solar radiation
alone (solar disinfection) and those of hydrogen peroxide and Fe(II)
alone did not result in marked disinfection.

Ova inactivation via solar disinfection process showed bet-
ter results than when Fe(II) was used without addition of any
other reagent to the photoreactor. This result could be due to
the ability of Fe(III), resulting from the oxidation of Fe(II) in
water and in the presence of oxygen, to absorb solar radiation
in the UV–vis region (about 300 and 550 nm) as proposed ear-
lier [40] which could compete with helminth eggs for photon
absorption in this wavelength range. A more pronounced effect
was shown by the use of solar radiation without addition of any
reagent (solar disinfection) where 58% inactivation was achieved
using 120 kJ L−1 of accumulated energy. SODIS has been widely
reported to inactivate a range of pathogens producing microbio-
logically safe drinking water, however, it is normally considered
ineffective against resistant microorganisms [14,19,41]. If solar
radiation is able to inactivate up to 50% kill of a resistant organ-
ism like the helminth ova, it is anticipated that, at this dose, solar
radiation will be capable of inactivation of less resistant microor-
ganisms. When hydrogen peroxide was used, ova inactivation
slightly improved (70% inactivation under approximately 130 kJ L−1

of accumulated energy), probably as a result of the photo-assisted
cleavage of the hydrogen peroxide by the solar radiation. While
this phenomenon was reported to occur at shorter wavelengths
(i.e., 254 nm), previous studies report that it can also occur even at
UVA wavelengths, ∼5% of the solar UV radiation available at ground
level [42].

It is worthy to note that, in experiments using Fe(II) alone,
increasing Fe(II) concentration in the reaction mixture did not show
significant improvements in the inactivation of helminth ova. On

the other hand, increase in hydrogen peroxide under solar radiation
shows a considerable improvement.

Results for the effect of high Fenton reagent concentrations
on pathogen inactivation are presented in Fig. 2. Under these
conditions ([Fe(II)] = 10 mM, [H2O2] = 280 mM, solar radiation) a
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10 mM, resulted in a significant increase in the reaction rate for
dye degradation as shown in Fig. 4. Significant dye concentration
depletion can be observed at the different Fe(II) concentrations

1

Qn (kJ/L)

ig. 2. Solar inactivation of helminth eggs using strong Fenton reagent conditions
[Fe(II)] = 10 mmol L−1; [H2O2] = 280 mmol L−1).

-log reduction in viable helminth ova was achieved using about
40 kJ L−1 of accumulated energy. By increasing H2O2 concentra-
ion from 140 to 280 mM, the helminth egg inactivation increased
rom 70 to 84%, when using about 140 kJ L−1 of accumulated energy.

Further increases in Fenton reagent concentrations are not
hown because further improvement in the disinfection process
as not observed. This is most probably due to the role of com-
etitive reactions between hydroxyl radicals and excess Fe(II) or
ydrogen peroxide taking place in the photo-Fenton process at
igh reagent concentrations exceeding certain determined levels
43,44].

For comparative purposes, results in Figs. 1 and 2 were fitted
sing a modification of the widely known Chick–Watson kinetics
45–47]. The modification made in the Chick–Watson expression
n this study was to replace the C × t factor (the product of disinfec-
ant concentration and reaction time) with the accumulated energy
dose). The use of Qn as an estimation of the radiation dose has been
roposed in the past [19,26] (shown in Eq. (1)). The first order reac-
ion kinetic model used for fitting the experimental results is shown
n Eq. (2):

n
(

N

N0

)
= −kQn (2)

here N0 is the ova concentration at t = 0, N is the ova concentration
t any process time, k is the inactivation rate constant (L kJ−1) and
n is the accumulated energy (kJ L−1). Data obtained applying Eq.

2) to experimental results are shown in Table 1.
From Table 1, although not all the kinetics follow a true 1st

rder model, results obtained using the model are useful to com-
are among the different conditions. The rate constant obtained
or the lower concentration of Fe(II) alone is higher than those
etermined for the highest Fe(II) concentration. The reaction rate

onstant increased from 2.7 × 10−3 to 3.4 × 10−3 min−1 when the
nitial hydrogen peroxide concentration was increased from 140
o 280 mmol L−1. Nevertheless, the most important improvement
bserved is when both, Fe(II) and H2O2 were used. For this process,

able 1
odified Chick–Watson kinetic values obtained for the different experimental con-

itions carried out for helminth ova inactivation.

Conditions k (/103 L kJ−1) R2

Fe(II) (5 mmol L−1) 2.5 0.81
Fe(II) (10 mmol L−1) 2.0 0.6
H2O2 (140 mmol L−1) 2.7 0.85
H2O2 (280 mmol L−1) 3.4 0.93
Fe(II)/H2O2 (5 and 140 mmol L−1) 5.9 0.82
Fe(II)/H2O2 (10 and 280 mmol L−1) 11.6 0.94
Qn (kJ/L)

Fig. 3. Effect of Fe(II) concentration on the solar photo-Fenton degradation of AO24
(5 mmol L−1 initial H2O2 concentration).

the rate constant doubled (from 5.9 × 10−3 to 11.9 × 10−3 min−1)
due to increasing reagent concentration.

3.2. Photo-assisted dye degradation

Fig. 3 shows the results of dye degradation using mild photo-
Fenton conditions under solar radiation for the range of Fe(II)
concentrations showed in Section 2.4 and low initial hydrogen per-
oxide concentration (5.0 mmol L−1). As shown, no color removal
was observed when the dye was subjected to solar radiation with-
out addition of any reagent (photolysis) after about 175 kJ L−1 of
accumulated energy. Similarly, no significant dye degradation was
observed by using hydrogen peroxide alone during 125 kJ L−1. As
observed in the disinfection process, a significant increase in dye
degradation rate occurred when Fenton reagent was used in com-
bination with solar radiation (photo-Fenton), as shown in Fig. 3.

For the lowest Fe(II) concentration tested (0.7 mmol L−1) using
an initial hydrogen peroxide concentration of 5 mmol L−1, com-
plete dye removal was reached following absorption of 155 kJ L−1.
Increasing the Fe(II) concentration to 1.0 and 1.5 mmol L−1, at
the same initial concentration of hydrogen peroxide, resulted in
increase in the reaction rate and complete dye degradation was
reached within about 70 kJ L−1. Further increases in accumulated
energy caused further reduction in dye concentration but at a much
slower rate, resulting in almost complete degradation of AO24 in

−1
0

0.2

0.4

0.6

0.8

200150100500

C
/C

0

Qn (kJ/L)

sun

H2O2 alone

[Fe(II)]=0.7mM

[Fe(II)]=1.0mM

[Fe(II)]=1.5 mM

Fig. 4. Effect of Fe (II) concentration on the solar photo-Fenton degradation of AO24
(10 mmol L−1 initial H2O2 concentration).
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ig. 5. Removal of AO24 color as a result of solar photo-Fenton degradation using
ifferent Qn values ([Fe(II)] = 0.7 mmol L−1; [H2O2] = 5 mmol L−1).

ested. In the case of the lowest Fe(II) concentration assessed
0.7 mmol L−1), about 90% dye degradation was reached within
5 kJ L−1 of accumulated energy whereas for Fe(II) concentration of
.0 and 1.5 mmol L−1, dye degradation as high as 95% was achieved
or a Qn of 50 kJ L−1.

.3. Inactivation of E. coli and P. aeruginosa

In our research, we are interested not only in the fast dye degra-
ation but also to determine the experimental conditions where
oth processes, water disinfection and dye degradation, match in
he energy dose required for achieving the desired results. From
ig. 2, it can be observed that the highest helminth egg inactiva-
ion (4-log inactivation) was achieved using over 140 kJ L−1 and a
2O2/Fe(II) molar ratio of 28. By using these conditions, no viable
. suum egg was observed during the viability tests. These results
uggest that, for the described experimental conditions, 140 kJ L−1

s a sufficient solar radiation dose to completely kill the helminth
ggs in the synthetic water samples used in this work.

Because field measurements of global solar radiation require
ppropriate instruments not readily available where SODIS is prac-
iced, a visual indicator which exhibits a color change equivalent
o the solar dose is required. To determine the effectiveness of
hoto-assisted degradation of dye AO24 as an indicator, a solu-
ion containing 200 mg L−1 of AO24, [Fe(II)] = 0.7 mM and initial
H2O2] = 5 mM was exposed to solar radiation. Under such experi-

ental conditions, dye degradation was achieved after absorption
f a radiation dose of 155 kJ L−1 (Fig. 3). Fig. 5 shows the UV–vis
bsorption spectrum of AO24 for a range of different Qn values (0,
0, 52, 89, 128 and 155 kJ L−1). From the figure, it can be observed
hat AO24 has an important absorption band at 430 nm which is

ainly associated with the characteristic orange color of the dye.
s the process proceeds and the energy dose is increased, the
bsorbance value decreases until complete disappearance (after
55 kJ L−1).

As suggested from Fig. 5, the time when the color in the vial
ontaining the AO24 disappears could be considered equivalent
o that when water subjected to ENPHOSODIS treatment, under
he proposed conditions, will receive enough energy to inactivate
-log of viable helminth ova. Complete color removal in the dosime-
er, which must be irradiated separately and simultaneously to the
ater sample, would be a simple process use thereby demonstrat-

ng when ENPHOSODIS is complete.

We have chosen helminth eggs as index pathogen because it

s well known that this kind of microorganism is highly resistant
o adverse conditions [28,48–51]. Nevertheless, other pathogenic

icroorganisms such as E. coli, P. aeruginosa, Candida albicans and
usarium solani, are expected to require lower energy doses to
Fig. 6. Inactivation of E. coli and P. aeruginosa using solar photo-Fenton
([Fe(II)] = 5 mmol L−1; [H2O2] = 140 mmol L−1).

become inactivated. Sichel et al. [19] reported that E. coli can be
inactivated up to 5-log after 13.2 kJ L−1 of UVA accumulated energy
when immobilized titanium dioxide is used as photocatalyst in a
CPC type photoreactor. The energy dose we have determined for
this work includes, as described in Section 2.2, the solar UV radia-
tion and also a portion of visible light. The common value for solar
UV radiation is in the range from 5 to 9% of global incoming of
solar spectrum at ground level [29]. Considering the lowest value,
5% of the total impinging radiation, the QUV value determined for
our Qn value is 22 kJ L−1. Based upon the above, this would be high
enough to ensure 99.999% inactivation of the microorganism and
still remain a conservative dosimetric index. Another study carried
out by Lonen et al. [41] reports up to inactivation of P. aeruginosa
was achieved with less than 500 J of UV radiation. Over 5-log inacti-
vation of C. albicans and F. solani was also achieved following receipt
of 1500 and 2000 J with immobilized titanium dioxide used as a
photocatalyst (lamp output 200 W/m2, 300–400 nm).

In order to evaluate the accuracy of helminth eggs as conserva-
tive microbiological index for ENPHOSODIS and test the proposed
solar radiation dose for the inactivation of pathogenic bacterial
strains, additional experiments were carried out using two com-
mon waterborne pathogens: E. coli and P. aeruginosa. Both are
widely recognized as human pathogens and involved in several
previous solar water disinfection studies [9,14,19,22].

Fig. 6 shows the behavior observed for SODIS and ENPHOSODIS
processes carried out using up to 107 CFU mL−1 as initial concen-
tration of E. coli and P. aeruginosa. In both cases, the effect of
solar radiation on the final bacteria count is significant: complete
pathogen inactivation was achieved by the use of solar radiation
without any additional reagent in about 80 kJ L−1, approximately
75% of the accumulated energy required for the ENPHOSODIS
inactivation of helminth ova described in Section 3.1. A slight differ-
ence is noticed when comparing data from the disinfection curves
obtained with the two additional microorganisms tested: E. coli
seems to be more sensitive than P. aeruginosa to solar radiation at
the beginning of the experimental run. Nevertheless, this difference
disappears as the radiation dose reached a value close to 60 kJ L−1

and the final inactivation achieved is almost the same for the two
microorganisms.

The application of ENPHOSODIS showed a significant improve-
ment on the bacteria inactivation. We were not able to determine

any viable bacteria after the first 10 kJ L−1 of accumulated energy.
These results were obtained without pH adjustment of the samples.
The pH value of the treated water was about 6 and, under these pH
conditions, only a fraction of Fe(II) will be dissolved and able to
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arry out the photo-Fenton reaction as proposed by Orozco et al.
40]. Despite these unfavorable reaction conditions, it is worthy to
ote that both bacterial strains were completely inactivated using

ess than 10 kJ L−1, about one order of magnitude less than the value
etermined for helminth ova and no evidence of microorganisms
dsorbed on precipitated Fe was obtained. Presence of NOM in the
ater samples did not produce different results when compared
ith those previously described at NOM concentration in water,
p to 25 mg L−1. For the experiments including SR-NOM (data not
hown) no change in the rate constant was observed in experi-
ents without NOM, and with 2.5 and 5 mg L−1 of NOM. However,
hen NOM concentrations were increased to 10 mg L−1, microor-

anism inactivation was decreased by up to 50%. These results may
ead one to consider application of the proposed technology even
n raw water containing low levels of NOM [46].

In the light of these findings, we believe that it is reason-
ble to suggest that using the experimental conditions described,
or the helminth egg inactivation, other less resistant waterborne
athogens should be inactivated following ∼120 min exposure to
verage solar radiation levels. The radiation dose proposed is high
nough to ensure complete inactivation of E. coli. Using the dosi-
etric indicator proposed in this work, the end point for the

isinfection process can easily be determined, even under field con-
itions or in isolated rural areas where there is lack of radiation
easurement equipment. This approach may also serve as an easy
ay to train local individuals assuring good microbiological quality
rinking water.

. Conclusions

The results demonstrate that enhanced photo-assisted solar
isinfection processes can achieve complete inactivation of
ighly resistant waterborne pathogens. Helminth eggs inactivation
ccurred using the photo-Fenton process at low reagent concen-
rations of Fe(II) from 5 to 10 mmol L−1 and H2O2 from 140 to
80 mmol L−1.

Practical application of AO24 dye solution as a dosimetric
ndicator appears to be as very useful to determine the time nec-
ssary for to acquire the necessary solar dose required to assure
athogen inactivation. A solar radiation dose of 155 kJ L−1 was
equired for complete dye degradation ([AO24] = 200 mg L−1), with
he dosimetric indicator changing from red to colorless. This is
ery comparable with that necessary for complete helminth ova
nactivation (140 kJ L−1).

The use of the proposed methodology for solar radiation dose
easurement could be a low-cost way to assess and measure solar
ater disinfection processes carried out in isolated rural zones in
eveloping countries where solar radiation measurements are not
eadily available, or weather conditions can be very variable (i.e.,
uring rainy season).

Further research is necessary to test the effect of parameters,
uch ionic strength, alkalinity, and turbidity, on the overall disin-
ection process to determine if the proposed dosimetric indicator
s applicable under these conditions.
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ado, Review of feasible solar energy applications to water processes, Renew.
Sustain. Energ. Rev. 13 (6–7) (2009) 1437–1445.
ing the adoption of a solar disinfection technology for drinking water in Bolivia,
Soc. Sci. Med. 67 (4) (2008) 497–504.

56] E.R. Bandala, C.A. Arancibia, S.L. Orozco, C.A. Estrada, Solar photoreactors com-
parison based on oxalic acid photocatalytic degradation, Solar Energ. 77 (5)
(2004) 503–512.


	Application of azo dyes as dosimetric indicators for enhanced photocatalytic solar disinfection (ENPHOSODIS)
	Introduction
	Methodology
	Reagents
	Photoreactor
	Culture preparation
	Photo-assisted pathogen inactivation
	Design of visual dosimeter
	Inactivation of E. coli and P. aeruginosa
	Influence of natural organic matter on disinfection rate

	Results and discussion
	Photo-assisted pathogen inactivation
	Photo-assisted dye degradation
	Inactivation of E. coli and P. aeruginosa

	Conclusions
	Acknowledgements
	References


