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ABSTRACT

This study aims at comparing the inactivation of Bacillus
subtilis spores by various combinations of UV treatment and
hydrogen peroxide (H2O2) addition. The combinations
included sequential (UV–H2O2, H2O2–UV) and simultaneous
(UV/H2O2) processes. Results showed that B. subtilis spores
achieved a certain inactivation effect through UV treatment.
However, hardly any inactivation effect by H2O2 alone was
observed. H2O2 had a significant synergetic effect when com-
bined with UV treatment, while high irradiance and H2O2

concentration both favored the reaction. When treated with
0.60 mM H2O2 and 113.0 lW/cm2 UV irradiance for 6 min,
the simultaneous UV/H2O2 treatment showed significantly
improved disinfection effect (4.13 log) compared to that of
UV–H2O2 (3.03 log) and H2O2–UV (2.88 log). The relation-
ship between the inactivation effect and the exposure time
followed a typical pseudo-first-order kinetics model. The
pseudo-first-order rate constants were 0.478, 0.447 and
0.634 min�1, for the UV-H2O2, H2O2–UV and UV/H2O2 pro-
cesses, respectively, further confirming the optimal disinfec-
tion effect of the UV/H2O2 process. The disinfection could be
ascribed to the OH radicals, as verified by the level of para-
chlorobenzoic acid (pCBA).

INTRODUCTION
Ultraviolet (UV) treatment has been regarded as an alternative
method to chlorine treatment, owing to its high effectiveness to a
wide variety of waterborne microorganisms (1,2). This process
leads to the inactivation of the microorganism by hindering the
replication and multiplication of the cell or virus (3,4). Dai et al.
(5,6) utilized UVC irradiation to prevent the Candida albicans
infection and the central venous catheter-related infection. How-
ever, there are still some microorganisms that are resistant to
conventional UV treatment. Therefore, high UV doses are
required to achieve a certain inactivation credit (7). Ko et al. (8)
reported that the adenovirus serotype 41 showed high UV resis-
tance, in that a UV dose of ~222 mJ cm�2 was required for a
4-log reduction. In addition, as a physical process, UV treatment
lacks the capability of continuous disinfection (9). As a result, it is
important to develop innovative ways of optimizing UV treatment
technology against microorganisms.

Recently, researchers have paid more attention to advanced
oxidation processes (AOPs), for their capabilities to generate
highly reactive hydroxyl radicals (�OH) (10). Among these
AOPs, UV/H2O2 process has been widely studied due to its high
oxidability to the nondegradable contaminants, such as disinfec-
tion by-products (DBPs) (11), natural organic matter (NOM)
(12), herbicides (13) and pharmaceuticals (14) in drinking water
and wastewater. UV/H2O2 has also been utilized as a suitable
method to prevent biofilm formation in natural waters (15). Nev-
ertheless, the effectiveness of this process in microorganism inac-
tivation is still under debate. Mamane et al. (16) reported that
UV/H2O2 did not exhibit any inactivation effect to Bacillus sub-
tilis spores. However, Bounty et al. (17) believed that the UV/
H2O2 process was much more efficient than UV alone, as the
addition of 10 mg L�1 H2O2 reduced the required UV dose from
200 to 120 mJ cm�2 for a 4 log reduction of adenovirus. Teksoy
et al. (18) demonstrated that UV/H2O2 was significantly effective
in inactivating Escherichia coli and Pseudomonas aeruginosa;
however, it exhibited low efficiency in B. subtilis spore inactiva-
tion. The differences may be concerned with various types of
microorganisms, various kinds of UV sources, diverse UV doses
and dissimilar microorganism initial concentrations (19).

As a kind of Gram-positive bacterium (20), B. subtilis spores
can survive under extreme unfavorable environments (21). Com-
pared with its vegetative cells, B. subtilis spores were reported
5–10 times more resistant to UV treatment (22). This study
aimed at comparing the effectiveness of UV and H2O2, used
individually and with various combinations. Meanwhile, the con-
tribution of the OH radical, as well as the relationship between
the inactivation effect and the concentration–time product (CT)
values was investigated.

MATERIALS AND METHODS

Experimental apparatus. The apparatus used in the experiments was a
collimated beam apparatus containing a 40 W low-pressure (LP) mercury
lamp (Philips, The Netherlands), as illustrated in Fig. 1. The monochro-
matic UV radiation emitting by this lamp was directed to the surface of
the test samples. By virtue of a UV-M radiometer (Beijing Normal Uni-
versity Experiment Co., China), the average irradiance at the solution sur-
face was examined (1). In addition, as UV irradiance depends on several
parameters such as solution volume and solution absorbance, these fac-
tors were taken into account following the separate Excel spreadsheets,
which is available at www.iuva.org. The irradiance at the solution surface
in this study was 113.0, 56.5 and 28.3 lW cm�2, respectively.

Materials. Reagent grade para-chlorobenzoic acid (pCBA) was sup-
plied by Sigma Company (Germany), and all the other reagents were*Corresponding author email: zhangyongji@tongji.edu.cn (Y. Zhang)
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provided by Sinopharm Chemical Reagent Company Limited (China).
Distilled water for analytical use was from Direct-Q3 (MilliPore, USA).

B. subtilis spores culture and enumeration. Pure cultured B. subtilis
spores (ATCC 9372), provided by China General Microbiological
Culture Collection Center, were rehydrated aseptically with Nutrient
Broth (peptone 10 g L�1, sodium chloride 5 g L�1 and beef extract
3 g L�1). Broth cultures were incubated in a shaker at 37°C for 24 h
and then in sporulation medium (yeast extract 0.7 g L�1, glucose
1 g L�1, peptone 1 g L�1, magnesium sulfate heptahydrate 0.2 g L�1

and vitriolic 0.2 g L�1) at 37°C for 48 h. Almost 90% of the vegetative
cells with spores were centrifuged (2700 g, 10 min) and redissolved in
physiological salt solution. Then the bacterial suspension received heat
shocked (80°C, 10 min) to kill the remaining vegetative cells. Cell den-
sities of 106–107 colony-forming units per milliliter (CFU mL�1) were
harvested.

After disinfection, the spores were serially diluted depending on the
order of magnitudes. Then 0.1 mL of the suspension was injected onto
nutrient agar medium, and incubated with nutrient agar medium (37°C,
24 h) to enumerate the spores, using a pour plate method (23). Each
experiment was carried out in triplicate and all experimental steps were
carried out in an aseptic manipulation room, to prevent B. subtilis spores
from being exposed to air.

Different combination modes of UV and H2O2. Petri dishes (90 mm
diameter) with 40 mL samples were exposed to the UV in the collimated
beam apparatus and stirred gently by a magnetic stirring apparatus. H2O2

(30%) was diluted and added to the samples to achieve final concentra-
tions of 0.15 and 0.60 mM. The concentration was decided referring to
some published article (16,17,24), which used UV/H2O2 process to inac-
tivate microorganism. As soon as the time was finished, 1 mL sodium
thiosulfate solution of 1 g L�1 was added into samples to quench the
remaining H2O2 and cease further oxidation process.

The combination process was performed based on UV disinfection,
with the addition of H2O2, including sequential disinfection UV–H2O2

(UV followed by H2O2), H2O2–UV (H2O2 followed by UV) and
simultaneous treatment UV/H2O2. In the UV–H2O2 process, petri
dishes containing spores were initially exposed to UV irradiation.
When the designed exposure time (1 up to 10 min) was finished, the
petri dishes were kept in dark place and injected with H2O2. The
H2O2 contact time was equated to the corresponding UV exposure
time. The H2O2–UV process was carried out by revising the order of
disinfectant, namely, H2O2 as the pretreatment and UV irradiation as
the secondary disinfectant. The UV exposure time was equivalent to
corresponding H2O2 contact time (1 up to 10 min) as well. In the UV/
H2O2 process, H2O2 was injected with simultaneous UV irradiation
into the petri dish containing the spores. The designed reaction time
was 1 up to 10 min.

Determination of the OH radical concentration. pCBA has been used
as an OH radical probe, as it can react rapidly with OH radicals (25),
and slowly with H2O2 (16,17). The chemical equation was shown as
Eq. (1)

By means of determining the pCBA degradation rate (26,27), the OH
radical steady-state concentration ([OH]ss, M) was determined indirectly
according to Eq. (2) (25):

�d½pCBA�=dt ¼ kOH;pCBA½pCBA�½OH�ss ð2Þ

where kOH,pCBA(=5 9 109 M
�1 s�1) refers to the rate constant of pCBA

with OH radical.
Rearranging and integrating Eq. (2) (17), the expression becomes

½OH�ss ¼ kexp=kOH;pCBA ð3Þ

where kexp (s�1) refers to the decay rate slope of pCBA, namely,
dln ([pCBA]0/[pCBA])/dt.

Analytical methods. The concentration of pCBA was detected via an
ultrahigh-performance liquid chromatography system (ACQUITY UPLC
H-Class) equipped with a UV detector at 240 nm and a C-18 (1.7 lm,
100 mm 9 2.1 mm,) reversed-phase column (ACQUITY UPLC BEH),
with an injection volume of 2 mL and an initial concentration of
1 mg L�1 (28). A solvent mixture of acetonitrile and ultrapure water
(70:30) was applied as the mobile phase at the flow rate of
0.5 mL min�1. The initial concentration of H2O2 was detected by the
iodide method (29).

Data presentation. The level of disinfection is usually analyzed by
the inactivation effect vs. the exposure time (7). Both the shoulder and
the tail region were not observed due to the chosen time internal in this
study. Therefore, a linear relationship between the effect and the time is
based on the first-order model, described as follows:

log10ðN0=NÞ ¼ kt ð4Þ

where, N0 and N are microbial concentrations (CFU mL�1) before and
after disinfection. k, the slope of the line, is the pseudo-first-order rate
constant (min�1).

RESULTS AND DISCUSSION

Effect of UV treatment alone

Figure 2 shows the response curve on B. subtilis spores inactiva-
tion by UV treatment alone. As illustrated, the inactivation effect
of B. subtilis spores increased with the increasing irradiance.
About 3.85 log was achieved at irradiance of 113.0 lW cm�2

after 10 min. Meanwhile, the inactivation effect resulted in a
1.28-log reduction with UV irradiance decreasing to
28.3 lW cm�2, indicating that high irradiance was imperative in
UV disinfection process.

Figure 1. Schematic diagram of collimated beam apparatus.

Figure 2. Effect of UV irradiance on B. subtilis spores inactivation by
UV treatment alone. Error bars represent the standard deviations. UV
irradiances were 113.0, 56.5 and 28.3 lW cm�2.
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The effect of UV irradiance has been reported in microcystin-
LR removal (30), DNA photorepair of E. coli (31) and dimethyl
phthalate (DMP) degradation (32) by UV/H2O2. Benabbou et al.
(33) reported that the inactivation effect decreased with the irra-
diance in E. coli inactivation by UV treatment and UV/TiO2. Wu
et al. (34) found the same tendency in Dunaliella salina inacti-
vation using UV/Ag-TiO2/O3 process. This phenomenon may be
explained by the increasing amount of radiation photon, which
was brought about by higher UV irradiance. Accordingly, it
resulted in less possibility to repair the injured enzymes for
bacteria (35,36).

Effect of H2O2 alone in the dark

The effect of H2O2 alone in the dark on B. subtilis spores inacti-
vation was investigated at final concentration of 0.60 mM for 1
up to 20 min. The results showed that almost no inactivation
effect was observed during the process (Table 1). Similarly, this
result was confirmed by several other studies. Mamane et al.
(16) showed that H2O2 dose of 25 mg L�1 at a contact time of
60 min did not exhibit any inactivation effect on E. coli, B. sub-
tilis spores and MS-2, T4 and T7 phage. Meanwhile, none of
total coliforms, fecal coliforms or E. coli performed any inactiva-
tion effect when exposed to H2O2 for 30 min at a concentration
of 20 mg L�1, as described by Bianchini et al. (24).

Effect of different combination modes of UV and H2O2

The effects of UV–H2O2 H2O2–UV and UV/H2O2 were investi-
gated and compared, at UV irradiance of 113.0 lW cm�2. As
illustrated in Fig. 3a, the inactivation effect of B. subtilis spores
achieved a certain augment through UV–H2O2 than UV treat-
ment alone. For instance, the inactivation effect after 10 min at
0.15 and 0.60 mM H2O2 was 4.22 and 4.40 log, namely, 0.37
and 0.55 log higher than UV treatment alone. However, only a
slight increase in inactivation effect was observed by H2O2–UV
(Fig. 3b). The inactivation effect after 10 min at 0.15 and
0.60 mM H2O2 was 4.07 and 4.18 log, namely, only 0.22 and
0.33 log higher than UV treatment alone. According to Fig. 3c,
the inactivation effect increased statistically significant by UV/
H2O2 simultaneous disinfection. Take contact time of 10 min for
instance, the inactivation effect with 0.15 and 0.60 mM H2O2

increased remarkably to 4.92 and 5.85 log, namely, 1.07 and
2.0 log higher than UV treatment alone. All the three processes
followed the tendency that higher inactivation effect was
received at higher H2O2 concentration.

On the basis of Fig. 3a–c, the profiles of the experimental
data were all fitted to pseudo-first-order kinetics model. To make
a striking comparison, the pseudo-first-order rate constants (k) as
well as the correlation coefficient (r2) of each combination
modes were exhibited, at UV irradiance of 113.0 lW cm�2

(Table 2). As presented, rate constants varied at different combi-
nation modes. For example, at 0.60 mM H2O2, the rate constants
were 0.476, 0.445 and 0.631 min�1, for UV–H2O2, H2O2–UV
and UV/H2O2 process, respectively. Clearly, the rate constants
followed the order: UV/H2O2 > UV–H2O2 > H2O2–UV > UV.

In addition, the rate constant k increased with the increasing
H2O2 concentration. Take UV/H2O2 process, for example, with
H2O2 concentration increased from 0.15 to 0.60 mM, k jumped
accordingly from 0.522 to 0.631 min�1. The limited inactivation
efficiency was attributed to low H2O2 concentration produced
inadequate OH radicals in the reactions.

Table 1. Effect of contact time on B. subtilis spores inactivation by H2O2 treatment alone. H2O2 concentration was 0.60 mM.

Contact time (min) 1 2 4 6 8 10 15 20
Inactivation effect (log) 0.014 0.037 0.128 �0.027 0.089 0.085 0.175 0.067

Figure 3. Effect on B. subtilis spores inactivation by: (a) UV–H2O2, (b)
H2O2–UV and (c) UV/H2O2. UV irradiance was 113.0 lW cm�2. H2O2

concentrations were 0.15 and 0.60 mM. Error bars represent the standard
deviations.
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The reasons for the increase effect of different combination
modes can be explained as follows.

For H2O2–UV process, despite a limited inactivation effect,
H2O2 was able to remove protein from spore coats and cause
damages of cell structure. Khadre and Yousef (37) found that
H2O2 resulted in extraction of spore coat material and finally dis-
rupted the spore coats. Zdolsek et al. (38) also indicated that
H2O2 led to an evident and rapid reduce in cell viability and des-
tructed the lysosomal integrity. The injured bacteria became vul-
nerable when treated with UV irradiation afterward (39). The
difference between H2O2–UV and UV was not significant, indi-
cating that applying H2O2 as a pretreatment did not apparently
favor the secondary treatment.

For UV–H2O2 process, there are several different possibilities
accounting for the mechanism. To begin with, UV treatment was
able to destroy the cell membrane, which was the outmost layer
and firstly exposed to UV irradiation, as confirmed by Liu et al.
(40) and Wu et al. (41). In addition, UV irradiation may damage
the DNA in spores by generating a lethal spore photoproduct,
methylene-bridged thymine dimer (5-thyminyl-5,6-dihydrothy-
mine) (42). Wang et al. (19) proposed that the spore photoprod-
uct resulted in the inactivation of the spores under UV irradiation.
Moreover, the catalase activity was likely to be considerably less-
ened under UV irradiation (43,44), giving rise to difficulties in
protecting the spores from H2O2 damage (45). Thus, when treated
with H2O2 afterward, it was convenient for H2O2 to transfer
through the spore coat and to make massive destruction in the
inner spore (46). In conclusion, the inactivation effect of UV–
H2O2 exhibited a slight improvement compared to H2O2–UV,
indicating that UV irradiation as the pretreatment made more con-
tribution than H2O2 did. Since it was still uncertain that which
factor played the vital role, further work in this area should be
carried out to figure out a more convincing mechanism.

As to UV/H2O2 process, UV primarily reacts with H2O2 to
create OH radical rather than inactivating spores directly
(Eq. (5)) (47). The high efficiency of UV/H2O2 relied heavily on
the OH radical generating in the reaction (16). As the standard
reduction potential of OH radical (2.70 V) is higher than H2O2

(1.77 V), it is easier for OH radicals to oxidize and damage the
spore outer coat. Therefore, the OH radicals were able to slowly
eat away the spore protective wall and reach the protoplast and
membrane, leading to the lethality of spore ultimately (48):

H2O2 !hm 2 � OH ð5Þ

It has been reported that OH radical generation plays a signifi-
cant role as an antimicrobial technique. Cross et al. (49) developed

an aqueous modified Fenton reagent treatment to kill Baccilus
globigii spores. With the help of catalyst, aqueous dissolved oxy-
gen was utilized to convert into OH radicals and then perform the
killing action. This approach was operative in biological systems,
as no additional strong oxidizer such as H2O2 was needed.
Zacar�õas et al. (48) found that UV/TiO2 was much better than
UV irradiation alone in B. subtilis spores inactivation because of
the OH radical generating by photocatalysis. Jung et al. (50)
investigated the synergistic effect of UV/O3 to inactivate
B. subtilis spores.

In conclusion, UV–H2O2 exhibited higher efficacy than did
H2O2–UV, whereas simultaneous UV/H2O2 exhibited the optimal
inactivation effect on B. subtilis spores inactivation.

The role of OH radical

The pCBA concentrations were measured to indirectly determine
the concentrations of OH radical during UV/H2O2 process, at
UV irradiance of 113.0 lW cm�2 (51). Figure 4 depicts the
kinetic data for the photolytic oxidation of pCBA. The degrada-
tion of pCBA abided to pseudo-first-order, whereas kexp at H2O2

concentration of 0.15 and 0.60 mM was equal to 0.0081 and
0.0294 min�1, respectively. According to Eq. (3), the steady-
state OH radical concentrations ([OH]ss) were 2.7 9 10�14 and
9.8 9 10�14 mM at H2O2 concentration of 0.15 and 0.60 mM.

Figure 5 presents the relationship between the inactivation
effect of B. subtilis spores due to OH radical exposure and con-
tact time of OH radical in the UV/H2O2 system. The log inacti-
vation here was computed as the gap between the inactivation of
UV/H2O2 and UV treatment alone at H2O2 concentration of 0.15
and 0.60 mM. The inactivation effect at 0.15 mM H2O2 showed a
second-order polynomial relationship with exposure time:
y = �0.0122x2 + 0.2369x � 0.0697 (r2 = 0.981), while that of
0.60 mM H2O2 followed: y = �0.0224x2 + 0.4268x � 0.0518
(r2 = 0.986).

Conducted from the data, the CT of OH radical for 1 log
B. subtilis spores inactivation was approximately calculated to be
2 9 10�13 mM�min, which indicated that the OH radical played
a significant role in the disinfection (52). There is no doubt that
the OH radical was much more effective than other chemical dis-
infectants, such as monochloramine (290 mM�min) (53), O3

(0.13 mM�min) (53), chlorine (1.1 mM�min) (54), chlorine dioxide

Table 2. Fitting parameters of pseudo-first-order kinetics model on B.
subtilis spores inactivation under different combination modes of UV and
H2O2. UV irradiance was 113.0 lW/cm2.

Process [H2O2] (mM) Fitted equation r2

UV 0 y = 0.394x 0.990
UV–H2O2 0.15 y = 0.441x 0.974
H2O2–UV 0.15 y = 0.426x 0.975
UV/H2O2 0.15 y = 0.522x 0.981
UV–H2O2 0.60 y = 0.476x 0.948
H2O2–UV 0.60 y = 0.445x 0.966
UV/H2O2 0.60 y = 0.631x 0.969

0 2 4 6 8 10 120.00

0.05

0.10

0.15

0.20

0.25

0.30

0.15 mM
0.60 mM

y = 0.0081x - 0.0012

y = 0.0294x + 0.0006
r2 = 0.999

r2 = 0.998

time (min)

ln
 [p

C
B

A
] 0/ 

[p
C

B
A

]

Figure 4. Pseudo-first-order rate plots of kinetic data for the photolytic
oxidation of pCBA. Initial concentration of pCBA was 1 mg L�1.
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(4.4 mM�min) (54), Fe(VI) (0.54 mM�min) (55), for B. subtilis
spores inactivation (Table 3).

CONCLUSIONS
B. subtilis spores could be inactivated under UV irradiation and
the inactivation effect performed better at higher irradiance.
Meanwhile, the efficiency could be significantly improved upon
adding H2O2, owing to its synergetic effect with UV treatment.
Higher dose of H2O2 further favored the inactivation effect. Both
the pseudo-first-order rate constants rates and the inactivation
effect indicated that UV–H2O2 exhibited higher efficacy than did
H2O2–UV, whereas simultaneous UV/H2O2 exhibited the optimal
inactivation effect on B. subtilis spores inactivation. The highly
reactive OH radical played a significant role in UV/H2O2 disin-
fection. The CT of OH radical for 1 log B. subtilis spores inacti-
vation was approximately calculated to be 2 9 10�13 mM�min,
which was much more effective than other chemical disinfectants.

Acknowledgements—This work was supported by the National Natural
Science Foundation of China (Grant 51178323, 51108329), China
Postdoctoral Science Foundation funded project (grant 2012T50413) and
the Fundamental Research Funds for the Central Universities (grant
0400219205).

REFERENCES

1. Bolton, J. R. and K. G. Linden (2003) Standardization of methods
for fluence (UV dose) determination in bench-scale UV experiments.
J. Environ. Eng. 129, 209–215.

2. Nuanualsuwan, S., T. Mariam, S. Himathongkham and D. O. Cliver
(2002) Ultraviolet inactivation of feline calicivirus, human enteric
viruses and coliphages. Photochem. Photobiol. 76, 406–410.

3. Chen, R. Z., S. A. Craik and J. R. Bolton (2009) Comparison of the
action spectra and relative DNA absorbance spectra of microorgan-
isms: Information important for the determination of germicidal flu-
ence (UV dose) in an ultraviolet disinfection of water. Water Res.
43, 5087–5096.

4. S€uß, J., S. Volz, U. Obst and T. Schwartz (2009) Application of a
molecular biology concept for the detection of DNA damage and
repair during UV disinfection. Water Res. 43, 3705–3716.

5. Dai, T., G. B. Kharkwal, J. Zhao, T. G. St Denis, Q. Wu, Y. Xia, L.
Huang, S. K. Sharma, C. d’Enfert and M. R. Hamblin (2011) Ultra-
violet-C light for treatment of Candida albicans burn infection in
mice. Photochem. Photobiol. 87, 342–349.

6. Dai, T., G. P. Tegos, T. G. St Denis, D. Anderson, E. Sinofsky and
M. R. Hamblin (2011) Ultraviolet-C irradiation for prevention of
central venous catheter-related infections: An in vitro study. Photo-
chem. Photobiol. 87, 250–255.

7. Hijnen, W. A. M., E. F. Beerendonk and G. J. Medema (2006) Inac-
tivation credit of UV radiation for viruses, bacteria and protozoan
(oo)cysts in water: A review. Water Res. 40, 3–22.

8. Ko, G., T. L. Cromeans and M. D. Sobsey (2005) UV inactivation
of adenovirus type 41 measured by cell culture mRNA RT-PCR.
Water Res. 39, 3643–3649.

9. Koivunen, J. and H. Heinonen-Tanski (2005) Inactivation of enteric
microorganisms with chemical disinfectants, UV irradiation and com-
bined chemical/UV treatments. Water Res. 39, 1519–1526.

10. Wu, C. and K. G. Linden (2008) Degradation and byproduct forma-
tion of parathion in aqueous solutions by UV and UV/H2O2 treat-
ment. Water Res. 42, 4780–4790.

11. Zhou, C., N. Gao, Y. Deng, W. Chu, W. Rong and S. Zhou (2012)
Factors affecting ultraviolet irradiation/hydrogen peroxide (UV/
H2O2) degradation of mixed N-nitrosamines in water. J. Hazard.
Mater. 231–232, 43–48.

12. Sarathy, S. and M. Mohseni (2010) Effects of UV/H2O2 advanced
oxidation on chemical characteristics and chlorine reactivity of sur-
face water natural organic matter. Water Res. 44, 4087–4096.

13. Chu, W. (2001) Modeling the quantum yields of herbicide 2,4-D
decay in UV/H2O2 process. Chemosphere 44, 935–941.

14. Rosario-Ortiz, F. L., E. C. Wert and S. A. Snyder (2010) Evaluation
of UV/H2O2 treatment for the oxidation of pharmaceuticals in waste-
water. Water Res. 44, 1440–1448.

15. Lakretz, A., E. Z. Ron, T. Harif and H. Mamane (2011) Biofilm con-
trol in water by advanced oxidation process (AOP) pre-treatment:
Effect of natural organic matter (NOM). Water Sci. Technol. 64,
1876–1884.

16. Mamane, H., H. Shemer and K. G. Linden (2007) Inactivation of
E. coli, B. subtilis spores, and MS2, T4, and T7 phage using UV/
H2O2 advanced oxidation. J. Hazard. Mater. 146, 479–486.

17. Bounty, S., R. A. Rodriguez and K. G. Linden (2012) Inactivation
of adenovirus using low-dose UV/H2O2 advanced oxidation. Water
Res. 46, 6273–6278.

18. Teksoy, A., U. Alkan, S. C. Eleren, B. S�. Topac, F. O. T. S�agban
and H. S. Baskaya (2011) Comparison of indicator bacteria inactiva-
tion by the ultraviolet and the ultraviolet/hydrogen peroxide disinfec-
tion processes in humic waters. J. Water Health 9, 659–669.

19. Wang, D., T. Oppenlander, M. G. El-Din and J. R. Bolton (2010)
Comparison of the disinfection effects of vacuum-UV (VUV) and
UV light on Bacillus subtilis spores in aqueous suspensions at 172,
222 and 254 nm. Photochem. Photobiol. 86, 176–181.

20. Driedger, A., E. Staub, U. Pinkernell, B. Mari~nas, W. K€oster and
U. V. Gunten (2001) Inactivation of Bacillus subtilis spores and
formation of bromate during ozonation. Water Res. 35, 2950–2960.

21. Serrano, M., R. Zilh~ao, E. Ricca, A. J. Ozin, C. P. Moran and A.
O. Henriques (1999) A Bacillus subtilis secreted protein with a
role in endospore coat assembly and function. J. Bacteriol. 181,
3632–3643.

22. Coohill, T. P. and J. L. Sagripanti (2008) Overview of the inactiva-
tion by 254 nm ultraviolet radiation of bacteria with particular rele-
vance to biodefense. Photochem. Photobiol. 84, 1084–1090.

23. Liu, W. and Y. Zhang (2006) Effects of UV intensity and water
turbidity on microbial indicator inactivation. J. Environ. Sci. 18,
650–653.

Table 3. Concentration–time (CT) values of various chemical disinfec-
tants correspond to 1 � log inactivation of B. subtilis spores.

Chemical disinfectants CT values (mM�min) Reference

Monochloramine 290 Larson and Mari~nas (53)
Chlorine dioxide 4.4 Barbeau et al. (54)
Chlorine 1.1 Barbeau et al. (54)
Fe(VI) 0.54 Makky et al. (55)
O3 0.13 Larson and Mari~nas (53)
�OH 2 9 10�13 –

0 2 4 6 8 10 12 140.0

0.5

1.0

1.5

2.0

2.5
2.7 × 10 -14 mM
9.8 × 10 -14 mM

y=-0.0224x2+0.4268x-0.0518
r2 = 0.986

y=-0.0122x2+0.2369x-0.0697
r2 = 0.981

time (min)

lo
g 

(N
0/N

)

Figure 5. Relationship between the inactivation effect of B. subtilis
spores due to �OH exposure and contact time of �OH. [OH]ss was
2.7 9 10�14 and 9.8 9 10�14 mM.

Photochemistry and Photobiology, 2014, 90 613



24. Bianchini, R., L. Calucci, C. Lubello and C. Pinzino (2002) Interme-
diate free radicals in the oxidation of wastewaters. Res. Chem. Inter-
mediat. 28, 247–256.

25. Elovitz, M. S. and U. Von Gunten (1999) Hydroxyl radical/ozone
ratios during ozonation processes. I. The R(ct) concept. Ozone Sci.
Eng. 21, 239–260.

26. Vanderford, B. J., F. L. Rosario-Ortiz and S. A. Snyder (2007)
Analysis of p-chlorobenzoic acid in water by liquid chromatogra-
phy–tandem mass spectrometry. J. Chromatogr. A 1164, 219–223.

27. Jin, J., M. G. El-Din and J. R. Bolton (2011) Assessment of the UV/
Chlorine process as an advanced oxidation process. Water Res. 45,
1890–1896.

28. Rosenfeldt, E. J., K. G. Linden, S. Canonica and U. von Gunten
(2006) Comparison of the efficiency of �OH radical formation during
ozonation and the advanced oxidation processes O3/H2O2 and UV/
H2O2. Water Res. 40, 3695–3704.

29. Klassen, N. V., D. Marchington and H. C. McGowan (1994) H2O2

determination by the I3
� method and by KMnO4 titration. Anal.

Chem. 66, 2921–2925.
30. He, X., M. Pelaez, J. A. Westrick, K. E. O’Shea, A. Hiskia, T. Tri-

antis, T. Kaloudis, M. I. Stefan, A. A. de la Cruz and D. D. Diony-
siou (2012) Efficient removal of microcystin-LR by UV-C/H2O2 in
synthetic and natural water samples. Water Res. 46, 1501–1510.

31. Bohrerova, Z. and K. G. Linden (2007) Standardizing photoreactiva-
tion: Comparison of DNA photorepair rate in Escherichia coli using
four different fluorescent lamps. Water Res. 41, 2832–2838.

32. Xu, B., N. Gao, H. Cheng, S. Xia, M. Rui and D. Zhao (2009) Oxi-
dative degradation of dimethyl phthalate (DMP) by UV/H2O2 pro-
cess. J. Hazard. Mater. 162, 954.

33. Benabbou, A., Z. Derriche, C. Felix, P. Lejeune and C. Guillard
(2007) Photocatalytic inactivation of Escherischia coli: Effect of con-
centration of TiO2 and microorganism, nature, and intensity of UV
irradiation. Appl. Catal. B 76, 257–263.

34. Wu, D., H. You, J. Du, C. Chen and D. Jin (2011) Effects of UV/
Ag-TiO2/O3 advanced oxidation on unicellular green alga Dunaliella
salina: Implications for removal of invasive species from ballast
water. J. Environ. Sci. 23, 513–519.

35. Xu, B., N.-Y. Gao, X.-F. Sun, S.-J. Xia, M. Rui, M.-O. Simon-
not, C. Causserand and J.-F. Zhao (2007) Photochemical degrada-
tion of diethyl phthalate with UV/H2O2. J. Hazard. Mater. 139,
132–139.

36. Sontakke, S., C. Mohan, J. Modak and G. Madras (2012) Visible
light photocatalytic inactivation of Escherichia coli with combustion
synthesized TiO2. Chem. Eng. J. 189–190, 101–107.

37. Khadre, M. and A. Yousef (2001) Sporicidal action of ozone and
hydrogen peroxide: A comparative study. Int. J. Food Microbiol. 71,
131–138.

38. Zdolsek, J., H. Zhang, K. Roberg, U. Brunk and H. Sies (1993)
H2O2-mediated damage to lysosomal membranes of J-774 cells. Free
Radical Res. 18, 71–85.

39. Virto, R., P. Manas, I. Alvarez, S. Condon and J. Raso (2005) Mem-
brane damage and microbial inactivation by chlorine in the absence
and presence of a chlorine-demanding substrate. Appl. Environ.
Microbiol. 71, 5022–5028.

40. Liu, P., W. Duan, Q. Wang and X. Li (2010) The damage of outer
membrane of Escherichia coli in the presence of TiO2 combined
with UV light. Colloids Surf. B 78, 171–176.

41. Wu, D. H., H. You, D. R. Jin and X. C. Li (2011) Enhanced inacti-
vation of Escherichia coli with Ag-coated TiO2 thin film under UV-
C irradiation. J. Photochem. Photobiol., A 217, 177–183.

42. Chandra, T., S. C. Silver, E. Zilinskas, E. M. Shepard, W. E. Brod-
erick and J. B. Broderick (2009) Spore photoproduct lyase catalyzes
specific repair of the 5R but not the 5S spore photoproduct. J. Am.
Chem. Soc. 131, 2420–2421.

43. Zigman, S., J. Reddan, J. B. Schultz and T. McDaniel (1996) Struc-
tural and functional changes in catalase induced by near-UV radia-
tion. Photochem. Photobiol. 63, 818–824.

44. Okada, K., Y. Takahashi, K. Ohnishi, O. Ishikawa and Y. Miyachi
(1994) Time-dependent effect of chronic UV irradiation on superox-
ide dismutase and catalase activity in hairless mice skin. J. Derma-
tol. Sci. 8, 183–186.

45. Cerf, O. and F. Metro (1977) Tailing of survival curves of Bacillus
licheniformis spores treated with hydrogen peroxide. J. Appl. Micro-
biol. 42, 405–415.

46. Cho, M., J.-H. Kim and J. Yoon (2006) Investigating synergism dur-
ing sequential inactivation of Bacillus subtilis spores with several
disinfectants. Water Res. 40, 2911–2920.

47. Hadjok, C., G. Mittal and K. Warriner (2008) Inactivation of human
pathogens and spoilage bacteria on the surface and internalized
within fresh produce by using a combination of ultraviolet light and
hydrogen peroxide. J. Appl. Microbiol. 104, 1014–1024.

48. Zacar�õas, S. M., M. C. Vaccari, O. M. Alfano, H. A. Irazoqui and
G. E. Imoberdorf (2010) Effect of the radiation flux on the photocat-
alytic inactivation of spores of Bacillus subtilis. J. Photochem. Pho-
tobiol., A 214, 171–180.

49. Cross, J., R. Currier, D. Torraco, L. Vanderberg, G. Wagner and
P. Gladen (2003) Killing of Bacillus spores by aqueous dissolved
oxygen, ascorbic acid, and copper ions. Appl. Environ. Microb. 69,
2245–2252.

50. Jung, Y. J., B. S. Oh and J.-W. Kang (2008) Synergistic effect of
sequential or combined use of ozone and UV radiation for the disin-
fection of Bacillus subtilis spores. Water Res. 42, 1613–1621.

51. Glaze, W. H., Y. Lay and J.-W. Kang (1995) Advanced oxidation
processes. A kinetic model for the oxidation of 1,2-Dibromo-3-chlo-
ropropane in water by the combination of hydrogen peroxide and
UV radiation. Ind. Eng. Chem. Res. 34, 2314–2323.

52. Cho, M., H. Chung, W. Choi and J. Yoon (2004) Linear correlation
between inactivation of E. coli and OH radical concentration in TiO2

photocatalytic disinfection. Water Res. 38, 1069–1077.
53. Larson, M. A. and B. J. Mari~nas (2003) Inactivation of Bacillus sub-

tilis spores with ozone and monochloramine. Water Res. 37, 833–
844.

54. Barbeau, B., R. Desjardins, C. Mysore and M. Pr�evost (2005)
Impacts of water quality on chlorine and chlorine dioxide efficacy in
natural waters. Water Res. 39, 2024–2033.

55. Makky, E. A., G.-S. Park, I.-W. Choi, S.-I. Cho and H. Kim (2011)
Comparison of Fe(VI) (FeO4

2�) and ozone in inactivating Bacillus
subtilis spores. Chemosphere 83, 1228–1233.

614 Yiqing Zhang et al.


