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Application of response surface methodology for
modeling and optimization of Bacillus subtilis spores
inactivation by the UV/persulfate process
Zahra Sabeti, Mahmood Alimohammadi, Samira Yousefzadeh,
Hassan Aslani, Maryam Ghani and Ramin Nabizadeh

ABSTRACT
Stronger disinfection techniques are required to inactivate Bacillus subtilis spores as surrogate
microorganisms for Cryptosporidium parvum oocysts. In this study, the effects of UV and persulfate
separately and also in combination were investigated on B. subtilis spore inactivation. Central
composite design and response surface methodology were used to optimize target microorganism
reduction. Contact time, initial pH, and persulfate dosage were considered as input experimental
variables. Based on the design of the experiments, ﬁrst and second order response surface models
have been developed to correspond to the output response of B. subtilis spore reduction. It can be
concluded that microbial reduction by UV alone was more effective than persulfate, while the
combined UV/persulfate process demonstrated the highest log reduction (4.1) under the following
optimal conditions: 60 min contact time, pH ¼ 7.8, and persulfate dosage of 30 mM. On the other
hand, the optimal condition for UV treatment was a contact time of 60 min at a pH of 5.0, which led
to a 3.19 log spore inactivation. Consequently, the UV/persulfate system can be introduced as an
alternative disinfectant for the inactivation of B. subtilis spores.
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INTRODUCTION
Disinfection is a very crucial step in water treatment

subtilis spores were selected as an indicator (Facile et al.

processes for destroying pathogenic microorganisms (Post

; Driedger et al. ).

et al. ). Traditionally, chlorination has been the most

Bacillus subtilis is an aerobic, non-pathogenic, gram-posi-

commonly adopted disinfection process for the treatment

tive soil bacterium that is easy to count and identify in

of drinking water. However, with the appearance of chlor-

laboratory conditions. Under certain conditions (e.g., star-

ine-resistant

as

vation), spores are formed that are highly resistant to

Giardia lamblia cysts and Cryptosporidium parvum oocysts,

disinfection (Driedger et al. ; Radziminski et al. ). It

pathogenic

microorganisms

such

many conventional drinking water treatment plants that use

has been reported that the Bacillus spores are 10–75 times

free chlorine are faced with problems in reaching the

more resistant than its vegetative form (Blatchley et al. ).

required target goals for microbial inactivation (Jung et al.

Due to several disadvantages associated with chlori-

). Since the direct measurement of C. parvum or G.

nation,

lamblia is difﬁcult, time-consuming and expensive, Bacillus

alternative disinfection processes such as ozone, UV

doi: 10.2166/ws.2016.139

current

studies

have

extensively

investigated

343

Z. Sabeti et al.

|

Inactivation of B. subtilis spores by UV/persulfate

Water Science & Technology: Water Supply

|

17.2

|

2017

irradiation, chlorine dioxide, chloramines, plasma discharge

(Merck, No. 100731), sodium thiosulfate (Merck, No.

and electrochemical processes as well as the sequential or

106512) and NaCl (Merck, No. 106406). Necessary stock

combined processes for the removal of resistant microorgan-

solutions were made from the above-mentioned neat

isms (Radziminski et al. ; Larson & Mariñas ; Cho

materials and double distilled water. All glassware was

et al. ; Jung et al. , ; Mezule et al. ). Today

washed using tap water and rinsed with distilled water. All

most of the advanced oxidation process studies in water and

of the instruments were sterilized by autoclaving at 121 C

wastewater disinfection have focused on hydroxyl radicals

for 15 min prior to use.

W

(OH·); however, only a few studies discuss other radical
species. For example, sulfate radicals (SO•
4 ) have a signiﬁ-

Spore production and sample preparation

·

cantly high reduction potential of 2.5–3.1 V, and that of OH

is 1.9–2.9 V (Lin et al. ; Gao et al. ; Wordofa ).
SO•
4

Bacillus subtilis (ATCC 6633) vegetative cells were cultured

also exhibits a nonselective oxidation pat-

in tryptic soy agar (TSA, Merck No. 105458) medium and

tern, and is capable of quickly decomposing most of the

incubated for 24 h at 35 C. In vitro production of B. subtilis

organic pollutants and biological toxins in water (Lin et al.

spores was conducted by cultivating the vegetative cells at

; Gao et al. ; Tan et al. ; Xie et al. ). SO•
4 is pro-

37 C on the antibiotic assay medium 1 (Himedia, M003)

duced via activation of peroxydisulfate (S2O2
8 , commonly

supplemented by 0.3 g L1 MnSO4 for 5–7 days (Radzi-

known as persulfate) with UV, catalysts (e.g., Mn2þ, Fe2þ),

minski et al. ). Subsequently, the spore suspension was

heat and high pH (Roshani & Leitner ; Gao et al. ;

washed from the top of the medium by saline water and

Tan et al. ; Lutze et al. ; Xie et al. ). Among

transferred to 10 mL sterile centrifuge tubes. The suspension

these methods, UV-based oxidation has a high potential

was centrifuged for 15 min at 4,000 g and stored in a 4 C

destruction rate due to the production of more powerful com-

refrigerator until use.

Moreover,

W

W

W

ponents such as sulfate radicals (Tan et al. ). Nevertheless,

For sample preparation, 4 mL of the spore suspension

there is insufﬁcient information about the application of sul-

was poured into 500 mL of sterilized drinking water. For

fate radicals in water disinfection processes and especially

further inactivation of vegetative cells, the samples were

for inactivating B. subtilis spores.

heated up to 80 C and kept for 12 min at this temperature

W

Response surface methodology (RSM) is a compilation

(Larson & Mariñas ). The turbidity of this suspension

of statistical and mathematical techniques valuable for

was between 25 and 32 Nephelometric Turbidity Units

developing, improving, and optimizing processes (Carley

(NTU), which led to the production of 106–108 spores/mL.

et al. ). Prior to applying the RSM, an experimental
design was implemented to determine which experiments

Experimental design

should be carried out in the experimental region being
studied (Bezerra et al. ). RSM was used to model and

The CCD was employed to investigate the process of B. sub-

optimize spore reduction (Huang et al. ). In this study,

tilis inactivation using UV, persulfate, and the combination

a central composite design (CCD) was used as a novel

of UV/persulfate. The RSM was used to determine the com-

approach to optimize the log reduction of B. subtilis

bined effects of contact time (X1), pH (X2), and persulfate

spores by the UV/persulfate process. Contact time, pH,

dosage (X3) on log inactivation of B. subtilis (Y ) as the

and concentration of persulfate solution were studied as

output response. The study was divided into three different

key parameters affecting disinfection in this investigation.

phases including the UV, persulfate, and combined UV/persulfate phases. In the ﬁrst phase, 17 experiments were
designed to determine the UV radiation effect on

MATERIALS AND METHODS

B. subtilis inactivation. In the second phase, a design considering the three above-mentioned controllable variables

The materials used in this study included sodium persulfate

was carried out. An orthogonal CCD in two cube and star

(Merck, No. 106609), NaOH (Merck, No. 105587), H2SO4

blocks was designed. A total of 26 experiments were carried
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Experimental procedure

2 × 3 ¼ 6 axial points. The design of the third phase was similar to that of the second phase except for including a

Disinfection experiments for the three candidate disinfec-

constant UV irradiation in the last phase. Bacillus subtilis

tion processes (persulfate alone, UV alone and combined

spore removal served (Y) as the dependent variable of the

UV/persulfate process) were performed at different contact

process. The actual and coded levels of the design are

times (5–60 min) and pH ranges of 5–11. It should be

shown in Table 1. The design, mathematical modeling, and

noted that a contact time exceeding 60 min is not con-

optimization of this work were implemented by the RSM

venient in the disinfection process. In addition, the range

package (Lenth ). There are two important models in

of the initial pH was chosen according to previous litera-

the RSM: ﬁrst order and second order model. A general

tures (Lin et al. ; Tan et al. ; Wordofa ; Xie

explanation of the ﬁrst order model and the quadratic

et al. ). The persulfate concentration was also varied

model is based on Equations (1) and (2), respectively

from 3 to 30 mM, and the minimum persulfate dosage was

(Carley et al. ; Khuri & Mukhopadhyay ).

chosen based on a study of the effects of sulfate radicals
on the reduction of E. coli (Wordofa ), while the maxi-

y ¼ β0 þ

k
X

mum amount was selected according to the fact that the

β i Xi þ ε

(1)

i¼1

spores are more resistant microorganisms.
In order to estimate the enhancement resulting from the

y ¼ β0 þ

k
X

β i Xi þ

i¼1

k1 X
k
X

β ij Xi Xj þ

i¼1 j¼iþ1

k
X

combined process, inactivation efﬁciencies were compared
β ii X2i þ ε

(2)

with those of individual processes. Both the UV and UV/persulfate processes were performed using a low pressure UV

i¼1

lamp, which emitted monochromatic UV radiation at
where y is the response; Xi and Xj are the variables; β0 is the

254 nm. The UV intensity was measured as 112 μW/cm2 at

constant coefﬁcient; βi, βj, βij are the interaction coefﬁcients

the distance of 125 mm between the lamp and water surface.

of linear, quadratic, and second order terms, respectively; k is

The dose can be calculated by multiplying the mentioned inten-

the number of studied parameters; and ε is the system error.

sity by the contact times and is presented as mW.s/cm2.

The effect of each factor was evaluated by analysis of var-

Fifty milliliters of synthetically prepared sample was

iance (ANOVA) (95 and 99%). The model permitted the

poured into a sterile petri dish (90 mm diameter), and the

evaluation of the effects of linear, quadratic and interactive

solution’s pH was adjusted to the desired value using a

terms of the independent variables on the dependent variable.

few drops of H2SO4 or NaOH. In the UV experiments, the

The response surface and contour plots were drawn to illus-

sample was put under a UV lamp and gently stirred through-

trate the main and interactive effects of the independent

out the exposure period. In the case of the persulfate and

variables on disinfection efﬁciency. The optimum values of

UV/persulfate procedures, the persulfate stock solution

the selected variables were obtained by solving the regression

was prepared in such a way that only 1 mL was required

equation and by analyzing the response surface plot.

to provide the deﬁned persulfate concentration. The
sample was gently stirred throughout the contact time. At
the end of each contact time, residual persulfate was neutral-

Table 1

|

Coded and real values of the Independent variables used

ized by adding 1 mL of sodium thiosulfate based on a mole
to mole ratio. At the end of each exposure, 10 mL of the dis-

Range and levels

infected sample was collected for microbial analysis.

Variables

Symbol

 ∝ √2

1

0

1

þ ∝ √2

Contact time (min)

X1

5

16.1

32.5

48.8

60

pH

X2

5

6.2

8

9.7

11

Concentration of
persulfate (mM)

X3

3

8.4

16.5

24.5

30

Microbiological analysis
Viability was determined by the membrane ﬁltration technique using nitrocellulose ﬁlters (Sartorius Stedim, No.
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11406) with a 47 mm diameter and a nominal pore size of

Table 3

|

dish containing 5–6 mL of nutrient agar (Merck, No.
1.05450) and 0.015 mg L1 of trypan blue (Titrachem, No.
W

512). Colonies were counted after incubation at 37 C for
24 h (Larson & Mariñas ).

RESULTS AND DISCUSSION
CCD and regression models
In this study, the effects of contact time, pH, and persulfate
dosage were investigated on B. subtilis spore inactivation
separately, and also in combination with UV and persulfate.
The experiments were performed using a CCD, and the corresponding results for the UV and UV/persulfate processes
are shown in Tables 2 and 3, respectively. Multiple
regression analysis of three experimental phases is presented

Table 2

|

Arrangement of the CCD for the two independent variables used in the UV
process

|

2017

Arrangement of the CCD for the three independent variables in the UV/persul-

dilution series was made by transferring 10 mL of sample
water. After ﬁltration, the ﬁlters were placed in a petri

17.2

fate process

0.45 μm (Larson & Mariñas ). For each sample, a
to a 100 mL dilution bottle containing 90 mL of 9% saline

|

Log inactivation (Y)
Run

Contact

pH

Persulfate

no.

time (X1)

(X2)

concentration (X3)

1

16

6

24.5

2

49

6

3

16

10

4

32.5

8

16.5

1.315753

1.118263

5

32.5

8

16.5

0.90309

1.118263

6

16

10

24.5

1.346787

1.577113

7

32.5

8

16.5

0.989276

1.118263

8

32.5

8

16.5

0.929962

1.118263

9

16

6

8.5

0.167491

0.867913

10

49

10

8.5

1.69897

1.401413

11

32.5

8

16.5

1.610834

1.118263

12

49

10

24.5

1.69897

2.194213

13

49

6

8.5

1.802719

1.485013

14

32.5

8

16.5

1.022276

1.118263

15

32.5

8

16.5

1.014723

1.118263

16

32.5

8

16.5

1.875061

1.118263

17

32.5

8

30

4.051153

3.58235

18

32.5

8

3

2.363178

2.2445

19

32.5

8

16.5

0.937852

0.571288

20

32.5

8

16.5

1.034762

1.118263

21

32.5

8

16.5

0.967815

1.118263

Actual

Predicted

24.5

2.30103

2.277813

8.5

0.330993

0.784313

Run no.

Exposure time (X1)

pH (X2)

Log inactivation (Y)

22

32.5

5

16.5

1.034762

0.691363

1

32.5

8

1.448158

23

60

8

16.5

0.937852

1.632513

2

13

10

0.062148

24

32.5

8

16.5

1.210853

1.118263

3

32.5

8

1.477121

25

32.5

11

16.5

0.967815

0.565963

4

13

5.8

0.029963

26

5

8

16.5

0.69897

0.604013

5

52

10

1.833669

6

52

5.8

2.435729

7

32.5

8

1.462398

8

32.5

8

1.492361

9

32.5

8

1.246672

10

32.5

11

1.176091

11

5

8

0

12

32.5

8

1.477121

13

32.5

8

1.455932

14

32.5

5

1.778151

15

60

8

3.259637

16

32.5

8

1.641431

17

32.5

8

1.632023

in Table 4. Multiple R2, adjusted R2, and p-value were used
to assess the model adequacy. Both contact time and pH
were signiﬁcant in the UV process alone, while no interaction was observed between the variables (Table 4). It
should be mentioned that terms which could show interactions were omitted from the ﬁnal model to optimize the
model, since these were not statistically meaningful.
The difference between R2 and R2adj, less than 0.2, as well
as a lower p-value (1.56 × 108), suggests that the model is
reliable. All of the linear coefﬁcients in the persulfate process were not signiﬁcant (Table 4). A lower value of model
R2 and signiﬁcant difference of more than 0.2 between R2
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Regression coefﬁcients and their signiﬁcance

Model term

Coefﬁcient estimate

t value

Standard error

p(>|t|)

UV
Intercept

0.216537

0.358525

0.604

Time

0.056403

0.004398

12.824

3.97e-09***

0.080641

0.040558

1.988

0.0667

pH

0.5555

R2: 0.9233, Adjusted R2: 0.9123, F-statistic: 84.21 on 2 and 14 DF, p-value: 1.568e-08
Persulfate
Intercept

0.047522

pH

0.446634

0.106

0.916

0.041435

0.046474

0.892

0.382

Time

0.003002

0.004892

0.614

0.546

Per. concentration

0.002442

0.011100

0.220

0.828

R2: 0.05254, Adjusted R2: 0.07666, F-statistic: 0.4067 on 3 and 22 DF, p-value: 0.7497
Persulfate/UV
Intercept

1.118091

Time
pH
Per. concentration
I (pH^2)
I (Per. concentration^2)

0.112403

9.9471

0.514252

0.172432

2.9824

0.062135

0.178168

0.3487

0.667458

0.191492

3.4856

0.489495

0. 273205

1.7917

1.794601

0.291788

0.459e-09***
0.007362**
0.730928
0.002332**
0.088330

6.15045

0.215e-06***

F-statistic: 12.39, on 5 and 20 DF p-value: 1.456e-05
**p<0.01, ***p<0.001.

and R2adj shows that the model is not signiﬁcant and accep-

and adequacy of the model. A summary of ANOVA results

table; moreover, the higher p-value of 0.749 implies that

for the selected quadratic model for the UV/persulfate pro-

there is a weak correlation between the variables and the

cess is provided in Table 5. The higher F value of 19.64

response produced by the model.

and the lower probability value of p < <0.05 indicates that

The results of the reduced quadratic model for the
UV/persulfate process are also shown in Table 4. All

the model is highly signiﬁcant. The model also indicates a
statistically insigniﬁcant lack of ﬁt.

linear coefﬁcients, except pH, and two quadratic terms (X22
and X23), were signiﬁcant (p < 0.05), while no signiﬁcant

Response surface and contour plotting

interaction was found (p > 0.05). In addition, the model R2
is promising and it is very consistent with R2adj (Table 5).

The graphical representations of the regression models,

Statistical testing of the model was done in the form of

called the response surfaces and the contour plots, were

ANOVA analysis, which is required to test the signiﬁcance

obtained using the R software (Figures 1 and 2). In the

Table 5

|

ANOVA for the developed RSM model for the UV/persulfate process

Source

R2

Adjusted R2

Df

Sum sq

Mean sq

F value

Pr > F

Model

0.756

0.695

2

6.9288

3.4644

19.6445

>0.00001

Residuals

–

–

20

3.5271

0.1764

–

–

Lack of ﬁt

–

–

10

2.5461

0.2546

2.5955

0.074224

Pure error

–

–

10

0.9810

0.0981

–

–
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concentration and contact time at a ﬁxed pH of 8. The
reduction of B. subtilis spores in the persulfate dosage
range of 23 to 30 mM increased from 2 to 4 log as a function
of increased time. The effect of pH and time sliced at
16.5 mM persulfate dosage are displayed in Figure 2(c).
The reduction of B. subtilis spores increased with time at
a slightly alkaline pH (i.e., 7–9), reaching a 1.5 log reduction
after 30–60 minutes of contact time.
The persulfate dosage can signiﬁcantly affect disinfection
efﬁciency in this process because higher concentrations lead
to more sulfate radical generation. Our results, in line with
other studies (Tan et al. ; Wordofa ), suggested that
oxidation potential can be promoted in higher pH conditions
and higher persulfate dosage. However, some reports have
shown that sulfate radical generation and their efﬁcacy were
Figure 1

|

Contour plot of the effect of pH and exposure time on log inactivation of
Bacillus subtilis spores by UV irradiation.

not affected by pH (Lin et al. ; Xie et al. ). According
to the results, a maximum disinfection performance was
achieved in the combined UV/persulfate process in a pH

case of the UV process, it is clear that the spore reduction

range of 7 to 9. Tan et al. (Tan et al. ) attributed this

increased in a pH range of 5 and 11 from less than 0.5 to

effect to increased activation energy in the UV/persulfate

3 log in a 5 to 60 min duration (Figure 1). The results

system at a high pH and suggested two associated reasons.

obtained for inactivating B. subtilis spores (less than 1 log)

First, activated persulfate was augmented at alkaline pH

with persulfate alone in conditions used in this study (i.e.,

(Equation (3)), and second, in the presence of hydroxyl ions

time: 5–60 min, pH: 5–11, and persulfate concentration

(OH) some of the peroxydisulfate converts to hydroxyl rad-

3–30 mM) were not promising.

icals (Equation (4)) (Driedger et al. ). Generally, higher

The results (Table 4 and Figure 1) show that the most

pH, contact time, and persulfate dosage result in a higher oxi-

important factor affecting disinfection efﬁciency in the UV

dation potential (Lin et al. ; Wordofa ; Xie et al. ).

alone process was exposure time, and the reduction pattern
was in good consistency with the results reported in the litera-

OH

S2 O2
→ 2SO
8
4

(3)



SO
! SO2
4 þ OH
4 þ OH

(4)

ture (Cho et al. ). According to Cho et al. (Cho et al. ),
pH did not affect spore inactivation in the UV254 process, and
a 2 log reduction was achieved at both pH 5.6 and 8.2. Moreover, Mamane et al. (Mamane et al. ) did not obtain any
spore inactivation at higher wavelengths (>295 nm).

Process optimization

The next step was to investigate the effect of activated
persulfate by UV irradiation on B. subtilis spore inacti-

Optimization formulas were obtained (Equations (5)–(7))

vation. The perspective plot illustrates how the microbial

according to the regression models (Table 4) for UV and per-

reduction varied with the independent variables in the com-

sulfate alone and the combined disinfection process.

bined UV/persulfate process (Figure 2). Bacillus subtilis
spore reduction as a function of persulfate concentration
and pH at a ﬁxed time (31.38 min) is shown in Figure 2(a).
A higher spore reduction was achieved when the persulfate
concentration increased from 25 to 30 mM and the pH
varied from 7 to 9. Figure 2(b) shows the effect of persulfate

Y1 ¼ 0:216537 þ 0:056403 X1  0:080641 X2

(5)

Y2 ¼ 0:047522  0:003002X1 þ 0:041435X2
 0:002442X3

(6)
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Contour plot of log inactivation of Bacillus subtilis spores by a combined UV/persulfate process. Shows the effect of (a) persulfate concentration and pH, (b) persulfate
concentration and contact time, (c) pH and contact time, and their mutual interactions on B. subtilis spore inactivation.

Y ¼ 0:9398 þ 0:0187X1 þ 0:8495 X2  0:2755 X3
 0:0544

X22

þ 0:00985

X23

Table 6

|

Optimization results of B. subtilis spore reduction by UV, persulfate and
combined UV/persulfate processes

(7)
Contact time

where Y1, Y2, Y3 represent log inactivation of B. subtilis
spores by the UV, persulfate and UV/persulfate processes,
respectively; X1 is the contact time; X2 is the pH of the solution; and X3 is the persulfate concentration in the sample.

Persulfate dosage

Log

Process

(min)

pH

(mM)

inactivation

UV

60

5

–

3.19

Persulfate

5

11

3

0.48

UV/
Persulfate

60

7.8

30

4.1

The above equations were solved using Solver add-Ins in
Microsoft Excel 2013, and the optimization results for the
three processes are presented in Table 6. Based on these

combined UV/persulfate process at pH 7.8 and 30 mM per-

results, the maximum inactivation of B. subtilis spores was

sulfate dosage. At this optimization point, the UV dose can

predicted at 4.1 log after 60 min of treatment by the

be

calculated

by

multiplying

the

lamp

intensity
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(112 μW/cm2) by optimum contact times (60 min), which is

longer contact times than those used in this research; how-

equal to 6.72 mW.s/cm2. According to the results shown in

ever, it should be considered that spores are much hardier

Figures 1 and 2, and the results predicted in the optimized

than bacteria.

conditions, it is clear that the predicted amounts are consistent with those obtained in the laboratory. Although a higher

Scanning electron microscopy images

amount of reduction out of the boundary of the space that
was studied is possible, it does not seem to be practically

Figure 3 shows scanning electron microscopy (SEM, ZEISS,

feasible, since the conventional disinfection period is

DSM960A, Germany) images of the extent of spore coat

about 30–60 min. Therefore, the optimum reduction level

damage of B. subtilis spores under optimized conditions

was limited to values which are achievable by changing

conducted in the laboratory. As shown in Figure 3(a), the

the independent variables as deﬁned in the study.

unexposed B. subtilis spores were ellipsoidal, and the

Based on the optimal conditions, the disinfection poten-

main spore structure (i.e., inner and outer coat layers) was

tial of sulfate radicals in comparison with hydroxyl radicals

clear. Figure 3(b) shows the effects of UV irradiation on

generated by O3/UV (Jung et al. ) and H2O2/UV (Cho

the spore’s structure as pits in the spore’s coat as well as

et al. ) processes is 1.6 and 0.8 log higher in conditions

transformed and amorphous morphology. A comparison of

similar to those used in this study, respectively. On the

spores treated with persulfate (Figure 3(c)) and control

other hand, Wordofa (Wordofa ) reported 3.5 log inacti-

spores (Figure 3(a)) revealed that the spore coats were unaf-

vation of E. coli at lower persulfate concentrations, and

fected, and no distinct differences were observed. Analysis

Figure 3

|

Scanning electron microscope (SEM) images of Bacillus subtilis spores under optimal conditions in different processes. (a) Unexposed, (b) UV alone (t ¼ 60 s, pH ¼ 5), (c) persulfate (t ¼ 5 s, pH ¼ 11, C ¼ 3 mM), (d) UV/persulfate (t ¼ 60 s, pH ¼ 7.8, C ¼ 30 mM).
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by SEM image showed damaged and ruptured B. subtilis

to test higher spore densities to see the effects of indepen-

spore coats and cores after treatment by combined UV/per-

dent variables on the log-reduction of spores. Then, the

sulfate (Figure 3(d)).

applied amount of persulfate could tend to high values of

Ultrastructural analysis of SEM images shows that

sulfate at the end of disinfection periods. Obviously, in

B. subtilis spores were resistant to persulfate treatment but

real conditions we are not faced with such high levels of

that UV irradiation was associated with damaged spore

spores; so lower amounts of persulfates would be sufﬁcient.

coat layers and that combined UV/persulfate could disrupt

Therefore, further investigation is required to include initial

the spore coat and core with the highest efﬁciency. In fact,

spore concentrations and lower persulfate levels as indepen-

sulfate radicals were able to enter spores, and cellular com-

dent variables.

positions diffused into the outer perimeter of spores. This
SEM image demonstrates a signiﬁcant reduction in size
and number and also amorphous morphologies of the
spores after the combined UV/persulfate process.
In addition, Riesenman and Nicholson (Riesenman &
Nicholson ) reported that the spore coat, particularly
the inner coat layer, could not resist 254 nm UVC radiation.
The destructive mechanisms underlying the disrupted spore
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coat and core were not the goal of this study and require
further analysis.
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