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ABSTRACT: Sulfate radical (SO4
•−) has been increasingly applied as an efficient oxidant

for water treatment in recent years. This study investigated the disinfection efficacy of
SO4

•− on Escherichia coli O157:H7, i.e., a pathogenic strain of E. coli on the U.S.
Environmental Protection Agency’s Contaminant Candidate List. SO4

•− was generated via
persulfate (S2O8

2−) activation using ferrous iron (Fe2+). Results showed that S2O8
2−

activation and subsequent SO4
•− exposure induced the loss of pathogenic E. coli viability.

The disinfection, kinetics exhibited an induction phase followed by a rapid first-order
decay phase. Dosages of S2O8

2− and Fe2+ significantly impacted the duration of the
induction phase and the rate of disinfection; on the other hand, the solution pH
preferentially impacted the induction time, and the dosage of Fe3+-reducing agent
hydroxylamine (NH2OH) impacted the rate of disinfection. The disinfection kinetics depended on the CT equivalence of total
SO4

•− exposure. Results showed that SO4
•− exposure initiated the loss of E. coli O157:H7 cell viability 5 times faster than HO•

exposure did. This unique feature of SO4
•− is possibly associated with its highly selective reactivity with electron-rich moieties on

the surface of E. coli O157:H7 cell membranes.

■ INTRODUCTION

Outbreaks of pathogenic microorganisms in water supplies pose
great challenges to public health. Disinfection is a crucial step in
water treatment for the destruction of pathogens and
protection of public health.1 Beyond traditional chlorine-
based disinfectants, oxidative radicals generated from advanced
oxidation processes have been increasingly employed for water
treatment. For example, hydroxyl radical (HO•), usually
generated from hydrogen peroxide (H2O2) via Fenton reaction
or UV, has been widely applied.2,3 HO• is effective in bacterial
disinfection because its highly oxidative nature allows it to
degrade cell lipids, proteins, and nucleic acid, thus creating
irreversible oxidative damage to the cell membranes and
resulting in a loss of cell viability.4−6 In recent years, sulfate
radical (SO4

•−) has also been proposed as an alternative
oxidant, because of its strong capacity to degrade recalcitrant
organic contaminants.7−15 SO4

•− is similar to HO• in its
oxidative ability but possesses a higher reactivity with electron-
rich chemicals.16 Although the strong oxidative nature of SO4

•−

makes it a potentially effective disinfectant, little is known about
its disinfection efficacy on pathogenic bacteria.
Prior studies of SO4

•− inactivation mainly focused on marine
phytoplankton or nonpathogenic bacteria in drinking water.17,18

Pathogenic bacteria in a water supply pose a great threat to
public health. In particular, Escherichia coli O157:H7, a
waterborne and highly virulent strain of E. coli that produces
Shiga-like toxins, is notoriously known worldwide for its
outbreaks from drinking water.19−22 The associated health
effects include gastrointestinal illness and hemolytic uremic
syndrome.20,23−25 It was recently placed on the U.S. Environ-
mental Protection Agency’s drinking water Contaminant

Candidate List (CCL4).26 Therefore, preventing the occur-
rence of E. coli O157:H7 in water supplies is crucial.25,27

Furthermore, E. coli O157:H7 cells possess a variety of unique
external and surface bond macromolecules, including flagella,
proteins, and extracellular polymeric substances (EPS).28−30

These surface characteristics can affect the resistance of E. coli
O157:H7 to oxidative stress compared to those of other
nonpathogenic E. coli strains.30,31

SO4
•− can be generated via persulfate (S2O8

2−) activation by
Fenton reaction, UV irradiation, heat, base, electrodes, and
nanoparticles.32−38 In particular, Fenton reaction is a
convenient approach, during which ferrous iron (Fe2+) is
added and oxidized by persulfate to ferric iron (Fe3+), while
persulfate is activated to SO4

•−.39,40 The solution pH affects the
efficiency of iron persulfate activation.2 To increase the yield of
SO4

•−, hydroxylamine (NH2OH) was typically added as a
reducing reagent to promote the conversion of ferric iron to its
ferrous form.41−43 However, the nature and potential benefit
for the SO4

•−-driven disinfection of the pathogenic strain of E.
coli are still unknown.
The main objective of this study was to investigate the

kinetics of SO4
•−-induced disinfection of pathogenic E. coli

O157:H7, using iron persulfate activation to generate SO4
•−,

and examine its loss of viability with varying solution pH values
and concentrations of persulfate, ferrous iron, and hydroxyl-
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amine. The disinfection kinetics of SO4
•− was also compared to

that of HO• based on the total radical exposure.

■ MATERIALS AND METHODS

All chemicals used in this study were reagent grade. An E. coli
O157:H7 stock solution was prepared by inoculating the cells
from a stock culture overnight at 37 °C. This preculture was
then inoculated in a 300 mL LB broth [1:100 (v/v)] for an
additional 4 h to reach the exponential growth phase (Figure
S1). The concentration of the E. coli stock solution was
quantified with a cell counting chamber via light microscopy
(Micromaster, Fisher Scientific). The final incubated E. coli
suspension was centrifuged and washed three times with 5 mM
KCl to create an E. coli stock suspension.
To start a disinfection experiment, a requisite amount of a

100 mM persulfate stock solution prepared from K2S2O8 was
quickly mixed with a predetermined amount of the E. coli stock
suspension in a 250 mL sterilized glass batch reactor. The
targeted persulfate concentration was varied between 0 and 3
mM. Ferrous iron was added using a freshly prepared 100 mM
FeSO4 stock solution to create a Fe2+:S2O8

2− molar ratio of

0−6. In some experiments, NH2OH was added to the solution.
Phenol at a concentration ranging from 0.3 to 1 mM was added
as a probe compound to measure the steady-state SO4

•−

concentration in each disinfection experiment.44 Although a
kinetic model is theoretically possible for predicting the radical
concentration, the direct probe method can quantify the quasi-
steady-state radical concentrations. The solution pH was held
constant at the targeted value between 5 and 9 by adding
droplets of 50 mM HClO4 or NaOH. The solution ionic
strength was held at 25 mM. Similar disinfection experiments
were performed with H2O2, during which HO• was produced.
At each predetermined time interval, 5 μL of a sample was
withdrawn from the reactor to measure the viability of E. coli,
which indicated the loss of cell membrane integrity. An
additional 5 mL sample was filtered through a 0.22-μm
Millipore filter to measure the concentrations of persulfate and
phenol. All experiments were conducted in triplicate at 25 °C.
The viability of E. coli was measured using a well-accepted

live/dead fluorescent staining assay.31,45−48 Viable cells
exhibited green fluorescence, whereas dead cells showed red
fluorescence under a fluorescent microscope (Olympus BX 51).

Figure 1. Impact of chemical parameters on the viability of E. coli O157:H7 cells during persulfate activation by ferrous iron: (A) persulfate
concentration, (B) ferrous iron concentration, (C) hydroxylamine concentration, and (D) solution pH. Unless specified in the figure legend, the
experimental condition included 3 mM S2O8

2−, 3 mM Fe(II), 3 mM NH2OH, and pH 7.
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Cell viability was calculated as the natural logarithm of the ratio
of living cells to total cells. Persulfate was measured using the
KI colorimetric method.49 Phenol was analyzed with an Agilent
1200 high-performance liquid chromatography (HPLC) instru-
ment equipped with a diode array detector at a wavelength of
254 nm.9

■ RESULTS AND DISCUSSION

Loss of E. coli Viability during Persulfate Activation.
The change in E. coli viability exhibited two distinct stages: an
initial period of induction time, or a “lag” phase, during which
the cell viability exhibited little change; and an ensuing “rapid
decay” phase associated with a pronounced loss of viability
(Figure 1). The loss of cell viability was also accompanied by
the change in the fluorescence of the cells (Figure S2). The
persulfate concentration strongly affected the durations of these
two phases, while in control experiments without persulfate, E.
coli cells exhibited a negligible loss of viability throughout the
entire duration of exposure (Figure 1A). The concentration of
Fe2+ impacted both the duration of the lag phase and the rate of
the rapid decay phase (Figure 1B). The presence of
hydroxylamine also accelerated the loss of cell viability, with a
shorter induction time and more rapid decay kinetics at higher
hydroxylamine concentrations (Figure 1C). On the other hand,
the solution pH did not impact the rate of rapid disinfection
kinetics but significantly impacted the induction time, with a
higher pH inducing the loss of viability more quickly (Figure
1D).
Kinetics of Disinfection of E. coli O157:H7 by SO4

•−.
To quantitatively describe the loss of E. coli cell viability, a

multitarget bacterial disinfection model was established to
describe the two-phase behavior using eq E1:

= − − −N N kt{1 [1 exp( )] }m
0 (E1)

This model has been used to express typical viability loss
profiles during disinfection of bacteria and Crytosporidium
parvum oocysts.50,51 N is the number of viable bacteria at a
particular exposure time. N0 is the total number of bacteria cells
before exposure to the persulfate iron activation system (cells
per milliliter). t is the exposure time (minutes). k and m are two
intrinsic parameters. k is the inactivation rate constant for the
exponential decay phase (inverse minutes). m is an intrinsic
model fitting parameter with no physical meaning. The values
of k and m were obtained by fitting the model with
experimental data using the Matlab software. The induction
time (ts) was defined as the period during which the population
of cells exhibited <5% of viability loss; i.e., N/N0 < 0.05.
Consequently, ts was calculated using eq E2:

= − − ⎜ ⎟
⎡
⎣⎢⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥⎥t

k
1

ln 1
19
20

m

s

1/

(E2)

Values of k and ts were obtained using the disinfection model
(Table S1). Inactivation rate constant k increased almost
linearly with the dosage of persulfate, while the induction time
and persulfate dosage exhibited an inversely exponential decay
relationship (Figure 2A). Rate constant k also increased rapidly
with the dosage of Fe2+ before plateauing, while the induction
time decreased exponentially with Fe2+ concentration (Figure
2B). An addition of NH2OH increased k but only modestly

Figure 2. Impact of solution chemical parameters on the induction time (ts) and viability loss rate constant (k) of E. coli O157:H7 disinfection: (A)
persulfate concentration, (B) ferrous iron concentration, (C) hydroxylamine concentration, and (D) solution pH. Unless specified in the figure
legend, the experimental condition included 3 mM S2O8

2−, 3 mM Fe(II), 3 mM NH2OH, and pH 7.
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impacted ts (Figures 2C). In contrast, the solution pH affected
k more significantly than the induction time (Figures 2D).
Mechanism of Disinfection by SO4

•−. The observed E.
coli O157:H7 viability loss resulted from the generation of
SO4

•− from persulfate activation via a Fenton-like reaction:52,53

+ → + + =− + •− − + − −kS O Fe SO SO Fe 20 M s2 8
2 2

4 4
2 3

1
1 1

(R1)

Under typical experimental conditions in this study (i.e.,
1−5 mM S2O8

2−, 1−5 mM Fe2+, and pH 7), Fe2+ acted as the
major sink for SO4

•−:54−56

+ → + = ×•− + − + − −kSO Fe SO Fe 4.6 10 M s4
2

4
2 3

2
9 1 1

(R2)

In addition, S2O8
2− was a main sink for HO•:32,57−60

+ → + = ×• − •− − − −kHO S O S O HO 1.4 10 M s2 8
2

2 8 3
7 1 1

(R3)

The steady-state concentration of SO4
•− was approximately 2

orders of magnitude higher than that of HO• (details provided
in Text S1). Therefore, the generation of HO• from the
persulfate system was negligible. Persulfate radical (S2O8

•−) is
not an effective oxidant and decayed into inert sulfate and
dissolved oxygen.7,9 Persulfate remained stable without ferrous
iron (Fe2+) but quickly decomposed in the presence of Fe2+

(Figure S3).
The rapid cell viability losses (i.e., a decrease in ts) with

increasing initial S2O8
2− and Fe2+ concentrations could be

attributed to the generation of oxidative SO4
•− (Figure 2A,B).

However, because of the scavenging effect of excess Fe2+ on
SO4

•−, the yield of SO4
•− eventually decreased at higher Fe2+

concentrations, resulting in a plateau of the values of k and ts
(Figure 2B). The presence of NH2OH also accelerates the
disinfection kinetics. As persulfate was activated, Fe3+ was
generated (reaction E1). The presence of NH2OH effectively
reduced Fe3+ to Fe2+:41−43

+ → + ++ + • +Fe NH OH Fe NH O H3
2

2
2 (R4)

Therefore, the presence of NH2OH increased the availability of
Fe2+ and the yield of SO4

•−. Consequently, the rate of
disinfection increased with NH2OH dosage (Figure 2C).
Intermediate product NH2O

• was further converted to
inorganic nitrogen via the reduction of Fe3+ to Fe2+.41−43,61−63

With regard to solution pH, it impacted the availability of
Fe2+ for persulfate activation. Fe2+ was oxidized by dissolved
O2:

64

+ + → ++ +Fe
1
4

O
5
2

H O Fe(OH) 2H2
2 2 3(s) (R5)

The rate of reaction R3 increased by 8 orders of magnitude
when the pH was increased from 5 to 9. Meanwhile, the rate of
Fe2+ oxidation by SO4

•− (reaction E2) and the rate of Fe2+

oxidation by S2O8
2− (reaction E1) were approximately constant

regardless of pH (calculation provided in Text S2).
Consequently, as the solution pH increased from 5 to 9, Fe2+

was preferentially scavenged by dissolved O2, and the effect of
scavenging of SO4

•− by Fe2+ decreased significantly, leading to
an increase of the effective yield of SO4

•−. Therefore, an
increase in solution pH shortened ts (Figure 2D). However, as
Fe2+ reacted with dissolved O2 at higher pH values, the fraction
of Fe2+ that effectively activated persulfate to SO4

•− decreased.
Furthermore, a higher pH likely increased the negative surface
charge of E. coli bacteria, repulsed SO4

•− from the surface of E.

coli cells, and consequently reduced the accessibility of SO4
•− to

E. coli cell membranes. As a result, pH had an insignificant
effect on k (Figure 2D).
To compare the SO4

•−- and HO•-driven disinfection of E.
coli O157:H7, the cell viability loss was expressed as the total
radical exposure based on the classic CT concept of disinfection
(i.e., CT = ∫ 0

t [radical•]sst, Chick−Watson model).1 Calculation
of CT values is provided in Text S3. These two radicals
exhibited distinct trends in disinfection kinetics (Figure 3).

SO4
•− induced the loss of E. coli O157:H7 cell viability

approximately 5 times faster than HO• did, i .e. ,
2 × 10−10 M min for SO4

•− versus 9.5 × 10−10 M min for
HO• based on CT exposure. The data indicate SO4

•− likely had
a higher affinity with pathogenic E. coli O157:H7 and induced
viability loss faster than HO•. This unique trend with SO4

•−

was not observed with other nonpathogenic E. coli strains.18 It
can result from the variation of surface characteristics (e.g.,
macromolecule level and composition) that have been observed
with various E. coli isolates.30 The cell membrane of E. coli
O157:H7 is surface-bound with macromolecules, including
proteins, polysaccharides, and EPS,28 which could allow the
radical oxidation of its cell membrane structure.
SO4

•− selectively reacts with electron-rich organic com-
pounds via a direct electron transfer mechanism, whereas HO•

nonselectively reacts with organic compounds via a combina-
tion of H abstract and OH addition mechanisms.16,65 However,
once cell viability loss was initiated, SO4

•− exhibited a
disinfection rate that was approximately 60% slower than that
of HO• (slopes of the two curves in Figure 3). This might be
because both E. coli bacteria and SO4

•− are negatively charged
while HO• is neutral, and HO• was likely more accessible to the
surface of bacterial cells once the cell permeability was
compromised.18 The detailed disinfection mechanism will be
examined in the future.

Environmental Implications. Results from this study
show that iron-activated persulfate can effectively induce the
viability loss of pathogenic E. coli O157:H7. The disinfection
kinetics of SO4

•− exhibits an induction time much shorter than

Figure 3. Comparison of SO4
•−- and HO•-driven disinfection kinetics

on E. coli O157:H7 on the basis of CT values on radical exposure to
iron-activated persulfate. The circles are experimental data. The dashed
lines are Chick−Watson model fittings of the experimental data.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.7b00035
Environ. Sci. Technol. Lett. 2017, 4, 154−160

157

http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00035/suppl_file/ez7b00035_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00035/suppl_file/ez7b00035_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00035/suppl_file/ez7b00035_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00035/suppl_file/ez7b00035_si_001.pdf
http://dx.doi.org/10.1021/acs.estlett.7b00035


that of HO•. Sulfate radical-based disinfection can be
implemented in water treatment by adding ferrous iron and
persulfate with a desirable contact time, followed by a
coagulation/flocculation step to remove the ferric iron
hydroxide particles. The disinfection efficiency depends on
the control of water chemistry. A desirable dosage of persulfate,
ferrous iron can shorten the induction time and enhance the
disinfection kinetics. A solution pH in the neutral to basic range
and the addition of hydroxylamine can also increase the rate of
disinfection. Optimization of these chemical parameters can
ensure an efficient yield of sulfate radical and a desirable CT
exposure for disinfection. Although this disinfection process
generates sulfate as a byproduct, it is a secondary chemical with
a U.S. Environmental Protection Agency nonmandatory
guideline of 250 mg/L in drinking water. Sulfate formation
can be minimized by increasing the stoichiometric yield of
sulfate radical from persulfate, e.g., by controlling the optimal
dosage of chemicals.
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