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A B S T R A C T

One of the most important aspects of environmental issues is the demand for clean and safe water. Meanwhile,
disinfection process is one of the most important steps in safe water production. The present study aims at
estimating the performance of UV, nano Zero-Valent Iron particles (nZVI, nano-Fe0), and UV treatment with the
addition of nZVI (combined process) for Bacillus subtilis spores inactivation. Effects of different factors on in-
activation including contact time, initial nZVI concentration, UV irradiance and various aerations conditions
were investigated. Response surface methodology, based on a five-level, two variable central composite design,
was used to optimize target microorganism reduction and the experimental parameters. The results indicated
that the disinfection time had the greatest positive impact on disinfection ability among the different selected
independent variables. According to the results, it can be concluded that microbial reduction by UV alone was
more effective than nZVI while the combined UV/nZVI process demonstrated the maximum log reduction. The
optimum reduction of about 4 logs was observed at 491mg/L of nZVI and 60min of contact time when spores
were exposed to UV radiation under deaerated condition. Therefore, UV/nZVI process can be suggested as a
reliable method for Bacillus subtilis spores inactivation.

1. Introduction

Nanotechnology is one of the rapidly developing sciences in recent
decades. It has been found that using nanotechnology can contribute to
a sustained improvement in the environment and pollution control (Li
et al., 2008). Demand for clean and safe water is one of the most es-
sential and important perspectives in food and environmental issues. As
demand for fresh drinking water has increased, nanotechnology can
noticeably contribute to development and improvement of water
treatment processes; newly developed nano-materials, nano-catalysts,
and nano-particles have high efficiency and can effectively remove
pollutants from water and wastewater (Hossain et al., 2014). Disin-
fection process is one of the most important steps in water and waste-
water treatment facilities (Yousefzadeh et al., 2014). Some nanoma-
terials can be used as disinfectant due to their antimicrobial properties.

These materials have high capacity and activity level. Also, a little
amount of them is required for disinfecting purposes due to their size in
terms of nano and their specific surface area (Jiang et al., 2008;
Uskokovic, 2013).

Nano zero-valent iron particles (nZVI, nano-Fe0) is one of the most
used nanoparticles which has been successfully applied in degrading
chemical contaminants from water and wastewater due to its low cost,
environmental compatibility and high reactivity (Ahuja and Hristovski,
2013; Chiu, 2013; Crane and Scott, 2012; Goncalves, 2016; Liang et al.,
2014; Liu et al., 2014). Recent studies have been conducted worldwide
in relation to the disinfecting properties of these nanoparticles. The
results show relatively high performance of nZVI especially in in-
activating the gram-negative bacteria such as E. coli and waterborne
viruses (Diao and Yao, 2009; Kim et al., 2010, 2011; Lee et al., 2008).
According to these studies, physical covering, destruction of cell
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membranes, irreversible adsorption and production of reactive oxygen
species (ROS) have major roles in disinfection efficacy of these nano-
particles (Hossain et al., 2014).

Despite increasing interest in the antimicrobial activity and the
widespread use of nZVI for environmental issues, little is known about
the antimicrobial activity of nZVI especially about its efficacy against
chlorine-resistant pathogenic microorganisms such as Giardia lamblia
cysts and Cryptosporidium parvum oocysts or against Bacillus anthracis
as an agent of bioterrorism (Binkley et al., 2002). Unfortunately, the
direct measurements of these important resistant pathogenic micro-
organisms are not currently feasible due to analytical limitations such
as demanding, time-consuming and expensive methods of their mea-
surement. One proposed solution for overcoming this impasse is the use
of Bacillus subtilis spores which are nonpathogenic as biological sur-
rogates for C. parvum oocysts and B. anthracis (DeQueiroz and Day,
2008; Facile et al., 2000).

Another new and possible method which is currently used for dis-
infection is the use of different synergistic agents in combination with
each other. In this method, two or more substances or processes (e.g.
UV/TiO2, UV/Chlorine, UV/O3, H2O2/UV and etc.) are used con-
currently or consecutively which may result in synergistic effects.
Hence in the recent years application of this type of disinfectants have
increased (Rahmani et al., 2009; Tawabini et al., 2013; Teksoy et al.,
2011; Wang et al., 2012, 2016; Wu et al., 2016; Zyara et al., 2016).
Therefore, according to the above mentioned, the objective of present
study was to compare the potential inactivation effects of UV, nZVI and
the simultaneous process of UV/nZVI. B. subtilis spore was selected as
the indicator microorganism. Experiments were conducted at bench
scale in both aerobic and deaerated conditions to investigate the fea-
sibility of UV/nZVI as a disinfection process for inactivation of B.
subtilis spore under various factors. For this purpose, the effects of in-
itial nZVI concentration, UV irradiance, contact time and aeration
conditions on B. subtilis spores inactivation were investigated.

In present study, a Central Composite Design (CCD) and Response
Surface Methodology (RSM) were utilized as a novel approach for
modeling and optimizing spore reduction by the UV/nZVI process. RSM
is a collection of statistical techniques, which is applied to assemble an
experimental model relating a response and the factors that are influ-
enced by several process variables. This technique has many points of
interest such as fast and reliable data accomplishment, understandable
interaction effects of different parameters, and subsequently a sig-
nificant reduction in experimental runs, time and cost (Bezerra et al.,
2008; Khuri and Mukhopadhyay, 2010; Lenth, 2009). Therefore,
nowadays, RSM has been successfully and widely applied in the opti-
mization of media composition and process parameters for micro-
organism inactivation (Cheng et al., 2014; Huang et al., 2007; Sabeti
et al., 2016). Considering with the lack of other reports about the op-
timization of UV, nZVI and the combination of UV/nZVI on inactivation
of B. subtilis spore, to our best knowledge, this is the first report in-
vestigating this subject.

2. Material and methods

The materials used in this study included NaCl (Merck, No.106406),
Iron (Fe) Nano powder (nZVI) (US Research Nanomaterial, US1101,
CAS#7439-89-6), Nutrient Agar medium (Merck No. 105450), Tryptic
soy Agar medium (Merck No. 105458), Tryptic Soy broth (Merck No.
105459), Antibiotic Assay Medium 1 (Merck No. 105272), Manganese
sulfate (Merck No. 102786) and Trypan Blue (Sigma Aldrich, No. 72-
57-1). All the chemicals used for the experiments were reagent grade
and used without further purification. All the necessary stock solutions
were prepared from the above-mentioned materials in distilled and
deionized water. All of the instruments were sterilized by autoclaving at
121 °C for 30min prior to use.

Fig. 1 represents the morphology and characteristics of nano-Fe0

presented by US Research Nanomaterial Company which measured

with a Scanning Electron Microscope (SEM) and X-Ray Diffraction
(XRD) (Us-nano, 2017). XRD pattern discovered that zero valent iron
(Fe0) was the only crystalline phase of nZVI. SEM image demonstrated
that nZVI forms chain-shaped aggregates of spherical single nano-
particles ranging over 35–45 nm in diameter which tended to agglom-
erate to larger particulates. The specific surface area (SSA (N2BET)) was
reported as 8–14m2/g.

2.1. Spore production and sample preparation

Bacillus subtilis (ATCC 6633) was selected as the target for present
study. At first step, B. subtilis vegetative cells were cultured in Tryptic
Soy Agar medium and incubated for 24 h at 35 °C. For producing the
spore form of B. subtilis, vegetative cells that cultivated in the previous
stage were conducted at 37 °C on the antibiotic assay medium1 sup-
plemented by 0.3 g L−1 MnSO4 for 5–7 days (Sabeti et al., 2016). After
elapsing the incubation time, the spore suspension which grown on the
surface of antibiotic assay medium1 was washed by physiological saline
serum (0.9% sodium chloride) and transferred to 10mL sterile cen-
trifuge tubes. Then these tubes were centrifuged for 15min at 4000 g
and stored in a 4 °C refrigerator until using them. For each experiment
and sample preparation, one of these vials was used and poured directly
into 500mL of sterilized drinking water. The samples were heated up to
80 °C for 12min in order to ensure of the absence of vegetative forms
and isolating spores from them in the prepared samples (Larson and
Marinas, 2003). As mentioned in our previous study, the turbidity of
this suspension was between 25 and 32 NTU, which led to the pro-
duction of 106–108 spores/mL (Sabeti et al., 2016).

2.2. Experimental design

Response surface methodology based on Central Composite Design
(CCD) was employed to investigate the inactivation of B. subtilis spores
by UV, nZVI, and the combination of UV/nZVI in both aerobic and
deaerated conditions. In addition, it was applied to identify the impact
of independent variables on these processes and finally, for optimizing
the experimental parameters. The combined effects of two independent
variables (contact time and concentration of nZVI) on the removal rate
(log inactivation of B. subtilis spores) were taken into consideration.
Five levels for each independent variable were selected and coded as xi
according to Eq. (1). The actual and coded levels of the design are
shown in Table 1.

=
−x X X
XΔi

i 0
(1)

Where xi is the coded value of the independent variable, Xi is the actual
value of the independent variable, X0 is the actual value of independent
variable at the center point, and ΔX is the step change value.

The study was divided into six different phases including UV alone
(phases no. 1 and 2), nZVI alone (phases no. 3 and 4), and the combined
UV/nZVI (phases no. 5 and 6); Once under aerobic conditions and again
under deaerated conditions. Since no other variables considered except
contact time in the phases 1 and 2 of this study (means application of
UV alone under aerobic and deaerated conditions), therefore these
phases just conducted in 5 different contact times (5, 13, 32.5, 52 and
60min). Each combination was triplicated in different days in order to
observe the principle of repeatability in biological testing.

For each one of the other study's phases (no. 3 to 6), 17 experiments
were designed to determine the nZVI and combination of UV/nZVI
effects on B. subtilis spores inactivation. In these phases, a design con-
sidering the two previously-mentioned controllable variables was car-
ried out. An orthogonal CCD in two cube and star blocks was designed.
A total of 17 experiments were carried out consisting of 9 center points,
22= 4 design points, and 2× 2=4 axial points (Table 2). The design
of all phases of 3–6 was similar to each other except for including a
constant UV irradiation and the aerated condition.
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Removal rate (log inactivation of B. subtilis spores) was selected as
the observed response (dependent variable - Y) which was correlated
with the coded values of the variables by means of the following

general first order model (eq. (2)) or second-order model (quadratic
model- eq. (3)) (Khuri and Mukhopadhyay, 2010; Lenth, 2009):

∑= + +
=

Y β β x ε
i

k

i i0
1 (2)

∑ ∑ ∑ ∑= + + + +
= < =

Y β β x β x x β x ε
i

k

i i
i j

ij i j
i

k

ij i0
1 1

2

(3)

Where Y is the response (which in here is the log inactivation of B.
subtilis spores); xi and xj are the variables (which are the contact time
and concentration of nZVI, respectively); β0 is the constant coefficient;
βi, βj, βij are the interaction coefficients of linear, quadratic, and second
order terms, respectively; k is the number of studied parameters (for

Fig. 1. a) XRD pattern and b) SEM image of nZVI presented by US Research Nanomaterial Company (Us-nano, 2017).

Table 1
Coded and real values of the independent variables used in the CCD design.

Independent factors Unit Symbol Range and levels

−1 - α(-√0.5) 0 +α(√0.5) 1

Contact time min x1 5 13.055 32.5 51.95 60
Concentration of

nZVI
mg/l x2 10 154.98 505 855.02 1000

Table 2
Arrangement of the CCD for the two independent variables used in the phases no. 3 to 6.

Run NO. Contact time
(X1)
min

Concentration of nZVI (X2)
mg/l

Log inactivation (Y)

nZVI UV/nZVI

coded real coded real Aerobic (phase 3) Deaerated (phase 4) Aerobic (phase 5) Deaerated (phase 6)

1 0 32.5 0 505 0.778 0.864 2.778 3.737
2 0 32.5 0 505 0.398 0.585 2.574 3.135
3 −0.71 13.055 −0.71 154.98 0.632 0.714 1.436 1.972
4 0 32.5 0 505 0.301 0.641 2.669 3.000
5 0.71 51.95 −0.71 154.98 1.436 0.886 3.000 3.620
6 0 32.5 0 505 0.731 0.872 2.687 2.931
7 −0.71 13.055 0.71 855.02 0.176 0.89 1.196 1.699
8 0.71 51.95 0.71 855.02 0.641 1.62 2.699 2.954
9 0 32.5 0 505 0.388 0.889 2.369 3.263
10 1 60 0 505 0.845 1.026 3.477 4.301
11 0 32.5 0 505 0.602 0.766 2.590 3.447
12 0 32.5 0 505 0.301 0.602 2.028 3.058
13 0 32.5 1 1000 0.505 1.312 2.176 2.436
14 0 32.5 0 505 0.658 0.79 2.252 3.167
15 −1 5 0 505 0.109 0.449 0.962 1.046
16 0 32.5 0 505 0.556 0.778 2.363 3.653
17 0 32.5 −1 10 0.204 0.312 0.673 1.275
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present study it was two parameters); and ε is the system error.
The result of these models permitted the evaluation of the effects of

linear, quadratic and interactive terms of the independent variables on
the dependent variable. The response surface and contour plots were
drawn to illustrate the main and interactive effects of the independent
variables on disinfection efficiency. Finally, optimum values of the se-
lected variables were obtained by solving the regression equation and
by analyzing the response surface plot. The design, mathematical
modeling, and optimization of this study were implemented by the RSM
package in R software version 3.3.2 (Lenth, 2009).

2.3. Experimental procedure

As described before and presented in Tables 1 and 2, the disinfection
experiments for the six candidate disinfection processes were conducted
at different contact times (5–60min) and different initial concentration
of nZVI (10–1000mg/l). It should be noted that usually contact time for
disinfection purpose is considered below 60min and times exceeding
60min are not considered convenient in disinfection process. In addi-
tion, the range of the initial concentration of nZVI was selected ac-
cording to previous literatures and by considering this fact that the
spores are more resistant microorganisms compared to other micro-
organisms which have been examined in other studies (Auffan et al.,
2008; Diao and Yao, 2009; Keenan et al., 2009; Lee et al., 2008).

A low pressure (LP) UV lamp which emits monochromatic UV ra-
diation at 254 nm was used for all phases that needed UV as a disin-
fectant (phases 1, 2, 5 and 6). The distance between the UV lamp and

water surface was approximately 125mm which leads to UV radiation
intensity about 0.112mW/cm2. It should be noted that in this research
the UV intensity was constant, therefore, it was not considered as the
variable for present study.

For each experiment, 50mL of sample which previously prepared
(as described in section 2.1) was poured into special reactors. For
aerobic phases (no. 1, 3 and 5), samples were exposed to the atmo-
sphere (open air reactors) and gently stirred throughout the contact
time but for deaerated phases (no. 2, 4 and 6), the reactor was sealed
with a rubber septum, and ultra-pure N2 gas was bubbled with a needle-
type diffuser for about 10min before starting the disinfection process
(Lee et al., 2008). All the inactivation experiments were performed at
room temperature (23 ± 0.5 °C). After preparation of samples and
reactors, for the UV experiments (phases 1 and 2), the sample was just
put under UV lamp as described before and gently stirred throughout
the different contact times (5, 13, 32.5, 52 and 60min). In the case of
the nZVI (phases 3 and 4) and UV/nZVI (phases 5 and 6), the disin-
fection experiments were initiated by adding an aliquot of nZVI stock
suspension according to the designed values and runs which are listed
in Table 2.

For deposition and separation of nanoparticles (with the aim of
neutralizing the effect of disinfection), shortly before the end of each
contact time, stirring was stopped and after complete elapse of the
contact time, 10mL of the disinfected sample was collected from the
top of the reactor for further microbial analysis.

Fig. 2. Steps of spore production and microbiological analysis procedure. a) Cultivation of B. subtilis vegetative cells on TSA, b) Spore production on antibiotic assay medium1, c) Washed
and centrifuged spores, d) Nitrocellulose filters, glassware and nanoparticles used in experiments, e) Grow spores on the nutrient agar + trypan blue medium. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.4. Microbiological analysis

Spores viability was determined by the membrane filtration tech-
nique using nitrocellulose filters (Sartorius Stedim, No. 11406) with a
47mm diameter and a nominal pore size of 0.45 μm (Francis et al.,
2001). For each sample, a dilution series was made by transferring
10mL of sample to a 100mL dilution bottle containing 90mL of 0.9%
physiological saline serum. After filtration, the filters were placed in a
petri dish containing about 10mL of nutrient agar with 0.015mg L-1 of
trypan blue. Colonies were counted after incubation at 37 °C for 24 h
and spore inactivation in all experiments was expressed as a log re-
duction value measured by residual and initial concentrations of B.
Subtilis spores (Francis et al., 2001).

Fig. 2 represents the whole process of preparation and culture of the
microbial strain.

3. Results and discussion

As previously mentioned, in present study, the effect of contact
time, and nZVI concentration were investigated on B. subtilis spore
inactivation with UV and nZVI. In order to estimate the enhancement
resulted from the combined process, inactivation efficiencies were
compared with those of individual processes under both aerobic and
deaerated conditions. The experiments were performed using a CCD,
and the corresponding results for the nZVI and UV/nZVI processes are
shown in Table 2. The statistical summary of the application of UV
radiation alone as disinfection process (phases no.1 and 2) are shown in
Table 3.

3.1. Effect of UV irradiance

As the results of Table 3 indicate, it is clear that standard UV
treatments are effective against B. subtilis spores. Under our experi-
mental conditions, the B. subtilis spores exhibited approximately 2.2
and 2.6 log inactivation after 60min under aerobic and deaerated
conditions, which are the maximum log inactivation of phases 1 and 2,
respectively. It is clear that by increasing time, the inactivation dra-
matically increased from 0.27 to 0.383 log for 5min of contact time to
2.2 and 2.567 log for 60min under aerobic and deaerated conditions,
respectively. By visual comparing, it can be concluded that deaerated
conditions have slightly higher removal efficiency than that of aerobic
conditions. It could be interpreted as the result of this fact that B.
subtilis spores are aerobic, gram-positive soil bacterium which can re-
sult in increasing their inactivation under deaerated conditions. More-
over, for better statistical comparison of results, the analysis of variance
between different contact times and different aeration condition groups
were used (Table 4).

The results of Fligner-Killeen test for testing the homogeneity of
variances in phases no. 1 and 2 indicated that p-value was equal to
0.04546 which is lower than 0.05, therefore, the variances were not
homogenize, and consequently the Kruskal-Wallis test should be used
instead of analysis of variance. Kruskal-Wallis test is a non-parametric
test and is used when the assumptions of one-way ANOVA are not met.
The results of Kruskal-Wallis and multiple comparison tests after

Kruskal-Wallis are shown in Table 4. As it can be observed, the related
p-value to the effects of different contact times on log inactivation of B.
subtilis is equal to 1.369×10−5 which is significantly lower than 0.05
(«0.05). These results state that there are significant differences on a
continuous dependent variable (log inactivation of B. subtilis) by a
categorical independent variable (contact time). Multiple comparison
test after Kruskal-Wallis can demonstrate that the differences between 5
and 52min, 5–60min and 13–60min are significant and other com-
parisons for contact time groups are not significant. The results of this
statistical analysis also confirm that generally, the inactivation effect
improved with increasing the contact time from 5 to 60min. The test
was continued to find out the possible impact of specific aeration
conditions on the inactivation.

The second part of Table 4 represents the results of different aera-
tion condition on the log inactivation of B.subtilis spores with UV. As it
can be observed, the p-value is equal to 0.34 (which is higher than 0.05)
and according to its value there is not significant difference in in-
activation efficiency under different aeration conditions. Multiple
comparison test after Kruskal-Wallis also confirmed this fact. The re-
sults of this statistical analysis show that despite the visual difference
existed between those aerated conditions, this difference was not sta-
tistically significant. Fig. 3 also illustrates and confirms these results by
box plots. As this figure shows, there are differences between log in-
activation after 5 and 13min to 52 and 60min contact time (Fig. 3a);
but there is not any difference between aerobic and deaerated condi-
tions because the median weights of the groups of boxplots are ap-
proximately close together (Fig. 3b).

As described, the results (Table 4 and Fig. 3) indicate that the most
important factor affecting disinfection efficiency in the UV alone pro-
cess (phases 1 and 2) was exposure time, and the reduction pattern was
in good agreement with the results reported in the literature (Cho et al.,
2006; Zhang and Zhou, 2014). The results of Cho et al.’s research (Cho
et al., 2006) indicated that the UV254nm process can lead to a 2 log
reduction at both pH 5.6 and 8.2; and 0.81 log of inactivation was re-
ported at an irradiance of 0.18mW/cm2 for 100 s by Zhang et al.
(Zhang and Zhou, 2014) Comparing the results of this study phase with
other studies shows that although UV treatments are effective against B.
subtilis spores, its effect was not considerable for bacteria without en-
dospores. For example according to the results of Liu and Zhang (2006)
and Wang et al. (2016), E. coli, Staphylococcus aureus, Candida albi-
cans and Enterococcus faecalis achieved more than 4.5 log inactivation
below 60min contact time (Liu and Zhang, 2006; Wang et al., 2016).
This phenomenon occurred because B.subtilis has endospores; and en-
dospore could survive in the hostile environments and is highly re-
sistant to disinfection processes.

Table 3
Statistical summary of the result of phases no. 1and 2 (UV alone process).

contact time (min) aerobic deaerated

Mean Variance Mean Variance

5 0.270 0.0021 0.383 0.000933
13 0.643 0.003633 0.917 0.002033
32.5 1.243 0.006433 1.550 0.0073
52 1.850 0.0121 2.033 0.006033
60 2.200 0.0097 2.567 0.003633

Table 4
The observed results of Kruskal-Wallis and multiple comparisons test for the phases no. 1
and 2 (UV alone).

Comparisons
groups

obs.dif critical.dif difference

Log inactivation by: Time (min), p-value= 1.369e-05

5–13 6 14.26717 FALSE
5–32.5 12 14.26717 FALSE
5–52 18.08333 14.26717 TRUE
5–60 23.91667 14.26717 TRUE
13–32.5 6 14.26717 FALSE
13–52 12.08333 14.26717 FALSE
13–60 17.91667 14.26717 TRUE
32.5–52 6.083333 14.26717 FALSE
32.5–60 11.91667 14.26717 FALSE
52–60 5.833333 14.26717 FALSE

Log inactivation by: Condition, p-value=0.34

Aerobic -Deaerated 3.066667 6.300403 FALSE
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3.2. Effect of initial nZVI concentration

The efficiency and the corresponding results of the nZVI and UV/
nZVI process for the inactivation of Bacillus spores under both aerobic
and deaerated conditions are given in Table 2. Moreover, Table 5 re-
presents the results of response surface regression analysis and their
significance of four experimental phases (no. 3 to 6). For each experi-
ment, Multiple R2, adjusted R2, and p-value were used to assess the
model adequacy. As well, the response surface contours and effects
plots for graphical representations of the regression models were ob-
tained and drawn by using the R software (version 3.3.2) and are
presented in Figs. 4–7.

As it can be seen in Table 5, when nZVI at different concentrations
were used as the only and sole disinfectant under aerobic conditions
(the results of phase no. 3); only contact time was significant (Pr <
0.05) and the nZVI concentration and the interaction between variables
were not significant (Pr > 0.05). For this phase of study, Multiple R2,
adjusted R2 and p-value were equal to 0.4657, 0.3893 and 0.01244,
respectively. Also the difference between R2 and R2

adj are less than 0.2
which is acceptable but the lower value of R2 shows that the model
cannot predict very well. Since R2 value is low but because it have
statistically significant predictors (contact time), it is still possible to
draw important conclusions about how changes in the predictor values
are associated with changes in the response value. Regardless of the R2,

Fig. 3. Log inactivation of B.subtilis spores by UV process. a) Under different contact time; b) Under different aeration condition.

Table 5
Response surface regression results and their significance for the phases no. 3 to 6.

process Model term Coefficient estimate Standard error t value Pr (> |t|)

nZVI Aerobic
(phase no.3)

Intercept 0.544801 0.060204 9.0493 3.172e-07 ***
Time 0.408242 0.124107 3.2894 0.005374 **
nZVI Concentration −0.14583 0.124113 −1.175 0.259588

R2: 0.4657, Adjusted R2: 0.3893, F-statistic: 6.101 on 2 and 14 DF, p-value: 0.01244

Deaerated
(phase no.4)

Intercept 0.823291 0.043277 19.0237 2.12E-11***
Time 0.303636 0.089213 3.4035 0.004283**
nZVI Concentration 0.410834 0.089218 4.6049 0.000409***

R2: 0.7008, Adjusted R2: 0.658, F-statistic: 16.39 on 2 and 14 DF, p-value: 0.0002147

UV/nZVI Aerobic
(phase no.5)

Intercept 2.478886 0.124126 19.9707 5.43E-10***
Time 1.170881 0.186179 6.289 5.93E-05***
nZVI 0.280113 0.186189 1.5045 0.160623
Time: nZVI −0.030582 0.372336 −0.0821 0.936014
Timeˆ2 −0.129046 0.259615 −0.4971 0.628927
nZVI ˆ2 −0.924056 0.259628 −3.5592 0.004479**

R2: 0.8329, Adjusted R2: 0.757, F-statistic: 10.97 on 5 and 11 DF, p-value: 0.0005574

Deaerated
(phase no.6)

Intercept 3.26576 0.14311 22.8201 1.29E-10***
Time 1.32698 0.21465 6.182 6.89E-05***
nZVI 0.12435 0.21466 0.5793 0.047406*
Time: nZVI −0.19633 0.42928 −0.4574 0.656316
Timeˆ2 −0.44395 0.29932 −1.4832 0.166094
nZVI ˆ2 −1.26211 0.29933 −4.2164 0.001445**

R2: 0.8431, Adjusted R2: 0.7718, F-statistic: 11.82 on 5 and 11 DF, p-value: 0.0004006

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
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the significant coefficients still represent the mean change in the re-
sponse for one unit of change in the predictor while holding other
predictors in the model constant. Obviously, this type of information
can be valuable.

Also the regressions’ coefficient can indicate that in this study
phase, contact time with coefficient equal to +0.408 had the greatest
positive impact on disinfection efficacy and the impact of nZVI con-
centration was insignificant with coefficient of −0.145. Effect plot
(Fig. 4a) and contour plot (Fig. 4b) in the case of the nZVI process under
aerobic conditions can also confirm these results and show that the
spore reduction increased in a contact time ranging from 5 to 60min
from less than 0.2 to above 1 log of reduction. These figures can show
that with the increasing of the contact time and decreasing of the nZVI
concentration, higher spore reduction can be achieved.

When nZVI was used under deaerated conditions (phase no. 4), as it
can be seen in Table 2, the removal rate ranged from 0.312 log (run
order 17) to more than 1.5 log (run order 8). Multiple R2, adjusted R2

and p-value for this phase of present study were 0.7008, 0.658, and
0.0002147, respectively. The relatively high R2 of this model indicates

that the model was adequate for prediction. Furthermore, less than 0.2
of difference between R2 and R2

adj, as well as a lower amount of p-value
(0.0002147 < 0.05) suggest that the regression model can be used to
analyze the trend of corresponding response with high degree of pre-
cision.

For this phase, according to the results of the regression analysis
(Table 5), it became clear that both contact time and nZVI concentra-
tion were significant (Pr < 0.05) while no interaction was observed
between the variables. Therefore, the terms which could show the in-
teractions were omitted from the final model for both phases 3 and 4 to
optimize the models; since there were not statistically meaningful. It
means that the results of these phases were fitted with a first order
equation (eq. (2)).

The effect plots (Fig. 5a) can clearly indicate that with increasing
the disinfection time and nZVI concentration (along the x axis), the log
inactivation of B.subtilis spores increased (along the y axis). Also, it is
interesting to note that in this phase and under deaerated conditions,
the nZVI concentration had greatest positive impact with coefficient of
+0.410834, and according to thinner halo zone (Fig. 5a) compare to

Fig. 4. a) Effect plots and b) Contour plot of log inactivation of B. subtilis spores by nZVI in aerobic condition (phase 3).

Fig. 5. a) Effect plots and b) Contour plot of log inactivation of B. subtilis spores by nZVI in deaerated condition (phase 4).
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the other selected independent variables (contact time). In this regard,
contour plot (Fig. 5b) confirms that the removal efficiency of B.subtilis
spores was increased from below 0.2 to more than 1.4 with increasing
the initial concentration of nZVI and contact time.

As mentioned, nZVI showed different performances under different
aeration conditions. Under aerobic conditions there was no significant
effect from nZVI on the inactivation efficiency of B.subtilis spores, and
vice versa, this effect was very significant in deaerated conditions. For
description of this phenomenon, two reasons could be proposed. First;
although nZVI can degrade contaminants through the generation of
reactive oxidant species such as OH0, O2

0, H2(g) and H2O2, the presence
of oxygen can result in producing these oxidants in the bulk phase, and
consequently, they may not interact directly with microorganisms
(Greenlee et al., 2012; Kim et al., 2010). On the other hand, as other
studies have reported, oxidation of Fe0 by oxygen leads to the formation
of an iron oxide layer on the surface of nZVI. Therefore, the rapid
oxidation of nZVI in the presence of oxygen may partly explain the
reason that why inactivation of B.subtilis spores was not significant
under aerobic conditions (Davenport et al., 2000; Greenlee et al., 2012;
Lee et al., 2008).

Along with the results of present study, Kim et al. (2011) in their
research reported a larger decrease in cell membrane integrity of E.coli
induced by nZVI and Fe(II) under deaerated conditions. They concluded
that the enhanced production of intracellular oxidants under deaerated

conditions appears to be involved in more-serious damage to the cell
membrane integrity by oxidizing the cellular components associated
with the cell membrane (Kim et al., 2011). Also, Lee et al. (2008) in
their study stated that in the absence of oxygen a strong bactericidal
effect of nano-Fe0 was observed. Their results indicated that after 1 h of
treatment, the effect of nano-Fe0 on log inactivation of E. coli was much
greater under deaerated than under air-saturated (Lee et al., 2008). In
another study, Diao and Yao (2009) reported that the survival rate was
about 100% and no inactivation effects were observed, when B. subtilis
suspension was mixed with pre-oxidized nZVI particles under aerobic
condition (Diao and Yao, 2009).

However, the results obtained for inactivating B. subtilis spores with
nZVI alone under aerobic condition (about 1 log of reduction) and
under deaerated condition (about 1.5 log of reduction) were promising
but it was below that for other bacteria without endospores (Cheng
et al., 2014; Chiu, 2013; Diao and Yao, 2009; Kim et al., 2010, 2011;
Lee et al., 2008). As previously mentioned, it is related to the spore's
coat which can enhance the protection of spore against many chemical
agents. Based on the comparison of the results of this research with
other studies, it is clear that the disinfection efficacy of nZVI against
B.subtilis spores is less than that for CuCl2-ascorbic acid (Shapiro et al.,
2004) and sodium hypochlorite (DeQueiroz and Day, 2008), and more
than that for persulfate (Sabeti et al., 2016) and hydrogen peroxide
(DeQueiroz and Day, 2008; Mamane et al., 2007).

Fig. 6. a) Time, b) nZVI concentration and c) interaction effects of time and nZVI effect plots with d) Contour plot of log inactivation of B. subtilis spores by UV/nZVI in aerobic condition
(phase 5).
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3.3. Effect the combination of UV/nZVI

The results of the UV/nZVI process are also shown in Tables 2 and 5
and Figs. 6 and 7. In the case of using the combination of UV and nZVI
under aerobic conditions (the results of phase no. 5), only one linear
coefficients (X1 or contact time), and one quadratic term (X2

2 or
nZVIˆ2) were statistically significant (Pr < 0.05), while no significant
interaction was found (P > 0.05). Insignificant difference between R2

(0.8329) and R2adj (0.757), which is less than 0.2, indicate the accu-
racy of the model (Table 5). On the other hand, the lower probability
value of p-value «0.05 indicates that the model is highly significant and
its adequacy fit is obvious. For this phase, the regression's coefficient
estimate indicate that contact time with coefficient equal to +1.17 had
the greatest positive impact on disinfection efficacy and nZVI has a
negative second order effect (with coefficient equal to −0.924).

Also effect and contour plots (Fig. 6) can confirm these results and
show that in the case of using the combination of nZVI and UV under
aerobic conditions (phase no.5), contact time has the greatest liner
positive effect on log inactivation due to its thinner halo zone (Fig. 6a)
but nZVI has a quadratic second order effect (Fig. 6b and d). This means
that with increasing in contact time, the disinfection performance can
also be increased. Increasing the concentration of nZVI up to a certain
amount leads to enhancement of the disinfection performance but after

that level, it reduces the system's efficiency (quadratic effect). Here the
negative quadratic effects of nZVI can be justified with this reason that
when UV was used in combined process, high amounts of nanoparticles
can be lead to create turbidity in water and consequently this phe-
nomenon can prevent UV radiation from reaching the microorganisms.
As it can be seen in Fig. 6c, similar to the results of regression analysis
(Table 5), there are not any interactions between research variables
(contact time and nZVI concentration). The results of this phase in-
dicate that the spore reduction increased in a contact time range of 5
and 60min from less than 0.5 to more than 3.5 log; and the maximum
inactivation occurs when the nZVI concentration is in its mid-range and
also followed by UV irradiation (Fig. 6d).

The results of the last phase of this study, using UV/nZVI under
deaerated conditions or phase 6, are similar to the previous one (phase
no.5), with this difference that as can be seen in Table 5 and as ex-
pected, in this conditions all linear coefficients (X1 or contact time and
X2 or nZVI concentration) along with quadratic term of nZVI (X2

2 or
nZVI ˆ2) were significant (Pr < 0.05), but no significant interaction
has yet been observed (P > 0.05). As it can be seen in Table 2, for this
phase the inactivation rate has increased significantly over other phases
and the removal rate ranged from 1.275 log (run order 17) to more than
4 log (run order 10). Multiple R2, adjusted R2 and p-value for this phase
of study were equal to 0.8431, 0.7718 and 0.0004006, respectively,

Fig. 7. a) Time, b) nZVI concentration and c) interaction effects of time and nZVI effect plots. d) Contour plot of log inactivation of B. subtilis spores by UV/nZVI in deaerated condition
(phase 6).
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which are better than all previous phases. The relatively high R2 of this
model and less difference between R2 and R2

adj and lower amount of p-
value, all express that the model was adequate for prediction and meant
that the model term was significant, which was desirable as it indicated
that the term in the model had a tremendous effect on the corre-
sponding response.

As it can be observed in effect plots and two dimensional contour
plot (Fig. 7), in this phase, as well as the previous phase, a higher
contact time contributed to a higher inactivation rate (Fig. 7a and d),
and nZVI has a quadratic second order effects (Fig. 7b and d similar to
Fig. 6b and d). This means that as previously described for the phase
no.5, increasing in the concentration of nZVI up to a certain amounts
leads to enhancement of disinfection performance but after that the
efficiency of system reduces and as previously mentioned it is because
of this fact that high amounts of nanoparticles can lead to water tur-
bidity, therefore, UV radiation cannot penetrate into the solution and
mostly adsorbed by the particles. Also, on the other hand, as earlier the
results of phase no. 4 showed and confirmed, under deaerated condi-
tions, nZVI show remarkably stronger disinfection ability. And now the
results of phase no.6 also clarify that when these conditions are com-
bined with UV, the disinfectant efficacy further increase.

The results of this phase demonstrates that the nZVI concentration
can significantly affect the disinfection efficiency because higher con-
centrations up to a certain amount lead to more radical generation and
also under deaerated conditions oxidation of Fe0 cannot happen, so no
iron oxide layer can be formed on the surface of nZVI and hence relative
surface reactivity of nZVI can be maintained and their disinfection
ability increased (Davenport et al., 2000; Greenlee et al., 2012; Lee
et al., 2008). In the other hand when nZVI was used in combination
with UV radiation (phases no. 5 and 6), UV can hit the spores and partly
break their resistance so under these circumstances nZVI can be more
effective. From another perspective, it has been reported that solubility
of nZVI decreases significantly by changing in the environmental con-
ditions such as changing in pH, while UV irradiation can improve nZVI
solubility and subsequently its disinfection properties (Mohammad
Alizadeh et al., 2013). Another theory is related to the production of
iron oxide “FeOx” from Fe0 which may be formed in the presence of low
levels of oxygen (even in presence of dissolved oxygen) and according
to equations (4)–(7) under UV irradiation can lead to formation of
additional ROS (Morgada et al., 2009) which results in more disinfec-
tion efficacy of nZVI.

+ → +− +FeOx h h" " ν ecb vb (4)

+ → +− + ° +HO H h HO( O) ( H )2 vb (5)

+ + →− + °− °O HOe ( H ) O ( )2 cb 2 2 (6)

+ + → +− ° −O H O HO HOe2 cb 2 2 (7)

Therefore, due to the above reasons, in both of combinational
processes (phases no.5 and 6), the nZVI showed a significant disinfec-
tion effect.

Effect of the combination of UV light and nZVI on inactivation of
B.subtilis spores (including the effect of aeration conditions) has not

been previously studied. Therefore, the results of this research with
other studies cannot exactly be compared, but what is clear is that the
disinfection efficacy of UV/nZVI against B.subtilis spores is more than
that for CuCl2-ascorbic acid (Shapiro et al., 2004), sodium hypochlorite
(DeQueiroz and Day, 2008), persulfate (Sabeti et al., 2016), chlorine
dioxide (Radziminski et al., 2002) and hydrogen peroxide (DeQueiroz
and Day, 2008; Mamane et al., 2007), and is approximately in line with
other processes such as UV/persulfate (Sabeti et al., 2016) and UV/TiO2

(Zhang and Zhou, 2014).

3.4. Optimization of experimental parameters and process

Optimization formulas (Eqs. (8)–(11)) were obtained according to
the coefficient estimates of regression models (Table 5) for nZVI alone
and the combined disinfection process.

= + −Y X X0.544801 0.408242 0.145831 1 2 (8)

= + +Y X X0.23291 0.303636 0.4108342 1 2 (9)

= + + − ×

− −

Y X X X X

X X

2.478886 1.170881 0.280113 0.03058

0.12905 0.92406
3 1 2 1 2

1
2

2
2 (10)

= + + − × −

−

Y X X X X X

X

3.26576 1.32698 0.12435 0.19633 0.44395

0.1.26211
4 1 2 1 2 1

2

2
2 (11)

Where Y1, Y2, Y3 and Y4 represent log inactivation of B. subtilis spores
by the nZVI (aerobic-phase no.3), nZVI (deaerated-phase no.4), UV/
nZVI (aerobic-phase no.5) and UV/nZVI (deaerated - phase no.6) pro-
cesses, respectively; X1 is the contact time and X2 is the nZVI con-
centration in the sample. The above equations were solved by Solver
add-Ins in Microsoft Excel 2013, and it should be noted that the results
of these equations are in the coded form and should be converted to real
values by utilize equation (1). Finally the optimization results for all of
the six phases of this study are presented in Table 6.

According to these results, for all phases of this study, the maximum
inactivation of B. subtilis spores occurred after 60min of contact time
and different initial concentration of nZVI. As the results of Table 6
shows, among all the existing disinfection processes, the combined UV/
nZVI process under deaerated conditions has the highest efficiency with
4.15 log inactivation after 60min and 491mg/l of nZVI concentration.
In this optimum point, the UV-dose can be calculated by multiplying
the lamp intensity (0.112mW/cm2) to optimum contact time (60min)
which is equal to 6.72mW.s/cm2. The optimum results can indicate
that the inactivation rate was in maximum amount under specific level
of nZVI concentration (300–800 mg/L) and decreased at any other le-
vels above and below of this range. In all cases, it is clear that UV ir-
radiation enhances the inactivation. On the other hand, according to
these results, it can be concluded that combining and simultaneously
using of UV and nano processes leads to synergistic effects. Therefore,
the efficiency of each of combined processes (phases 5 and 6) is greater
than the sum of single processes (phases 1 + 3 and 2 + 4 respectively),
which is a sign of the synergistic effect of UV and nZVI.

Table 6
Optimization results of B. subtilis spore reduction by UV, nZVI and combined UV/nZVI processes.

Process Phase no. Contact time (min) nZVI Concentration (mg/l) Log inactivation

UV Aerobic 1 60 – 2.2
Deaerated 2 60 – 2.56

nZVI Aerobic 3 60 300 1.01
Deaerated 4 60 850 1.41

UV/nZVI Aerobic 5 60 572 3.54
Deaerated 6 60 491 4.15
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4. Conclusion

This work presents information about the effects of UV and nZVI on
B.subtilis spores inactivation which are resistant to conventional dis-
infectants. The effects of six disinfection processes including UV, nZVI,
and combined UV/nZVI once under aerobic conditions and second
under deaerated conditions were investigated. For all phases of the
present study and among the different selected independent variables,
the disinfection time had the greatest positive impact on disinfection
ability. It should be noted that the current study was performed to
evaluate the efficacy of the processes; therefore, we had to test the
higher spore densities to see the effects of independent variables on the
log-reduction of spores. Comparing with the spores with a lower con-
centration, the one with a higher concentration might be favorable for
aggregation which could protect the inner spores from being in-
activated by nZVI. On the other hand, higher spore densities led to the
application of higher amounts of nZVI which could cause more ag-
gregation and growth of nanoparticles, thus reducing their relative
surface reactivity and their inactivation efficiency (Nurmi et al., 2005).
Therefore, there is an optimal nZVI concentration which could exhibit
the highest inactivation efficiency.

According to the results, among the tested disinfectants, a maximum
disinfection performance was achieved for the combined UV/nZVI
process under deaerated conditions with the contact time of 60min and
491mg/l of nZVI. The results also indicated that when nZVI was used in
combination with UV, Nanoscale zero-valent iron particles showed a
brilliant ability in terms of removing spores. In this process, ROS ra-
dicals generated from the nZVI combination with UV irradiation
showed an enhancement of inactivated B. subtilis spores close to the 4-
log reduction. Although the achieved results for UV/nZVI process are
promising for spore inactivation, additional studies are required to
evaluate other aspects such as identifying the exact mechanisms of in-
activation process, testing the various intensity of UV, process cost, and
bench scale use of this process.
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