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Highlights
e A reactive electrochemical membrane inactivated E. coli in chloride-free solutions.

o Inactivation was attributed to acidic/alkaline boundary layers at the electrodes.
e A low energy requirement (2.0 to 88 W.hr m®) was found for inactivation.

Abstract

This study investigated the use of a sub-stoichiometric TiO> reactive electrochemical membrane
(REM) for the inactivation of a model Escherichia coli (E. coli) pathogen in chloride-free
solutions. The filtration system was operated in dead-end, outside-in filtration model, using the
REM as anode and a stainless steel mesh as cathode. A 1-log removal of E. coli was achieved
when the electrochemical cell was operated at the open circuit potential, due to a simple bacteria-
sieving mechanism. At applied cell potentials of 1.3 and 3.5 V neither live nor dead E. coli cells
were detected in the permeate stream (detection limit of 1.0 cell mL™), which was attributed to
enhanced electrostatic bacteria adsorption at the REM anode. Bacteria inactivation in the
retentate solution increased as a function of the applied cell potential, which was attributed to
transport of E. coli to the REM and stainless steel cathode surfaces, and direct contact with the
local acidic and alkaline environment produced by water oxidation at the anode and cathode,
respectively. Clear evidence for an E. coli inactivation mechanism mediated by either direct or
indirect oxidation was not found. The low energy requirement of the process (2.0 to 88 W.hr m?)

makes the REM an attractive method for potable water disinfection.
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1.0 Introduction

The development of multi-functional reactive electrochemical membranes (REMs) is an active
area of research in water treatment. REMs have the potential to extend the traditional roles of
membranes beyond separations to include electrochemical reduction and oxidation reactions, as
well as enhanced electrostatic rejection of charged species. The majority of the current research
in this area is focused on using either mats of carbon nanotubes (CNTSs) physically deposited on
a membrane surface or blending CNTs with polymeric materials to form composite membranes
[1-10]. These techniques have shown exceptional promise towards developing novel multi-
functional membranes that have utility in disinfection, organic compound oxidation, and fouling
prevention at the bench-scale [1-10]. However, key limitations of CNT-based membrane
materials still exist, including: 1) high anodic potentials can lead to corrosion of the CNT
network or degradation of the polymeric membrane material [11]; 2) high cost of CNTs (~ $100
kg™) [12]; and 3) cytotoxicity of CNTs could potentially pose health risks if they are ingested or

released into the environment [13-16].

An alternative electrode material that addresses the key limitations of CNT-based membranes
is comprised of the suboxides of TiO., collectively known as Magnéli phases (Ti,O2n-7, 4 < n <
10) [17-19]. Stoichiometric titanium dioxide (TiO2) is an insulator (electrical conductivity ~ 10°°
Q*cm?) [20], but the electronic properties of TiO, can be changed by creating oxygen
deficiencies in the lattice structure through thermal reduction methods, which results in
conversion of a fraction of Ti") to Ti"" and imparts n-type semiconductor behavior [20]. The
advantages of Magnéli phase electrodes include: 1) they can be synthesized into porous ceramic
materials that are chemically resistant to acids, bases, and oxidants [20]; 2) their low cost, as the

precursor TiO, material is abundant and cheap (~ $7 kg™) [21]; and 3) Ti is broadly



biocompatible and relatively non-toxic, since nanoparticles are not used [22].

Electrochemical inactivation of microorganisms is a viable alternative to traditional
disinfection methods [2, 3, 23-27]. Electrochemical inactivation is especially attractive for non-
centralized treatment because it is simple, has a low energy requirement, and does not require
chemical addition. As a result, research has focused on creating compact, electrochemical
technologies for water disinfection [2, 3, 23-25, 28]. There are three primary electrochemically-
mediated inactivation mechanisms proposed in the literature: 1) electroporation [28], 2) indirect
oxidation [26, 27], and 3) direct oxidation [2, 3, 23-25]. Electroporation is the mechanism by
which a strong electric field (> 10° V cm™) induces phospholipids in the cell membrane to
rearrange, creating pores that can cause cell death [29]. Inactivation by indirect oxidation has
been reported to occur via the electrochemical generation of either reactive oxygen species (e.g.,
OH", H202, O3) [26, 27] or electrochemically produced Cl2 [30], and direct oxidation is the
mechanism by which either a protein or functional group in the cell membrane directly injects an
electron into the anode. This process creates a radical site in the cell membrane, causing lipid
peroxidation, which leads to a series of radical chain reactions that compromise the cell
membrane integrity and leads to cell death [31]. Direct oxidation has been proposed in several
studies as the primary inactivation mechanism of both bacteria and viruses [2, 3, 23-25]. However,

the exact mechanism has never been elucidated.

Expanding on prior work from our group focused on using REMs for organic compound
oxidation [19, 32], this study reports on the use of a TinO2n-1 ceramic REM for the inactivation of
a model pathogen (Escherichia coli). A combination of membrane filtration experiments,

fluorescent microscopy, and electrochemical methods are used to demonstrate the utility of the



REM for water disinfection and gain information on the possible mechanisms of bacteria

inactivation in chloride-free water using this novel electrode material.
2.0 Materials and Methods

2.1 Reagents and Cultures. All chemicals were reagent-grade and obtained from Fisher
Scientific (Pittsburgh, PA, USA) and Sigma-Aldrich (St. Louis, MO USA) and used as received.
All solutions were made using water from a NANOPure water purification system (Barnstead-
Thermolyne, Dubuque, IA USA) with resistivity greater than 18 MQ-cm (21° C), referred to as
DI water. Escherichia coli (ATCC 25922) was obtained from the American National Type
Culture Collection (Manassas, VA, USA).

2.2 Bacterial Growth Curve. Escherichia coli (E. coli) was used in this study as a model
pathogen. E. coli was first resuscitated in 25 g L' Luria-Bertani (LB) broth (Difco, Detroit, MI)
solution for 48 hr at 33 °C. After resuscitation, 1 mL of bacterial suspension was transferred to a
test tube with fresh LB broth and 10 mM NaClO4 or 10 mM NaHCOs electrolyte, and
maintained in an incubator at 33 °C, which served as a seed for future inactivation experiments.
A typical growth curve experiment consisted of adding 0.1 mL of seed to fresh broth/electrolyte
and incubation at 33 °C. Absorbance (4s00) of the bacterial suspension was recorded every 20
min with a spectrophotometer (1100RS, UNICO, Dayton, NJ USA), until the growth of bacteria
reached the stationary phase (~ 400 min.). A typical growth curve is provided in the Supporting
Information (SI) (Figure S-1).

2.3 Plate Count Method. The plate count method used for E. coli quantification was a
modified version of EPA method 1103.1 [33]. Plates were prepared with LB agar medium
according to the manufacturer’s instructions and then autoclaved at 121 °C. The agar medium

was then poured into 9 x 50 mm culture dishes to a depth of 4-5 mm. Culture fluid was well-



mixed with a vortex shaker (VSM-3 Vortex Mixer, PRO Scientific, Oxford, CT USA), and was
diluted to a 10 mL volume with autoclaved DI water using the serial dilution method. A series of
dilutions was performed to ensure that between 10 to 300 bacteria colony forming units (CFU)
mL™! was obtained in one of the diluted samples. The diluted samples were filtered through a 47
mm diameter, 0.2 um pore size membrane filter (S-PAK membrane, MILLIPORE, Billerica, MA
USA). The membrane was removed from the filter base and rolled onto the agar to avoid bubble
formation between the membrane and the agar surface. The plates were cultured in the incubator

for ~ 24 hr., after which the individual CFUs were counted.

2.4 Direct Count Method. Direct counts were performed using a fluorescence-based,
nucleic acid assay, in which E. coli cells were stained with a LIVE/DEAD® BacLight™
bacterial viability kit (Molecular Probes, Inc. Eugene, OR USA) for 15 min in the dark. The kit
contains 4’,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) dyes that were used to
determine live (green) and dead (red) cells, respectively. The stained bacteria were imaged with
an epifluorescence microscope (Leica Biosystems, DM2000) with a 364 nm filter for imaging
cells stained with both PI and DAPI and a 464 nm filter for detecting cells stained with only PI.
Ten representative images (0.28 mm x 0.21 mm) from different random locations on each filter
were captured for subsequent data analysis through direct counting methods. Area of the
microscope field of view was determined using a Ronchi ruling glass slide. At least 200 cells
were counted for each experiment, and total cell density was calculated assuming that the ten
sample areas were representative of the entire filter area. Results are reported as average + the

95% confidence interval.

Direct counts were compared to the plate counts by preparing standards containing various

proportions of live and dead E. coli cells. Live and dead E. coli standards were prepared by



growing the bacteria to late-log phase. Aliquots of the bacterial suspension were placed into
?live” and “dead” test tubes. Ethanol was added to the dead cell tube and was allowed to mix for
15 min. The dead cell tube was centrifuged and washed with DI water three times and the cell
pellet was re-suspended in DI water. Standards were prepared by mixing liquid aliquots from the
live cell tube and dead cell tube in order to obtain proportions of live:dead cells of 100:0, 75:25,
50:50, 25:75, and 0:100. Bacteria numbers for these standards were determined by both direct
count and plate count methods. A two-tail t-test was performed on the sample means obtained
from the two methods and results indicate that they were not statistically different (Supporting

Information; Figures S-2-S-5).

2.5 Reactive Electrochemical Membrane (REM). The REM was a sub-stoichiometric TiO>
electrode that was used as received from Vector Corrosion Technologies Inc. (Wesley Chapel,
FL USA). The REM had a 10 mm outer membrane, 7.5 mm inner diameter, and 10 cm length.
The median pore diameter was 1.7 pum and porosity was ~30% [19]. The REM was characterized
by scanning electrochemical microscopy (SEM) using a Hitachi S-4800 cold field emission SEM
(Hitachi High Technologies America, Inc., Schaumburg, IL USA), and X-ray diffraction (XRD)
using a Siemens D-5000 (Siemens/Bruker, Billerica, MA USA) instrument with a Cu X-ray tube

(40 kV and 25 mA).

2.6 Membrane Filtration Experiments. The sub-stoichiometric TiO2 electrode was used as
the REM anode (30 cm?) and was arranged in the center of the feed tank (Figure 1). A stainless
steel mesh (132 cm?) surrounding the REM was used as the cathode (~ 1.0 cm electrode
spacing). An aliquot of the bacterial suspension, grown to late-log phase (4500 = 0.8-1.0), was
added to a 10 mM NaClOs solution to prepare the feed solution for the filtration test. An initial £

coli concentration of ~ 10* CFU mL"! was used for all filtration experiments. Membrane



filtration was operated in the outside-in, dead-end flow mode. The reactor was filled with 0.8 L
of electrolyte containing the bacterial suspension (feed solution), and a peristaltic pump was used
to draw the solution from the reactor, through the REM, and to the permeate tank. The feed
solution was added to the reactor at the same rate as permeate was withdrawn. A pumping rate of
~ 10 mL min™! was used, which correlated to a normalized membrane flux of 200 L m™ hr!
(LMH). The reactor was stirred continuously with a magnetic stir bar for the duration of the
experiment. Permeate samples were collected in autoclaved glass beakers. Cell potentials of 0,
1.3, and 3.5 V were applied using a direct power supply (Protek Test and Measurement, P6035,
Incheon, Korea), and the potentials of the anode and cathode were monitored versus the
Ag/AgCl reference electrode. All potentials are reported versus the standard hydrogen electrode
(SHE) and corrected for the ohmic drop due to solution resistance. The 1.3 V cell potential
corresponded to an anode potential of 1.0 V/SHE, a cathodic potential of -0.3 V/SHE, a
negligible ohmic drop, and a current of approximately 1.0 mA (anodic current density = 0.03 mA
cm; cathodic current density = 0.007 mA cm™). The 3.5 V cell potential corresponded to an
anode potential of 2.0 V/SHE, a cathodic potential of -1.0 V/SHE, ohmic drop of 0.5 V, and a
current of approximately 15 mA (anodic current density = 0.50 mA cm; cathodic current

density = 0.11 mA cm™). The open circuit potential (OCP) of the anode was ~ 0.4 V/SHE.

The surface area normalized power consumption (P) and liquid volume normalized energy
requirement (E) of the REM during filtration experiments was calculated according to equations

(1) and (2), respectively.

P =Veey *j (1)

E=P/] (2)



where Ve is the cell potential; j is the current density that is normalized by the geometric
surface area of the REM; and J is the permeate flux normalized by the geometric surface area of

the REM.

Bacteria concentrations were determined by both plate count and direct count methods in
four samples: 1) initial feed solution, 2) permeate solution, 3) reactor solution at end of the
experiment (“retentate”), and 4) backflush solution. The backflush solution was obtained after
each experiment and consisted of back flushing the REM with 100 mL of sterile DI water. After
each experiment the REM and tubing were cleaned by back flushing with 100 mL of isopropyl
alcohol and 1 L of DI water in succession, and the glass reactor was autoclaved. All filtration
experiments were performed in triplicate and results are reported as averages with error bars

representing the high and low values.

2.7 Batch Inactivation Experiments. Batch experiments were performed using a divided
cell reactor with a Nafion membrane (Ion Power, Inc., New Castle, DE) separating the two
liquid chambers (see SI, Figure S-6). Both chambers were filled with an initial £. coli
concentration of ~ 10> CFU mL"'. The larger chamber was filled with 125 mL bacterial
suspension and used to test the working electrode; the smaller chamber was filled with 50 mL
bacterial suspension and used for placement of the counter electrode. In order to increase ionic
strength, 10 mM of NaClO4 or NaHCO3 was also added to solution. A direct power supply was
used to apply the cell potential, and the anodic or cathodic potentials of the working electrode
were monitored using a Ag/AgCl reference electrode and were corrected for solution resistance
and reported versus the SHE. In order to mimic electrode potentials observed in filtration
experiments, batch experiments were conducted using the REM as working electrode at anodic

potentials of 1 and 2 V/SHE and the stainless steel mesh as working electrode at cathodic



potentials of -0.3 and -1 V/SHE. Each experiment lasted for 2 hours and samples were taken at
15 min intervals and bacteria were quantified by the plate count method. All experiments were
performed in triplicate at room temperature (21-22 °C) using late-log phase bacteria, and results
are reported as averages with error bars representing the high and low values. Control

experiments without an applied potential were performed in parallel.

2.8 Control Experiments. The effect of solution pH on bacteria inactivation was assessed by
conducting batch experiments in a beaker containing 100 mL of 10 mM NaClOy electrolyte
solution with an initial E. coli concentration of ~ 10° CFU mL™!. The pH was varied from the
initial pH (~6.0) to pH ~ 2 by the drop-wise addition of 0.1 M HCIO4, and from the initial pH to
pH ~ 12 by the drop-wise addition of 0.1 M NaOH. The bacteria suspension was stirred for 10
minutes at each pH value prior to bacteria quantification using the plate count method. Control

experiments were performed in parallel at pH = 6.

A blank sample was analyzed for E. coli before each bacteria inactivation experiment. A
blank sample was obtained as follows. Autoclaved DI water was placed in the autoclaved reactor
with the cleaned electrodes for approximately 10 min and then plate counts of subsamples were
taken. Bacteria were never observed in any of these blank samples, indicating that the cleaning

protocol was sufficient.

2.9 Electrochemical Measurements. Linear sweep voltammetry (LSV) was used to
characterize a mass transport rate constant (k) to the REM surface using the limiting current

(i1im) method described by equation (3) [19].

_ lim

m " nFAC 3)

10



where 7 = 1 is the number of electrons transferred; F is the Faraday constant; 4 is the geometric

surface area of the electrode; and C is the concentration of the K4Fe(CN)s redox species (5 mM).

Cyclic voltammetry (CV) scans were conducted to measure the nonfaradaic current and
ascertain the double layer capacitance (Cq) of the REM in a 1 M NaClOs electrolyte.
Electrochemical impedance spectroscopy (EIS) was used to determine the solution resistance
between the working electrode and the Ag/AgCl reference electrode and allowed for correction
of the measured potentials for solution resistance. All electrochemical measurements were made
using a Gamry Reference 600 Potentiostat (Gamry Instruments, Warminster, PA USA). EIS
measurements were performed at the OCP, with a 10 mV alternating voltage signal, and over a
frequency range of 0.1 Hz to 10 kHz. The electrochemical data were analyzed by Gamry Echem

Analyst software (v6.01, Warminster, PA).

2.10 Analytical Methods. Solution phase oxidants were monitored using a hydrogen
peroxide test kit (Model HYP-1, HACH). The kit utilized the sodium thiosulfate titration method,
which detects any species that can oxidize thiosulfate (E° = 0.08 V). Therefore, the method is
used as an indicator of total solution phase oxidants, with a detection limit of 5.7 uM.
Terephthalic acid oxidation to form 2-hydroxyterephthalic acid was used as the OH* probe
reaction [34]. Concentrations of terephthalic acid were determined using HPLC with a C18 (2)
column (250 x 4.6 mm, Luna) and a photodiode array detector (wavelength = 254 nm) (SPD-
M30A, Shimadzu Corp., Kyoto, Japan). HPLC with a fluorescent detector (RF-20A, Shimadzu)
was used for quantification of 2-hydroxyterephthalic acid (Aex = 315 nm and Aem = 435 nm). The
pH and temperature were measured using a multi-function meter and probe (PC2700, Oakton

Instruments, Vernon Hills, IL USA).

11



3.0 Results and Discussion

3.1 REM Characterization. The surface morphology of the REM was characterized by
SEM, and results indicate surficial pores on the order of 1—5 um (Figure 2a). XRD data in
Figure 2b shows peaks characteristic of TiO2 and TigO17, indicating the presence of the Magnéli
phase [20]. The phases detected by XRD are consistent with the measured electrical conductivity
of the REM [20], which was approximately 50 S m™!. The &, to the REM surface was
characterized in the presence and absence of a membrane flux using equation 3, and results are
shown in Figure 2c. The peak current due to the oxidation of Fe(CN)s* at approximately 1.6 V
was over an order of magnitude greater at a membrane flux of 243 LMH relative to well-stirred
batch conditions, corresponding to an increase in the k;, value from 10 to 256 LMH (2.9 x 10 to
7.1 x 10 ms™), respectively. The value for k, determined under pumping conditions is similar
to other electrochemical flow-through reactors that reported k, values between 10 and 10 m s~
1'[19, 32, 35, 36]. The similarity between the measured value for membrane flux (243 LMH) and
the measured 4, during pumping (256 LMH) indicates that convection limits mass transport to
the REM surface. This result is consistent with our prior work that showed a 1:1 relationship
between k, and the measured membrane flux over a range of flux values (30-102 LMH) [19]. The
high measured k., value is not due to the high surface area of the REM. If this were the case, the

k» value would exceed the value measured for membrane flux.

However, a high REM surface area could enhance the adsorption capacity for bacteria.
Therefore, CV scans were conducted in a 1 M NaClOg electrolyte to measure the nonfaradaic
current and ascertain the Cq of the REM (Figure 2d), which is a measure of the electroactive
surface area. At a scan rate (v) of 0.1 V s’ it was determined that the 30 cm? REM had a Cq

value of 0.2 F. The electroactive surface area was determined as 3333 cm?, which was obtained

12



by dividing C4 by 60 uF cm™; consistent with the well accepted value for the double layer
capacitance of metal oxides [37]. The estimated roughness factor (ratio of electroactive surface
area to nominal geometric surface area) was 111, which is comparable to prior studies with
porous electrodes [19, 38], indicating that the REM possesses an enhanced reactive surface area

that can be utilized by the novel flow-through operation for bacteria adsorption and inactivation.

3.2 Bacteria Filtration Experiments. Filtration experiments were conducted to evaluate
both the separation and inactivation of E. coli by the REM as a function of cell potential. The
initial feed concentration of bacteria for filtration experiments was ~ 10* CFU mL™, and
experiments were conducted at cell potentials of 0, 1.3, and 3.5 V, which corresponded to anodic
potentials of 0.4, 1.0 and 2.0 V/SHE, respectively. Figure 3a shows results for E. coli plate
counts for the initial, retentate, permeate, and backflush solutions. Representative E. coli images
taken by fluorescent microscopy of these four solutions after staining with BacLight® live/dead
dyes are shown in Figures 3b-d. Comparison of plate and direct counts were consistent, as there
was not a significant difference in the number of live cells quantified by the two methods (SI,
Figures S-7, S-8, and S-9). A total cell balance was performed using the direct count method, and
results indicate that cell numbers were conserved before and after the experiments (SI, Figure S-

10).

A 1-log removal of bacteria was observed in the permeate solution in the absence of an
applied potential (Figure 3a), which was attributed to bacteria adsorption and size exclusion
separation. The average pore size of the REM is 1.7 um and similar in size to E coli. cells, which
are rod shaped and on the order of 2.0 um x 0.5 um [39]. However, the high tortuosity of the
REM enhances its filtration capacity beyond simple straining, and replicate experiments without

an applied potential consistently obtained a 1-log separation of E. coli cells. By contrast, bacteria
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were neither detected by the plate count method (detection limit = 1.0 CFU mL™) nor by
fluorescent microscopy (detection limit = 30 cells mL™) in the permeate solutions when applying
cell potentials of either 1.3 or 3.5 V. The absence of both live and dead cells in the permeate
solution indicates that the application of an electrode potential enhances the filtration capacity of
the REM. The enhanced separation of E. coli in the permeate during filtration experiments in the
presence of an applied potential indicates electrostatics may have affected cell transport through
the REM. Electrostatic interactions between the positively charged REM surface induced by an
anodic potential and the negatively charged E. coli cells would result in increased adsorption of
cells at the REM surface, thus preventing transport through the REM. The isoelectric point of E.
coli has been reported at ~ 2.0 [40], and therefore E. coli cells would be negatively charged at
both the pH of the bulk solution (pH ~ 5.5-7.5) and the pH at the REM surface during the
filtration experiments. The pH at the REM surface was assumed to be similar to the pH observed
in the permeate solution, which was ~ 5.2 at the 1.3 V cell potential experiments and dropped to
~ 3.50 at the 3.5 V cell potential experiments (representative pH profiles are shown in Figure S-

11).

Only live E. coli cells were detected in the retentate solutions in the absence of a cell
potential (Figure 3b). However, the number of dead E. coli cells in the retentate increased greatly
with an applied cell potential. At a cell potential of 1.3 V there were an average of 7.6 x 10° live
cells (25 + 19%) and 2.3 x 10° dead cells (75 + 25 %) determined by fluorescent microscopy. In
contrast, live cells were not detected and an average of 3.5 x 10° dead cells were detected by
fluorescent microscopy at a cell potential of 3.5 V. During backflush of the REM the distribution
between live and dead cells was approximately equal. At 1.3 V cell potential (1.0 V/SHE anodic

potential) there were an average of 5.9 x 10* live cells (44 + 10%) and 7.5 x 10* dead cells (56 +

14



12%). At 3.5 V cell potential (2.0 V/SHE anodic potential) there were an average of 5.1 x 10*
live cells (65 + 14%) and 2.8 x 10 dead cells (35 + 8%). These results indicate that E. coli
adsorption to the REM did not always lead to cell death, and suggest that either bulk solution
phase species may be responsible for cell death or the bacteria deposit in multi-layers on the

REM and only a portion of these cells was Killed by processes occurring at the electrode surface.

Solution phase chemical conditions that could lead to E. coli death include formation of
extremely acidic or basic pH or the production of reactive oxygen species (ROS) [41]. The pH of
the retentate solution was approximately 5.5-7.5 and did not change drastically during any of the
filtration experiments. Production of solution phase oxidants was monitored by thiosulfate
titration and results were always below the method detection limit (5.7 uM). The lack of a
positive detection indicates that the reactor did not contain significant bulk concentrations of any
thiosulfate reactive solution phase oxidants. However, the high cell deaths observed in the
retentate, compared to only partial cell deaths in the backwash suggest that local solutions
conditions near the cathode surface may be contributing to E. coli inactivation. The production of
H>0 and OH" at the cathode surface, according to reactions (4) and (5), respectively, could
contribute to cell inactivation. The mixing in the reactor would allow significant contact time
between the E. coli cells and the high surface area cathode surface, and prior work indicates that

significant pH and H.O> gradients can exist at electrode surfaces [42, 43].
0, + 2H* + 2e~ - H,0, 4)
2H,0 4+ 2e~ - H, + 20H~ (5)

3.3 Batch Experiments. In the bacteria filtration experiments (Figure 3), the anode and

cathode were in the same reactor chamber. Therefore, in order to obtain information regarding

15



the individual functions of the anode and cathode during disinfection, batch experiments were
conducted in a divided cell reactor (see SI, Figure S-6). Divided cell batch experiments were
conducted to assess oxidant formation and the individual roles that the anode and cathode may
have on E. coli inactivation. The close agreement between plate counts and direct counts (Sl,
Figures S-7, S-8, S-9) is consistent with an inactivation mechanism involving the deterioration of
the cell membrane. Electroporation is unlikely to be responsible for the observed cell inactivation
in our study, due to the low electric field strengths used in our experiments (i.e., 1.3-3.5 V cm™).
Thus it is likely that either an oxidation-mediated mechanism or some as yet unknown process
was responsible for the observed results. Additional electrochemical experiments were
performed to explore the role of both direct and indirect oxidation mechanisms on bacteria

inactivation.

Indirect oxidation of bacteria cells can be initiated by the electrochemical production of
oxidants at the anode or cathode surface. Since the NaClO4 electrolyte is electrochemically inert
[44, 45], indirect oxidation could be facilitated by the generation of ROS. In addition to H.O>
formation at the cathode, ROS formation can be initiated at the anode (i.e., OH", H2O>, and O3)

according to the following reactions [46-50]:

H,0 > OH*+H* + e~ (6)
20H° - H,0, (7
20H" > Oyqas) + 2HY + 2e™ (8)
OH" + Oy(aas) = HO3(qas) )
HO3as) = 03 + HY + €™ (10)

16



Since these oxidants are formed at the electrode/electrolyte interface, their concentrations
will be greatest adjacent to the electrode surface and depending on their reactivity may not
increase to detectable levels in the bulk solution. It is well documented that radical species (e.qg.,
OH) only exist at appreciable concentrations a few microns from the electrode surface [50, 51].
Less reactive oxidants like Oz and H.O; are often detected in the bulk solution, but studies have

also shown that significant concentration gradients exist at the electrode surface [43].

Divided cell experiments, which separated the anode and cathode with a Nafion membrane,
were conducted to assess ROS production at the REM anode and stainless steel cathode in a 100
mM NaClO; electrolyte and in the absence of bacteria. The production of OH" [J[]s assessed
using terephthalic acid as an OH" p[J[J[J[], and the production of total oxidants was assessed
using the thiosulfate titration method. Terephthalic acid oxidation was not observed at anodic
potentials of either 1.0 or 2.0 V/SHE, and total oxidant production was below the detection limit
(5.7 uM) of the thiosulfate method (data not shown). These results indicate that significant
concentrations of ROS species were not produced via water oxidation at the anode, which is not
surprising since ROS formation is dependent on OH" formation (E° = 2.59 V/SHE), whose redox
potential is well above the anodic potentials used in this study [52]. Cathodic divided cell
experiments with the stainless steel mesh at -1.0 V/SHE resulted in the detection of a total
oxidant concentration of 8.5 and 10 uM at the conclusion of the 2-hour duplicate experiments,
indicating that low levels of oxidants were formed on the cathode, although it is not clear if these
levels were sufficient to contribute to E. coli inactivation. The lack of detection of oxidants
during bacteria filtration experiments could be related to reaction of H.O2 with bacteria cells.

Studies have shown that a steady state concentration of H20. of ~ 25 uM existed approximately

50 um from a cathode surface, and this concentration was capable of preventing biofilm growth
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on the electrode [43]. However, concentrations of H2O. were not detected at distances > 400 um

from the cathode surface [43].

In order to determine if direct oxidation was a possible mechanism for E. coli inactivation,
experiments were conducted using a 10 mM NaHCOj3 electrolyte (pH = 8.0), where HCO3™ and
COs* ions are used to quench low concentrations of OH* that may form on the anode surface
[53]. Anodic potentials of both 1.0 and 2.0 V/SHE were tested. The pH of the solution (pH ~ 8.0)
was relatively stable during the duration of the 1 V/SHE experiments, and decreased to
approximately 7.0 for anodic experiments at 2.0 V/SHE. In all of these experiments, discernable
E. coli inactivation was not observed (data not shown). These results suggest that direct
oxidation was not a significant mechanism for E. coli inactivation in divided cell experiments,

and thus is also an unlikely mechanism during the filtration experiments.

Additional divided cell experiments were conducted to determine if E. coli inactivation
occurred at either the anode or cathode under potentials representative of the filtration
experiments. For these experiments anode potentials of 1.0 and 2.0 V/SHE and cathode
potentials of -0.3 and -1.0 V/SHE were tested. Figure 4 shows data for triplicate batch
experiments using the REM as the working electrode at an anodic potential of 1.0 V/SHE (Figure
4a) and at 2.0 V/SHE (Figure 4b) in a 10 mM NaClOjs electrolyte. E. coli concentrations were
similar to the control in the 1.0 V/SHE experiments, but E. coli concentrations steadily declined
with increased reaction time in the 2.0 V/SHE experiments. The pH in the anode chamber
decreased during the experiments due to the presence of the Nafion membrane separator. During
the 1.0 V/SHE anodic experiments the pH decreased from an initial value of ~ 6.0 to a pH of ~

4.8+0.2 at the conclusion of the triplicate experiments (Figure 4a and 4b). During the 2.0 V/SHE
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anodic experiments the pH decreased from an initial value of ~ 6.2 to a final pH 0f2.310.2,

suggesting that the acidic pH may be the cause for E. coli inactivation [54, 55].

Divided cell experiments were also conducted using the stainless steel mesh as the working
electrode at cathodic potentials of -0.3 and -1.0 V in the 10 mM NaClOj electrolyte (Figure 5).
The inactivation of E. coli cells was not observed in the -0.3 V/SHE experiments (Figure 5a), but
was observed during the -1.0 V/SHE experiments (Figure 5b). Once again the pH was observed
to increase from the initial value of ~ 6.0 to 7.9+0.2 at the conclusion of the -0.3 V/SHE triplicate
experiments. For the -1.0 V/SHE experiments the pH increase was more dramatic, reaching a
final pH of 11.3£0.1 in the triplicate experiments. Cathodic experiments were repeated using 10
mM NaHCO:; electrolyte to buffer the pH. As with anodic experiments using the NaHCO3
electrolyte, bacteria inactivation was not observed. The pH was relatively stable at pH = 8.0
during the -0.3 V/SHE experiments and increased to pH = 9.5+0.2 at the conclusion of the -1.0

V/SHE experiments.

Batch experiments were also conducted containing only bacteria and the 10 mM NaClO4
electrolyte, and without the electrochemical cell to further validate the role of pH in bacteria
inactivation. The solution was titrated with either 0.1 M HCIO4 or 0.1 M NaOH and E. coli
concentrations were quantified at various pH values. Results indicate that the viable bacteria
numbers decreased when the pH decreased below 2.89 or increased above 9.55 (Figure 6), and
nearly all the bacteria were inactivated at the final pH values of 2 and 12. These results further
support the hypothesis that pH change was the primary mode of bacteria inactivation during
batch inactivation experiments, which is consistent with the literature [27, 41, 56]. Bacteria cells
must maintain a neutral intracellular pH to prevent: 1) destruction of acid and alkaline

labile macromolecules—for example DNA is acid labile and RNA is alkaline labile, and 2)
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denaturing of proteins. The change in solution pH causes a rapid change in the internal pH of the
cell. In order to maintain a neutral intracellular pH, the bacteria attempts to either pump protons
in or out of the cell. Under extreme pH conditions the bacteria may not generate the necessary
ATP to maintain a neutral intracellular pH. A prolonged acidic or alkaline intracellular pH
ultimately will result in cell death, caused by a destruction of intracellular macromolecules. In
addition, extreme extracellular pH may interfere with the proton motive force that bacteria rely

on for ATP synthesis [56].

3.4 Inactivation Mechanisms. Based on the experimental evidence it is clear that the
generation of H* on the anode and OH" on the cathode were responsible for E. coli inactivation
during divided cell batch experiments. Translating these results to filtration experiments is
complicated by the fact that the pH in the retentate of the filtration reactor was approximately
neutral (pH ~ 5.5-7.5) and within the range of E. coli viability (3 < pH < 9, Figure 6). A possible
explanation for these results is related to the different hydrodynamic conditions in the two
reactors and the pH and oxidant gradients that can form at the electrode surfaces. The batch
reactor was well mixed and utilized a Nafion membrane separator that isolated the anode from
the cathode. In this configuration the bulk solution pH increased in the cathode compartment and
decreased in the anode compartment with time and resulted in cell death that was easily
correlated with the bulk solution pH. However, in the filtration experiments the reactor was
operated as a completely stirred tank reactor and without a membrane separator. Therefore, the

bulk pH was relatively stable, but significant pH gradients at the electrode surfaces exist.

To explore the possible pH gradients, the surface pH (pHs) of the cathode was estimated by

the following equation [42]:
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pH, = 14 —log (0H; + —2—) (11)

NFky, 1000

where OHj, is the bulk OH" concentration (~107 M), j is the current density, v is the fraction of
current directed towards the water oxidation reaction (y = 1), and n is the number of electrons
transferred per mole of OH™ generated (n =1, from equation 5). Using the kn value determined in
the filtration reactor for the cathode (km = 2.1 x 10® m s, yielded a pHs = 10.5 at a -0.3 V/SHE
cathode potential (j = 0.07 A m?) and pHs = 11.7 at a -1.0 V/SHE cathode potential (j = 1.1 A m’
2). Therefore, cells coming into contact with the cathode would experience these high pH
conditions, which were shown to be sufficiently alkaline to cause cell deaths in control
experiments (Figure 6). There is also the possibility of sufficient local H.O> concentrations at the
cathode surface that may have contributed to cell inactivation, as was reported previously [43].
However, in our system local H2O, concentrations were not quantified at the cathode surface, so

this hypothesis was not tested.

A similar analysis on the anode is complicated by the fact that the acidic boundary layer at
the anode is pumped through the REM, as was confirmed by the pH profiles in the permeate (see
Figure S-11). An analytical solution was developed that accounted for the convection, diffusion,
and H* production at the anode surface, which is given below (equation 12) and is discussed in

detail in the Supporting Information.

js
FDyPe

C(x) =

[exp(Pe) — exp(PeXx)] + C, (12)

In equation 12, C(x) is the concentration of H* in the boundary layer; x is the dimensionless

distance in the boundary layer; Dy is the diffusion coefficient for H* (9.35 x 10° m? s); Pe is

the Peclet number (;—5); d is the thickness of the boundary layer (256 um); v is the velocity in
H
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the boundary layer due to REM filtration; and Cy is the bulk H* concentration (10* mol m?). The
pH profiles in the boundary layer at the respective current densities observed during filtration
experiments with anodic potentials of 1.0 and 2.0 V/SHE are shown in Figure 7. Results indicate
pHs values of 4.4 and 3.2 at anodic potentials of 1.0 and 2.0 V/SHE, respectively. The pH
gradient increases at the edge of the boundary layer, which indicates H* flux into the bulk
solution. This result is supported by the observation that the bulk pH increased only marginally
during filtration experiments. Thus, the OH" generated on the cathode surface was approximately
balanced by the flux of H* from the anode and into the bulk solution. Since the fluid dynamics in
the reactor were not fully characterized, a more quantitative comparison with experimental
results was not possible. However, the experimental pH values in the permeate of filtration
experiments (Figure S-11) were close to the pHs values determined by equation 12. Ata 1.0
VISHE anodic potential the permeate pH was 5.2 compared to the calculated value of pHs = 4.4,
and at a 2.0 V/SHE anodic potential the permeate pH was 3.5 compared to the calculated value

of pHs = 3.2.

The experimental cell viability vs. pH data shown in Figure 6 indicate that E. coli cells were
inactivated at pH values < 3.0. During filtration experiments the cells had prolonged contact time
with the REM (120 minutes), which could have resulted in a higher proportion of cell
inactivation then observed in control experiments at a similar pH (contact time = 10 min).
Therefore, it is possible that the local acidic conditions that developed at the REM during
filtration experiments at an anodic potential of 2.0 V/SHE contributed to cell inactivation.
Additionally, the operation of the REM in filtration mode promoted E. coli transport to and
adsorption on the REM anode. The measured kr, for the REM during filtration experiments in

filtration mode (km = 7.1 x 10" m s) was over an order of magnitude higher than that in batch
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mode (km = 2.9 x 10°® m s). The convection-enhanced transport of E. coli to the REM surface
would place the cells directly at the source of H* from water electrolysis and they would also be
exposed to low levels of oxidants that may be generated at the anode surface by reactions 6-10.
The complexity of the system will likely result in multiple mechanisms for inactivation, and thus
more research is needed to fully characterize the mechanisms responsible for bacteria

inactivation at electrode surfaces.

3.5 Energy Requirements. The power requirement (equation 1) to operate the REM
electrochemical filtration cell was very small; estimated at 0.39 and 17.5 W m membrane for
the 1.3 and 3.5 V cell potentials, respectively. With an average membrane flux of 200 LMH, this
translates to an energy requirement (equation 2) of 2.0 and 88 Wh m of solution filtered for the
1.3 and 3.5 V cell potentials, respectively. These energy requirements are negligible when
compared to pumping requirements. Several studies have documented the ability of
electrochemical reactors to achieve multi-log removal of various bacteria strains, in both the
presence and absence of chloride in the source water [57-63]. However, few studies reported on
the energy requirements per unit volume of water treated. The lowest reported energy
requirement, to our knowledge, was ~ 0.3 kWh m™ for > 6.0 logio removal of E. coli. in an
electrochemical flow-through reactor that produced free chlorine from chloride [57]. Our
estimate is 3.4 to 150-fold lower than that reported previously for an electrochemical method,
and is comparable to the energy requirement for UV water disinfection at a full-scale drinking

water plant (16 Wh m™) [64].
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4.0 Conclusions.

Results from this study indicate that a sub-stoichiometric TiO2 REM was effective for
inactivation of a model E. coli pathogen in chloride-free solutions. The REM was operated in
dead-end, outside-in filtration model, and bacteria removal was assessed as a function of cell
potential. A 1-log removal of E. coli was achieved at the open circuit potential, which was
attributed to the sieving of bacteria in the REM pores. Neither live nor dead E. coli cells were
detected in the permeate at cell potentials of 1.3 and 3.5 V. Cell separation was attributed to
bacteria adsorption at the positively charged REM anode. Bacteria inactivation in the retentate
solution increased as a function of cell potential. Batch experiments provided clear evidence that
bacteria inactivation was caused by the production of acidic and basic conditions via water
electrolysis reactions at the anode and cathode, respectively. Compelling evidence for an E. coli
inactivation mechanism mediated by either direct or indirect oxidation was not found. The REM
achieved a very low energy requirement for inactivation (2.0 to 88 Wh m®), which makes it

attractive for potable water disinfection.
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Figure 1. Schematic diagram of the membrane filtration system.
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Figure 2. a) SEM image showing porous surface of the REM; b) XRD data of REM showing the
characteristic TiO, peak; c) Linear sweep voltammetry scans (v = 0.1 V s!) with and without
pumping through the REM. Electrolyte: 100 mM KH>PO4, 5 mM K4Fe(CN)g and 10 mM

KsFe(CN)g; d) CV curve showing capacitance current of the REM in 0.1 M NaClOg.
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dead (red) E. coli cells for b) open circuit potential, ¢) 1.3 V cell potential, d) 3.5 V cell potential.
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Figure 4. Bacteria concentration versus time determined by plate count method during batch
inactivation experiments in a 10 mM NaClOg4 electrolyte: (a) 1.0 V/SHE anodic potential (b) 2.0
V/SHE anodic potential. Black squares represent control experiments conducted without an
applied potential, and red dots represent experiments with an applied potential. Data points

represent average values and error bars show high and low (n = 3).
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Figure 5. Bacteria concentration versus time determined by plate count method during batch
inactivation experiments in a 10 mM NaClO4 electrolyte: (a) -0.3 V/SHE cathodic potential (b) -
1.0 V/SHE cathodic potential. Black squares represent control experiments conducted without an
applied potential, and red dots represent experiments with an applied potential. Data points

represent average values and error bars show high and low (n = 3).
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Figure 6. Bacteria concentration determined by plate count method with change of pH ina 10
mM NaClOy electrolyte: (a) Effect of acidic pH (triplicate experiments), (b) Effect of basic pH
(triplicate experiments). Unfilled squares represent control experiments conducted at pH = 6.0,

and red dots represent the number of bacteria in the reactor as a function of pH.
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Figure 7. Profiles for pH in the boundary layer at the REM surface determined by equation (12),

for anodic potentials of 1.0 V/SHE (j = 0.3 A m?) and 2.0 V/SHE (j = 5.0 A m?).
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