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Abstract

A reactive electrochemical membrane (REM) systers eeveloped with titanium
suboxide microfiltration membrane serving as tlterfiand the anode, and was examined to
inactivateEscherichia coli (E. coli) in water at various current densities. After pagshrough
the membrane filter, the concentratiorEotoli decreased from 6.46 log CFU/mL to 0.18 log
CFU/mL. The REM operation and effects, includingmbeane pressure, anode potential,
protein leakage, and cell morphology, were chareeté under different treatment conditions. It
was found that several mechanisms, including mengbsgeving, external electrical field
influence, and direct oxidation, functioned in cerido lead to bacteria removal and inactivation,
and direction oxidation likely played the majoraoRAs revealed by scanning electron
microscope and extracellular protein analysis, lugiient density and voltage caused severe cell
damage that resulted in partial or complete cslhtiegration. The removal of a model virus,
bacteriophage MS2, was also investigated at therudensity of 10 mA cihand achieved
6.74 log reduction compared to the original coneeitn (1d* PFU/mL). In addition to
illustration of mechanisms, this study may provédgotentially promising approach that is

suitable for decentralized treatment to meet dsgmbwater disinfection needs.
Keywords:

Reactive Electrochemical Membrane; Microfiltratidtgthogens; Water Disinfection
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Introduction

According to a World Health Organization report WO., 2015), 663 million people
still lack access to safe water in 2015, and mb#tem live in developing countries and rural
areas. Waterborne pathogens can cause severeedisghdeath, thus remaining a primary threat
to public health. Due to various limitations, thenegentional disinfection methods, such as
chlorination, ozonation, and UV irradiation, areplemented in centralized water treatment
plants, but cannot meet dispersed disinfection sie&dditionally, ozonation and chlorination
have the disadvantage of producing carcinogeniofdigion by-products (DBPs) (Li et al. 2016,
Rajab et al. 2015, Schaefer et al. 2015). Theretheze is a critical demand to develop
disinfection technologies for decentralized treatita¢hat are effective in removing waterborne

pathogens, in addition to being inexpensive anyg &agse.

Membrane filtration is the most commonly used wdisinfection technology for
decentralized uses at present, but it merely phijgiseparates pathogens from water without
killing them, and thus any operation failure cooédise serious health risks. The development of
biofilm on the membrane causes blockage, resuitiniye need of regular filter replacement to
ensure disinfection efficiency (Brady-Estévez eRll 0, Gkotsis et al. 2014). This adds up to
the maintenance cost, and thus makes membraradidiitiess favorable in the long run. A
technology that can simultaneously remove and ivetet pathogens is needed, and when
coupled with membrane technology, it can reducéogioal fouling and extend the service life

of membrane filter.

Electrochemical inactivation of microbes has beemglexplored for decentralized water
disinfection. It is particularly promising for diggsed disinfection uses at rural places because

electrochemical inactivation can be operated ingacted mobile units, has high disinfection
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efficiency, requires low energy consumption, anal lsa potentially powered by solar energy.
Different electrode materials have been studiectlectrochemical inactivation (Bruguera-
Casamada et al. 2016, Drees et al. 2003, Jeohg2€0®, Li et al. 2016, Rajab et al. 2015, Wen
et al. 2017). However, in most of those studiesinfiection relied on electrochemically
generated chlorinated oxidative species, thus tisinfection by-products were inevitably

formed (Schaefer et al. 2015).

Reactive electrochemical membrane (REM) systenbbas developed in recent years,
which improved disinfection efficiency and addrestee issue of DBP formation. A conductive
porous material is used both as a membrane andaate an a REM system. Traditionally, REM
has been studied for applications to reduce biofgidased on cathodic potential (Elangovan
and Dharmalingam. 2016). Recently, a REM systemgusiulti-walled carbon nanotubes
(MWNT) as the filter has exhibited complete inaatien of both bacteria and virus by applying
2 to 3 V cell voltage (Rahaman et al. 2012, Vedatial. 2011). However, this particular REM
application may be limited by the disputable tayi@f carbon nanotubes and the limited service
life of the filters prepared in a non-reusable meanA commercially available porous titanium
suboxide material has also be studied in REM sesimgE. coli as a model pathogen in
chloride-free solutions (Guo et al. 2016). Therdisttion effects were attributed to electrostatic
adsorption of bacteria on the electrode surfacetlamdtrong acidic or alkaline conditions in the
near-electrode microenvironment, while direct aliiect oxidation was not considered as a
major cause. The sub-stoichiometric titanium oxideerial is suitable for REM applications
also because of its non-toxic nature and its phaysahemical, and electrochemical stabilities. It
is however imperative to better understand the eu@sim of disinfection and the controlling

factors for design and optimization of REM prockased on titanium suboxide material.



80 The mechanisms that have been proposed to expkigl¢ctrochemical inactivation of

81  bacteria include (1) indirect oxidation; (2) directidation; (3) permeabilization by

82 transmembrane potential; and (4) electroporatiaeéb et al. 2003, Jeong et al. 2009, Long et al.
83 2015, Rajab et al. 2015). Indirect oxidation hasrbgroposed as the primary cause of bacteria
84  inactivation in several studies. It occurs viadectrochemically generated reactive oxidizing
85 species (Gl HCIO, CIO, OHe, HO,, and Q), while, in chloride-free solutions, OHe is the

86  major species responsible for bacteria inactivati@ong et al. 2009). A recent study indicates
87 that reactive oxidants and electric field act sgistically in inactivating microorganisms

88 (Bruguera-Casamada et al. 2016). Direct oxidatepplens when membrane proteins and

89 functional groups lose electrons on anode, cadgigperoxidation and thus compromising cell
90 integrity (Long et al. 2015). Additionally, it wasported that transmembrane potential is

91 induced when cells are exposed to external elefogtat (de Lannoy et al. 2013, Huo et al. 2016).
92 In a pulsed electric field study, transmembranepil above 1 V and longer pulse time led to
93 irreversible membrane damage and cell death (Reillat. 2016). Electroporation is a process

94  usually associated with nanomaterials as electradesre a strong electric field (1-10 kV/cm) is
95 formed at the tip of a wire- or rod-shaped nandi@ar causing lethal damage to cells in touch

96 (Huo et al. 2016, Liu et al. 2013, Liu et al. 20Wen et al. 2017).

97 An electrochemical disinfection process, dependinglectrode type and treatment

98 conditions, often involves two or more mechanisiigg simultaneously to inactivate

99 pathogens. However, because limited electrode rakt@an produce large amount of OHe
100  while sustain high voltages, most previous stutlase focused on indirect oxidation in chloride-
101 containing solution, although formation of DBPs@sidered problematic (Cui et al. 2013,

102  Huang et al. 2016, Jeong et al. 2009, Rajab @04/5). The recent finding of Magnéli phase
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Ti,O7 ceramic material enabling REM with pathogen ingtton in chloride-free solutions (Guo
et al. 2016) shows great promise for decentraizatr disinfection, but a comprehensive study
is needed to further elucidate the pathogen inatitia mechanisms involved in the process, and

explore key factors governing the disinfection efifeeness.

The electrochemical inactivation Bf coli in Na&SQO, solution was investigated using a
REM system with Magnéli phase,O; ceramic membrane operated in dead-end filtratiodem
under different conditions to assess the disindactiffectiveness and governing factors. The
electrode material was thoroughly characterize@apect to elemental composition, crystal
morphology, porosity, permeability, oxygen evoluatjpotential, and reusability. Additionally,
the pathogen inactivation mechanisms of this nelesdtrode material were explored by
examining the change & coli over the electrochemical treatment in cell intiggand viability,

surface and morphology.
Materials and methods
1. Electrode fabrication and characterization

Magnéli phase O, ceramic material was produced from@inano powder, which was
generated by reducing Ti@owder at high temperature (98D) under hydrogen flow.
Subsequently, the J®; nano powder was mixed with binder (polyacrylamidé/pinyl alcohol,
95/5, m/m) and 5% of water to form a slurry, whieas spray-dried to small granulates before
being pressed into a mold to form a compacted goedy. The green body was sintered under
vacuum with temperature increasing from°85to 1250°C, to first release the binder and then
develop a 3 mm (thickness) x 3 cm (diameter) pooauamic disc with a porosity of 23% and a

median pore diameter of 7.5 pum (based on volumé)spm (based on area), and an average
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pore diameter of 5.7 um. The physical and eleceoubal properties of this electrode material
made in house were characterized, and the resutsmathods used were described in

Supporting Information.

2. Chemicals and strains

All chemicals used in this study were reagent-gat obtained from Sigma-Aldrich (St.
Louis, MO). All solutions were prepared with deiped water generated from Thermo Scientific
Barnstead NANOpure water purification system (Weatth MA) with a resistivity of 18 I cm.
E. coli (ATCC 15597) andk. coli bacteriophage MS2 (ATCC 15597-B1) were obtainethfro

American Type Culture Collection (ATCC) (Manasséa).
3. Inactivation ofE. coli with REM in dead-end filtration mode

E. coli was used as the test organism for this study. BN Revice Figure 1)
constructed in house was operated in dead-enadtidtr mode with solutions inoculated wih
coli to evaluate the electrochemical pathogen inaatinaThe REM device consists of two
Ti,O7 ceramic membrane disk (3 cm in diameter) as tbe@and the cathode, respectively,
separated by a rubber ring to form an inter-elelergap of 5 mm. All electrochemical
experiments were conducted in 0.05 M,8I@, as supporting electrolyte, which is stable within
the voltage range applied in this study. The etdgic cell was powered by a controllable DC
power source (Electro Industries Inc., MonticeMi\). Electrochemical filtrations were
conducted by passing 150 mLBtoli suspension (~f@CFU/mL) at the flow rate of 5 mL/min
using a peristaltic pump through the REM devicélite membranes supplied by direct electric
current at different current density (0, 1, 5, 6BmA cni®). The effluent samples were collected
every five minutes and immediately cultured on htertani (LB) agar plates to determine cell

concentrations. To investigate the viability ofleeln the membrane, both anode and cathode
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were extracted after each filtration process usidgnL of 0.9% sterilized NaCl solution under
continuous shaking at 120 rpm for one hour to dethe cells from the membrane. TBecoli
concentration in the effluent, membrane extraad, @ntrols were measured using standard plate
count method. Briefly, serial dilutions of samplesre prepared with 0.9% saline solution prior

to plating. Then, 100 pL aliquot of sample was agrplated over a LB agar plate and incubated
at 37°C for 24 h. After incubation, the number of colanfermed on the agar plate was counted
and expressed as colony forming unit per mL (CFU/rlvery sample was quantified in

triplicate plates, and the average cell counts \péotted.
4. ElectrochemicaE. coli inactivation in batch reactor

Batch reactor experiments were conducted for colsgarand they were performed in a
one-compartment electrolytic cell (10 cm x 5 cm en® with the same electrodes (twa(i
ceramic membrane disks) and the same inter-electyad (5 mm) as in the filtration system. In
each treatment, 150 mL &f coli suspension (~f0CFU/mL) in 0.05 M NaSO, background
electrolyte was placed in the electrolytic cellw@ontinuous stirring. A direct current was
supplied at different current density (0, 1.0, &:@0.0 mA cnif) with a controllable DC power
source (Electro Industries Inc., Monticello, MNYiplicate samples were withdrawn from each
reactor at time zero and after 30 minutes, andullO6f each sample was cultured on plate for

cell density quantification during 2 h of electrsity.
5. Cell characterization

The following cell characterizations were perfornoedselected treatment samples and

corresponding control samples in order to explassible pathogen inactivation mechanisms.
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Protein leakage. Possible leakage of intracellular protein fr&mrcoli cells was measured using
Piercé bicinchoninic acid (BCA) protein assay kit (Ther®oientific, Waltham, MA) as
described by the manufacturer. Briefly, the tes$ w@nducted by mixing 0.1 mL of sample with
2 mL BCA working reagent and then incubating af@7or 30 minutes. The 562 nm absorbance
developed in each tube was measured using a Beckaater DU 800 spectrophotometer
(Brea, CA). A standard curve prepared with albustandard solution was used to determine the

protein concentration of each sample.

Flow cytometry. Flow cytometry analysis was performed on seleetédent samples using the
Guava easyCyt¥ single sample flow cytometer (EMD Millipore, Haywda CA, USA). The
LIVE/DEAD ™ BacLight™ Bacterial viability kit (L34856, Invitrogen, EugerOR, USA)
containing the SYTO 9 and propidium iodide dyesemgsed for staining live and dead bacterial
cells in both treatment and control samples. TheeatedE. coli suspension (FOCFU/mL)

served as the control for detection of live cellsd heat-killed cells were used as the control for

detection of dead cells.

Cell morphology. E. coli cells in effluent samples and on membrane eleetadere fixed in 2%
glutaraldehyde to preserve the cell morphologyn3mnaission electron microscope (TEM)
observations were made using a JEOL JEM 1011 (JE®L,Peabody, MA, USA) system at 80
kV. The morphologies of the cells on membrane vedse investigated using a FEI Teneo (FEI
Co., Hillsboro, OR), a Field Emission Scanning Ei@e Microscope (FESEM), with an

accelerating voltage at 5 kV.

6. Electrochemical inactivation of bacteriophage MS2
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The electrochemical inactivation of bacteriophaggé2Mvas conducted using the same
dead-end filtration device at 10 mA @murrent density. In total, 150 mL MS2 suspension
(~10" Plaque Forming Unit (PFU)/mL) was passed throtnghfilter at the flow rate of 5

mL/min, and the effluent was collected for virusagtification.

After electrochemical treatment, the influent afftlent samples were quantified for MS2
titer using a plaque forming assay. Basically,damples were subjected to ten-fold serial
dilution in tryptone broth, and 0.1 mL of each loétten diluted samples (from 1-fold to 10-fold)
was mixed with 0.9 mL tryptone soft agar containingoli (ATCC 15597) host cells at 4&.
Then the tubes were mixed and poured into the gestnies, which would create a thin layer of
agar that had been inoculated with host bactedd\®2 in each plate. All plates were incubated
for 24 hours at 37C. After incubation, patches of dead bacteria wdakch small clear spots
called plaques on the plates, and each plaquesemiseone virus. By carefully counting the
exact number (ideally between 30 and 300) of plagurethe plates, the MS2 concentrations

were calculated and expressed as plaque formirtg par mL (PFU/mL).
Results and Discussion
1. Characterization of Magnéli phase @y membrane

The chemical composition of electrode material assessed based on X-ray diffraction
pattern (XRD) spectra={gure S1 and Figure S2-A). The predominant phase of titanium
suboxides in this electrode was®+ (~77%) and T§Og (~23%). It is known that FO; exhibits
the highest conductivity among all titanium subexpghases, comparable to graphite (Smith et al.
1998), and thus the high content of(iensures favorable electrochemical performance. The

electrical conductivity of our materials was measiio be 38.5 S ci{using four point probe

10
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method), which is about three orders of magnitudbédr than Boron Doped Diamond (BDD)
electrodes (Ficek et al. 2016). The surface moghobf T,O; ceramic membrane was shown
in SEM image Figure S2-B), suggesting interconnected pores of various di@areeThe porous
property (23% porosity) of the electrode providagé surface area for ROS generation, and
allows for size exclusion of contaminants and oelth different sizesThe tortuosity of this
material was estimated to be 1.98 based on an iealgiorrelation between tortuosity and porosity
developed for inert porous materials (Boudreau6).99ince tortuosity extends the length of path tha
cells need to pass through and increases the cbéoe# capture, depth filtration has been idéatifas

an important mechanism for regular porous bedsti@p and retain bacteria from fluids (Marty et al.
2014; Olson et al. 2005Jhe results of mercury intrusion porosimetry alst¢ated that the pores
of a wide range of diameters co-exist in thgOfimembraneKigur e S2-C). Macropores appear
to dominate, favoring the permeability and masssiex efficiency of the membrane. It was
reported that macropores are beneficial in prongatire transfer of chemicals towards the
electrode surface for reaction (Kong et al. 2008 specific surface area of the porougOFi
material was measured to be 0.06¢h (Figure S2-E), roughly 1300 times of the nominal
geometric area. Also, high percentage of macropar&€gO; membrane contributes to high
water flux rate (12895 LMH B&) (Figure S2-D), about five times higher than the general ultra-
filtration membranes used for drinking water fittoa (Leiknes et al. 2004). Water permeability
of a membrane material is directly related to gplecability in water treatment applications, and
therefore the macroporous nature of thgdFimembrane makes it promising for point-of-use

water treatment in filtration mode.

Electrochemical stability is one factor determinthg service life of an electrode. For
example, metal oxide electrodes are usually sudgjettt different levels of passivation caused by

accumulation or precipitation of non-conductive roiieal species on electrode surface

11
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(Rajeshwar et al. 1994). In this study, the redakisty of Ti;O; was demonstrated using
continuous cyclic voltammetry scanning, and thetebehemical performance remained

unchanged after 200 cycles of scanniRigre S3-B).
2. Electrochemical inactivation &. coli

An REM systemigure 1) equipped with two TiO; membrane electrodes was operated
in dead-end filtration mode to investigate the etmhemical inactivation dt. coli under
various current densities. Before regular tesggeliminary study was conducted to assess the
viability of E. coli in both 0.05 M NgSO,and 0.15 M (0.9% w/w) NaCl solutions, which offer
ionic strengths similar to natural fresh water (NMeskey et al. 2011), and the cell concentration
was found to be stable within 3.5 hours of inculratFigure $4). Therefore, saline water (0.9%
w/w NaCl) was utilized as the diluent in plate cbag procedure to maintain cell integrity and
viability. To avoid the effects of reactive chlagispecies, 0.05 M N8O, was used as
background electrolyte for all experiments. Sodautiate (NaSQy) is present in aquatic

systems and inert during electrochemical processdsr our test conditions.

The cell concentration in the effluent was monitbfe 30 min of REM treatment at
current densities ranging fromD0 mA cm? (Figure 2). As shown, the concentrationsfcoli
were reduced by more than 2, 3, 4, and 6 log anitise current densities of 0, 1, 5, and 10 mA
cm’?, respectively, at the first sampling point of Soties, and the inactivation effect lasted
through the 30-min monitoring period. When no eieqtower was applied to the device (0 mA
cm?), E. coli cells were removed solely by physical separatioough depth filtration. The
predominant pores in J®; ceramic membrane have diameters between 3 to 1(FFigor e S2-
C), thus some of them are capable of captuEingpli cells with a typical size of 0.pm in width

and 2um in length. In addition, the tortuosity of the m@ls resulting from interconnected

12
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pores of various sizes can significantly extenddiséance that cells travel and increase the
chance of being captured. Similarly, 1 log reduciioE. coli concentration was observed in the
permeate solution from a cross-flow filtration gystwith a tubular TO; electrode, presumably
through bacteria adsorption and size exclusion (&wd. 2016). Although the average pore size
of the tubular electrode material in the earliedgtwas 1.4um, smaller than the average pore
size (5.7 um) of the J©; membrane electrodes in this study, the deptlafitin effect was not

as good as the 2.25 log reduction observed irsthidy. This might be due to that a much higher
transmembrane pressure used during the crossAftoatibn, which might force more cells to
pass through membrane. Moreover, the interconngiess of various diameterSigur e S2-C)
may lead to a greater tortuosity of the membranéiis study, which in combination with the
slightly larger thickness (3 mm vs. 2.5 mm) mayédagaused the enhanced filtration efficiency.
Increasing current density from 0 to 1 mA€enhanced the inactivation of bacteria by less than
1 log unit, which was most likely contributed bytélectrostatic adsorption between the

negatively charged bacteria and the anode surfébeaw opposite charge.

The pathogen inactivation effect was significamthhanced from 4.88 log to 6.28 log
when the current density was raised to 5 mA’@nd 10 mA cri, respectively, which is
consistent with previous studies of different elede types (Guo et al. 2016, Pillet et al. 2016,
Rahaman et al. 2012, Raut et al. 2014, Schmaliz 20@9, Vecitis et al. 2011). Higher current
density is associated with higher anodic potemtsathown in the linear voltammetry scanning
(Figure S3-A), and the oxygen evolution potential (OEP) is.&8t\ (vs. NHE), at and beyond
which oxygen is produced on anode with stronger R@8uction as well (Enache et al. 2009,
Marselli et al. 2003). As shown Table 1, the cell voltages applied to the REM system for

disinfection experiments were 6.4 V, 7.6 VV and\@.8t current density of 1 mA ¢f5 mA cn?

13
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and 10 mA crif respectively. According to a correlation betweradic potential and cell
potential measured in a three-electrode systagu(e S5), these cell voltages corresponded to
the anodic potentials of 2.15 V, 2.52 V, and 3.43eépectively, among which the latter two (5
mA cm? and 10 mA cnf) were above the OEP (1.3vg. NHE), and thus would effectively
generate hydroxyl radicals and other ROS, but habtraA cm. The effective production of
hydroxyl radicals at T,0; anode above oxygen evolution potential has beeardented and
confirmed in our recent study using salicylic aagdthe radical scavenger (Liang et al. 2018).
Although hydroxyl radical is the most powerful difgctant that can be electrochemically
generated, weaker ROS, such a®Hand Q, may also be formed (Cui et al. 2013, Sultand.et a
2015). All such ROS species are effective for pgémoinactivation because of their ability to

alter cell membrane permeability and cause cetiungp

No significant variation in pH (~6.5) was observe@ffluent samples collected during
the REM treatment at various conditions (data hots). This indicated that, in this undivided
electrolytic reactor setup, the protons formedhmnanode from water hydrolysis was
counterbalanced by the hydroxyl ion produced oham, or the oxidants generated at anode
were reduced back to water at cathode. Thus, thiegehin acidity or alkalinity that was
proposed to be the factor causing bacteria inaaivan the earlier study with a divided
electrolytic cell setup (Guo et al. 2016) was et tase in this study. It is worth noting that a
few previous studies have indicated tRatoli cells did not undergo any kind of inactivation
within 60 minutes at acidified conditions (pH ~(Byuguera-Casamada et al. 2016, Geveke and
Kozempel 2003). Indeed, certain speciek.afoli can tolerate a rather wide range (3.7 ~ 8.0) of

pH (Presser et al. 1997).
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The pressure of the peristatic pump for solutidivdey during the course of REM
treatment was monitored, and the result was shawigure S6. As indicated, the initial
pressures for the treatments at 5 mA?and 10 mA cif are higher than those at 0 mA€m
and 1 mA crif, and reached plateau much faster. This is prolghiByto the gas generation on
the electrodes at high current densities as mesdi@bove. As evidenced by TEM images
(discussed below), cell debris was generated dah@dpigh current treatments (5 and 10 mA
cm®) that caused severe damage to cells. Cell delaysaiso accumulate in the tortuous
channels in the membrane, forming clogs and thusieg pressure drop to ramp up over time.
The trend of the increasing pressure at 0 m& ower time indicates the accumulation of
bacteria mass on the membranes. It is therefatieadrio investigate the quantity and viability of
cells on membrane to evaluate the efficiency ofRE#M system to inactivaté. coli. The
membrane electrodes (both anode and cathode) wieeted in 10 mL 0.9% NaCl for one hour
to remove the bacteria after each operation anddheentration oE coli in extract were
determined igure S7). In general, the concentration of the viable<gllthe extracts was
lower as the applied current density increasetpatjh those from 1 and 5 mA @rreatments
were close. IITable 1, we listed the total number of live cells deteadadnembrane as well as
in effluent, and they were expressed as percem@agparing to the number of cells delivered to
the filtration device within the total 30 minutefstest. The total bacteria removal were thus
calculated as 99.640%, 99.895%, 99.981%, and 9%3680, 1, 5, and 10 mA chitreatments,
respectively. The mechanisms that may have causgdssgnificant levels of disinfection have
been explored and elucidated below. It should kechthat the energy consumption values listed

in Table 1 were calculated based on our bench scale testsefidrgy-efficiency could be further
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optimized for applications by using larger scalcter operated at high flow rates and equipped

with better electric circuit that involves less ahrwoss.

For comparison, the electrochemical inactivatiok.afoli was also evaluated in a batch
reactor setup using the samegQy ceramic electrodes used in the REM study. No agypar
reduction in cell density was found in the batchcter at zero current densityigur e 3), unlike
the REM treatment, where the cell concentration nedsiced by more than 2 log. This result
suggested that physical adsorptioriEo€oli cells on the electrode was negligible, and they th
were held on the membrane electrodes primarilydpttdfiltration in REM treatment. No
significant bacteria inactivation was found at 1 wrA? in the batch reactor either. Increasing
current density to 5 and 10 mA @mesulted in significant inactivation & coli at 1.37 and 2.05
log reduction, respectively, but much lower tham litg reduction (4.88 log and 6.28 log)
achieved in REM treatment at the same current tledde greater disinfection effect in the
REM process in comparison to the batch reactoratioer may results from the convection-
facilitated mass transfer during filtration in REMecitis et al. 2011, Zaky and Chaplin 2014),
where the cells were forced to pass through tleeaohnected pores in the electrodes, thus
increasing their chance to get in contact with Rf@Berated also on the electrode surface. The
significant bacteria inactivation during REM, inrfieular at 10 mA cif current density, is

discussed in more detail below.
3. Possible disinfection mechanisms during REM treatme

In selected REM treatments, the protein conceptnati the effluent was monitored as an
indicator of membrane permeability alteration teess protein leakage. As showrigure 4
the protein level remained stable at zero-currentrol. Increasing current density to 1 mA€m

led to significantly higher concentration of protém the effluent solutions, which suggests that
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some cells may be damaged even at relatively Idtages, causing intracellular protein leakage.
As for the treatments at 5 and 10 mAGrthe protein concentrations increased rapidly with

the initial ten minutes, and then became stabiliZé increase in protein concentration was
likely due to the increasing numbers of cell retgimnd subsequently inactivated on the
membrane after being exposed to electric poteatidlROS for a longer period of time. The
similar pattern in hydraulic pressure changig(re S6) predominately caused by bacterial mass
accumulation on the membrane is an evidence dhtreased cell retention at elevated current
densities. Earlier studies indicated that longgrosure time to external electric field would

cause more severe and lethal damages to the ¢eliftié et al. 2011, Zeng et al. 2010).

Flow cytometry was employed in this study to assleswiability of cells during REM
treatment in an effort to obtain a more comprehensnderstanding of the different disinfection
mechanisms. Flow cytometry measures the lightextatf of a laser beam by stained cells,
which is dependent on the viability of the cellsgdetti et al. 1991). When the measurement
results of control samples prepared with live acadleells were plotted according to their
fluorescence signals, two regions (also calledgjatee defined, which can serve as frame of
references to differentiate the viable cells frovadtivated oneg:igure 5 shows the flow
cytometry results of the effluent samples colleatadng different treatments, indicating the
compositions of live and dead cells in each sotut@@omparing to the live cell control, the
percentage of dead cells increased dramaticallyna# cmi’ current density treatment, and it
further increased when the current density raieesimA cn¥. This trend agreed well with the
result from the plate count in that increasinga¢heent density caused higher levels of damage

and death to the cells.
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371 However, it is important to note that, for bothrid& mA cntreatment, the percentage
372 of “live” cells identified by flow cytometer was rob higher than the results determined using
373 the plate count method as showrFigure 2. This difference may be caused by a fraction of
374  cells that were detected as viable by flow cytognatr they still maintain the cell integrity, but
375  have lost their ability to grow into a visible calpon agar plates due to serious injury. This
376  fraction of cells can bring potential health riskce they recover with reproducibility or if their
377 DNA remains intact. Therefore, it is critical tdfdrentiate such cells from dead cells, while
378  conducting disinfection study and evaluating disaiion efficiency. As implemented in this
379  study, coupling flow cytometry and differential isiag technique with direct microscopic

380 enumeration can be an effective tool for such cffiéiation (Li et al. 2014).

381 The density of cells (represented by dotiigur e 5) was much lower in 10 mA cfn

382 treatment than the other treatments, indicatingttietreated effluent contained much less

383 stainable cells. Bacterial cells became non-debéeta flow cytometry only when the cell

384 membrane structure was completely altered or th@ewtell broke into debris (Tung et al. 2007).
385  Therefore, it is possible that the high currentsitigrmight be vital to ensure complete

386  destruction of bacteria cells and eliminate thesfimkty of pathogen recovery and disease

387  spreading.

388 TEM was performed to investigate tBecoli cells in the effluents to provide information
389  on cell morphology before and after REM treatméRigure 6). For the zero-current control,
390 the cells remained in their original rod shape withooth membrane and intact cytoplasm

391 (Figure6A). Some changes in cell morphology occurred whetage was added: for ImA ¢m
392 treatmentFigure 6B), cell membrane became rougher; in 5 mA’csample Eigure 6C) some

393 cells showed signs of cytoplasm leakage, althobgtcell membrane remained intact; when the
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applied current density was increased to 10 mX (figur e 6D), cell membrane started to
undergo dissociation and break into pieces. It@msous that higher current density caused
more severe damages to the cells, leading to atieraf cell shape, leakage of cytoplasm, and,
more seriously, membrane disintegration. The mashanof cell inactivation by ROSs have
been described previously (Caselli et al. 1998, &tal. 2010, Nimse and Pal 2015). Generally,
ROSs will preferentially react with unsaturated rbeame lipids and cause lipid peroxidation,
destructing membrane structure and cell integRtérsen 2017). Subsequently, ROSs can
diffuse through membrane and react with cytoplagmmiteins and unsaturated lipids. As a result,
affected cells may undergo lysis, and release tagopc components into the surrounding
environment, causing elevated protein concentrati@olution. Meanwhile, ROSs can infiltrate
through the membrane with altered permeability, laowd to the enzymes and DNA molecules

(Hunt and Marifias 1999).

The results of SEM characterization of the treatnsamples were highly consistent with
the observations made with the TEM images, showaligshrinkage at moderate electrical
strength (1 and 5 mA cf) (Figure S8-B and S8-C) while cells remaining intact at zero current
control Figure S8-A). At 10 mA cn¥ treatment, cell membrane appeared to be rough with
visible damages on the surfa¢egure S8-D). Although electroporation was considered another
effective mechanism in inactivating bacteria (Htale2016, Liu et al. 2013, Liu et al. 2014,
Wen et al. 2017), it unlikely played a significaate in the present study where low electric field
strengths (<10V) were applied. It is shown by SEMreination Figure S8) that no pores were

evident on the cell membranes, suggesting the naingfiiects of electroporation.

Large clusters of cell debris were found in thedomwagnification SEM pictures of the

samples with 5 mA cihand 10 mA criftreatmentsKigure 6E and 6F). This result again
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suggested substantial leakage of intracellular nadtsfter electrolysis at high current densities,
and the leaked cellular components tend to aggeegtd clusters of debris. Similar results were
reported by Bruguera-Casamada et al. (2016), wkerebd cell debris clusters in all the test
strains Escherichia coli, Pseudomonas aeruginosa, Bacillus atrophaeus, Staphylococcus aureus,
andEnterococcus hirae) upon electrochemical disinfection treatment ataent density of 33.3

mA cm? in a batch reactor setup with BDD anode in 7 mMS@ solution.
4. Electrochemical inactivation of bacteriophage2VS

As shown inFigure S9, no lysis or plagues were observed in the plateufated with
effluent samples (I®dilution) of electrochemical filtration system# mA cm? applied
current density; while with the same dilution rates suspension without treatment resulted in
scattered small plaques all over the plate. Basati®plate counting results of other plates with
lower dilution rates and countable number of plagtiee electrochemical removal of
bacteriophage MS2 was 6.74 log. Although the tioittivation rate is similar to bacteria study
(6.28 log), the inactivation of bacteriophage iasidered more pronounced since the initial
concentration of bacteriophage (¥1ds much higher than that of bacteria (310 general,
disinfection of pathogens at higher populatioress|effective due to the population-dependent
effect, which can be explained by the fact thahéef amount of oxidants would inactivate a
smaller portion of microorganisms at higher baeteri phage population (Drees et al., 2003).
Besides inactivation by oxidizing agents generali@ihg electrolysis, external electric field can
also inhibit the viability of bacteriophage. Howeyvas non-enveloped virus, bacteriophage was
able to tolerate greater direct current magnitwedeslonger time of exposure to direct current in

the electric field. Since ingesting even a singtal\yparticle can potentially cause serious disease
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water disinfection/treatment system must be su#fitly effective to inactivate pathogenic

viruses to none-health threatening level.
Conclusions

An electrochemical dead-end filtration system csinsg of two highly conductive, stable,
and porous titanium sub-oxide electrodes were dsetrated in this study to effectively
inactivatekE. coli and bacteriophage MS2 in water. The highest imaiitin rates were 6.28 log
for bacteria and 6.74 log for bacteriophage attiveent density of 10 mA cf Under the same
electrochemical conditions, the inactivation studs also conducted in a batch reactor, and the
results revealed that effective inactivation olsbppened only when the anodic potential was
higher than the oxygen evolution potential. Thiggaested the dominant role of oxidizing species,
especially hydroxyl radicals, which were generategreat amount during oxygen evolution, in

the REM treatment system.

Detailed investigation was performed to elucidaghacteria inactivation mechanism
using multi-tool approach including membrane pressoonitoring, plate cell counting, protein
leakage quantification, and SEM and TEM scanningdneral, higher current density led to
greater reduction of bacteria concentration anderserere damage to the cells, causing
significant protein leakage and altered cell memérstructure or even cell disintegration as the
treatment intensity increased. An array of mechmasig/iorks synergistically to disinfeEt Coli
in this electrochemical treatment system, namelysiglal separation and entrapment, external
electrical field disturbance, and predominatelyyries caused by oxidants produced on the
anode. The impact of electroporation is considenedmum with the absence of holes on cell
membrane shown in the SEM and TEM images. Flowrogtoy analysis revealed that viable but

non-culturable cells are present in the samplededeat low current densities, and they can be
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effectively controlled at high current density (i1® mA cn¥). Although lacking reproducibility,
pathogenic bacteria with integrated cell strucsti carry health risk to water consumers under
exposure and thus must be eliminated in disinfactigstem. The results of this study indicate
that the novel porous titanium suboxide electrodh high flux rate and extraordinary
electrochemical performance makes REM a promispigpo to meet decentralized water

disinfection demands.
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Table 1. Summary of current density, applied voltage, liecin effluent, live cells retained on
membrane, and total inactivation rateeotoli by REM system.

Current Applied Log Live cellsin  Live cells on Energy
i . Total removal .
density voltage reduction effluent membrane (%) consumption
(mA cm?) (V) (%) (%) 0 (kWh/m?)
0 0.0 2.52 0.303 0.057 99.640 + 0.042 0.00
1 6.4 3.01 0.096 0.010 99.895 + 0.046 0.21
5 7.6 4.88 0.001 0.018 99.981 + 0.100 1.26
10 9.5 6.28 0.000 0.000 99.998 + 0.012 3.18

Note: All percentage values were compared to tmebau of cells pumped into filtration system
from feed tank during 30 minutes’ treatment.
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Figure 3. Removal ofE. coli using Magnéliphase TjO; membrane in batch reactor at different

current density after 30 mins.
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Figure 4. Leakage of proteins froi. coli cells after electrochemical disinfection treatnsdmy

REM at different current densities.
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Figure5. Flow cytometry analysis of effluent samples collected during electrochemical
disinfection process for treating E. coli at different current density. Every cell that passes flow
cytometer and is detected will be presented as single green dot on a scatter plot. Green dots
within gate R2 represent the subpopulation of dead cells. Green dots within gate R3 represent the

subpopulation of live cells.
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Figure 6. TEM images of effluent samples collected during electrochemical disinfection process.
(A) No current control; (B) 1 mA cm™ applied current density; (C) 5 mA cm™applied current
density; (D) 10 mA cm™ applied current density; (E) Cell debris observed in 5 mA cmtreatment

sample; (F) Cell debris observed at 10 mA cm™treatment sample.



Highlights

* A novel electrochemical filtration system with titanium suboxide membrane was
developed.

e Effective disinfection of E. coli and bacteriophage MS2 in water was achieved.

* The disinfection mechanism on titanium suboxide anode was elucidated.

e The system is potentially promising for decentralized water disinfection applications.



