» Operando studies of iodine species in an advanced oxidative water treatment
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We present an electrochemical advanced oxidation process (eAOP) reactor employing expanded graphite,
potassium iodide (KI), and electrical current, which demonstrates an exceptionally high rate of inactivation
of E.coli (10°% or 6log;y reduction in viable cells) at low current density (0.12mA/cm?), with low contact
time (5 minutes) and low concentration of KI (10 ppm; 0.06 mM)). Operando X-ray fluorescence mapping is
used to show the distribution of iodine species in the reactor, and operando X-ray absorption spectroscopy

in the anodic chamber reveals iodine species with higher effective oxidation state than I04".

Operando

electrochemical measurements confirm the conditions in the anodic chambers are favourable for the creation
of highly oxidized iodine products. The killing efficiency of this new eAOP reactor far exceeds that expected
from either traditional iodine-based electrochemical water treatment or advanced oxidation systems alone, a
phenomenon that may be associated with the production of highly oxidized iodine species reported here.

Keywords: wastewater treatment, advanced oxidation process, XANES, disinfection, operando electrochem-

istry, operando spectroscopy, iodine chemistry

I. INTRODUCTION

Advanced oxidation processes (AOPs) are emerging as
a promising class of technologies for treatment of indus-
trial and municipal waste streams for removal of recal-
citrant contaminants including pharmaceuticals, pesti-
cides, and industrial chemicals, a key facet of wastewater
treatment. AOPs function by in situ generation of strong
oxidants through a two-step process to destroy contami-
nants, first generating reactive oxidants and radicals that
in turn react with target contaminants.'~> AOPs can be
broadly classified as ozone- or UV-based, electrochemi-
cal, catalytic, and physical.2* Full-scale processes have
been established for ozone-based, UV-based, and cat-
alytic AOPs whereas electrochemical and physical meth-
ods have been investigated exclusively at the lab- and
pilot-scale.?

Electrochemical AOPs (eAOPs) electrolytically produce
*OH and other oxidants to effect treatment of water.!
The simplest eAOP is direct anodic oxidation whereby
*OH is produced at the surface of an electrode through
the oxidation of water.® Contaminants are destroyed
through a combination of (1) direct oxidation of contam-
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inants at the surface of the electrode,’® (2) indirect ox-
idation in solution from *OH generated,'® and (3) elec-
tric field effects.!:12 Alternatively, indirect eAOPs require
external addition of or in situ generation of additional
reagents that react to produce hydroxyl radicals. For
example, eAOPs based on Fenton’s chemistry (electro-
Fenton and photoelectron-Fenton) use the reaction be-
tween Hy0, and Fe?' to produce *OH.'3!% Oxidation
may also be mediated by electrochemical generation of
strong oxidants generated at the anode from ions in bulk
solution™® including halides like chlorine species!¢-'8
and iodine species.!%20

The inactivation of bacteria, viruses (bacteriophages),
and algae using eAOPs has been demonstrated,?!=2° al-
though the majority of past studies have focused on
the electrogeneration of chlorine species.?®° In con-
trast, there is scant research on electrochemical disin-
fection by electrochemically generated iodine and iodine
oxides, with only one bench-scale study that has ex-
amined the generation of periodate from a solution of
potassium iodate.'” eAOPs also have demonstrated ef-
fectiveness for mineralization of numerous organic com-
pounds, and the mechanism of their action is relatively
well-understood with respect to the advanced oxidation
component of eAOPs. Radicals produced through ad-
vanced oxidation rapidly react with organic compounds
via electron transfer, dehydrogenation, or hydroxylation
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producing organic radicals which, through the resulting
radical oxidation chain, produce CO, and H,0.3%31 In
contrast to advanced oxidation, the exact mechanisms of
disinfection and decontamination by the electrochemical
component of eAOPs are less well-understood, a prob-
lem attributed to the broad range of cellular components
that can be damaged by oxidizing and reducing agents
alike. Damage caused by oxidative compounds gener-
ated through electrolysis can occur to cell surfaces (cell
wall, cell membrane or spore coat) and/or to cellular
components (DNA, protein, lipids).!!32 In particular, cell
wall destruction is key a factor in cell inactivation by
electrochemical disinfection, with significant morpholog-
ical changes noted in treated cells.3>** However, it is im-
portant to note the mechanism of disinfection by eAOPs
is likely a function of the type of anode used!! and the
identity of any halides or other electrochemically rele-
vant compounds in the input water.

Some advantages of eAOPs include: the ability to ad-
dress multiple different contaminant classes, a generally
high disinfection efficiency, in situ production of reactive
chemical species, amenability to automation, and ease
of treatment input control.!>16:31.35-37 Degpite these ad-
vantages, economic and technical concerns have limited
large-scale implementation of these technologies, includ-
ing mass transfer limitations which lead to reduced disin-
fection performance, low conductance of most wastewa-
ter, limited lifespan due to fouling of the electrodes, po-
tential accumulation of oxidation refractory intermedi-
ates, and high electricity costs.*3138-42

An Edmonton, Alberta-based water treatment technol-
ogy company, BioLargo Water, has developed an elec-
trochemical advanced oxidation process for treatment of
water termed the “Advanced Oxidation System” (AOS).
The AOS is a carbon-based packed-bed electrochemical
water treatment system that uses expanded graphite as
its electrode bed material, iodide as its principle elec-
trochemically active input chemical, and a proprietary
spacer to separate electrodes within the device. The
electrode bed material chosen for the AOS reactor is ex-
panded graphite. When intercalated graphite flakes are
exposed to heat, exfoliation of the graphite occurs result-
ing in delamination of the graphite sheets. The resulting
expanded graphite particles take on a worm-like mor-
phology, accompanied by a dramatic increase in the sur-
face area and number of sheet-edges and other defects
often associated with electrochemical activity.*>** The
resulting expanded graphite is a carbon-based material
with high surface area, high porosity, and high electrical
conductivity,*>#® and these qualities are ideal for packed
bed electrochemical reactors. Expanded graphite is also
inexpensive and widely available, and thus presents an
economically feasible solution for decentralized water
and wastewater disinfection.

While the reactor geometry is flexible, the device typ-
ically has 6 serial chambers (3 cathodes and 3 anodes),
and is designed this way to provide multiple instances
of bactericidal action for water passing through it (Fig-
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ure Sla). This AOS design has been shown to be scal-
able for field demonstration pilots that process 20 litres
per minute (at a poultry wastewater treatment pilot in
Alberta)*’ and 400 litres per minute (at a municipal
wastewater treatment pilot near Montreal).*® The AOS
reactors described and used in the present work were
designed to enable the electrochemical and XANES anal-
yses, but are similar in design to scaled-up versions of
the reactor.

The AOS uses potassium iodide as its input chemical
to drive disinfecting oxidation reactions at the anodic
chamber. Iodine is a strong oxidant and long-studied
disinfectant; when exposed to bacteria, iodine interferes
with bacterial cellular function by oxidizing or iodinat-
ing proteins, nucleotides of DNA or RNA, or fatty acids,
ultimately leading to cell death.!®#°->! While molecu-
lar iodine (I) is generally thought to be the principle
species of iodine responsible for bacterial inactivation,
hypoiodous acid (HOI) and periodate ([I04]7) are also
known to exhibit bactericidal properties.!?4%50

In this study we present an electrochemical reactor ca-
pable of disinfection with high kill efficiency, short con-
tact times, low current, and low concentrations of ac-
tive species. Using the BioLargo AOS, we demonstrate 1)
disinfection in a carbon-based packed-bed electrochem-
ical water treatment system, and 2) novel electrochem-
ical species generated by this specific proprietary water
treatment device (the AOS). The killing efficiency of this
new electrochemical reactor exceeds that expected from
either iodine-based electrochemical disinfection or from
other advanced oxidation processes. The mechanism of
this synergistic activity is hypothesized to be associated
with the production of highly oxidized iodine species ob-
served in this study.

1. METHODS

A. Microbiological studies

Escherichia coli MC4100, a variant of E. coli K12, was
used in this study. E.coli was chosen for these stud-
ies due to its relevance in wastewater treatment and
its conduciveness for future mechanistic studies on the
AOS. Specifically, the availability of open reading frame
mutant libraries for E.coli K12 facilitates mutational
analyses, and the stress responses of are exceptionally
well characterized. Furthermore, most electrodisinfec-
tion studies published in the last decade used E. coli
as a model organism, making it the most suitable can-
didate in the context of the existing body of research
in this area.?’” Bacterial cultures were grown in Luria-
Bertani (LB) medium at 37 °C and aerated by shaking at
150 rpm. Overnight cultures were harvested and resus-
pended in 5L reverse osmosis (RO) water. Potassium io-
dide (KT; 10 ppm, 10 mg/L, 0.06 mM) was added where
indicated.

Inactivation of E. coli using the AOS technology was
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performed using a 2” diameter 6-chamber reactor packed
as described above. RO water seeded with ~10% CFU/mL
E. coli was passed through the AOS reactor at 80 mL/min
under the following conditions: 0V, O ppm KI; 6V, 0 ppm
KI; and 6V, 10ppm KI. Samples were collected at 10
minute intervals for a total of 60 minutes. The number of
viable E. coli cells after treatment was determined by spi-
ral plating 50 uL aliquots on LB agar. To clean the reactor
prior to each experiment, the reactor was flushed with
30ppm KI at 80 mL/min under 6V electrical potential
for 30 minutes; mixing is achieved through flow passing
through the randomly packed bed reactor. The electrical
polarity was then inverted for 15 minutes without flow,
after which time the reactor was then flushed with RO
water for 30 minutes at 80 mL/min. This flushing proto-
col was also repeated after each experiment.

To identify where disinfection occurs, RO water seeded
with ~108 CFU/mL E. coli was passed through a horizon-
tal 1” diameter, 2-chamber reactor at 20 mL/min, with
50ppm KI at 12V for 60 minutes (Figure S1b). The
higher concentration of KI and higher voltage is required
owing to obtain similar levels of bacterial inactivation in
this alternate reactor configuration. The horizontal ori-
entation and split flow to the anodic and cathodic cham-
bers allow bacteria to pass through either the anodic or
cathodic chamber, but not both. Samples were collected
at 15 minute intervals for a total of 60 minutes. The
number of viable E. coli cells after passage through the
anodic or cathodic chambers were determined by spiral
plating 50 uL aliquots on LB agar. Prior to each experi-
ment, the reactor was flushed with RO water for 30 min-
utes at 20mL/min. After each experiment, the reactor
was cleaned by flushing with 50 ppm KI solution for 120
minutes at 20 mL/min under 12V applied potential, with
a reversed bias after 60 minutes.

B. Operando | K edge X-ray spectroscopy

Measurements were performed at the HXMA beamline
at the Canadian Light Source.>? The beamline energy for
the I K-edge at 33169 eV was calibrated to the Sb K-edge
at 30491 eV using Sb foil collected in transmission geom-
etry; ion chambers were filled with 5% Ar and 95% Ns.
All data of solutions presented in this work was collected
in fluorescence geometry using the 32-element Ge de-
tector, as absorption through the diameter of the reac-
tor leads to a weak transmission signal. Operando mea-
surements of the reactor were performed in 3 different
conditions: pristine (0 mL/min 1000 ppmKI, 0V), flow
mode (4mL/min 1000 ppmKI, 12V), and batch mode
(0 mL/min 1000 ppmKI, 12V).

A motorized stage was used to control the position of
the reactor with respect to the X-ray beam. X-ray fluores-
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X-ray absorption near edge structure (XANES) mea-
surements were collected using an X-ray beam of dimen-
sions 3mm x 1 mm. A wider beam was used to improve
the signal and decrease the influence of any inhomogene-
ity in the reactor. Data was collected from —100€V to
—40eV at 5eV steps, —40eV to 50€V at 1eV steps, and
50eV to 7k at 0.1k steps, with dwell times of 2 seconds
in each region, resulting in a scan time of ~10 minutes.
At least 2 scans were collected for each measurement
to ensure reproducibility. Data was analyzed using the
ATHENA software package.>3

1000 ppm (1 g/L) standard solutions of reference com-
pounds were prepared by dissolving solid powders in ap-
propriate amounts of deionized water (18.2 M(2cm), or
hexanes for Iy. Solid reference samples were prepared by
finely grinding a compound of interest in an agate mor-
tar and pestle, then diluted by grinding together with
boron nitride, and packed to create a solid with appro-
priate absorption at the I K edge. XANES data collection
of solids was performed in transmission geometry, and
spectral features are consistent with fluorescence spectra
of the corresponding 1000 ppm solutions made by dis-
solving the solids in water.

Iodine species are known to transform, so to ensure
there was no unintentional evolution of iodine species
over time, standards were examined again 24 hours af-
ter initial preparation and data collection; no differences
were seen in any X-ray spectral features, indicating the
species examined here undergo no significant transfor-
mation without intentional perturbation over the experi-
mental timelines in this study.

C. Ex situ cyclic voltammetry

To determine the electrochemical characteristics of
the expanded graphite used in the AOS reactor, cyclic
voltammetry (CV) experiments were performed. Pellet
electrodes were prepared by compressing samples of ex-
panded graphite using a compression molder. The pre-
pared pellets, with a fixed density, were used as the work-
ing electrode. A platinum wire was used as the counter
electrode and a silver/silver chloride (Ag/AgCl in satu-
rated KCl) was used as a reference electrode. An Au-
tolab PGSTAT 302N potentiostat was used to carry out
the cyclic voltammetry experiments with a potential win-
dow of 0.0V to 1.0V and a scan rate of 0.01Vs~!. The
background electrolytes used used in all CV measure-
ments were 0.1 M phosphate buffer (pH7.6) and 0.1 M
NayS04). Potassium iodide solutions were prepared us-
ing deionized water, with 100 ppmKI (0.6 mM) in addi-
tion to the background electrolyte.

cence (XRF) maps were collected using an X-ray beam of 2* D. Operando potential distribution measurement

dimensions 2mm x 1 mm (width x height); the reactor
was mapped with a 2mm x 2 mm spatial grid, with a 2
second dwell time per grid point.

295
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A cylindrical AOS reactor with two anodes and one
cathode was designed for potential distribution studies
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(Figure S1c). Local potentials were determined during
reactor operation by measuring the potential difference
between the expanded graphite bed and the solution
passing through it at different positions (height) in the
reactor. Ag/AgCl reference electrodes were located in
an external container connected to the bed via capillary
tubes, and the bed solution was released to the container
using the water outlets for each measurement. At each
position (height), the local potential difference was mea-
sured between the graphite rod and the capillary con-
nected to the reference electrode. An Autolab PGSTAT
302N potentiostat was used to apply a constant voltage
between the expanded graphite electrodes and to moni-
tor the current during the process.

Graphite rods at position 1 and 9 were used as the an-
ode current feeders connected to the potentiostat, and
the rod at position 5 was used as the cathode current
feeder. The local potential of the expanded graphite rel-
ative to the Ag/AgCl reference electrode at different lo-
cations in the expanded graphite electrodes (position 7,
8 and 9) and the cathode (position 4, 5 and 6) was mea-
sured during operation using a high impedance digital
voltmeter, while a cell potential of 10V was applied be-
tween the anodes and the cathode. Potential measure-
ments in the AOS reactor were carried out with a solu-
tion feed composition of 0.6 mMKI and 28 mM NaySO,4
(100 ppm KI and 4000 ppm Na,SO.). Using a cell volt-
age of 10V, the total current was 9.42 +0.01 mA. The
flow rate of the solution was fixed at 100 mL/min using
a peristaltic pump.

E. Preparation of expanded graphite electrodes

Intumescent graphite (grade 3772; Asbury Carbons)
was used to prepare the expanded graphite electrodes
following a previously reported protocol.>* Flakes were
heated in an oven at 1000°C for 75 seconds and then
taken out from the oven and allowed to cool at room
temperature. This expanded graphite was then weighed
and mixed with distilled water to create a slurry, which
was added to the empty reactors and packed to form the
final packed bed reactors. The 2” diameter, 6-chamber
reactor used in the present work contains ~1.45g
graphite in each electrode. The Brunauer—-Emmett-Teller
(BET) surface area of expanded graphite prepared in this
manner has been measured to be 77 +1m?/g,>* so the
total surface area of the expanded graphite in the 6-
chamber reactor is estimated to be 112 m? per electrode
(335 m? for the 3 anodes connected in parallel). The cur-
rent density reported in the present work is calculated
using only the projected anodic surface area, taken from
the inner diameter of the reactor across 5 active anodic
surfaces in the reactor (0.12mA/cm?; I /(5x7r?), where
I=12mA and r = 2.5cm).
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Ill. RESULTS AND DISCUSSION

A. Rapid disinfection of model bacteria

To study the means of disinfection that occurs in the
AOS reactor, a series of experiments were designed to
evaluate the influence of: potassium iodide, electrical po-
tential, and expanded graphite on bacterial disinfection
performance. The AOS operated at 6V and/or 10 ppm
input KI. The iodide (I7) concentrations used in the
AOS system do not exceed the United States Environ-
mental Protection Agency maximum tolerance level of
25 ppm titratable iodine.>® Further, 10 ppm KI (10 mg/L;
0.06 mM) used in standard operation of the AOS is a con-
centration that is within acceptable water treatment dis-
charge limits for potassium iodide in Alberta and most

363 jurisdictions in Canada. Further, 10 ppm KI is the same
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concentration used with the AOS in a recent study that
demonstrated no adverse biological effects in two model
aquatic organisms.>®

AOS disinfection experiments were performed for 1
hour using RO water seeded with ~108 CFU/mL E. coli.
The number of E. coli in the influent and effluent were
quantified using total plate counts on LB agar. At the be-
ginning of each experiment, similar levels of E. coli were
detected in the influent. In the presence of 10 ppm KI
and 6V, E. coli counts decreased below the quantifica-
tion limit (LoQ = 4x10? or 2.6log;,) within 10 minutes,
representing a 10° or 6log;o reduction (Figure 1a). In
contrast, in the absence of KI but the presence of 6V,
no significant decrease in E. coli numbers in the treated
effluent was observed (Figure 1b). Similarly, in the ab-
sence of both KI and power, no significant decrease in
bacteria was observed (Figure 1c). Taken together, these
results indicate that both potassium iodide and electri-
cal potential are required for inactivation of bacteria in
water using the AOS technology.

The physical integrity of Gram negative bacterial cells
treated using the AOS was studied using transmission
electron microscopy (TEM)>7 and live/dead staining and
fluorescent microscopy (Figure S2).°® TEM reveals struc-
tural changes to the cells suggesting decreased mem-
brane integrity, but no evidence of cell lysis was ob-
served. Accordingly, live/dead staining and fluorescent
microscopy was performed, which confirmed the cells
were dead but physically intact. This is consistent with
previous studies on electrochemical disinfection systems
that observed morphological changes to cell wall struc-
ture, where destruction of the cell wall was a key factor
for cell inactivation.>3334

Iodine oxidants electrochemically generated within
the AOS are thought to be the molecules principally re-
sponsible for disinfection within the device. In keep-
ing with this theory, the minimal rates of bacterial in-
activation observed in the absence of potassium iodide
but in the presence of electrical potential suggests the
observed decrease in E. coli counts cannot be attributed
to electrochemically generated hydroxyl radicals and/or
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FIG. 1: RO water seeded with ~108 CFU/mL E. coli was
passed through a 2”, 6-chamber AOS reactor at
80 mL/min. (a) 6V, 10 ppmKI; (b) 6V, 0 ppmKI; (c)
0V, 0 ppmKI. Stock E. coli in CFU/mL (circles), CFU/mL
~108 CFU/mL E. coli remaining after treatment
(squares), and power consumption of the reactor
(triangles). Results are expressed as the mean; error
bars represent the standard deviation from triplicate
experiments. The AOS reactor is effective at inactivating
E. coli only in the presence of all three components:
expanded graphite, KI in solution, and an applied
electric potential.

direct oxidation at the anode surface. Similar results
have been found for electrochemical disinfection using
a range of electrodes including boron-doped diamond
(BDD) and tin-tungsten-oxide where bacterial inactiva-
tion was shown to be attributed to reactive chlorine
species with negligible contribution from *OH or other
reactive oxygen species at current densities similar to
those examined in our study.!?>27-28 The contribution
of adsorption to the electrode surfaces was also minimal
in the AOS reactor, as demonstrated by the absence of
significant bacterial inactivation in the absence of iodine
and/or electrical potential. The absence of attachment
or adsorption to electrode surface has also been shown
for electrochemical cells with mixed metal anodes.!!

To determine which electrochemical chamber, an-
odic or cathodic, is responsible for the bacterial inac-
tivation exhibited by the AOS, an experiment was de-
signed whereby a horizontally oriented AOS reactor was
run continuously for 1 hour with outgoing ports on
each chamber. RO water seeded with ~10® CFU/mL
E. coli was passed through the reactor. Within 15 min-
utes, E.coli counts decreased below the quantification
limit, approximately a 10° or 6log;, reduction (Fig-
ure 2). No bacteria were detected in the effluent col-
lected from the anodic chamber. This is in contrast
with the effluent collected from the cathodic chamber
where the viable bacterial concentration was equal to
that of the influent feed water and did not change over
the course of the experiment (Figure 2). These re-
sults indicate that inactivation of bacteria in the pres-
ence of potassium iodide and electrical potential occurs
within the anodic chamber. Anodic generation of disin-
fecting species, predominately reactive chlorine species,
has been shown in electrochemical cells composed of
BDD, graphite felt/PbO,, antimony-doped tin-tungsten-
oxide, and BiO,/TiO, electrodes.!!-2>28:59 Furthermore,
periodate ([I04]) electrochemically generated from a
potassium iodate solution has been shown to inactivate
E. coli,”® though this is the only previous report of elec-
trochemical generation of iodine species for disinfection.

The hydraulic retention time and current density
(based on the projected area of the electrode) required
to achieve a 6log;o reduction using the AOS technology
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FIG. 2: RO water seeded with ~108 CFU/mL E. coli was
passed through a horizontal 1” diameter, 2-chamber
AOS reactor at 20 mL/min, 50 ppmKI, and 12 V. Stock
E. coli in CFU/mL (filled circles), CFU/mL E. coli
remaining cathodic chamber (hollow diamond),
CFU/mL E. coli remaining anodic chamber (hollow
circle), and power consumption of the reactor (square).
Measurements from the aliquots taken from the
cathodic chamber show no decrease in E. coli counts,
whereas measurements from aliquots taken from the
anodic chamber demonstrate inactivation of E. coli.

was 5 minutes and 0.12mA/cm?. This is discussed in
the context of relevant studies (Table I), which are taken
from a recent critical review of electrochemical disin-
fection of bacteria.?’” The retention time in the AOS is
similar to published values for E. coli inactivation from
other studies using electrochemical cells. In general, as
current density increases, reaction time decreases until
a threshold value for current density is reached.®11.60
Ghasemian et al. showed that a cell composed of a
mixed metal-oxide electrode required 5 minutes for a in-
activation of a 7.4log; E. coli solution at a current den-
sity of 2mA/cm?; the system threshold was reached at
6 mA/cm?, where inactivation was achieved in 1 minute.
Similarly, for a BDD system, a 4log;o reduction in E.
coli, Pseudomonas aeruginosa, Pseudomonas fluorescens,
and Bacillus subtilis spores was reported in contaminated
tap water within 5.5 mins at 2mA/cm?, and the time to
achieve a threshold disinfection of 4log;y decreased as
current density increased.®! Another report using a BDD-
based system reported the time to achieve a threshold
disinfection of 4log;, decreased as the current density
increased from 7.5 mA/cm? to 120 mA/cm?.2® Operating
on municipal wastewater effluent, a BDD-based eAOP
was employed as a simulated pre-chlorination tertiary
treatment step for a contaminated wastewater stream,
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TABLE I: Comparison of reported electrochemical
advanced oxidation processes (eAOPs) with similar
hydraulic retention times and model organisms. All

studies presented here report successful inactivation. A
more detailed version is available in the supporting
information (Table S1).

Report Stock Retention  Current Energy
solution time density  consumption
(logCFU/mL) (min) (mA/cm~?) (kWhm ?)
This work 8 5.0 0.12 0.016
Ref. [11] 7.4 5.0 2.0 0.064
Ref. [28] 6 1.4 7.5 0.045
Ref. [61] 4 5.9 2.0 0.104
Ref. [29] 4 n/a 7.5 <0.2
Ref. [62] 3 1.5 2.1 0.2
Ref. [60] 7.4 10.0 208 0.75

and demonstrated successful disinfection of E.coli after
1.5 minutes at a current density of 2.1 mA/cm?.%2

In the context of other work, the AOS used in the
present work required an order of magnitude lower cur-
rent density at a comparable retention time to achieve
similar bacterial kill kinetics (Table I). This could be a
result of factors including: A) greater titers of active io-
dine oxidants generated within the AOS anodic chamber
compared to other electrochemical systems, and/or B)
the generation of more active iodine oxidants that in-
crease the disinfection potential of the AOS compared
to similar electrochemical systems. Operando X-ray ab-
sorption studies described below reveal the presence
of highly oxidized iodine species, which is consistent
with the latter hypothesis. Importantly, the performance
of the AOS leads markedly lower energy consumption
(0.0156 kWhm™3) than comparable technologies (Ta-
ble I), and although a full cost analysis is not consid-
ered here given the small scale of the reactor used in
this work, the low operational (and material) costs of
the AOS would make this technology favourable for use
in treatment facilities where operation and maintenance
costs need to be minimized.

B. Operando mapping of iodine distribution using | K
edge X-ray fluorescence

To determine the location of the iodine species be-
lieved to be responsible for the exceptional killing effi-
ciency observed in the biological studies shown above,
X-ray fluorescence (XRF) mapping at the iodine K edge
(~33keV) was performed on a 6-chamber BioLargo AOS
reactor during operation (Figure 3). The fluorescence
intensity is proportional to the number of iodine atoms
being irradiated, and the high energy X-rays characteris-
tic of the I K edge penetrate the reactor and allow a true
bulk measurement of the spatial distribution of iodine
species present — the absorption length, or the distance
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after which the irradiating beam intensity has decreased
to 1/e Iy =~ 0.37 Iy, at 33 keV in water is A = 3 cm.

XRF mapping using a motorized stage was performed
to determine the spatial distribution of iodine within the
reactor during operation. (Absorption spectra were col-
lected subsequently at regions of interest during each
operation mode to determine the nature of the iodine
species present, described later.) A 6-chamber BioLargo
AOS reactor filled with 1000 ppm KI was mapped using
XRF while in 3 different conditions: pristine (0 mL/min
1000 ppmKI, 0V), flow mode (4 mL/min 1000 ppmKI,
12V), and batch mode (0 mL/min 1000 ppmKI, 12V).

The 6-chamber reactor used for the synchrotron exper-
iments is 14.5cm high and 3.0 cm inner diameter, and
when fully packed, has a void fraction of 51% and thus a
column volume corresponds to ~50 mL. To flush the re-
actor after operation, 30 equivalent column volumes of
deionized water are flushed through the reactor at a rate
of 1 column volume per minute. A separate experiment
using the same flow rate, and a similarly packed reac-
tor filled with a solution containing strongly coloured or-
ganic dye, determined that flushing with 30 column vol-
umes of deionized water leads to a 10® reduction in dye
concentration. The organic dye has similar affinity to the
expanded graphite as iodine, so flushing with a large ex-
cess of deionized water ensures any remaining species in
solution initially in the reactor are nearly removed (i.e.,
are diluted by a factor of 1000).

In the pristine reactor filled with an aqueous solu-
tion of 1000 ppm KI (0 mL/min 1000 ppm KI, 0V applied
across the reactor), XRF maps show uniform intensity,
indicating I is evenly distributed throughout the reactor
(Figure 3b). The reactor was then operated in flow mode
with the same solution (4 mL/min 1000 ppmKI, 12V),
and XRF maps reveal increased relative and absolute flu-
orescence intensity at the anodic regions (Figure 3c). In
addition to indicating I is heterogeneously distributed in
the reactor during operating conditions, the significantly
higher absolute intensity suggests I preferentially accu-
mulates in the anodic chambers. Following the flow stud-
ies, the reactor was flushed with excess deionized water
to remove any excess I species.

Finally, the reactor was flushed with 1000 ppmKI so-
lution and then operated without flow in batch mode
(OmL/min 1000 ppmKI, 12V), and the corresponding
XRF map displays higher relative intensity at anodic re-
gions despite having no flow (Figure 3d). This hetero-
geneity does not become expressed until an electric po-
tential is applied across the reactor, suggesting enrich-
ment of the anodic regions is likely aided by electromi-
gration. Activated carbon materials are known to physi-
cally adsorb iodine, though given the reactor conditions
it is likely that electrochemical reaction and subsequent
modification of the expanded graphite and/or chemical
incorporation and absorption of iodine species may occur
to some extent. Nevertheless, the potential presence of
these species alone does not lead to inactivation of E. coli
if water is subsequently passed through the reactor; the

567

568

569

570
571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

59

b=

59.

]

593

594

595

596

597

598

599

600

60

2

602

603

604

605

606

607

608

609

610

611

612

613

614

61!

o

616

617

61

53

619

620

621

7

presence of all components mentioned earlier is still nec-
essary: expanded graphite, KI, and an applied electric
potential.

C. Operando speciation of iodine using | K edge X-ray
absorption spectroscopy

To determine the nature of the active species responsi-
ble for the exceptional killing efficiency observed in the
biological studies shown earlier, iodine speciation using
X-ray absorption spectroscopy (XAS) was performed on
all chambers during operation of the reactor. As de-
scribed earlier, the high energy of the incident X-rays at
the I K edge are highly penetrating, and provide a bulk
measurement of the iodine species present in the reactor.

Importantly, we distinguish here the oxidation state,
which we treat to be directly related to the ground state
charge density and the degree of electron deficiency,
from the formal charge, which is the charge assigned to
an atom under the assumption of complete charge trans-
fer in a compound with purely ionic interactions. Iodine
is large and polarizable, and the strong bonding within
polyoxo anionic species discussed here lead to bonding
very far from this ionic limit. Formal charges are thus
used here to compare the relative oxidation state. For
example, e.g., iodine in [I03]~ is formally I°*, whereas
iodine in [104]" is formally I’*. This merely implies io-
dine in [IO4]~ is more electron deficient than [IO5] ",
and not that iodine in [I04]~ has no electrons.

The I K edge X-ray absorption near edge structure
(XANES) is characteristic of the iodine oxidation state,
which allows the determination of the iodine species in
the reactor.%3-%> Specifically, as the oxidation state of io-
dine increases — the ground state electron density at io-
dine decreases and iodine becomes more electron defi-
cient — the onset energy and the intensity of the primary
absorption feature increase. With increasing oxidation
state, the remaining electrons on iodine are lower in en-
ergy and thus more difficult to promote to unoccupied
states, increasing the observed X-ray absorption energy
observed. Similarly, with increasing oxidation state there
are more unoccupied iodine electronic states, which in-
creases the transition probability and thus the intensity
of the X-ray absorption feature.

When there are multiple species present, the resulting
spectrum is a linear combination of the two component
spectra, which allows semi-quantitative determination of
iodine species present. Although the relative concentra-
tion of species with respect to each other can be deter-
mined, to aid identification, the lineshape and peak in-
tensity in the spectra reported here are normalized to a
single absorbing atom and are thus independent of the
absolute concentration — lower absolute concentration
will merely lead to spectra with more noise.

Solid powder and 1000 ppm solution standards of ref-
erence compounds were prepared to facilitate identifica-
tion of iodine species and relative oxidation states (Fig-
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FIG. 3: (a) Photo of the 6-chamber reactor, as mounted at the beamline, where anodic chambers (red in simplified
representation) are connected at the left of the apparatus, cathodic chambers (black in simplified representation) are
connected at the right. (b-d) X-ray fluorescence (XRF) maps of total I species overlaid on the simplified
representation of the 6-chamber reactor. Yellow corresponds to regions of high I concentration (see colour bar). (b)
An XRF map of I species in a pristine reactor demonstrates I is homogeneous before operation. (¢) An XRF map of the
reactor operating in flow mode (4 mL/min 1000 ppmKI, 12V) exhibits increased absolute and relative fluorescence
intensity at anodic regions, indicating I preferentially accumulates in anodic chambers. (d) An XRF map of the
reactor operating in batch mode (0 mL/min 1000 ppmKI, 12V) displays higher relative intensity at anodic regions
despite having no flow, suggesting electromigration likely takes place to enrich I concentration in anodic chambers.

ure S3); reference spectra shown here are consistent
with previous reports.®>-%> Solution species show sim-
ilar spectral features (e.g., the absorption energy and
peak intensity) to solid compounds with the same for-
mal charge, as the absorption energy and peak inten-
sity depend primarily on the oxidation state of iodine.
Notably, the spectral features of the solution species are
slightly broader in energy than their solid analogues, as
the chemical environment around iodine is not as uni-
form in solution as in a crystalline powder, leading to a
larger distribution of states in energy.

Oxidized iodine species are clearly distinct from io-
dine species with lower oxidation state. As described
earlier, the increasing iodine oxidation state leads to an
increased absorption energy, and, most notably and diag-
nostically, a large peak intensity at the absorption edge
due to an increased probability of transition to a larger
number of unoccupied electronic states. This peak inten-
sity increases with oxidation state, as can be seen in the
evolution from I°* species to I"* species (Figure S3).

XANES measurements performed on anodic cham-
bers of the operating reactor consistently produce spec-
tra with increased absorption energy and peak intensity
compared to [I04]~ (Figure 4), which has the highest
formal charge of reference species measured here. Al-
though the identity of the species cannot be determined,
the increased absorption energy and peak intensity un-
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ambiguously indicate this new species being formed in
the reactor has iodine which more electron deficient than
[104]".

We suggest the in situ generation of this highly ox-
idized species may be responsible for the exceptional
killing efficiency observed in the biological studies re-
ported above. As discussed in the experiments reported
in following sections, this killing efficiency can not be at-
tributed to other possible biological stressors generated
by the reactor, such as changes in pH, electrical potential,
and/or hydroxyl radicals. These processes are known
to occur in any electrochemical oxidative water treat-
ment processes, though the exceptional killing activity
observed here is only observed in the presence of iodine
species.

In contrast to the anodic chambers, X-ray absorption
spectra collected from the cathodic chambers are consis-
tent with I~ (Figure S4), suggesting any active species
generated in the anodic chamber are reduced in the sub-
sequent cathodic chamber. XANES measurements per-
formed on the cathodic chambers have much lower sig-
nal intensity than anodic chambers due to the preferen-
tial accumulation of I species in the anodic chambers ob-
served by XRF mapping discussed earlier; the spectrum
from the cathode shown in Figure S4 required a factor
of 4 increase in collection time, but nevertheless there is
no evidence for the presence of highly oxidized species
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FIG. 4: Compared to iodine in lower oxidation states
(e.g., 1), the XANES of iodine in higher oxidation states
has a higher absorption energy, and a pronounced peak
whose intensity increases with oxidation state. I K edge

XANES of the anodic chambers in the reactor has a
higher absorption energy and peak intensity than any
reference compound measured here or seen in the
literature, suggesting the presence of an iodine species
more oxidized than [104] .

in the cathodic chambers, nor do we see evidence of any
species other than I~.

Measurements of the glass wool spacers did not have
sufficient signal to determine the presence of any iodine
species. Moreover, spectra collected from the effluent are
consistent with spectra consistent with I~ (Figure S4),
suggesting that to within the limits of the technique, any
species generated are no longer present in the reactor
effluent.

D. Ex situ cyclic voltammetry of iodine species at an
expanded graphite electrode

Operando XANES measurements of the AOS reactor
reveal the presence of a highly oxidized iodine species
when the reactor is operated in the presence of a
1000 ppm KI solution. 1000 ppm KI was chosen because
it is the lowest concentration at which sufficient signal
can be obtained from XANES measurements with rele-
vant data collection times, while still remaining in a pos-
sible operational window of the reactor. Nevertheless,
the exceptional killing efficiency of the AOS reactor can
be demonstrated at concentrations as low as 5 ppm KI,°¢
and anticipated treatment applications are expected to
operate at concentrations <25ppm KI. Accordingly, ex
situ and operando electrochemical methods were per-
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formed to investigate the redox species being generated
at lower iodine concentrations.

In order to determine the electrode potentials required
to drive the desired reactions inside an AOS reactor, and
in order to characterize the electrochemical properties
of the expanded graphite used in AOS reactors, cyclic
voltammetry (CV) was carried out. A voltammogram
was recorded using a background solution in the ab-
sence of iodide; no redox reactions were observed at
pH 7.6 within a potential window of 0.0V to 1.0V ver-
sus Ag/AgCl (Figure S5). However, in the presence of
iodide, three redox couples are observed at half-cell po-
tentials of F;,, =0.37V, 0.51V and 0.68V, as well as
an anodic peak near 0.9V versus the Ag/AgCl reference
electrode. Based on the standard reduction potentials
of iodide oxidation reactions (Equations (1) to (3)),67-71
the redox couples at 0.37V and 0.51V are attributed to a
two-step redox reaction shown in Equation (1) and Equa-
tion (2). The first peak at 0.37V shows the oxidation
of I” to I3~ and the second peak at 0.51V shows the
oxidation of I3~ to I5.7%73 (It is possible the two peaks
may be associated with a combination of adsorption and
electron transfer steps.®®6%73 However, coupled electro-
chemical reactions and adsorption processes can com-
plicate the voltammetry, and more detailed studies be-
yond the scope of this work would be needed to confirm
the reaction mechanism.) The redox couple observed at
0.68V versus Ag/AgCl is attributed to the I" /103~ redox
process (Equation (3)). Accounting for the effect of the
pH, the redox potential of this reaction is expected to be
around 0.68V versus Ag/AgCl at a pH of 7.6. The anodic
peak observed at 0.9V versus Ag/AgCl is attributed to
oxidation of iodate to periodate (Equation (4)) account-
ing for the effect of pH on the redox potential.!%747>

3 =137 +2e” (1)

2137 =3I+ 2¢” 2

I +3H0 =103~ +6H" +6¢” 3)
1037 +20H™ =104 + H,O +2e~ 4

E. Operando potential distribution measurement of an
AOS reactor

The electrode potential, corresponding to the poten-
tial difference between the expanded graphite electrode
and the solution, determines the electrochemical reac-
tions occurring in the AOS reactor. Accordingly, a reactor
was modified to measure the distribution of the electri-
cal potential within the electrode chambers (Figure S1c),
with the goal of probing the electrochemical reactions oc-
curring at the electrodes during operation of the reactor.

The measured local potential in the electrode bed at
different positions relative to the glass wool spacer in
the AOS reactor is shown in Figure 5. In order to oxi-
dize I” to 103, potentials more positive than 0.68V ver-
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FIG. 5: Distribution of electrical potential in the anode
and cathode chambers of the AOS reactor during
current and solution flow. The applied cell voltage was
10V, and the current was 9.42 mA. The solution flow
rate was 100 mL/min, with a composition of 100 ppm KI
and 4000 ppm Na;SO4 (0.6 mM KI, 28 mM NaySO,).
The long dashed line corresponds to the 0.9V potential
required for redox reaction of I03~ to 104~ at pH 7.6
(as determined by the cyclic voltammetry). The
dot-dashed line corresponds to the 0.68V potential
required for redox reaction of I~ to 103~ at pH 7.6, and
the remaining dotted lines correspond to the I" /I3~ and
I3~ /I, redox reactions occurring at 0.37V and 0.51V.

sus Ag/AgCl are required at pH 7.6, while 103~ can be
reduced to I at potentials less positive than 0.68 V. Sim-
ilarly, at potentials above 0.5V I~ can be oxidized to I,
and below 0.37V reduction to I~ will occur. At potentials
above 0.9V, 103~ can be oxidized to 104~ at pH 7.6.

In the cathode of the AOS reactor (position 4, 5 and
6), all local electrode potentials were less than the re-
dox potential for the I" /137, I37/I; and 17 /103~ couples
and also for the 10,7 /103~ redox processes, which indi-
cates that at all positions in the cathode of the AOS it
is expected that iodine in higher oxidation states will be
reduced to iodide. In the anode, the electrode potentials
at position 8 and 9 are not sufficient for iodate forma-
tion, but are just sufficient for iodine and triiodide for-
mation. At position 7, close to surface of the anode fac-
ing the cathode, the electrode potential was measured to
be 0.81V versus Ag/AgCl, which is sufficient for forma-
tion of iodine, triiodide and also iodate at pH 7.6. How-
ever, the electrode potential increases rapidly towards
the surface (where the anode meets the glass wool), due
to ohmic losses in the solution as the current flows into
the porous electrode. At this interface between the an-
ode and the glass wool, the electrode potential should
be significantly higher than 0.81V,”¢ leading to forma-
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tion of periodate or species with higher oxidation states
along with iodate, iodine and triiodide.

Further, The pH of the solution in the top glass wool
between the to the cathode and the top anode electrode
was found to be pH~11.5. This high pH decreases the
redox potential for I7/I03~ and 10,7 /103~ redox pro-
cesses, facilitating the formation of the iodate and perio-
date at the anode. Similarly, acidic conditions in solution
flowing in the bottom glass wool entering the cathode
(where the pH was found to be pH~3.5) increases the re-
dox potential for the pH-dependent redox processes, in-
creasing the overpotential for the reduction of the species
at the cathode.

The electrochemical studies are consistent with results
from operando XANES measurements and the microbio-
logical studies performed here. Namely, the high pH and
high voltages observed in the anodic chamber near the
glass wool interface favour the formation of highly ox-
idized iodine species, which we observe using XANES,
and which are seen to rapidly inactivate E. coli at low
current densities and short contact times. Further, elec-
trochemical studies also confirm that pH and voltage in
the cathodic chamber favours the reduction of oxidized
species to iodide, which was the sole iodine product ob-
served by XANES in the effluent.

While our studies demonstrate favourable conditions
in the cathodic chambers for reduction of iodine species
to iodide (along with XANES measurements that detect
only iodide in the reactor effluent), the potential for-
mation and/or accumulation of trace by-products that
are below the detection limit of the techniques used in
this work cannot be ruled out. The production of oxida-
tion refractory intermediates including disinfection by-
products is a limitation of many eAOPs, though a previ-
ous study screening for routine disinfection by-products
has shown that effluent from the BioLargo AOS contains
lower levels of known disinfection by-products than mu-
nicipal tap water.>®

As discussed at the outset of this paper, eAOPs are a
promising class of treatment technologies to provide ef-
fective treatment of wastewater for reuse, but have sev-
eral downsides, most notably high electricity consump-
tion. This study demonstrates that the eAOP examined
herein, the BioLargo AOS, is capable of achieving high
rates of bacterial inactivation while using a lower cur-
rent density and a shorter contact time than conventional
eAOPs. This suggests that this eAOP may either itself
serve as the basis for an effective and scalable wastewa-
ter treatment solution, or may be a useful component of
a treatment train aimed at providing treatment for mu-
nicipal or industrial wastewater. Furthermore, the char-
acterization of the iodine-based eAOP described herein
provides a basis for future work to improve other eAOPs
for use in water treatment. While traditionally, eAOPs
have suffered from poor energy consumption and there-
fore cost-efficiency, the significant improvement in cur-
rent density required for bacterial inactivation observed
with the AOS suggests there is potential for refinement of
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eAOP reactors to maximize contaminant removal kinet-
ics relative to input costs, stemming from the exploita-
tion of previously unused halide species of higher oxida-
tion potential.
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