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• Fe3+-saturated montmorillonite's anti-
bacterial activity was studied.

• Wastewater bacteria was deactivated
effectively by Fe3+-saturated montmo-
rillonite.

• Fe3+-saturated montmorillonite
deactivated bacteria possibly by cell
membrane damage.

• Fe3+-saturated montmorillonite can
disinfect bacteria-contaminated water.
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Existing water disinfection practices often produce harmful disinfection byproducts. The antibacterial activity of
Fe3+-saturated montmorillonite was investigated mechanistically using municipal wastewater effluents. Bacte-
rial deactivation efficiency (bacteria viability loss) was 92 ± 0.64% when a secondary wastewater effluent was
mixed with Fe3+-saturated montmorillonite for 30 min, and further enhanced to 97 ± 0.61% after 4 h. This de-
activation efficiencywas similar to that when the same effluentwas UV-disinfected before it exited awastewater
treatment plant. Comparing to the secondarywastewater effluent, the bacteria deactivation efficiencywas lower
when the primary wastewater effluent was exposed to the same dose of Fe3+-saturated montmorillonite,
reaching 29±18% at 30min and 76±1.7% at 4 h. Higher than 90% bacterial deactivation efficiencywas achieved
when the ratio between wastewater bacteria population and weight of Fe3+-saturated montmorillonite was at
b2 × 103 CFU/mg. Furthermore, 99.6–99.9% of total coliforms, E. coli, and enterococci in a secondary wastewater
effluent was deactivated when the water was exposed to Fe3+-saturated montmorillonite for 1 h. Bacterial col-
ony count results coupled with the live/dead fluorescent staining assay observation suggested that Fe3+-
saturatedmontmorillonite deactivatedbacteria inwastewater through twopossible stages: electrostatic sorption
of bacterial cells to the surfaces of Fe3+-saturated montmorillonite, followed by bacterial deactivation due to
mineral surface-catalyzed bacterial cell membrane disruption by the surface sorbed Fe3+. Freeze-drying the
recycled Fe3+-saturatedmontmorillonite after each usage resulted in 82±0.51% bacterial deactivation efficiency
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even after its fourth consecutive use. This study demonstrated the promising potential of Fe3+-saturated mont-
morillonite to be used in applications from small scale point-of-use drinking water treatment devices to large
scale drinking and wastewater treatment facilities.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Ensuring adequate access to clean water worldwide is one of the
greatest global challenges in this century because 1.2 billion people
throughout the world lack safe drinking water and millions of people
die annually from diseases caused by harmful microorganisms in un-
treated or improperly treated drinking water (Shannon et al., 2008).
Water disinfection practices such as chlorination, ozonation, and UV
treatment are commonly used. However, chlorination and ozonation,
used separately or combined, often result in disinfection by-products
(Huang et al., 2005; Muller et al., 2012; Richardson and Postigo, 2011;
Zha et al., 2014).Many of the disinfection by-products can posenegative
impact to human health (Krasner et al., 2009).

In the past decade, various natural or engineered nanomaterials
have been developed as antibacterial agents for water disinfection pur-
pose. Those nanomaterials include silver nanoparticles (Dankovich and
Gray, 2011; Morones et al., 2005; Panáček et al., 2006), copper and cop-
per oxide nanoparticles (Ben-Sasson et al., 2013; Meghana et al., 2015),
titanium dioxide (Li et al., 2012; Simon-Deckers et al., 2009), carbon
nanotubes (Tiraferri et al., 2011; Vecitis et al., 2010), zinc oxide
(Applerot et al., 2009; Raghupathi et al., 2011), fullerenes (Lyon and
Alvarez, 2008) and graphene materials (Hu et al., 2010; Liu et al.,
2012; Perreault et al., 2015; Wu et al., 2013). Among them, silver-
based nanomaterials have been most widely explored owing to their
antibacterial properties to a broad spectrum of microorganisms
(Panáček et al., 2006). The antibacterial activity of silver-based
nanomaterials is mainly attributed to the release of Ag+, which further
interacts with the thiol functional groups in proteins, resulting in respi-
ratory enzymes inactivation and reactive oxygen species generation
(Matsumura et al., 2003). Furthermore, Ag+ can also prevent DNA rep-
lication and enhance detachment of cytoplasm membrane from cell
wall (Feng et al., 2000). Silver-based antibacterial materials, however,
can be expensive and have poor stability (Lv et al., 2010). There have
been concerns about their long term efficacy and economic applicability
(Qu et al., 2012). Previous research has shown that clay minerals have
high specific surface area, cation exchange capacity, and sorption capac-
ity and, therefore, result in their high sorption capacity for cations in-
cluding Ag+, Zn2+, and Cu2+. Research has shown that clay minerals
modified with these cations possess antibacterial property (Hrenovic
et al., 2012; Hu et al., 2005; Magana et al., 2008; Malachová et al.,
2011; Morrison et al., 2014; Tong et al., 2005; Williams and Haydel,
2010). However, the effectiveness of Fe3+-modified clay minerals for
bacterial disinfection of contaminated water has not been tested.

Our previous studies have demonstrated effective removal of pheno-
lic organic compounds fromwastewater due to surface catalyzed oxida-
tive oligomerization by Fe3+-saturated montmorillonite
(Liyanapatirana et al., 2009; Qin et al., 2014). It was therefore hypothe-
sized for the current study that the surface reactivity of Fe3+-saturated
montmorillonite might also capable of deactivating bacteria in waste-
water. Although Cu2+, Zn2+ and Ag+ exchanged montmorillonite
have shown antibacterial activity, the possible leaching of these cations
into water could pose potential threat to public health due to their tox-
icity at high concentrations. In this study, we therefore proposed to de-
velop Fe3+-saturated montmorillonite as an alternative to disinfect
water because iron is an essential element for human. The objectives
of this study were: 1) to investigate the influence of exposure time
and mineral concentration on the bacterial deactivation efficiency of
Fe3+-saturated montmorillonite; 2) to elucidate bacterial deactivation
mechanisms when exposed to Fe3+-saturated montmorillonite; and
3) to evaluate the performance stability and reusability of Fe3+-
saturated montmorillonite for bacterial deactivation. To achieve these
objectives, a wide spectrum of culturable bacteria associated with the
primary and secondary effluents from a local wastewater treatment
plant and water quality indicator bacteria including total coliforms
(gram-negative), E. coli (gram-negative) and enterococci (gram-posi-
tive) were tested. Because the main focus of this study was to investi-
gate if Fe3+-saturated montmorillonite is capable of deactivating
wastewater bacteria, differentiation of spore-forming bacteria vs. non-
spore-forming bacteria is beyond the scope of this study.

2. Materials and methods

2.1. Chemicals and materials

Luria-Bertani (LB) broth powder (Lennox), agar powder, sodium
chloride (≥99%) were purchased from Fisher Scientific (Fair Lawn, NJ).
Na+-montmorillonite (SWy-2, Crook County, Wyoming) was obtained
from the Source Clays Repository of the Clay Minerals Society (Purdue
University, West Lafayette, IN). The ultrapure water used in this study
was produced by aMilliporeMilli-Qwater purification system (Milford,
MA).

2.2. Fe3+-saturated montmorillonite preparation

Detailed description for preparation of Fe3+-saturated montmoril-
lonite can be found in previous studies (Liyanapatirana et al., 2009;
Qin et al., 2014). Briefly, Na+-montmorillonite (Na+ asmajor interlayer
cation) was first purified and fractionated to b2 μm clay-sized particles
and then went through six saturation-decantation cycles using 0.1 M
FeCl3 to saturate the montmorillonite interlayers with Fe3+. The Fe3+-
saturated montmorillonite was then repeatedly washed with ultrapure
grade water followed by centrifugation until no Cl− in the supernatant
was detected using the AgNO3 test. The washed Fe3+-saturated mont-
morillonite was finally freeze-dried for future tests of its antibacterial
efficiency.

2.3. Bacterial deactivation study using Fe3+-saturated montmorillonite

To prevent bacterial cross contamination during each step of testing,
all related glassware andmaterialswere properly sterilized by autoclav-
ing at 121 °C for 20min. Twomilliliters of primary or secondary waste-
water effluent from a local wastewater treatment plant wasmixedwith
a predetermined amount (varied from 5mg to 70mg depending on the
experiment) of Fe3+-saturated montmorillonite in a 20 mL glass vial
and shaken on a horizontally moving shaker at 200 rpm for up to 4 h
at 25 °C. To compare results, the amount of Fe3+-saturated montmoril-
lonitewas normalized to the volume of wastewater treated, resulting in
mineral concentrations of 2.5–35 mg/mL. Specific concentrations are
stated in the figures and results. This conventional wastewater treat-
ment plant treats domestic wastewater by sequentially using primary
sedimentation, secondary biological activated sludge treatment, and
UV disinfection (mediumpressure high intensitymercury arc lamp) be-
fore the treated water is discharged into a receiving river. The effluent
from the primary sedimentation tank, the secondary biological treat-
ment basin before UV disinfection, and the UV disinfection basin were
used for the experiment without any modification. The characteristics
of the primary and secondary wastewater effluents are summarized in
Table 1. At 0.5 h, 1 h, 2 h and 4 h, triplicate vials were taken from the
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shaker and centrifuged at 1000 rpm for 5 min to separate the aqueous
phase and mineral phase. Supernatant (aqueous phase) of each vial
was withdrawn and weighed. The amount of water trapped in themin-
eral sediment was calculated by the difference between the weight of
themineral andwhatwas initially added into each vial. Thiswas includ-
ed in the later calculation of aqueous phase bacterial population and ex-
cluded in the calculation of mineral phase bacterial population.

Bacterial populations, expressed in colony forming unit (CFU), in the
wastewater samples, the aqueous phase, and the mineral phase were
quantified using the Colony Forming Count method (Pepper and
Gerba, 2015). Briefly, a wastewater or an aqueous phase sample was di-
luted sequentially 10-fold with saline water (0.85% NaCl) for up to 5
times. An aliquot of 100 μLwas taken from each diluted solution, spread
onto a pre-sterilized LB agar growth media, and incubated at 28 °C for
24 h before colony counting. The LB agar growth media is commonly
used for lab culturing of a wide range of bacteria including pathogenic
bacteria such as E. coli and Staphylococcus aureus (Hrenovic et al.,
2012; Tang et al., 2013). The collected mineral phase was re-
suspended in 10 mL sterilized saline solution, hand mixed thoroughly
for 1 min, sequentially diluted 10-fold using saline water (0.85% NaCl)
for up to 5 times, followed by the colony forming count for each diluted
mixture using the plate cultural method as described above. The sum of
the bacterial populations in the aqueous phase and the mineral phase
was calculated as total CFU and compared with that in the wastewater
before itwas exposed to Fe3+-saturatedmontmorillonite or Na+-mont-
morillonite. The bacterial deactivation efficiency was calculated as ((Co-
Ct)/Co) × 100%,where Ct is the total CFU at different reaction time t, Co is
the CFU of the wastewater used. To test the reusability of Fe3+-
saturated montmorillonite for bacterial deactivation in wastewater,
the Fe3+-saturated montmorillonite sediment was collected after each
deactivation cycle via centrifugation and used as is for the next cycle
or freeze dried before being used for the next cycle, each with a fresh
batch of wastewater sample. Four consecutive cycles were tested.

In addition to testing a wide range of wastewater associated
culturable bacteria, deactivation efficiency of specificwater quality indi-
cator organisms including total coliforms, E. coli, and enterococci in the
wastewater samples were also evaluated and tested using Quanti-Tray/
2000 (IDEXX Laboratories, Westbrook, ME) following the USEPA ap-
proved Colilert and Enterolert tests for wastewater samples (APHA,
2012). Briefly, after 1 h exposure to Fe3+-saturated montmorillonite
(10 mg/mL), secondary wastewater sample was then mixed with one
pack of colilert in sterile vessel, transferred to Quanti-Tray/2000, sealed
using IDEXX Quanti-Tray sealer and finally incubated at 35 °C for 24 h.
Quanti-Tray wells shown in yellow were counted and quantified as
total coliforms using the IDEXX MPN Generator software. Quanti-Tray
wells that were yellow and blue fluorescent under UV light (6 W,
365 nm) were counted as E. coli. Similarly, enterolert reagent pack
was added into wastewater sample using same Quanti-Tray enumera-
tion procedure. After incubation at 41 °C for 24 h, Quanti-tray wells
that displayed blue fluorescence under UV light (6 W, 365 nm) were
counted as enterococci positive.

2.4. Bacterial cell viability assay

Bacterial cell viability during the deactivation tests was further visu-
alized using the fluorescence-based cell live/dead test (Perreault et al.,
Table 1
Characteristics of the primary and secondary wastewater effluents used for this study.

Parameter Primary Secondary

pH 7.5 7.4
Dissolved oxygen (DO) (mg/L) 2.0 8.3
Biological oxygen demand (BOD) (mg/L) 77 2.9
Alkalinity (mg/L, CaCO3) 227 113
Total suspended solids (mg/L) 53 2.5
2015). An aliquot of 1 mL wastewater sample was incubated overnight
in 25 mL LB growth medium at 28 °C until reaching mid-exponential
growth phase. Bacteria in the growth medium were then harvested by
centrifugation at 7500 rpm for 10 min. The bacterial pellet was washed
twice using saline solution to remove residual macromolecules and
other growth medium constituents. The bacterial pellet was first re-
suspended in 2 mL wastewater, then exposed to 50 mg Fe3+-
saturated montmorillonite for 4 h, and finally centrifuged at 1000 rpm
for 5 min. Themineral phase collected was re-suspended in 1 mL saline
solution and stained by using the LIVE/DEAD BacLight bacterial viability
kit (L7007, Invitrogen, Carlsbad, CA, USA). An aliquot of 3 μL dyemixture
containing SYTO 9® and propidium iodide was added to the 1 mL
mineral-saline mixture suspension and incubated in darkness for
15 min before final observation under a Zeiss fluorescence microscope
(Axio Observer Z1, Carl Zeiss, Germany). With mixture of the SYTO 9®
and propidium iodide (PI), bacteria with intact cell membranes stain
fluorescent green (considered to be viable), and bacteria with compro-
mised membranes stain fluorescent red (considered to be nonviable).
Similar fluorescence dye methods have been applied in other studies
monitoring the antibacterial properties of nanoparticles (Liu et al.,
2009; Perreault et al., 2015; Raghupathi et al., 2011).

2.5. Statistical analysis

Student's t-test was performed to determine whether there are sig-
nificant differences in bacterial cell viability between different treat-
ments. Statistical decisions were made at a significance level of p b

0.05 within a 95% confidence interval.

3. Results and discussion

3.1. Bacterial deactivation efficiency of Fe3+-saturated montmorillonite

Without exposure to any treatment, bacterial populations in both
primary and secondarywastewater effluents did not change significant-
ly (((Co − Ct) / Co) × 100%=−12.4 ± 22.1% to 8.0 ± 7.7%) during the
4-h testing time. When exposed to Na+-montmorillonite at 35 mg/mL
for up to 1 h, therewas no statistically significant change in the bacterial
populations in both primary and secondary wastewater effluents
(Fig. 1). Incubation with Na+-montmorillonite for longer than 1 h re-
sulted in significant bacterial growth (negative values of bacterial deac-
tivation efficiency), with 42 ± 26% and 117 ± 38% bacterial population
enhancement in the primary and secondary wastewater effluents, re-
spectively, at the end of 4-h incubation (Fig. 1). Growth stimulation of
a wide spectrum of bacterial species by natural montmorillonite had
been reported in the literature (Stotzky, 1966; Stotzky and Rem, 1966;
Van Loosdrecht et al., 1990). It was speculated that the relative basicity
of cations such asNa+ and Ca2+ sorbed on theNa+-montmorillonite in-
terlayer surfacesmight provide the pH (5.5–7.0) environment andmin-
eral nutrients, both are essential for bacterial metabolism and growth
(Stotzky and Rem, 1966).

As shown in Fig. 1, bacteria in the secondary wastewater effluent
were rapidly deactivated within 30 min of exposure to Fe3+-saturated
montmorillonite at 35 mg/mL, achieving deactivation efficiency of 69
± 3.2% and 92 ± 0.64% after 15 and 30 min, respectively. Longer expo-
sure of the secondary wastewater effluent to Fe3+-saturated montmo-
rillonite from 30 min to 4 h only slightly further enhanced the
bacterial deactivation efficiency to 97 ± 0.61%. Comparing to the sec-
ondary wastewater effluent, the bacterial deactivation efficiency was
lower when the primary wastewater effluent was exposed to Fe3+-
saturated montmorillonite (35 mg/mL), reaching 29 ± 18% at 30 min
and 76 ± 1.7% at 4 h.

The initial bacterial population in the primary wastewater effluent
((1.39±0.0862)×105 CFU/mL)was 6 times higher than that in the sec-
ondary wastewater effluent ((2.33± 0.201) × 104 CFU/mL). If bacterial
deactivation is mineral surface dependent, higher ratio of bacterial



Fig. 1. Bacterial deactivation efficiencies of Fe3+-saturated montmorillonite (circles) and
Na+-montmorillonite (upper triangles) when they were exposed to primary and
secondary wastewater effluents for different length of time. The mineral concentration
in the water was 35 mg/mL. The initial bacterial levels in the primary and secondary
effluents were (1.39 ± 0.0862) × 105 and (2.33 ± 0.201) × 104 CFU/mL, respectively. *
indicates statistical significant difference between the open and closed circles or upper
triangles at a significance level of p b 0.05 within a 95% confidence interval.
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population relative to the amount of Fe3+-saturated montmorillonite
they are exposed to would result in lower bacterial deactivation effi-
ciency. Fig. 2a shows a significantly decreased bacterial deactivation ef-
ficiency, from 93 ± 0.71% to 16 ± 13%, when the ratio of wastewater
bacterial population to Fe3+-saturated montmorillonite increased
from 2 × 103 to 9 × 103 CFU/mg. When this ratio decreased from 2
× 103 to 0.7 × 103 CFU/mg, the bacterial deactivation efficiency in-
creased slightly from 93 ± 0.71% to 98 ± 0.83%. The results from
Fig. 2a suggests that in order to achieve N90% bacterial deactivation ef-
ficiency, the bacterial population to Fe3+-saturated montmorillonite
ratio has to be below 2 × 103 CFU/mg. As a result, all subsequent exper-
iments for secondary wastewater were conducted at Fe3+-saturated
montmorillonite concentration of 25 mg/mL. The ratio of primary
wastewater bacterial population to Fe3+-saturated montmorillonite
Fig. 2. (a) Bacterial deactivation efficiencieswhen anUV-untreated secondarywastewater
effluent was exposed to Fe3+-saturated montmorillonite for 2 h at different
concentrations. The initial bacterial populations in the tested secondary effluent were
consistently at (3.27 ± 0.779) × 104 CFU/mL, while the doses of the Fe3+-saturated
montmorillonite they were exposed to varied from 2.5–35 mg/mL. (b) The bacterial
deactivation efficiency of UV treatment of the secondary wastewater effluent at the
WWTP where the tested wastewater samples were collected.
was 4 × 103 CFU/mg, whichwould result in ~72% bacterial deactivation
efficiency as predicted by the regression line shown in Fig. 2. This pre-
diction matches well with the experimentally observed 2-h and 4-h
bacterial deactivation efficiencies for the primary effluent (Fig. 1). To
achieve N90% bacterial deactivation efficiency in the primary wastewa-
ter effluent tested for this study, the Fe3+-saturated montmorillonite
concentration would have to be at least 63 mg/mL. In contrast to the
secondarywastewater effluent (Table 1), the primarywastewater efflu-
ent contains higher organic matter which may interfere with
microorganism-mineral surface interactions (Huang, 2004;
Katsoyiannis and Samara, 2007). The result from this study (Fig. 1) sug-
gests that the Fe3+-saturated montmorillonite is more suited for
treating secondary wastewater effluent than primary wastewater efflu-
ent. Therefore, secondarywastewater became the focus of further inves-
tigation of this study. Fig. 2b shows that the bacterial deactivation
efficiency of the UV treatment employed by the treatment plant to dis-
infect the secondary wastewater effluent was 99.9%. This outcome is
comparable to that achieved by treating the secondary effluentwith ap-
propriate amount of Fe3+-saturated montmorillonite treatment (Fig. 1
and Fig. 2a).

Fe3+-saturated montmorillonite was further tested to deactivate
commonwater quality indicator bacteria inwastewater. The initial con-
centrations of total coliforms, E. coli and Enterococci in secondary
wastewater sample, tested using the Colilert and Enterolert method,
were 3.4 × 105 MPN/100 mL, 1.6 × 104 MPN/100 mL and 3.8 × 103

MPN/100 mL, respectively. When exposed to Fe3+-saturated montmo-
rillonite at 10 mg/mL for 1 h, the deactivation efficiencies for total coli-
forms, E. coli, and enterococci in secondarywastewater effluent reached
N99.9%, 99.9%, and 99.6%, respectively. Total coliforms and E. coli are
gram-negative bacteria while enterococci is gram-positive bacteria. Al-
though their cell wall structures are considerably different, similar deac-
tivation efficiencies atN99.6%were achievedwhen the tested secondary
wastewater effluent was exposed to Fe3+-saturated montmorillonite.
This result indicates that Fe3+-saturated montmorillonite can deacti-
vate a wide range of bacteria, as shown by the results on the culturable
wastewater bacteria (Fig. 1).

The excellent bacterial deactivation efficiency of Fe3+-saturated
montmorillonite reported in our study is similar to that of other report-
ed nanomaterials. It was reported that single-walled carbon nanotubes
(50 mg/L) and graphene oxide (80 mg/L) could deactivate E. coli (~106

to 107 CFU/mL) after 4 h in aqueous environment at average efficiency
of 88% and 92%, respectively (Kang et al., 2007; Liu et al., 2011). After
immersion of silver nanoparticles-coated silicon wafers into E. coli and
S. aureus inoculated growth medium for 12 h, 99% and 98% of E. coli
and S. aureus (~2 × 105 CFU/mL) were deactivated, respectively (Zhou
et al., 2014).
3.2. Distribution of viable bacteria between aqueous and mineral phases

Fig. 3 shows distribution patterns of viable wastewater bacteria in
the primary and secondary effluents exposed to Fe3+-saturated mont-
morillonite in comparison with Na+-montmorillonite. Within 30 min
exposure of the primary wastewater effluent to Fe3+-saturated mont-
morillonite at 35 mg/mL, 4.8 ± 2.0% and 66 ± 14% of the initial waste-
water bacterial population was detected as viable in the aqueous phase
and mineral phase, respectively (Fig. 3a). From 30 min to 4 h exposure,
the viable bacterial population associated with the Fe3+-saturated
montmorillonite mineral phase decreased significantly with time,
while the viable bacterial population in the aqueous phase remains sta-
tistically unchanged. After 4 h exposure, only 21 ± 0.80% of the initial
bacterial population was viable in the mineral phase. The result shown
in Fig. 3a suggests that in the case of primary wastewater effluent,
when the ratio of initial bacterial population to Fe3+-saturated mont-
morillonitewas high (Fig. 2a) and theremight be high possibility of sur-
face reaction interferences due to high organic matter content,



Fig. 3. Distribution of culturable bacterial population in aqueous phase and mineral phase after exposing the primary and secondary wastewater effluents to Fe3+-saturated
montmorillonite (left panels) and Na+-montmorillonite (right panels) at 35 mg/mL for different exposure lengths. Ct is the culturable bacterial population at time t and Co is the initial
culturable bacterial population in a wastewater sample before exposure. The initial bacterial levels in the primary and secondary effluents were (1.39 ± 0.0862) × 105 and (2.33 ±
0.201) × 104 CFU/mL, respectively.
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deactivation of surface sorbed bacteria is a slower process comparing to
what were observed for the secondary wastewater effluent (Fig. 3b).

When the ratio of initial bacterial population to Fe3+-saturated
montmorillonitewas low enough to achieve N90% deactivation efficien-
cy (Fig. 2a), such as the case when secondary wastewater effluent was
exposed to Fe3+-saturated montmorillonite, bacteria sorbed on the
mineral surfaces were quickly deactivated within 30 min of exposure
(Fig. 3b). At 30 min, only 3.5 ± 1.4% of the initial wastewater bacterial
population were mineral phase-associated and viable. The population
of mineral surface-associated viable bacteria remained statistically un-
changed with exposure time longer than 30 min. Similar to the result
of primarywastewater effluent experiment, the fraction of initialwaste-
water bacterial population that was viable in the aqueous phase
remained low, at 4.3 ± 0.50% and 1.3 ± 0.30%, when the secondary
wastewater effluent was exposed for 30 min and 4 h, respectively, to
Fe3+-saturated montmorillonite.

Contrary to the treatmentwith Fe3+-saturatedmontmorillonite, sig-
nificant sorption of bacteria occurred on the Na+-montmorillonite sur-
faces within 30 min of its exposure to the wastewater effluents (Fig. 3c,
d). After 30 min exposure of Na+-montmorillonite to the primary and
secondary wastewater effluents, the mineral phase-associated viable
bacteria were 79 ± 13% and 69 ± 5.4% of the initial bacterial popula-
tions, respectively, while those remained viable in the aqueous phase
were 18 ± 4.1% and 23 ± 6.3% of the initial bacterial populations, re-
spectively. This result indicates negligible overall bacterial deactivation
within 30min exposure to Na+-montmorillonite. Longer exposure time
seemed to encourage bacterial growth on the Na+-montmorillonite
mineral surfaces (Fig. 3c, d). From30min to 4 h exposure of the primary
and secondary wastewater effluents to Na+-montmorillonite, the net
growth of mineral phase-associated bacteria increased ~17% and
~90%, respectively, while that of aqueous phase-associated bacteria in-
creased ~ 33% and 288%, respectively.

Because bacterial cell surfaces have negatively charged sites, they
can be sorbed tomontmorillonite surfaces via bridging by cations or hy-
drated cations, both of which are electrostatically attracted to the per-
manent negative charges on the mineral surfaces (Huang, 2008;
Theng et al., 1995). Itwas reported that bridging cationswith higher va-
lence could enhance bacterial cell sorption on mineral surfaces than
those with lower valence (Ruddick and Williams, 1972). For example,
the amount of actinomycete cells sorbed on Fe3+-treated sand was ob-
served to be close to 90 times higher than that sorbed on Na+-treated
sand (Ruddick and Williams, 1972). As shown in Fig. 3a and c, after
30 min exposure the viable populations associated with Fe3+-
saturated montmorillonite and Na+-montmorillonite were similar in
the systems with the primary wastewater effluent. This result suggests
that although Fe3+-saturated montmorillonite has much higher sorp-
tion capacity for bacterial cells than Na+-montmorillonite, within
30 min exposure a large population of bacterial cells sorbed on the
Fe3+-saturatedmontmorillonite surfaces were deactivated and become
not viable for plate culture. Fig. 3a demonstrates continuous bacterial
deactivation/overall growth suppression of bacteria sorbed on the
Fe3+-saturated montmorillonite surfaces, while the opposite trend is
shown for those sorbed on the Na+-montmorillonite surfaces (Fig. 3c,
d). In the case for secondarywastewater effluent, the bacterial deactiva-
tion efficiency on the Fe3+-saturatedmontmorillonite surfaces could be
greatly enhanced (Fig. 3b) because this systemhad higher ratio of avail-
able mineral surface area/bacterial population than that for the primary
wastewater effluent system.

When 20 mg Fe3+-saturated montmorillonite (0.997 mmol sorbed
Fe3+/g montmorillonite) was used to treat 2 mL of secondary



Fig. 4. Representative fluorescence microscope images of bacteria in a wastewater sample
before exposure (a) and after exposure to Na+-montmorillonite (b) and Fe3+-saturated
montmorillonite (c) at 25 mg/mL for 4 h. The initial average level of cultured bacterial in
the wastewater effluents was 3.6 × 109 CFU/mL.
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wastewater, 0.25% of the Fe3+ adsorbed to themontmorillonite was re-
leased back to the aqueous phase as free form, resulting in an aqueous
concentration of 1.4 μg/mL for the desorbed Fe3+. To further prove
that the observed efficient bacterial deactivation by Fe3+-saturated
montmorillonite is a surface process catalyzed by the Fe3+ sorbed on
themineral surfaces, appropriate amount of FeCl3 was added to the sec-
ondary wastewater effluent to provide Fe3+ at a content of 1.4 μg/mL.
No significant bacterial deactivation (−9.3± 3.9%)was observed with-
in 2 h incubation in the FeCl3-added secondary wastewater. Previous
studies have suggested that direct contact between microbial cells and
surfaceof antimicrobialmaterials is necessary formicrobial deactivation
(Kang et al., 2007). It was shown that microbial cell deactivation was
mainly localized on the Cu2+-montmorillonite surface and was not
due to the limited amount of Cu2+ desorbed from the mineral (1.2–
2.3% of overall exchanged Cu2+) into solution (Hu et al., 2005).

Adding Fe3+-saturatedmontmorillonite (25 mg/mL) to wastewater
lowered the pH from 7.2 to 3.3, which did not occur when adding Na+-
montmorillonite to the wastewater. However, our tests showed that
this reduction of pH did not result in significant bacterial deactivation
in the aqueous phase within the experimental time (Fig. S1). Both
tests strongly support the argument that mineral surface activity of
Fe3+-saturated montmorillonite attributed to the observed overall bac-
terial deactivation in the system, while change of aqueous phase chem-
istry due to exposure to the mineral was not a contributing factor.

3.3. Spectroscopy evidence of bacterial cell deactivation on Fe3+-saturated
montmorillonite surfaces

Thefluorescence image of Fig. 4a shows live and uniformly dispersed
free bacterial cells in thewastewater before theywere exposed to Fe3+-
saturated montmorillonite. When they were exposed to Na+-
montmorillonite and Fe3+-saturated montmorillonite, the bacterial
cells adhered onto the mineral surfaces as shown by the bacteria-
mineral particle clusters in Fig. 4b and c, although the clusters for the
former are less agglomerated. The green color bacteria-mineral clusters
shown in Fig. 4b suggests that the bacterial cells sorbed on Na+-
montmorillonite were alive and viable. The bacterial cells sorbed on
Fe3+-saturated montmorillonite were clearly shown to be non-viable
as indicated by the red color in the fluorescence image (Fig. 4c). The re-
sults fromFig. 4 strongly suggested that once bacterial cellswere sorbed
onto Fe3+-saturated montmorillonite surfaces, bacterial membranes
were most likely disrupted by a chemical mechanism involving the sur-
face saturated Fe3+, resulting in nonviable cells as shown in red. Further
scanning electronmicroscopy (SEM) investigationwould provide direct
spectroscopic evidence on cell integrity (Hoque et al., 2015; Ma et al.,
2015; Tang et al., 2013).

In general, bacterial deactivation can be the result of: 1) direct me-
chanical breakage of outer cell membranes by sharp edged nanoparti-
cles (Akhavan and Ghaderi, 2010; Liu et al., 2009; Situ and Samia,
2014); 2) chemical oxidative stress mediated cell injury that is induced
by in situ production of reactive oxygen species (Krishnamoorthy et al.,
2012; Su et al., 2009); and 3) dehydration of cell membrane (Beney
et al., 2004). It is highly likely that the latter two bacterial deactivation
mechanisms are at play when wastewater is exposed to Fe3+-
saturated montmorillonite. Recent research has shown mineral
surface-catalyzed Fe3+ reduction by organic phenolic compounds ex-
posed to Fe3+-saturated montmorillonite, forming radical cations of ar-
omatic molecules and Fe2+ cations (Gu et al., 2008; Liyanapatirana
et al., 2009; Polubesova et al., 2010; Qin et al., 2014). Hence, the
surface-catalyzed redox reaction and formation of radical cations
could possibly induce oxidative stress on bacterial cells, resulting in
disrupted bacterial cell membrane and subsequent bacterial deactiva-
tion. In addition, strong hydration force of surface sorbed Fe3+ could
quickly induce cell membrane dehydration of bacterial cells sorbed on
the montmorillonite surfaces. However, to pinpoint the exact bacterial
deactivation mechanism(s) of Fe3+-saturated montmorillonite, more
studies are needed to investigate the changes of cell morphology
using spectroscopic methods, to monitor reactive oxygen species pro-
duction, and to understand metabolic and physiological activity of bac-
terial cells in aqueous systems with the presence of Fe3+-saturated
montmorillonite.

3.4. Reusability of Fe3+-saturated montmorillonite for bacterial deactiva-
tion in wastewater

To test the reusability of Fe3+-saturated montmorillonite, an exper-
iment consisting of four consecutive 2-h long exposures of the same
batches of Fe3+-saturated montmorillonite at an exposure rate of
25 mg/mL to fresh secondary wastewater effluent was conducted.
After each exposure, the aqueous phase and mineral phase were sepa-
rated and the mineral phase was used as is or freeze dried before the
next round of exposure to a new batch of wastewater. Bacterial
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deactivation efficiencies were 97± 0.58%, 86± 2.3%, 69± 2.6%, and 57
± 12% for the 1st, 2nd, 3rd, and 4th exposure, respectively, where the
Fe3+-saturated montmorillonite was collected and used as is after
each exposure (Fig. 5). This decline of bacterial deactivation efficiency
with subsequent repeated use of the same used-as-is Fe3+-saturated
montmorillonitemight be due to the blockage of themineral surface re-
action sites by the deactivated bacterial cells remaining on the mineral
surface from the previous exposure. However, when the Fe3+-
saturated montmorillonite was freeze-dried before each reuse, its bac-
terial deactivation efficiency remained at 82 ± 0.51% even when it
was reused four consecutive times (Fig. 5). Dehydration of the reused
Fe3+-saturated montmorillonite during freeze-drying process might
help weaken the attraction between deactivated bacterial cells and the
mineral surfaces, resulting in their detachment from the mineral sur-
faces once re-exposed to the aqueous phase and, therefore, freeing up
the reactive sites for further bacterial deactivation. The freeze-drying
followed by quick hydration might also enhance the physical removal
of other coated species from wastewater.

4. Conclusion

In summary, this study demonstrated the effectiveness of Fe3+-
saturated montmorillonite for bacterial deactivation in secondary
wastewater effluent. Bacterial deactivation efficiency was 92 ± 0.64%
when a secondary wastewater effluent was mixed with Fe3+-
saturatedmontmorillonite at 35mg/mL for 30min, and further reached
to 97 ± 0.61% after 4-h exposure. This deactivation efficiency was sim-
ilar to that obtained when the same wastewater was subjected to UV-
disinfection. It was estimated that the ratio between wastewater bacte-
rial population and mass of Fe3+-saturated montmorillonite at b2
× 103 CFU/mg would achieve N90% bacterial deactivation efficiency,
which is comparable to that of UV disinfection. Bacterial cultural results
coupled with the live/dead fluorescent staining assay observation
strongly suggests that Fe3+-saturatedmontmorillonite deactivated bac-
teria in wastewater through the following two possible steps: electro-
static sorption of bacterial cells to the surfaces of Fe3+-saturated
montmorillonite, followed by bacterial deactivation due to surface-
catalyzed bacterial cell membrane disruption by the surface saturated
Fe3+. This study strongly suggests that Fe3+-saturatedmontmorillonite
could be possibly used as effective anti-bacterial material for water dis-
infection in applications from small scale point-of-use drinking water
Fig. 5. Bacterial deactivation efficiency of Fe3+-saturated montmorillonite used
repetitively for four consecutive 2-h exposures. A fresh batch of secondary wastewater
effluent was used for each exposure. The Fe3+-saturated montmorillonite exposure dose
was 25 mg/mL. The initial bacterial level in secondary effluent was (7.90 ± 1.14)
× 104 CFU/mL. The Fe3+ saturated montmorillonite was collected via centrifugation and
used as is (left panel) or freeze-dried (right panel) after each exposure. Capital letter
within each bar indicates statistical difference at a significance level of p b 0.05 within a
95% confidence interval.
treatment devices to large scale drinking and wastewater treatment
facilities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.11.302.
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