UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Development and Deployment of Novel Arsenic Remediation Technologies in the Contexts
of Rural India and the Central Valley of California

Permalink
https://escholarship.org/uc/item/5k2577v\

Author
Hernandez, Dana

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5k2577vv
https://escholarship.org
http://www.cdlib.org/

Development and Deployment of Novel Arsenic Remediation Technologies in the Contexts of
Rural India and the Central Valley of California
By

Dana Alejandra Hernandez

A dissertation submitted in partial satisfaction of the
Requirements for the degree of
Doctor of Philosophy
In
Engineering — Civil and Environmental Engineering
and the Designated Emphasis
in
Development Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:
Professor Ashok Gadgil, Chair

Professor Kara Nelson
Professor Alice Agogino

Fall 2022






Abstract

Development and Deployment of Novel Arsenic Remediation Technologies in the Contexts of
Rural India and the Central Valley of California

By
Dana Alejandra Hernandez

Doctor of Philosophy in Civil and Environmental Engineering
and the Designated Emphasis in Development Engineering
University of California, Berkeley
Professor Ashok Gadgil, Chair

Globally, it is estimated that 94 — 220 million people are exposed to high levels of naturally
occurring arsenic through groundwater used as a primary source of drinking water. High levels of
arsenic refer to concentrations above the EPA and WHO allowable limit of 10 pg/L. Arsenic is a
potent carcinogen that also causes skin lesions, ulcers, gangrene, and cardiovascular, neurological,
and immunological diseases. While technologies exist that can effectively remove arsenic from
drinking water sources, they have proved to be unsustainable in resource poor communities such
as rural South Asia. Despite past investments in remediation projects, solutions were not installed
with long-term sustainable societal placement strategies, resulting in failure of the technologies
over time. In the U.S., the most affected communities tend to be small, rural, low-income, and
marginalized communities lacking the technical, managerial, and financial capacity to implement
and maintain arsenic remediation systems.

The purpose of this dissertation is to present insights from the lab to field trajectory, in the
development and scale-up process, of novel arsenic remediation technologies for safe drinking
water. First, the 10,000 LPD capacity ECAR (ElectroChemical Arsenic Remediation) plant at a
high school in rural West Bengal, India, is used as a case study to shed light on the critical project
efforts for ensuring a sustainable safe water system. The lessons learned from the field, with a
focus during the commissioning phase (last six months) of the project, elucidate both the technical
and social obstacles that were overcome working alongside a multidisciplinary and international
team. From April 2016 to January 2017, a total of 540,000 liters of arsenic-safe water was
produced, consistently and reliably reducing arsenic concentrations from initial 252 + 29 to final
2.9 £ 1 pg/L. The ultimate commercialization of ECAR was based on its contextual design, a
rigorous educational campaign and trust building, supporting local livelihoods, and complying
with local regulations within a defined Critical Effort Zone (CEZ) period. Also key to the project
was the financial support from a funding source focused on invention maturation into commercial
systems. In short supply is the knowledge of how to transition from successful field testing to a
scalable successful business model leading to large scale impact. The lessons from successfully
crossing the “valley of death” are much less understood and much less reported on, than either of



the two sides of that valley. This work bridges a knowledge gap between case studies of successful
technology field testing on one hand, and those reporting on technologies with good social
acceptance, having achieved robust performance over long-term operation and implemented
through a financially viable business model.

The takeaways from deployment of ECAR in rural India are then leveraged for
development of a next generation system for the context of the Central Valley of California,
requiring a higher throughput and more compact design. In the ECAR, or conventional iron
electrocoagulation (Fe-EC) process, two large 1,250-liter tanks require aeration, and the entire
treatment train spans a spatial footprint of 1,400 ft* to treat 500 liters per hour (LPH) of water
contaminated with 250 pg/L arsenic. Adapting Fe-EC with a carbon-based air diffusion cathode
allows for modularized electrochemical reactors to meet large throughput demands and treats 600
LPH of comparably arsenic contaminated water within a spatial footprint of about 120 ft>.

Next, the performance of ACAIE (air cathode assisted iron electrocoagulation), or air-EC,
in a synthetic California groundwater matrix, for co-removal of arsenic (As(Ill)) and manganese
(Mn(II)) is investigated in the laboratory. The coulombic dosage rates (CDRs) reach over 300
times greater than at the ECAR plant, with a large dynamic range, from 6 to 1500 C/L/min, as well
as a wide pH range from 4 to 10. Systematically varying these operating conditions and utilizing
molecular-scale techniques, the reaction products are characterized to uncover the As(IIl) and
Mn(II) removal mechanisms in air-EC. CDR did not have a major impact on removal efficiencies,
but inverse trends with respect to pH were found for As(IIT) and Mn(II) removal. The MCL for As
was reached at pH 4 and 7, while the secondary MCL for Mn was reached only at pH 10. Under
the optimal pH values, removal was achieved in electrolysis times as short as 24 seconds.
Furthermore, complete As(II) oxidation to As(V) was achieved, while only ~40% of Mn(II) was
oxidized to Mn(IlI), indicating that As(IIT) more strongly competes for the reactive oxidant species
in the system. Lastly, the As(V) was bound in binuclear, bidentate inner-sphere complexes with
the electrolytically generated Fe(IIl) (oxyhydr)oxides, which is the dominant binding mode in
conventional Fe-EC.

In the final section, we investigate the endpoints of the Fenton reaction that allow for
effective and simultaneous As and Mn removal in air-EC, which relies on effective H.O»
generation at the cathode. Using Faradaic Efficiency (FFE) as a performance metric, the efficacy of
H>0O, production was assessed in both new and used modified gas diffusion layers (GDLs) to
investigate the impact from air-EC operating conditions in a complex synthetic groundwater
matrix. While operating at a high current density of 50.8 mA/cm?, the FE values are high at ~80%,
whereas at a low current density of 0.20 mA/cm?, the FE yields are only ~30%. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) are used to elucidate
morphological attributes of the GDL base, newly modified- and used cathodes, and respective
atomic compositions. Synchrotron-based XAS and X-ray fluorescence mapping were performed
to obtain the elemental distribution of iron, calcium, chloride, and sulfur present on the cathode
after use in the air-EC system. Raman Spectroscopy and X-ray photoelectron spectroscopy (XPS)
were employed to offer potential mechanistic explanations for efficiencies and losses in H,O»
production, showing the reduction of defects in the carbon lattice. The loss of catalytic oxygen
reduction reaction (ORR) sites contributed to the lower FE for HoO> production. These results
elucidate the role of groundwater composition in the fouling of the cathode in air-EC. While the



ionic composition of the arsenic-contaminated groundwater will vary across aquifers, the air-EC
system can be designed as a two-chamber system to minimize fouling from the anodically
generated Fe precipitates.

The lessons learned from the field in India will continue to inform the development and
deployment of ACAIE within the Central Valley of California. Work remains to better understand
the stability of the As- and Mn-laden precipitates and potential remobilization of contaminants
once in typical landfill conditions. At the cathode, effective and simple regeneration methods must
be further investigated to increase lifespan while minimizing maintenance costs. Finally, long-
term operation of the air-EC system must be optimized in the field, as well as the implementation
of a sustainable business model contextual to rural California.



Para mi papa,
Quien me enserio,

Que la solucion somos todos.
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Chapter 1. Introduction

1.1 The Global Arsenic Problem

Globally, up to 220 million people are estimated to be exposed to high levels of arsenic
through contaminated groundwater, which is used as a primary source of drinking water.'~> High
levels of arsenic refers to concentrations above 10 micrograms per liter (ng/L), which is the World
Health Organization (WHO) guideline limit.* Figure 1.1 from Podgorski et al., 2020 shows the
global probabilities of high arsenic being present in the groundwater.
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Figure 1.1 Map of probabilities of global arsenic contamination in groundwater. Magnified areas indicate the regions
where probabilities of high arsenic presence are relatively high. Image from Podgorski et al., 2020.2

Arsenic is an odorless, colorless, and tasteless naturally occurring toxic contaminant found
in groundwater.>® This metalloid causes cardiovascular, immunological, dermatological,
neurological, developmental, and respiratory diseases.>’ Arsenic exposure also increases risk for
diabetes, and recent studies have shown that low-level (below 10 pg/L) arsenic may impact fetal
growth and may be related to preterm birth.®® Chronic exposure to high concentrations of arsenic
leads to gangrene of the extremities, keratosis and skin lesions.”!? As classified by the International
Agency of Research on Cancer (IARC) and the Environmental Protection Agency (EPA), arsenic
is a Class I and Group A Human Carcinogen, respectively, causing skin, lung, bladder, kidney,



and liver cancers.>'!"'2 In 2001, the carcinogenic potency of inorganic arsenic was determined to
cause 350 excess internal cancers in a population of 100,000 exposed to a lifetime daily
consumption of one liter of water at its current MCL of 10 pg/L.!*!* However, more recent
estimation methods assume a daily consumption of two liters, which doubles these estimates of
excess cancer incidence.!>!¢ Figure 1.2 shows that arsenic, at its MCL, poses the highest cancer
risk of any regulated carcinogenic water contaminant, at their respective MCLs, in the United
States.!®17
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Figure 1.2 Arsenic presents the highest risk of lifetime-cancer compared to regulated carcinogens in drinking water.
Figure values are based on relative risk data from Smith et al., 2002."

Although the WHO limit for arsenic is currently 10 pg/L, its first recommended guideline
limit was set at 200 pg/L in 1958."® The MCL was lowered in 1963 to 50 ug/L after
epidemiological studies demonstrated the chronic toxicity of arsenic ingestion. It wasn’t until 1993
that the WHO limit was lowered to its current value.'® In the U.S., the EPA did not lower its
Maximum Contaminant Level (MCL) from 50 to 10 pg/L until 2006." To better safeguard its
population’s health, the Netherlands has lowered its MCL to 1 ug/L.?° Various countries, such as
Bangladesh and India, still hold a higher guideline limit value of 50 ng/L.'®?! Specific to the Indian

standard, the 10 pg/L is the desirable MCL but 50 ug/L is permitted if a lower level cannot be
achieved.?

1.1.1 The India Context

About 90 million of the arsenic-affected population reside in Bangladesh and West Bengal,
India, making them the worst arsenic-affected regions of the world.?*»** High levels of arsenic in
groundwater were first discovered in 1983 within 33 villages of West Bengal, but it was not until
1999 that the devastating effects of this emerging health crisis became evident.? In Bangladesh it
was found that arsenic exposure through drinking water accounts for 24,000 annual deaths, and



accounts for up to 15% of all adult deaths.?® A survey of household water samples in 2013 found
that 12.4% were arsenic contaminated.*

Many attempts to address the public health crisis of arsenic in South Asia have been made
over the past three decades. Unfortunately, most of these interventions have failed to provide
arsenic-safe drinking water over a prolonged basis. The installed arsenic remediation technologies
are often too expensive or too complicated to operate long-term in resource-poor communities
with low technical skill. In West Bengal, household- and community-scale arsenic treatment units
installed during the past decade typically became dysfunctional within one year of installation.?’
In one of the most seriously arsenic-affected districts of West Bengal, the Murshidabad District,
93% of 70 implemented arsenic removal technologies failed within one to eight months.?

1.1.2 The California Context

The United States Geological Survey (USGS) estimates that 2.1 million people rely on
private wells with high arsenic concentrations.?® In California, about 55,000 people rely on public
water systems that are out of compliance with regards to arsenic,’® not including households
relying on unmonitored private wells. These systems typically serve rural underrepresented
communities of lower socioeconomic status, and lack the technical, managerial, and financial
(TMF) capacity to implement and sustain treatment technologies.’! Like in rural India,
communities in rural California have faced challenges in finding suitable affordable, manageable,
and effective existing arsenic removal technologies on the market.*? There is a lack of access to
long-term solutions that remove high levels of arsenic to below 10 pg/L. Moreover, although
lowering the allowable limit to 0.004 pg/L is a public health goal, it will further add costs to small
water systems already struggling with TMF capacity.>* Moreover, reducing to levels below 10
pg/L also requires lower detection limits of arsenic quantification instruments, which may not be
available.>*

Any California public water system that is out of compliance with water quality norms
receives a notification requiring compliance by a given deadline. The water providers, in turn, are
required to notify their customers of their failure to meet EPA standards. However, oftentimes
these notifications underplay the magnitude of the problem and do not accurately present the
implications of consuming water with unhealthy concentrations of arsenic. The notice template
simply states that there is no emergency and that customers “do not need to use an alternative water
supply,” but that they may consult a doctor if necessary.>

Public water systems, regardless of their type or size, must consistently provide safe water
for human consumption. Human consumption is defined as more than just for drinking, and
specifically as “the use of water for drinking, bathing or showering, hand washing, oral hygiene,
or cooking, including but not limited to, preparing food and washing dishes.”* In California, the
daily average household water use per capita is 146 gallons, or 553 liters.*® To be able to provide
such volumes of arsenic safe water, small public water systems need to acquire the TMF capacity.
However, their economies of scale do not allow them to spread out costs to install and maintain
such large treatment facilities, especially without any financial support granted from government
entities. Rural communities in California are disproportionately affected by arsenic contamination.
Thus, this problem has been cited as an environmental justice issue as most out-of-compliance
small water systems serve poor, Latinx and African American communities.?!-’



When a small water system is deemed out of compliance with respect to arsenic, there are
currently several ways to address the problem. Through consolidation, small water systems can be
connected to a large, centralized treatment facility operated by a larger utility. However, rural
communities are often isolated and lack sufficient infrastructure to connect their water lines to a
major utility. As such, consolidation is rarely affordable. Well replacement or well deepening may
solve the problem if the local geology and hydrology is fully understood. This process is cost
intensive, and improved water quality from new or deepened wells is not guaranteed. Moreover,
bottled water purchases for drinking and cooking reduce arsenic exposure but are not deemed an
affordable or sustainable solution. Current commercial arsenic removal technologies, as described
in Section 1.3, include ion exchange (IE), reverse osmosis (RO), and adsorption media. The
performance of these technologies may be adversely affected by changes in groundwater quality
(i.e., pH or salinity), or by the oxidation state in which arsenic is present. These systems may often
be installed as household Point of Use (POU) treatment devices, as opposed to centralized plants,
but may not always be deemed as an acceptable small system compliance technology.!!

Small water systems face challenges of having to adopt technologies designed for larger
systems, facing a higher cost burden.®*® Thus a sustainable system requires simplicity, low capital
and operating and maintenance costs, and appropriate management of residual wastes from
treatment to avoid any reintroduction of harmful contaminants back into the environment.

1.2 Arsenic in Groundwater

Although there are anthropogenic sources of arsenic contamination in drinking water (e.g.,
mining and smelting, coal burning, pesticides), arsenic is typically mobilized under natural
hydrogeochemical processes.” While arsenic may exist in the -3, -1, 0, +3, and +5 oxidation states
in the natural environment, it most commonly occurs as inorganic oxyanions arsenite (H3AsO3) or
arsenate (H3AsOs) in groundwater.!** Arsenite refers to trivalent As(III) arsenous acid, and
arsenate refers to pentavalent As(V) arsenic acid. As seen in Figure 1.3, As(III) and As(V) occur
as their dissociated or non-dissociated forms as a function of pH. The dissociation constants, or
pKa’s, for As(IlI) are 9.23, 12.13, and 13.40, and for As(V) they are 2.20, 6.97, and 11.53.%
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Figure 1.3 Speciation of trivalent arsenite (a) and pentavalent arsenate (b) as a function of pH. The points where the
curves intersect represent the pKa of each species, where a represents the fraction of each species of arsenous acid (a)

and arsenic acid (b).

In addition to pH, the speciation of arsenic relies on the redox potential (Eh) of the water.
As seen in the Pourbaix diagram (Figure 1.4), As(V) is thermodynamically stable under oxidizing
conditions, whereas As(IIl) predominates in moderately reducing anoxic environments. In oxic
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environments, at relevant groundwater pH levels between 6.5 and 8.5, As(V) will be dominantly
present as ionized H2AsO4 and HAsO4>". Under reducing conditions, the neutral form of As(III),
H3AsO3, will predominate.

The proportions of As(IIl) and As(V) in groundwater vary across diverse geochemical
conditions. In both oxic and anoxic conditions at relevant groundwater pH levels, arsenic species
have high solubility and can become readily mobilized. The solubility of oxyanionic arsenic
increases as pH increases, which can lead to concentrations up to mg/L levels.'*3* For example,
arsenic is released from minerals after reduction of iron phases or with oxidizing sulfites.*! If under
oxic conditions the pH increases above ~8.5, As(V) adsorbed to metal oxides will desorb. Under
reducing conditions, arsenic may become mobilized after dissolution of soluble minerals on which
arsenic was initially adsorbed.
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Figure 1.4 Eh-pH diagram for arsenic in As—O,-H>O system at 25 °C and 101.3 kPa. Image from Nicomel et al.,
2015.42

Inorganic arsenic occurs naturally in minerals and ores that contain sulfide, iron, zinc,
copper, or lead. It forms inorganic compounds by combining with oxygen, sulfur, and chlorine, or
through microbial processes in soils or sediments.® Although organic arsenic species, such as
monomethylarsonate and dimethylarsinate may occur, their contributions to total arsenic
concentrations in drinking water sources are insignificant (occurring at less than 1 pg/L).” The
organic forms are about 100 times less toxic than the inorganic forms, with inorganic As(IIl) being
the most toxic.™

1.2.1 Impacts of Climate Change

Climate change is predicted to continue exacerbating current groundwater quality
problems. In the future decades, surface water sources are anticipated to greatly decline in many
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areas including California while water demand increases, which will result in a higher use of
groundwaters.* In addition to depleting resources, climate change will impact the hydrological
cycle, affecting water quantity and quality. Although the impact of climate change on the
geochemistry of naturally occurring arsenic in groundwater is still being investigated, it is
predicted that recharge rates of groundwater aquifers and fluid flow dynamics will be affected.*
As geogenic arsenic contamination is prevalent in fractured bedrock aquifers, rural communities
relying on these sources for drinking water will be impacted. Adaptive actions and mitigation
efforts may result in land use changes, which may further mobilize arsenic in bedrock
groundwater. Also, long and intense drought periods are potentially correlated with increased
arsenic concentrations.*?

1.3 Existing Technologies

The main techniques that exist to remove arsenic include adsorption, co-precipitation, ion
exchange, and membrane separation. They are described in the following sections.

1.3.1 Adsorption

Existing adsorption systems have been deemed as relatively low-cost methods with high
removal efficiencies, being easy to operate, and not generating a sludge.’ In this technique, arsenic
binds electrostatically to charged surfaces or chemically to the sorbent. The term “sorbent”,
however, is generally applied for arsenic capture through either adsorption, precipitation, or co-
precipitation. Conventional adsorbents for arsenic removal include hydrous metal oxides (e.g., that
of iron, aluminum, titanium or zirconium), activated carbon (AC) and ion exchange resins.*'** AC
is typically the most affordable and robust process. There are a variety of sources to create these
adsorbents, such as from coal and coconut shells. The two forms of commercial ACs are powdered
activated carbon (PAC) and granular activated carbon (GAC). While PAC is characterized by a
larger active surface area, its separation from treated water is more challenging.*!

Different adsorbents require different operating modes for most effective arsenic removal.
Activated Alumina (AA), for example, involves the use of a porous and granular media with ion
exchange properties secured as a pressurized flow-through bed. To optimize arsenic removal
efficiency, a pre-oxidation step is often required if arsenic in the source water is found as As(III).
Also, to operate below the adsorbent’s point of zero charge (PZC), pH adjustment is also
necessary.'! The limitation of AA, a fixed adsorbent, involves its maintenance. The adsorption
media must be regenerated with NaOH and a subsequent HCl rinse for positive charge restoration
on the surface. However, only 50 to 80% of arsenic is displaced and there is loss of the adsorbent
media in the process. Moreover, the alumina adsorbent media carries about 18 times less capacity
than iron oxide sorbents.*’

The limitations of adsorption processes includes the presence of competitive anionic
species typical of water sources, such as phosphate, chloride, sulfate, or natural organic matter
(NOM), which take up sorption sites and decrease overall arsenic removal efficiency.*"**> For
example, effective As(V) removal is challenging when sulfate concentrations are greater than 50
mg/L.% Also, adsorption columns will experience irreversible fouling after a few regeneration
cycles, and thus the sorbent material will need to be entirely replaced. The disposal of the media
poses a challenge due to its toxicity from the bound contaminants.*! Also, As(III) is not effectively



removed by activated alumina. Lastly, clogging will occur if suspended solids are not removed
through a pre-treatment process.** For example, if a high concentration of dissolved Fe(Il) is
present in the groundwater, a pre-treatment is required to prevent Fe(Il) from oxidizing to Fe(III)
and fouling the column when pumped through the system.>*

1.3.2 Co-precipitation

Co-precipitation includes coagulation-filtration processes that require the addition of a
coagulant. The coagulant acts as a catalyst for suspended, dissolved and colloidal solids to be
agglomerated to form flocs, which are subsequently removed from water through gravity settling
or filtration.®”*> Common coagulants include ferric chloride, ferric sulfate, or aluminum sulfate.
The mechanism involves adsorption and co-precipitation of As(V) to an aluminum or ferric
hydroxide precipitate. The added coagulant precipitates as a ferric or aluminum hydroxide, onto
which As(V) adsorbs or co-precipitates with. The aggregation of particles into flocculated
precipitates is a result of the surface charge alteration from the coagulant added.!!-**

Precipitation causes insoluble arsenic compounds to form, whereas in co-precipitation
soluble arsenic species are incorporated into a polymerizing metal oxyhydroxide.** Increasing the
coagulant dose will yield more effective arsenic removal. The advantages of chemical precipitation
are that the chemicals are typically available, it is low-cost and simple to operate. The
disadvantages are the generation of arsenic-laden sludge (and related disposal costs), as well as
pre-oxidation requirements and post-pH adjustments. Additional post-coagulation sedimentation
and filtration steps are also necessary.’

These coagulation-flocculation processes are well-known arsenic removal methods, but the
typical coagulants used are more effective at removing As(V) than As(IIl). Thus, oxidation of
As(III) is required to maximize removal efficiency. Oxidants such as chlorine or manganese
dioxide can be applied as a pre-treatment step. Ozone is an effective oxidant but can react with
NOM to yield unfavorable products. Permanganate is also effective, but requires additional post-
oxidation adsorbents to remove the color it gives to treated water.>* Additionally, this oxidation
step may lead to disinfection byproduct formation or introduction of taste and odor compounds.*!
The parameters that impact performance of coagulation and precipitation processes include pH
and competing ions like phosphate or silicate. Factors contributing to costs in coagulation/filtration
include the coagulant type, total coagulant dose, pH and energy consumption from mixing.!!
Moreover, the selected coagulant species will govern the optimal operating mode of the system.*!

1.3.3 Membrane Separation

Membrane separation occurs through microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) or reverse osmosis (RO), which are pressure-driven processes. Depending on
the pore size of the membrane, removal is achieved either through filtering out arsenic that is
bound to particles, electrostatic repulsion on the charged membrane surface, or through size
exclusion of hydrated ions.*** RO removes salts, microorganisms, dissolved minerals, organic
carbon, and color. As(V) removal rates using RO have been greater than 95%.* Prior to passing
through a membrane, the treated water may need to be coagulated/flocculated to enhance
separation, especially in MF and UF.*?



Membrane separation can more effectively remove As(V) than As(II), at up to 99%
removal as opposed to 61 — 87% removal.” Oxidation of As(III) to As(V) could be incorporated
into the treatment train prior to the membranes, but use of oxidants such as chlorine can damage
the membrane.*! There is no selectivity of other dissolved solids over arsenic, which means that a
feed water can have high complexity without it impacting arsenic removal performance. Typically
membranes have a negative charge that allow for high rejection of anionic As(V) as compared to
uncharged As(III).*! The reason that MF and UF technologies also work for arsenic removal is that
arsenic can be found in various size ranges, those of dissolved solids (less than 3 kDa), colloidal
particles (size between 3 kDa and 0.45 um), and particulate matter (greater than 0.45 pm). In
surface waters the particulate and colloid fraction ranges from 10 to 60% whereas only up to 20%
in groundwaters.*!

The disadvantages of membrane processes include high costs due to high operating
pressures, and the production of large residual volumes that contain hazardous concentrations of
arsenic, and of other contaminants that remain in the reject stream.”!! Additionally, the
degradation, or fouling, of the membrane is another limitation of the technology. Membrane
fouling mitigation efforts include maintaining optimal pH levels.!! Handling of the waste adds
costs either from additional treatment of the brine or from its disposal at a sanitary sewer.

1.3.4 Ion Exchange

Ion exchange is a physical-chemical process in which a solid resin is used so that an anion,
like arsenate, is exchanged with an anion on the resin phase.!'** Typically the solid resin will
consist of a three-dimensional hydrocarbon network onto which ionizable groups are
electrostatically bound.” Ions in solution of similar charge with a higher selectivity for the resin
will exchange for existing ions bound to the resin. As(V) removal will require the use of a strong-
base anion exchange resin, to exchange for bound chloride or hydroxide. This exchange will
produce an effluent water with lower As(V), but higher CI" concentration than the feed water. The
resin becomes exhausted when the exchange sites become occupied by arsenic, and other anions
present in the water source, with higher exchange affinities. Sodium chloride solution is used to
regenerate the exhausted resin.’

The limitations of ion exchange include the ineffective removal of As(III), signifying the
need for a pre-oxidation step if arsenic is present as As(III). As with membranes, if residual oxidant
is not quenched prior to entering the ion exchange vessel, the resin itself can become damaged.
Moreover, competing anions in the influent can impact As(V) removal efficiency, especially
sulfate ions which have a higher selectivity on the resin. Nitrates present in the source water can
also impact performance, as well as pH and the selection of the resin itself. Also, arsenic removal
will be impacted when water is brackish or contains high levels of total dissolved solids (TDS),
especially above 500 mg/L.73® Lastly, the generated brine is a hazardous waste that requires costly
disposal methods.!'!#*

Table 1.1 summarizes the advantages and disadvantages of the various arsenic removal
methods discussed above.



Table 1.1 Summary of advantages and disadvantages of existing arsenic removal technologies.

and types of media

Technique Advantages Disadvantages
Co- -Low cost and simple operation -Arsenic-laden sludge management
Precipitation -Availability of chemicals required
-High As(V) removal efficiency -Pre-oxidation step may be required
-If Fe(II) salt used, As(III) is
partially oxidized
-Chemical dose is easily adjusted
according to water quality
Adsorption -Many commercially available units | -Presence of co-occurring ions (e.g.,

SO4%, PO4*, organic carbon) worsen
arsenic removal

-pH adjustment required
-Pre-treatment of suspended solids
required to prevent media clogging
-Generation of hazardous caustic
liquid waste from regenerating media
-Regular media replacement required
-Management of As-laden solid
media

Ion Exchange

-Commercially available units
-High As(V) removal efficiency

-Presence of co-occurring ions (e.g.,
S04*, NO5", F-, TDS) worsen As
removal

-Not effective for As(IIl) removal
-High capital and operation and
maintenance costs

-Post pH adjustment required
-Effluent may contain high levels of
Cr

-Potential for breakthrough of
adsorbed arsenic on resin media
-Generation of high volumes of
hazardous sludge

Membrane
Separation

-Co-occurring contaminants
removed without impacting arsenic
removal efficiency

-High As(V) removal efficiency
-No hazardous solid waste is
generated

-Not effective for As(IIl) removal
-Membrane damaged by oxidants
-High capital and operation and
maintenance costs

-Rejects a high volume of water




1.4 Need for a Novel Solution

The persistence of the global arsenic problem has shown that a development engineering
approach through close collaboration among local communities, governments, non-profit
organizations, industry, and researchers is critical to developing a sustainable solution.

The technologies discussed so far face serious disadvantages that have prevented them
from serving as effective solutions for the global arsenic problem. One of the issues is scaled up
appropriateness of these systems when it comes to the skill level required of operation as well as
maintenance and high operation costs. Typically, the challenge is not in acquiring the resource to
install the technology, but rather the business model and social placement strategy of technologies,
especially in resource-constrained communities. As such, a technology that is low-cost, simple to
use, and minimizes pre- and post- treatment steps is required.

In 2015, the United Nations (UN) General Assembly adopted the Sustainable Development
Goals (SDGs), setting 17 specific goals and 169 targets to improve the human condition by 2030.
One of the goals, SDG 6, is to “ensure the availability and sustainable management of water and
sanitation for all”.*’ To achieve this goal in the given 15-year time span, Hering et al., 2016
recently concluded that major efforts must be concentrated on putting knowledge into practice,*®
translating technologies from the lab to field while involving key stakeholders and scaling-up for
positive impact.

It is becoming increasingly incontestable that technology is not enough to solve the global
arsenic problem. The scientific literature contains a plethora of lab-based studies reporting arsenic
removal efficiency,*>*° dose requirements,’’>? and fundamental adsorbent characterization,>*-*
with perhaps some field studies.’®>> However, there exists a gap in understanding the necessary
strategies for successfully taking a technology from the lab to the field including community
engagement and long-term sustainable operation. Such understanding requires the inclusion of
socioeconomic aspects of technological deployments within cultural contexts.

1.5 Novel Electrochemical Technologies
1.5.1 ElectroChemical Arsenic Remediation

An emerging arsenic removal technology invented by researchers in 2006 at the University
of California, Berkeley (UCB) and Lawrence Berkeley National Laboratory (LBNL) is called
ECAR (ElectroChemical Arsenic Remediation).’® ECAR is based on iron electrocoagulation (Fe-
EC), in which a sacrificial iron anode is electrolytically dissolved to aqueous Fe(II) ions, which
migrate from the electrode to the bulk solution. In the bulk solution, Fe(II) is oxidized by dissolved
oxygen (DO) to Fe(Ill), forming reactive intermediate byproducts (i.e., Fe(IV) or ‘OH)>’ which
serve to transform As(III) to As(V), the more readily adsorbed form of arsenic. After adsorption
through inner-sphere surface complexation onto the generated Fe(III)(oxyhydr)oxides,*® the solids
are separated through gravity settling and/or filtration, producing arsenic-safe drinking water.?>->°

ECAR holds many advantages as compared to other iron-based systems (e.g., zero valent
iron, ferric or ferrous salts, oxidation of naturally present Fe(Il)), such as its faster and more
effective arsenic removal efficiency. This system is also very amenable to the specific water
quality of each location as the operating conditions can be easily adjusted, such as by changing the
applied galvanostatic current, I (mA), as well as increasing or decreasing the electrolysis time (te).
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This means that the total coulombic dose can be optimized accordingly. The chemistry (i.e.,
production of Hz gas at the cathode) of ECAR also gives it the advantage of pH buffering ability,
as compared to conventional chemical coagulation which typically results in a product water of
lower pH that then requires the addition of more chemicals to meet drinking water pH standards.
ECAR produces the Fe coagulant in-situ with no need for external chemical addition. ECAR is
also easy to operate, is amenable to automation, does not demand high levels of maintenance, and
produces small amounts of sludge.?* The generated sludge is also characterized as non-hazardous
according to the Toxic Characteristic Leachate Protocol (TCLP) through EPA Method 1311. This
means that the sludge, with an arsenic loading of 20 mg-As/g-Fe, is allowed to be disposed of at a
municipal landfill in the United States. The amount of arsenic leached was 160 pg/L, much below
the regulatory limit for wastewater of 5000 pg/L.>

The research conducted on Fe-EC over the past decade has demonstrated how effective the
system is in removing high levels of arsenic in contaminated drinking water, both in the laboratory
and in the field. Amrose et al., 2013 tested the arsenic removal efficiency of ECAR in a coulombic
dosage rate (CDR) range of 0.06 — 18 C/L/min, corresponding to an iron production rate of 0.02 —
5.2 mg-Fe/L/min in a synthetic Bengal groundwater with initial total arsenic concentrations of 90
— 3000 pg/L, containing 50% As(V) and 50% As(III).* The arsenic removal efficiency (ARE) is
defined as the mass of arsenic removed per unit mass of Fe(Il). It was found that CDR is an
important operating parameter that impacts ARE (ug-As per mg-Fe(I1)). Lastly, the study showed
that the ARE increased by almost an order of magnitude as the initial arsenic level increased from
90 to 3000 pg/L, a practical finding for field optimization and sustained operation.

In terms of daily operation, field trials of 100-L and 600-L systems in rural India confirmed
that polarity switches of the electrodes could mitigate rust build-up. Minimizing passivation on the
anode is critical to allow for the migration of Fe(II) ions to the bulk solution, which is where the
arsenic removal processes take place. The 100-L field test demonstrated that ECAR can
consistently remove 245 — 343 pg/L of initial arsenic to below 5 pg/L at a CDR of 2.7 C/L/min
for a coulombic dose of 350 C/L.2 The 600-L field test demonstrated continuous arsenic removal
over a 3.5 month period in rural India. The ECAR product water also met WHO limits for iron
(0.3 mg/L) and for aluminum (0.2 mg/L) — aluminum levels were monitored as the coagulant used
was aluminum sulfate — with only gravitational settling as the separation method.

Amrose et al., 2013 also demonstrated that ECAR can effectively remove arsenic to below
the MCL in groundwaters containing phosphate and silicate, which are known to compete for
adsorption sites. This was verified across diverse aquifers from Bangladesh and Cambodia,
reducing 760 pg/L of arsenic to below 1.1 pg/L. In terms of molecular scale mechanisms, van
Genuchten et al., 2013 found that the presence of bivalent cations (i.e., Ca**, Mg*") improves
arsenic removal efficiency when the iron precipitates are generated in the presence of oxyanions
(i.e., PO4>, SiO4*). Additionally, the otherwise stable colloids that are electrolytically generated
in complex groundwater matrixes can become destabilized and have improved settleability,
meeting <1 NTU turbidity after 1 hour of settling.®® Also, although increasing current density
(mA/cm?) typically decreased arsenic removal efficiency, van Genuchten et al., 2012 found that
the structure of the electrolytically generated Fe(III) (oxyhydr)oxides is not significantly altered
when changing this operating parameter.>®

In addition to technical efficacy, ECAR has been developed with a socially integrated
business model. Since 2010, UCB and LBNL researchers have collaborated on the social
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embedding of ECAR with the Global Change Program (GCP) of Jadavpur University (JU), and
later on, a local private industry group in India. ECAR was effectively deployed within the cultural
context of rural India and the first large-scale plant has been in operation since 2016. This iteration
of improving the technology and business model together has been a part of the ECAR
development project since the beginning. As such, the technology has been designed to support a
model that would facilitate rapid scale-up while integrating outreach and feedback systems along
the way. For ECAR to be qualified as successful, it would need to (1) consistently produce arsenic-
safe drinking water meeting local and international MCLs, (2) produce arsenic-safe water in a low
cost manner to distribute at an affordable price, (3) ensure ease-of-use and robust performance in
the field, (4) prevent any secondary environmental risks and low operator risk, and (5) be socio-
culturally acceptable to the local community.>’

1.5.2 Air Cathode Assisted Iron Electrocoagulation

Although ECAR has been deployed in India, it is inherently technically limited for wide
adoption in the U.S. because of slow chemical kinetics.?® The first large-scale ECAR plant only
produces arsenic safe water for drinking water purposes for about 5,000 people, while taking up a
1,400 ft? spatial footprint. In the U.S., municipal water systems must provide the same quality of
water to households for all uses including drinking, preparing food, bathing, washing clothes,
household cleaning, and toilet use.®' For a small community water system (serving 10,000 or fewer
people) in California, the average demand is 1.4 million gallons per day (MGD).?® Also, adsorbent
based processes tend to be favored as flow-through column filters®® as opposed to large batch
reactors, like ECAR.

As(lll) e As(V) o As(lll) e As(V)

Fe(l) + o, o~ @Felll) +
o 2
Fe(IV)@ As(11) ‘ ‘F_%(LV) C.\s(lll) ‘ &
Fe Anode C . Fe Cathode Fe Anode ° As(V) @ Air Cathode

N T

o Dissolved Fe(ll) = Aqueous As(lll) ¢ Aqueous As(V) @ Fe(lll) (oxyhydr)oxides

Figure 1.5 Schematics of ECAR and ACAIE. The major difference is the oxidant reacting with Fe(Il). ECAR relies
on the recharge of oxygen into the bulk solution. ACAIE does not depend on DO because the system generates H>O»
in-situ, which reacts more quickly with Fe(Il), or by four orders of magnitude.®? Owing to its faster chemical kinetics,
ACALIE reactor is also more compact relative to ECAR reactor for the same throughput rate of treated water.

Our recent research to improve ECAR has led us to discover the superior performance of
carbon-based air-diffusion cathodes®® that speed up the reactions of Fe-EC towards removing
arsenic from contaminated water while reducing the energy consumption of the process. The
resulting treatment systems are more compact,®* and ultimately avoid requirements of large space
and energy intensive aeration. This next-generation ECAR system is called ACAIE (air cathode

assisted iron electrocoagulation). The ability of ACAIE to achieve high throughput rates and meet
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water demands in California is dependent on its fast chemical kinetics. To understand why ACAIE
can be designed as a more compact system than ECAR, the chemical processes of the systems are
compared side by side in Figure 1.5. Both ECAR and ACAIE are based on the electrolytic
dissolution of a sacrificial iron anode, but only ECAR relies on the presence of dissolved oxygen
(DO) for subsequent reaction pathways to take place. The limiting step of ECAR is:

1. Fe(ll) + 0, - Fe(Ill) + 05

The diffusion rate of O> from the atmosphere dictates how fast ECAR can be operated, or
how high of a CDR can be applied to quickly generate Fe(Il) ions. Amrose et al., 2013
demonstrated that arsenic removal efficiency declines in ECAR as the CDR increases above 0.06
C/L/min (i.e., poor performance at 2.2, 10, and 18 C/L/min). Generating Fe(II) at a faster CDR in
ECAR leads to accumulation of Fe(Il) ions in the bulk solution, depleting DO.>” The accumulated
Fe(II) also competes with As(IIl) for reactive intermediates (i.e., Fe(IV) and "OH) leading to a
decrease in arsenic removal efficiency. As a result, a higher total coulombic dose (D), or greater
concentration of Fe(Il), is necessary to decrease arsenic to safe levels when attempting to operate
ECAR at a faster throughput rate.® D is proportional to the concentration of Fe(Il) generated in
the system (in mol/L), or during electrolysis, through Faraday’s Law:

D

2. [Fe(ID)] = —

where D is the coulombic dose in C/L, n is the number of transferred electrons (n = 2 for this
system), and F is Faraday’s constant of 96,485 C/mol. While the reduction reaction at the cathode
in ECAR is H; evolution (which is beneficial in maintaining a pH buffered system), ACAIE
utilizes the cathode to overcome ECAR’s limiting step through the oxygen reduction reaction
(ORR) and generate hydrogen peroxide. The relevant half reactions at the Fe anode and carbon-
based air diffusion cathode, respectively, are listed below:

3. Fe(0) - Fe(Il) + 2e~
4. 0, +2H* +2e~ > H,0,

The replacement of H>O> for DO from the atmosphere as the oxidant allows Fe(II)
oxidation kinetics to be accelerated by nearly four orders of magnitude.®> Thus, ACAIE achieves
rapid Fe(IIl) (oxyhydr)oxide generation directly in water without the need for aeration (leveraging
for a compact reactor) or subsequent mixing steps. Bandaru et al., 2020 demonstrated the efficacy
of arsenic removal from synthetic Bengal groundwater at circumneutral pH using ACAIE as a 0.5
L batch system.®® ACAIE consistently lowered high initial As(III) concentrations of 1500 pug/L to
much below 10 pg/L in as short as 30 second treatment times. ACAIE was also tested as a 60 liter
per hour (LPH) system in the field treating 100 L of real California groundwater, reducing initial
118 pg/L of arsenic to below 0.5 pg/L. The short resident time of ACAIE indicates the potentially
much smaller capital costs for the system as compared to ECAR, and its capacity to serve low-
income, rural communities facing arsenic contamination in their groundwater.

1.6 Outline of Remaining Chapters

The organization of the remaining chapters in this dissertation is as follows.

Chapter 2 identifies and explains the key strategies in taking ECAR from the lab in
Berkeley to the field in rural India. A new term, the Critical Effort Zone (CEZ), is introduced and
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defined as the efforts exerted as part of an international, multidisciplinary team while
commissioning the first large-scale ECAR plant. The high-priority efforts undertaken in this time
period include ensuring a context-sensitive technology design, bridging the knowledge divide
between researchers and the community, creating local job opportunities, and following specific
local regulations. The lessons learned from the 6-month field work, but as of a larger culmination
of 12 years of technology development, are discussed for broader application to other projects.
Lastly, the implications of ECAR scale-up towards the Sustainable Development Goals (SDGs)
are addressed in this chapter.

Chapter 3 elucidates the arsenic (As) and manganese (Mn) removal performance of ACAIE
in wide pH and coulombic dosage rate ranges in a complex synthetic California groundwater
matrix based on samples from the Central Valley and from publicly available data. We utilized X-
ray Absorption Spectroscopy (XAS) to characterize the electrolytically generated reaction
products. By collecting As, Fe, and Mn K-Edge X-ray Absorption Near Edge Spectroscopy
(XANES) spectra we determined oxidation states as well as quantified the presence of each species
through Linear Combination Fits (LCFs) with appropriate reference spectra. Using the As and Fe
K-Edge EXAFS (Extended X-ray Absorption Fine Structure) spectra, we analyzed the data
through shell-by-shell fits. This allowed us to determine the local coordination geometry of sorbed
As onto the highly disordered iron (oxyhydr)oxide phase.

Chapter 4 focuses on the performance of the carbon-based air diffusion cathode in ACAIE
after repeated use. The Faradaic Efficiency of H,O; production is employed as a key metric for
overall system efficiency. Moreover, various characterization techniques (i.e., X-Ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), and
Raman Spectroscopy) elucidate morphological changes, elemental composition, and the catalytic
sites on the cathode surface that promote the oxygen reduction reaction. These results provide
molecular-scale insights to degradation mechanisms and inform approaches to increase the
lifespan of the electrode during field testing.

Chapter 5 summarizes the key finding of this dissertation and highlights how community
outreach efforts are key components to the technology development and deployment process. This
chapter also points towards remaining research questions that would provide greater understanding
of ACAIE technology, as well as the broad applications of electrochemical technologies for
decentralized uses in small and rural communities.
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Chapter 2. Strategies for Successful Field Deployment in a
Resource-Poor Region: Arsenic Remediation Technology for
Drinking Water

Adapted with permission from Hernandez, D.; Boden, K.; Paul, P.; Mypati, S.; Roy, A.; Amrose,
S.; Roy, J.; Gadgil, A., Strategies for successful field deployment in a resource-poor region:
Arsenic remediation technology for drinking water. Development Engineering 2019, 4, 100045.
DOI: 10.1016/j.deveng.2019.100045

2.1 Introduction and Background

Drinking water is deemed unsafe if it contains more than 10 parts per billion (ppb) of
arsenic.* Even at this provisional guideline value, or maximum contaminant level (MCL), the
excess cancer risk from lifetime exposure to arsenic is 700 per 100,000 people.'® This lifetime
cancer risk is about 60 times larger than the next highest lifetime cancer risk, which is linked to
ethylene dibromide, in rank-ordered risks from consuming water with carcinogens permitted in
water at their respective MCLs. Besides cancer, other health impacts of chronic exposure to arsenic
include skin lesions, gangrene, cardiovascular diseases, and possible reduction in children’s 1Q.?
Health damages resulting from chronic exposure to high levels of arsenic add a huge health-cost
burden on resource-poor communities in West Bengal, India.®’

Despite large expenditures by multilateral, bilateral, and national government programs®,
previous technology-based efforts to address the arsenic problem proved unsustainable in resource
poor communities such as rural South Asia. This devastating fact emerged from research which
looked at arsenic remediation technologies employed in one of the most arsenic-affected districts
of West Bengal: the Murshidabad District. In this district, 93% of seventy implemented arsenic
removal technologies failed within one to eight months.?® Household- and community-scale
arsenic treatment units installed in West Bengal, India during the past decade typically became
dysfunctional within one year of installation due to multiple reasons.?’ In a water supply program
for arsenic mitigation in Bangladesh, attempted solutions included dug wells, pond sand filters,
rainwater harvesting, deep tube wells, piped water, and arsenic removal filters. The installed
household arsenic removal filters were ineffective in removing arsenic and were abandoned after
a few months.®

Technologies do not work in a vacuum. They have dozens or may be hundreds of threads
connecting them to invisible social constructs such as belief systems, expectations, institutions and
cultural norms, systems of incentives and disincentives, competing resource demands, and
priorities of political and social hierarchies. Although external agencies were often willing to
invest in remediation projects in resource-poor regions, those invested solutions proved to be
unsustainable because they were not installed with a corresponding long-term sustainable societal
placement strategy.?”-”® While proximate reasons for project failure include lack of maintenance,
improper operational training, and cultural insensitivity, ultimate or deeper reasons include
partisan politics, lack of genuine public consultation, lack of understanding of legal structures, and
absence of sustainable business model-frameworks.>”--2

Such continued poor results, despite the continued expenditure of effort and funds, suggest
that scholarly research may shed light on what goes wrong with such efforts and why such failures
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continue to be repeated. The progression of ElectroChemical Arsenic Remediation (ECAR) from
an effective bench-top laboratory beaker at University of California-Berkeley (UCB) and
Lawrence Berkeley National Laboratory (LBNL), to a prototype in small field tests in West
Bengal, India in collaboration with Global Change Program of Jadavpur University (GCP-JU), to
a full-scale pilot plant with additional collaboration with a local industry partner, offers a case
study of addressing some common challenges that arise during the advanced stage of the
innovation chain. During this advanced stage, the technology needs to be scaled-up for an intended
community for long-term sustenance, which requires social acceptance of the new technology.

The deployment of ECAR addresses the major global health crisis resulting from arsenic
exposure in contaminated drinking water. Moreover, the United Nations has created a set of
sustainable development goals (SDGs) which seek to meet milestones for human well-being.*”-?
Addressing and mitigating the detrimental health and socioeconomic effects of arsenic will
ultimately help meet the SDGs by the intended deadline of 2030. Thus, the deployment of ECAR,
and this unique social placement strategy contribute to several of the 17 SDGs.

This paper presents the technical and social obstacles that were overcome during the case
study to deploy the most recent and largest version of ECAR—a pilot plant with 2,500-liter
reactors, with the capacity to produce 10,000 liters per day (LPD) of safe, affordable drinking
water in a rural village in India. It is important to note that this is a case study, not a hypothesis
testing effort. The latter requires a randomized trial with a large number of controlled experiments,
and has its own value. In contrast, a single case-study can be hypothesis-generating, based on
observations and experiences of the researchers from intense long-term efforts such as the one
reported here.

2.2 ECAR: From Lab to Field

ECAR was invented in 2006 at LBNL and from 2008 onward developed at UCB.
Information gathered during the past 13 years of the ECAR scale-up project, some of it in
collaboration with Indian scientific collaborators, has resulted in a deep understanding of the
process.’”’* 76 This technology has matured, scaling-up in successfully larger designs from a 0.2-

liter beaker (in 2006) to a 10,000-LPD pilot plant (in 2016), as illustrated in Figure 2.1.

Figure 2.1 Over the course of 10 years, ECAR scaled successfully and progressively from a 0.2-liter beaker, to 100-
liter and 600-liter prototypes, to a 10,000-LPD capacity field pilot plant.

During the ECAR process, a small voltage applied to steel plates immersed in arsenic-
contaminated groundwater leads to the anodic dissolution of Fe(0), to produce Fe(Il) ions. These
ions then diffuse into the water being treated. In the water, the Fe(Il) ions react with dissolved
oxygen (DO) and convert into insoluble oxyhydroxides of Fe(IIl). Before completion, however,
this complex oxidation process forms an intermediate byproduct: highly reactive intermediate
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oxidants (Fenton-type products). These effectively oxidize non-ionic As(III) to readily adsorbed
As(V) oxyanion.?>*727 The insoluble Fe(Ill) ions polymerize in situ, producing Fe(III)
(oxyhydr)oxides with a high affinity for binding As(V).>® In a subsequent step, the As-laden
precipitates are separated from treated water by flocculation and sedimentation. In previous work
in laboratory and field environments, ECAR reliably lowered initial arsenic concentrations
between 90 and 3,000 ppb in typical synthetic and real groundwater matrices from Bangladesh,
India, and Cambodia®* to below the World Health Organization (WHO) guideline value of 10 ppb.
Further fundamental science on ECAR will not be repeated in this paper, which focuses on the
holistic aspects of implementation in the field.

2.2.1 The First Large-Scale ECAR Plant

The pilot plant has a spatial footprint of 1,400 ft? and is situated in a classroom on the south
end of Dhapdhapi High School in West Bengal, India. The plant is set up in two adjoining sections:
the ECAR Room and the Tube Settler Room (Figure 2.2). A control board (Figure 2.4b) in the
Tube Settler Room supplies power to all parts of the plant.

ECAR Room

Figure 2.2 Digital photographs of the 10,000 LPD capacity pilot plant at Dhapdhapi High School. a) ECAR Room:
Contains the two ECAR reactors in which electrolysis occurs b) Tube Settler Room: Contains the tube settler,
flocculation chamber, and subsequent tertiary treatment systems for particle separation.

The schematic below depicts the treatment train at the pilot plant (Figure 2.3). The influent
water has an average arsenic concentration of 252 + 29 ppb and is pumped from the school’s
shallow tubewell of 32 meters in depth.

=
[ ."-"-"" »'»1—1»
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Figure 2.3 Schematic representation of the treatment process at the Dhapdhapi pilot plant: 1) raw water pump, 2)
ECAR reactors, 3) flocculation chamber, 4) tube settler, 5) rapid sand filter, 6) micron filters, 7) ultraviolet disinfection
system, 8) automatic dispensing unit.

(8)

The arsenic-bearing groundwater flows into two 1,250-liter tanks where the ECAR process
occurs. After delivering a specified Coulombic dose to the water using a custom-designed power
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supply (Figure 2.4a), treated or iron-dosed water is transferred to the first holding tank. A
flocculation chamber aids in floc formation and agglomeration, and a subsequent tube settler
allows the floc to settle out as the water flows up through angled media. Under normal operation,
the tube settler achieves less than 5 nephelometric turbidity units (NTU) in the effluent water.
Subsequent tertiary treatments include a rapid sand filter, a set of polishing filters and a disinfection
step with an ultraviolet light. The final processes ensure that ECAR product water is both
aesthetically pleasing and free of any potential biological contaminants. The process from
groundwater pumping to ultraviolet (UV) disinfection consumes about 2.3 kWh of energy per m>of
water treated. Finally, water is transferred to overhead tanks in the school courtyard where
automatic dispensing units (ADUs) are placed for water access by students, teachers, and staff.
The water access is based on an understanding made with the school authorities at the start of the
pilot project, that if the project is successful, in exchange of permission granted for use of indoor
and outdoor space for the ECAR plant, the school’s students, teachers and staff will all receive
free arsenic-safe potable drinking water.

Figure 2.4 a) ECAR Power Supply: Supplies the current to the two ECAR reactors in order for electrolysis, or the
dissolving of the iron anodes, to occur. b) Main Circuit Board: Located in the Tube Settler Room, the main electrical
board provides power to the entire plant.

The Dhapdhapi plant was operated consistently by local operators, employed by the
industrial licensee (Livpure Ltd), under technical supervision from UCB field engineers, five days
a week, from April 2016 to January 2017. Previous field trials of ECAR in India had demonstrated
that a semi-skilled person (with high school education) can effectively operate the plant after
appropriate training from the technical staff.>® During the April 2016 — January 2017 period, bi-
weekly samples of raw and product water were collected and sent to UCB to test for arsenic and
other relevant elements using inductively coupled plasma atomic emission spectroscopy (ICP-
OES), and ICP-OES with hydride generation for arsenic levels below 10 ppb. Raw water
parameters, including the ion concentrations relevant for arsenic removal efficiency, are shown in
Table 2.1. Phosphate and silicate are known to compete with arsenic for adsorption sites on iron
oxides, while calcium and magnesium aid in arsenic removal.’®”’ Moreover, the effects of pH and
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redox potential on arsenic removal are not investigated in this paper, but such conditions and
mechanistic understanding are found in previous literature.”"

Table 2.1 Raw water average element concentrations as tested by ICP-OES at UC Berkeley.

Element Concentration Unit

As 250 + 14 ppb
Fe 155 + 04 ppm
P 0.61 £ 0.9 ppm
Ca 80.4 + 3.5 ppm
Mg 40.8+ 1.0 ppm
Si 17.2 + 0.5 ppm

To comply with local norms necessary for obtaining national accreditation in India for
technology operation, weekly product water samples were collected and measured for arsenic by
two National Accreditation Board Laboratories (NABL), both of which used ICP-MS, and each of
the laboratories had been earlier separately validated by sending them calibrated unlabeled
samples. Product water samples were also tested monthly to ensure compliance with the full Indian
Standard 1S10500:2012 for drinking water for all physical, biological and chemical properties in
the standard.?? Throughout the entirety of this period, ECAR s field performance showed reduction
in arsenic concentrations from initial 252 £ 29 ppb, to final arsenic well below 10 ppb, and often
below 5 ppb (average 2.9 £ 1 ppb) as seen in Figure 2.5. After five months of ensuring the water
met consistently all drinking standards, the water was made available to the 2,500 students, staff,
and teachers of Dhapdhapi High School. Currently (as of October 2019) the plant continues in
stable and active operation under control of the industrial partner (Livpure Ltd), serving arsenic-
safe water daily through a financially viable business model to the local community.
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Figure 2.5 Results from the plant in West Bengal, India, from April 2016 to January 2017, depicting continuous

effective arsenic removal to less than 10 ppb during both pilot and distribution phases. The spike in arsenic
concentration around 23-May and excellent performance after 1-Aug are explained in Section 2.4.1.

2.3 Critical Effort Zone

Deploying the 2,500-liter ECAR pilot plant as a community-scale water access technology
within rural India required persistent experimentation within the socio-cultural context. The
concept of the “Critical Effort Zone” is introduced as part of the innovation chain that is commonly
defined, and both are shown in Figure 2.6. The Critical Effort Zone matches the period in the
innovation chain for which the expected cash flow of a project reaches its largest negative value.
In the social embedding process of technology maturation, this zone requires intense efforts for
trust building with key social actors, and ultimately, for acceptance of the technology by the society
that will use the innovation. These efforts require understanding of human behavior, strategic
planning and deep scientific understanding of the local social context. If efforts during this period
are unsuccessful, the innovation can stagnate or perish. In contrast, if the efforts are successful, the
technology may move towards commercialization and scale-up. The Critical Effort Zone
necessitates the participation of a locally reputed and trusted scientific partner. The team can then
deploy and implement strategies to build local capacity beyond the large prototype phase, and aim
for long-term sustainability of the project beyond the pilot plant completion.
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Figure 2.6 Navigating the innovation path. The Critical Effort Zone requires more than technology efficacy—
acceptable social placement within unique environmental contexts is also necessary. This figure is modified from a
presentation to the United Kingdom parliament®’ and public presentations about technology-maturation programs at
the U.S. Department of Energy.

As one might expect, the duration of the Critical Effort Zone varies from project to project,
but it is generally concluded with the demonstration of the first large-scale prototype. The Critical
Effort Zone consists of successful operation of the field pilot, well designed communication to the
public by the scientists in field operations, and flexibility towards any technology redesign needed
to fit cultural practices. The actions taken during this zone must ensure good fit of the technology
to the market needs, or “Product — Market Fit”,®! and must build the technical, managerial, and
financial (TMF) capacity for a transition to commercialization. For this project, the Critical Effort
Zone stretched just over 4 years (Dec. 2012 — Jan. 2017), during which the project team with its
own secure project funding worked closely with a rural community in India suffering from arsenic
contaminated groundwater to deploy and socially embed the first ever large-scale ECAR pilot
plant, and deliver arsenic-safe drinking water to the first few thousand people daily for long-term
health security.

Based on the team’s decades-long experience, a prerequisite to cross the Critical Effort
Zone requires secure financial support, and formal agreements documented indicating full
commitment among the technology’s inventor(s), local scientific partner(s), and the local industrial
partner/commercial license holder. Commitment among partners includes transparency,
knowledge sharing, sharing of financial costs, and field work time. Manufacturing and project
objectives are agreed upon by all parties and preceded by multiple virtual and face-to-face
meetings to clarify doubts and queries, and to build trust among partners avoiding false promises.
In the ECAR project, all parties needed to be involved together in the larger-scale design and
address all anticipated threats and opportunities. UCB provided adequate training about ECAR
fundamentals and operation to the local science-technology partner and the industry partner. A
600-liter ECAR prototype pre-tested in the field®® was re-installed in the scientific partner’s
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laboratory for day-to-day training, capacity building, and to generate teaching and research interest
in the technology. The industry partner (Livpure Ltd) in this project was an integral part to the
commercialization of affordable, arsenic-safe drinking to the local community surrounding the
pilot plant.

The first step in the Critical Effort Zone was selecting an acceptable site with promise for
long-term hosting of the water treatment plant if it was successfully installed. Based on past?’ and
field experience™” the team determined four criteria for an ideal location: 1) measured high
arsenic concentration in the groundwater, 2) absence or serious inadequacy of piped municipal
water supplies, 3) clear and strong support from the school administration and governing council
as local champions for the project, and 4) in-kind support through allocation of sufficient space
and other resources (i.e., water, electricity, and security) to conduct the work. A previous school
site had proven unsuccessful because the location was too far to maintain daily visits from
collaborators based in Jadavpur University (JU) in Kolkata. In addition, the team lacked at this
time an industry partner, and the school administration lacked the patience to support the project
experimentation. As the demands of those school officials could not be met, the ECAR prototype
was removed and reinstalled at the JU laboratory.

A school in Dhapdhapi—a village outside of Kolkata, in West Bengal, India—met the
above four criteria for project location. Over a year of water testing at the NABL-certified facility
of the Public Health Engineering Department (PHED) demonstrated a clear need for groundwater
remediation—arsenic concentrations ranged between 150 — 300 ppb. Other reasons for choosing
this site location included: 1) the local research team’s familiarity with the geographical region
and cultural practices, 2) positive political will (created through formal and informal articulation
of the IUSSTF project expectations, and funding availability) among the stakeholders at various
levels in the school, surrounding community and local government administration from top to
bottom, and 3) confirmation of interest obtained through consultations, focus group meetings, and
pre-tested formatted questionnaires. The JU research team practiced patience and care while
introducing the ECAR project and surveying the community. Communities in arsenic exposed
districts of West Bengal confirmed the economic benefit and individual interest in purchasing
arsenic-safe water®”-8? that ECAR could provide.

Lessons from past projects indicated that grant-funded projects fail quickly after funds are
spent, unless there is long-term financial viability built a priori into the project structure beyond
the initial grant period.?’ In the business world, the conceptual framing of a financially viable
business operation is captured into a “business model”. For this ECAR project, the team developed
a business model to achieve financial sustenance beyond the [USSTF-funding period (which ended
in 2016). In this model, the potable water produced would be provided free of charge to the
students, staff, and teachers of Dhapdhapi high school in exchange for indoor space and access to
resources (i.e., electricity, raw water, and security). After the hand-off of the plant from the
research team to the industry partner, the industry partner would sustain plant operation and
maintenance costs by selling the excess water at an affordable price to the surrounding households
(at less than 1 cent per liter). The latter was determined through an on-site survey of the
community’s willingness to pay (WTP) under the project, and through comparison with observed
household spending on safe drinking water.>#* The industrial partner acquired a license for the
patented ECAR technology from the University of California — to have a legal basis for
commercial use of the technology, and its future commercial expansion. Thus, from the start, the
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industrial partner had “skin in the game” and was exposed to some financial risk if the project
failed or stood to gain if the project succeeded.

2.4 Critical Effort Strategies

This paper presents four critical effort strategies to address the penultimate barriers to
successful social placement of community-scale technologies. Critical effort strategies that address
contextual challenges during the Critical Effort Zone are termed as 1) appropriate design of
community-scale technology, 2) increasing economic opportunity, 3) bridging the scientific
knowledge divide, and 4) local legal compliance. All four activities were conducted in parallel,
not sequentially.

2.4.1 Community-Scale Technology Design

In resource-poor areas of developing countries, a community-scale technology such as
ECAR requires social trust and acceptance to be sustainable.”! To gain this trust and acceptance,
the local research team repeatedly visited the site and formally explained the project objectives.
As a community is made up of diverse individuals with diverse interests, behavioral response
patterns become equally diverse. These behavior patterns must be in alignment for a technology
to be accepted. This condition is different from a private-sector technology buy-in that is focused
on the individual or household consumers. Individual technologies (e.g., mobile phones) target
individual behavior for incentives and promotion materials. Community-scale technologies, on the
other hand, demand greater social placement efforts than an individual-scale technology.

The technical field trial was separated into three phases: 1) design, fabrication, assembly,
and testing of pilot plant, 2) pilot plant continuous operation and testing of product water, and 3)
pilot plant continuous operation and distribution of arsenic-safe water for consumption as drinking
water. Interdisciplinary collaboration was necessary for effective integration of the ECAR project
into the Dhapdhapi community. The three partners (UCB, GCP-JU, and industry partner)
contributed insights into socio-cultural nuances at the site location, legal issues, marketability of
ECAR, and the technology development itself. Manufacturing ECAR reactors was assigned to a
trusted third-party small-scale manufacturer under close and direct supervision of field engineers
from Berkeley. Researchers (both international and national) and the industrial partner oversaw
installation and necessary modifications. The ECAR plant was commissioned using locally
sourced materials and trained local plumbers as plant operators, offering a sustainable approach to
safe water access.

This ECAR field trial served as a social placement experiment while simultaneously
resolving engineering problems that were not anticipated from laboratory-scale studies. At lab-
scale, ECAR is operated under controlled conditions (e.g., fully controlling the pH, dissolved
oxygen, initial arsenic concentration and co-occurring ions) with a reliable supply of electricity.
In the field, ECAR must be capable of operating with many unknowns, such as intermittent power
supply and week to week variability in raw water quality (e.g., with rainfall or dry weather, and
seasonal temperature swings). The temperature in West Bengal, India reaches high levels in the
summer, accompanied by heavy rain and high humidity. Winter is moderate and dry. Such extreme
seasonal variation influences the performance of the treatment train in the ECAR pilot plant.

After a year of completing the manufacture and installation of the pilot plant, the electrical
components of the ECAR reactors and power supply experienced overheating and occasional
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melting. The electrical connections to the electrode plates in the ECAR reactors became loose,
which induced overheating and burning of the plastic on the wires (Figure 2.7). The aluminum
nuts, bolts, and lugs that had been used for connecting the cables to the busbars were replaced with
copper material insulated with heat shrinkable rubber sleeves. Secondly, the busbars, which
distribute current from the power supply to the ECAR electrode plates, made of aluminum had to
be replaced with electrical grade copper busbars.

Third, to ensure future ease of cable replacement, all cables were dug out from underground
conduits and re-installed near the ceiling on a cable tray (Figure 2.8, Figure 2.9, and Figure 2.10).
These cables were initially routed via underground piping to avoid tripping hazards and protect
them from wear and tear. However, we observed repeated burning or melting of their plastic
insulation at the connection point to the polarity switch — this was caused by contact resistance
from corrosion that developed at the connection point. This turned out to be a maintenance
challenge since the cables had to be repeatedly trimmed to remove the corroded ends and became
shorter than the required length. About 16 meters of cable tray was hung above the power supply
unit to allow an overhead path for the power cables to connect to reactor tanks 1 and 2 via two
trays, which avoids keeping the wires tightly bound together. The tray continues to serve as a
tripping hazard prevention and avoids cable wear and tear from traffic. The results were a reduced
voltage drop in the electrical system and reduced heat generation in the wires and at the polarity
switch junction.

Figure 2.7 a) The busbar connections of the 6-mm wires, each wire connecting one of the 16 plates (total 32 plates in
total 2 reactors) to a busbar, were all initially placed facing away from the reactor wall, thus, making them susceptible
to daily accidental yanks and pulls while electrode plates were brushed, and therefore causing fraying at the connection
to the busbar. b) After rewiring for improved performance, the connection of each wire is now placed facing the reactor
wall, avoiding direct physical pull on the connection, and avoiding any sharp angles that would cause stress at the
wire ends.
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Figure 2.8 a) The red and black cables connect the polarity-reversal switch to the miniature circuit-breakers of the
reactor tanks 1 and 2. b) In the reviewed layout, new black and red cables connect the polarity-reversal switch to the
reactor tank miniature circuit breakers. Excess wiring was given in case of future heat damage that may also require
trimming the cables and securing them again with a new copper lug. However, that has not happened owing to the
corrosion inhibitor that has been applied to the folded copper busbars.

Figure 2.9 a) Components of the polarity switch showing burned insulation from overheating. b) A new lug (left)
compared to the previous burnt-insulation lug (right). On the burnt insulation, the (green) corrosion of the copper

wires is visible. New copper 95 mm lugs were placed on the 70 mm? wires, and new heat shrinkable rubber slip tubes
of higher quality were placed on the two cross-over bars in the back (not pictured).
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Y ' + HER
Figure 2.10 a) Cable tray leading towards reactor tanks. b) Red and black wires guided down from the cable tray to

the miniature circuit breaker of reactor tank 1, and to the polarity switch where the wires from reactor tanks 1 and 2
meet.

The plant also experienced numerous power outages during the summer and monsoon
seasons. Although ECAR'’s arsenic removal efficiency is resilient to intermittent power supply,
outages do cause delays in water production. This was mitigated by installing adequate storage
capacity for ECAR product water. Storage tanks were installed at a height to allow adequate
gravity flow to the distribution points (Figure 2.11).

Figure 2.11 The two white-colored holding tanks were placed directly above the automatic dispensing units where
drinking water is collected.
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During normal plant performance, the tube settler produces water at less than 5 NTU.
However, as the weather cools down in autumn through winter, the effluent turbidity from the tube
settler unexpectedly reached levels as high as 30 — 50 NTUs. This was discovered through regular
monitoring of the water for various parameters through multiple sampling ports. In winter,
groundwater is warmer than the ambient-temperature water stored overnight in the tube settler.
The inverted temperature gradient inside the tube settler caused a short circuiting of the settling
flocs. To alleviate this issue, the scientific research team determined that during winter the
groundwater must be pumped the night before and stored in the ECAR reactors as to cool it down
to ambient temperatures. This avoids the unexpected failure of the tube settler operation.

Although the plant produced water meeting all drinking water quality parameters by the
end of 2015, the research team resisted pressures to immediately distribute water for human
consumption. The research team needed to first acquire extremely high confidence in long-term
operation of the plant by monitoring final arsenic concentration over a ten-month period. Starting
April 2016, product water was monitored weekly for arsenic, and monthly for all drinking water
parameters (IS:10500:2012), i.e., physical, chemical, and biological contaminants. Samples were
sent to UCB and NABL labs in India. In the second month of monitoring, the research team
observed an unexplained spike in arsenic concentration of 7.9 ppb on 23-May-2016 (Figure 2.5).
After several weeks of effort, the spike was traced to the operator shutting down the recirculation
pumps in the ECAR reactors blaming the high level of pump noise interfering with the operator’s
personal cell phone calls. After this problem was resolved, the arsenic levels declined, but
remained higher than expected (though always below 10 ppb). The research team traced this to
lack of deep cleaning of electrodes since start of operations in 2014. Deep cleaning is a regular
maintenance process performed semi-annually which involves removing the electrode plates from
the reactors and mechanically removing the surface layers. This is different from regular cleaning
of the plates, which is performed daily with hard wired brushes between the electrodes in each
reactor. After deep cleaning the electrodes in late July 2016, the arsenic levels in the finished water
returned to the expected level.

Only in mid-September 2016, the research team allowed the water for distribution to school
children, teachers, and staff. Everyone could now receive 30 liters of free arsenic-safe water per
month, after submitting proper written signed consent forms, either self-filled (for adults), or filled
and signed by the guardian (for students). The finished water continued to be monitored and data
is shown in Figure 2.5 until January 2017 when the plant’s operation was fully handed over to the
industrial partner. Since then, the industry partner sustains the plant financially by operating the
plant for 22 days a month, and selling water at INR 6 per 10 liters to the nearby community. The
partner reports that selling 10,000 liters of water per day at this price for 22 days a month would
yield a monthly profit of INR 100,000. For water quality monitoring, the industrial partner sends
monthly water samples to a NABL accredited laboratory to test for arsenic, and the results are
displayed at the ECAR plant, and earlier were shared with UCB and JU.
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Figure 2.12 This figure shows a) sample of the cards distributed to the students and teachers of Dhapdhapi. In Bengali,
the card says, “Let us keep our health and our family’s health safe by accessing arsenic-free water from arsenic-safe
sources," b) school girl who has just received her own card with spaces for name, grade level, roll number, and water
card number, ¢) automatic dispensing units installed, and d) water queue formed during first water distribution.

The water distribution phase had its own challenges. Water distribution was scheduled to
start mid-September, with the monsoon season over but temperatures still high. The ECAR plant
was connected to an existing pipe network at the school and pumped to storage tanks placed on
top of the school building. The layout exposed the dark green water distribution pipes and the
storage tanks directly to the blazing sun. Thus, the water became extremely hot and unpleasant for
drinking in the hot weather by the time it reached the automatic dispensing units and end users.
Furthermore, an unexpected precipitate of white particles started appearing in the dispensed water,
which caused additional concerns to everyone. The research team discovered that the high
temperature of water caused precipitation of calcium carbonate through decreased solubility. To
mitigate this issue, the water pipes were relocated to an underground trench, allowing the drinking
water to stay naturally cool while minimizing the formation of the white precipitates. The overhead
tanks were placed directly above the dispensing units, reducing solar exposure while maintaining
the gravity flow to the tap. The overhead tanks were also retrofitted with a port at the bottom where
settled calcium carbonate precipitates could be flushed out each morning. As a result, the drinking
water maintained an appropriate temperature and was free of precipitates.

Placing a water treatment plant and distribution point at a school may promote daily student
attendance. Similar to the mid-day meal lunch programs implemented in schools in India, clean
water availability through the automatic dispensing units (ADUs) may contribute to education and
gender equality.®* Although Dhapdhapi High School was practicing the mid-day meal program,
access to reliable arsenic-safe drinking water had not been ensured. Students demonstrated great
enthusiasm on the day that water distribution began, with long lines at the ADUs (Figure 2.12). A
total of four ADUs were installed, with two each designated separately for girls and boys at request
of the school. The ECAR water distribution may potentially increase school attendance of young
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girls who otherwise may have been required to collect good quality water for their families.®® The
fact that additional long walks are not needed to collect drinking water, and that children can attend
school and still return home with (some) arsenic-safe drinking water, are major benefits to both
the child’s education and health (SDG 4 and SDG 5).

Upon distribution of drinking water to the school, the research team initiated the transfer
process of the plant to the industrial partner. This necessitated the preparation of clear technical
instructions in the form of written operations and maintenance manuals, both in English and
Bengali. The research team also prepared an engineering manual to explain the detailed
engineering logic behind the maintenance and operations manuals to the management of the
industry partner. The preparation of manuals by the inventor is necessary for effective knowledge
transfer. The technical challenges that were encountered early in the pilot phase allowed the
research team to establish an operation manual and a maintenance schedule, foreseeing methods
to mitigate potential problems, to ensure long-term performance beyond the IUSSTF funding
phase.

2.4.2 Increasing Economic Opportunity

Dhapdhapi High School is located at a central point within the Dhapdhapi village.
Rickshaw-pullers transport mothers and children to the school, and local “cha’ or tea makers sell
snacks and tea to students and teachers. The influence of the ECAR plant on the local economy
depended on the design of the technology. In the United States, a fully automated plant would have
significantly lower operating costs; in rural India, a labor-intensive design was optimal due to the
much lower cost of labor relative to cost of capital. Two local operators with less than formal high
school training were hired to work at the plant. Anecdotally, they perceived the opportunity as a
new decent job (SDG 8) that also enhanced their social acceptability and status. This contextual
engineering design promoted a modest amount of economic development through job creation,
demonstrating that technology deployment is much more than the technology itself. Additional
local employees who were hired to support the project included a guard and an electrician. This
level of manual labor did not cause a financial hardship for the industry partner, while improving
the livelihoods of the employed workers who took interest in promoting the commercialization
process locally. In addition to earning a living wage, their pride in working at an arsenic
remediation plant to provide water to the community contributed to the project’s acceptance in the
community, and eventual success.

2.4.3 Bridging the Knowledge Divide

Prior literature in this field discusses the social stigma associated with visible signs of
arsenic poisoning.?’-*® In Bangladesh, for example, arsenic poisoning is considered contagion or a
curse. Case studies have shown that awareness campaigns have helped reduced the negative social
stigma associated with arsenic poisoning.®® In this project, educating the community about the
harmful effects of arsenic consumption and its natural causes were critical to alleviate such social
stigma, and improve the social acceptance of the ECAR-treated water based on sound
understanding of arsenic-exposure through drinking water.

Before knowledge can be effectively disseminated, building community trust is critical.”!
In social science literature, trust is considered as social capital,®’ especially for an area that has
experienced numerous unkept promises and failed intervention projects. In order to overcome
immediate suspicion or cynicism, intervention groups need to patiently earn the trust of the local
community. Some heavily arsenic-exposed villages in West Bengal have become cynical owing
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to numerous international groups visiting to study their conditions and then leaving never to return
or share their findings, and without bringing positive change in the lives of the affected.
Communication between academics and arsenic-prone communities is often poor, and an
unwelcoming attitude can result due to growing frustrations from a problem that is being studied
but not solved.?” Given the historical context, groups planning interventions must not make any
false promises, exaggerate statements of likely benefits, or underestimate costs.

ECAR is most suited for a local economy where there is at least partial reliance on arsenic-
contaminated water and the community is already seeking a safe water source. For example, in
Dhapdhapi area, a business was selling untreated mechanically-filtered water at 30 INR per 20
liters. The school was buying this drinking water for its teachers and staff under the belief that its
quality was better than their own borewell water. General ignorance about arsenic is also common.
For example, in our interactions with the school community, it became clear that even the science
students did not know that boiling or simple filtration of water does not remove arsenic. In such
conditions, introducing an effective, affordable arsenic-remediation technology (such as ECAR)
may give rise to hostility and resistance from incumbent business interests that feel threatened. For
example, during public meetings held during this project, business interests tried to compromise
the community’s perception of the ECAR project objectives. They questioned the efficacy of
ECAR and quality of the product water. Other challenges came from political interests in a multi-
party democratic social system. These groups—that sometimes have hidden agendas—sowed
suspicion in the public regarding the actual severity of the problem.

The project team did not ignore any of these questions and actively listened to the concerns
of the community. For example, the local community were led to believe by some scientifically
unfounded hearsay that the proposed water treatment plant would be too much of a drain on the
village groundwater aquifer, leading to drying out of nearby private wells. This concern was
allayed by research partners investing in a hydrogeological study on the region’s aquifer.
Hydrogeologists of highest repute were hired with full remuneration to assess whether pumping
groundwater at a rate of 10,000 LPD would deplete the aquifer for nearby wells, and for future
generations. The experts submitted a written report explaining the method of their third-party
verifiable study, and the team shared it with the public to maintain transparency. The team and the
community gained confidence in the process through transparency of the scientific assessment that
the local aquifer would not be depleted. The community was convinced that the environment
would be preserved while improving public health through safe water access.

Outreach meetings with stakeholders were held by the project team 3 to 4 times a year
starting from December 2012, which is considered as start of the Critical Effort Zone. Some of the
meetings included active participation from the technology inventor Professor Gadgil and local
social scientist partner Professor Roy. The community was invited to public meetings which were
open to all and organized within school premises on multiple occasions. With support of the
School's Student Assembly, and the school administration, the ECAR team held general student
body meetings, smaller meetings for student leaders from each class, and separate meetings
exclusively for all the teachers in the school. In addition, multiple meetings were held with student
groups preparing posters about arsenic for display in the school, and with student teams working
on science projects about ECAR for the annual district-level science fair. From the team’s
perspective, all meetings were crucial for the community understanding and acceptance of ECAR,
and to ensure clear communication of the science to the rural community. Moreover, as the ECAR
product water was tested for a 10-month period, NABL reports on product water quality were
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printed monthly, and posted on the walls of the plant in public view, for the community to check,
discuss, and disseminate the results among all those interested.

On January 31, 2017 at Dhapdhapi High School, Professor Gadgil and Professor Roy,
leaders of U.S. and Indian research teams, respectively, and the VP from the industrial partner
together signed a plant handover agreement, with the public as witness, signaling the formal hand-
off of the ECAR plant to the industry partner for provision of arsenic-safe drinking water to
students, teachers, and staff. This event provided one more opportunity for the community’s
questions to be heard and answered by the experts about sustainable operation of the plant beyond
the project lifetime.

2.4.4 Compliance with Local Regulations

A final, but crucial, hurdle for successful technology implementation is compliance with
local regulations. This project required compliance with hazardous waste management standards
set by the Government of India, which are adopted and enforced by the state government via the
State Pollution Control Board. Complying with regulations also required the involvement of
Ramky Group, an environmental management group recognized by the state government for
handling hazardous wastes. The project’s industry partner signed a contract with Ramky to collect
sludge once the distribution and commercialization process began. Prior to this, the local scientific
partner, the Civil Engineering Department at JU, collected sludge for their use in a research project
experimenting with successful immobilization of arsenic sludge in concrete.

Prior to commercialization of ECAR water, the industry partner needed to obtain a trade
license from the local government authorities. The two licenses, Consent to Establish (COE) and
Consent to Operate (COO), were acquired from appropriate authorities in West Bengal’s
government, the West Bengal Pollution Control Board (WBPCB) and District Industries Center
(DIC). All such contracts were preceded by multiple, formally organized visits and answers to
scientific inquiries by local government agencies, coordinated by the local scientific institutional
partner. After transparent, patient, and skillful efforts, and a final submission of written
applications, WBPCB and DIC issued the COE and COO licenses to the industry partner. The
COE and COO allow the legal operation of a water treatment plant that generates sludge (as occurs
in ECAR reactors seen in Figure 2.2a) and follows the specified norms. This permit is received as
a “No Objection Certificate” (NOC), for the full operation of the ECAR plant. Working with policy
organizations and environmental groups have shaped the ECAR project as a contextual technology
capable of adapting to local requirements and regulations.

2.4.5 Addressing Sustainable Development Goals (SDGs)

Iron-based treatment technologies are effective at removing arsenic from drinking
water,>>*%% but alone cannot improve human well-being. The critical effort strategies discussed
in this paper explore the complex nature of human behavior, cultural norms, and political
maneuvers in the social integration of ECAR into the community. Thus, deployment of the first
large-scale ECAR plant has addressed not only SDG 6 of safe drinking water, but several SDGs
as set by the United Nations (Table 2.2).

The careful collaboration between UCB, GCP-JU, and the Indian industry partner financed
by IUSSTEF, is an ideal example of SDG 17 of setting up an international partnership model which
can be emulated by teams addressing different global health issues (e.g., water quality, air quality,
birth control, infectious diseases). Specifically, the roles of each partner were clearly established
early in the project. Towards the end of the Critical Effort Zone, UCB “handed off” the pilot plant
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to the industry partner to enter the commercialization phase. Monthly “all-partner” calls, tackling
problems among the three partners, and the development of a “hand-off” folder for the industry
partner allowed a successful and continued operation of the ECAR plant and water sales to the
villages surrounding the school.

Table 2.2 Actions taken during the Critical Effort Zone to address the UN's SDGs.

SDG Action towards goal SDG Action towards goal

Affordable arsenic-safe ey Job opportunities at pilot plant
drinking water

o

Educational campaign at
rural school

Research of socially impactful
electrochemical technology

woL (§ 4

5 Water distribution at co-ed Sustainable sludge
school & management
70 Distribution of arsenic- el Collaboration across academic
E safe drinking water @ institutions and industry

(United States and India)

The team’s water distribution design was contextual to rural West Bengal, addressing
SDGs 1, 4, 5, and 6 (briefly described in Table 2.2). Water distribution at a school provide an
avenue for achieving gender equality, since equal access is assured for male and female students.
This may also potentially reduce poverty levels by increasing education for rural children. As
previous poverty reduction efforts include meal plans at rural schools in India,”® a similar approach
of clean water provision may promote similar outcomes. Establishing the first large-scale ECAR
plant also contributed to SDG 8 by hiring local plumbers and electricians to operate the pilot plant.
Throughout the project, transparency was maintained with school officials and the surrounding
community, regardless of gender, education levels, and economic standing.

Moreover, it is possible to achieve the multiple SDGs, as mentioned above, while
benefiting the intellectual endeavors of an academic institution (SDG 9) as well as the industrial
objectives (SDG 8) of a commercial partner. Lastly, ECAR was designed to minimize waste
generation and negative ecological impacts (SDG 15), which complies with local regulations and
strengthens governance. ECAR operates as a Zero Liquid Discharge (ZLD) technology, meaning
that the technology does not generate wastewater that must be discharged into surface water bodies
or injected into clean aquifers. The only reject material stream is about 40 mg of dry sludge per
liter of treated water,®® and is easily managed without negative ecological impacts.

2.5 Concluding Remarks

The first large-scale ECAR pilot plant at Dhapdhapi High School located in a resource-
poor area in rural India provides evidence of an effective commercial community-scale
deployment of an arsenic removal technology for the distribution of safe drinking water. The
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success of the technology implementation lies in contextualizing the design for community-scale
placement and trust building among stakeholders led by the research team. This case study can
serve as a template for future arsenic exposure-mitigation projects, and other social placement
efforts of community-scale technology. The Critical Effort Zone is defined in this paper as the
time period in which simultaneous efforts are required, with close coordination and cooperation
among the institutions offering financial support, inventors working with manufacturers, local
technology licensee holder, and local social science group. The social science group’s active role
in creating social capital in the social embedding process, beyond the technology trial itself, is
critically important for success.

In scaling-up from lab to field, the ECAR team discovered and overcame new challenges
that could not have been previously anticipated. Some of these challenges required redesign (e.g.,
keeping the water pipes cool by burying them underground) within the cultural and environmental
context. All throughout the process, the scientific and technical staff were personally involved and
invested in directly communicating with the local rural Indian community. With commitment, skill
and patience, the team encountered and overcame infrastructural, regulatory, and political hurdles.
During the Critical Effort Zone, the SDG framework was directly addressed by combining
technology challenges, economic opportunities, scientific transparency, and legal compliance. The
water quality data demonstrate ECAR’s technical efficacy in the field implementation, and its
social placement success shows promise for commercialization in other arsenic-affected regions
of India, and in developing economies across the globe. Given the recorded failures of previous
arsenic remediation plants in West Bengal, the success of the ECAR project, and the fact that the
Dhapdhapi field trial is the first of its kind established under R&D efforts, the UCB team continued
to monitor the technical performance of the plant until the Covid-19 pandemic outbreak of early
2020. They received monthly water quality data and plant operation updates from the industry
partner, by working with the local scientific institutional partner GCP-JU. The future work of UCB
researchers aims to develop ECAR into a more compact and energy efficient arsenic removal
technology. Meanwhile, the industry partner may choose to install additional ECAR plants in
India. Beyond the Critical Effort Zone, maintaining the cooperation and community relations built
during the project continues to be crucial, and is carried forward through dialogue and
transparency, as ECAR projects reach many other arsenic-exposed regions in West Bengal, and
world-wide.
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Chapter 3. Inverse Trends of As(III) and Mn(II) Removal in Air
Cathode Assisted Iron Electrocoagulation

3.1 Introduction and Background

It is estimated that up to 220 million people globally are exposed to high levels of arsenic
(As) through contaminated groundwater.? In the United States alone, 2.1 million people may be
consuming As contaminated water from their domestic wells.”! Furthermore, an estimated 55,000
people in California rely on public water systems that are out of compliance with respect to
carcinogenic As.>° Low income, mostly minority communities bear a disproportionate burden of
As levels in drinking water above the EPA-Maximum Contaminant Level (MCL) of 10 pug/L.37 A
public health goal (PHG) was set to just 0.004 pg/L, the level that results in not more than one
excess cancer per one million people consuming two liters of water per day for 70 years at that
concentration.”? In addition, reduced aquifers containing As are often co-contaminated by
manganese (Mn), which is regulated in drinking water at 50 pg/L as the EPA secondary MCL due
to aesthetic reasons. However, chronic Mn exposure has also been linked to neurological effects
on children.”** Effective and affordable As and Mn removal from drinking water is therefore
critical to ensure the health and economic well-being of marginalized communities.

Typical techniques for Mn removal include oxidation through chemical addition. This is
an autocatalytic process that induces precipitation of colloidal MnO: solids, and subsequent Mn(II)
adsorption and oxidation.”® Oxidative filters have also been employed to remove Mn from water
matrices. These systems have also been adapted with pre-iron electrocoagulation (Fe-EC) steps,
particularly when As is also present in the groundwater.”® Fe-EC is based on the electrolytic
dissolution of a sacrificial iron anode to generate Fe(Il) ions that migrate to the bulk solution and
react with dissolved oxygen (DO) to generate Fe(IlI), which is highly insoluble at circumneutral
pH.?” Byproducts of this reaction are reactive intermediates (e.g., Fe(IV) or -OH) which oxidize
As(1II) to As(V), the more readily adsorbed form of As.>”® Fe (oxyhydr)oxides, and specifically
hydrous ferric oxide (HFO), are formed with high sorption capacities.”” Fe-EC has been shown to
be an effective As removal technology that has been scaled-up and commissioned at a 10,000 liter
per day capacity plant in rural India.!”’ Fe-EC is simple to operate and generates a small amount
of dry sludge (~40 mg/L).®

However, a limitation of Fe-EC is its rate limiting step of oxygen dissolution into the bulk
solution,'®! and thus its reliance on large reactor tanks that need to be aerated which increases both
land and energy requirements. The performance of Fe-EC for As removal declines with increasing
iron production rates, or equivalently, with increasing coulombic dosage rates (CDRs). Amrose et
al., 2013 found that at a low CDR of 0.06 C/L/min, a dose of only 25 C/L was required to meet
the WHO guideline level. However, increasing the CDR above 2.2 C/L/min pushed the dose
requirement seven times higher to 175 C/L to remove the same amount of As to safe levels. As the
Fe-EC process depends on the recharge rate of O into solution, increasing the rate of Fe(Il)
dissolution into the bulk will quickly deplete the DO and cause the accumulation of Fe(II) in the
electrolyte. This results in competition of Fe(Il) and As(IIl) for reactive Fenton-type products as
well as the formation of green rust,®® a mixed valency Fe hydroxide, that has a lower capacity than
HFO for As adsorption. The higher amount of Fe dose required to reduce As concentrations to safe
levels ultimately decreases operational efficiency.
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Moreover, in EC experiments conducted in the absence of As, van Genuchten and Pefia,
2017 showed that Mn(II) was oxidized to Mn(IlI) and incorporated into the resulting
Fe(Il)(oxyhydr)oxides in a simple electrolyte.!%? It has also been shown that the extent of Mn
removal during EC varies with the solution pH and initial oxidant (O versus H»02).!%* Ahmad et
al., 2019 found that Mn(II) and Fe(II) co-oxidation resulted in distinct solids dependent on the type
of oxidant (i.e., 02, MnO4 or HOCI).!* They found that the presence of strongly sorbing oxyanions
led to more colloidally stable suspensions, reduced crystallinity of the Fe(III) solid, and a higher
Mn/Fe solids ratio, regardless of oxidant type. However, in their absence, O2, MnO4 and HOCI
produces Mn(Ill)-incorporated lepidocrocite, Mn(IIl)-incorporated HFO, and poorly-ordered
MnO; and HFO, respectively.!*

Air cathode assisted Fe-EC (“air-EC”) is a novel water treatment method with strong
potential for application in rural areas. Similar to conventional Fe-EC, air-EC is partly based on
applying a small electric current to an Fe anode to produce Fe(Il) in contaminated water. However,
instead of using an Fe cathode, air-EC employs a carbon cathode that reduces Oz in air to produce
H>0; in solution (Figure 3.1). Exploiting H>O» for As(IIT) and Mn(II) removal by air-EC has many
key benefits. First, H2O> oxidizes Fe(Il) over four orders of magnitude faster than O, which
substantially decreases treatment time and enables high water throughput.'® In addition, H,O»
reacts rapidly with Fe(II) even at acidic pH, in contrast to Oz, which broadens the possible raw
waters that can be treated by air-EC.*> Most critical for As and Mn removal, the reaction of Fe(II)
and H>O> produces the powerful Fenton-type oxidants (i.e., “OH, Fe(IV)) that can convert toxic
As(IIl) to the more readily-sorbed As(V) and oxidize soluble Mn(II) to insoluble
Mn(111,1V).37-62:102

Bandaru et al., 2020 demonstrated that air-EC consistently outperformed conventional Fe-
EC in arsenic removal. Whereas Fe-EC only met the WHO-MCL of 10 pg/L for As at 1.5 C/L/min,
air-EC achieved that for all CDRs (1.5 to 1200 C/L/min). Moreover, air-EC did not require post-
electrolysis mixing to ensure complete oxidation of Fe(II) and As(IIl), nor for effective As
adsorption onto precipitates. The time of treatment was thus greatly reduced to 30 seconds, which
would otherwise require over three hours in Fe-EC.*® However, this study was only conducted at
pH 7, and the removal of equimolar Mn(II) was not investigated. Previous Fe-EC studies have
indicated the importance of solution pH, co-occurring ions, reactor design and CDR as critical
factors governing system performance.’’”’”” Furthermore, As removal through Fe
(oxyhydr)oxides has been shown to be of bidentate inner-sphere surface complexation in simple
and complex electrolytes.’>>® However, surface complexation on HFOs are pH-dependent
processes that may present differences in reactions across a wide pH range.!'%

While air-EC has the potential to improve access to safe drinking water, the co-removal of
As(IIT) and Mn(1I) in the presence of other relevant groundwater constituents has yet to be studied.
In this work, the As(III) and Mn(II) removal using air-EC was investigated over wide CDR (6 to
1500 C/L/min) and pH (4 to 10) ranges. Wet chemical data provided information on residual
aqueous As and Mn concentrations, and the reaction products were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), and synchrotron-based Fe, As and
Mn K-edge X-ray absorption spectroscopy (XAS).
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Figure 3.1 a) Digital picture and b) schematic of air-EC. The current supplied to the system oxidizes the Fe(0) in the
iron anode to Fe(Il), depicted as green circles. At the cathode, hydrogen peroxide (H»>O,) is generated. In the bulk
solution, Fe(II) released from the sacrificial anode reacts with H,O» to form Fe(IlI), depicted as orange circles, which
is highly insoluble at circumneutral pH, and simultaneously generates reactive intermediates, like Fe(IV) and "OH,
which oxidize arsenite, As(III) (light purple circles) to arsenate As(V) (dark purple circles), the more readily removed
form of As. To a lesser extent, there is also oxidation of Mn(II) (light grey circles) to Mn(III) (dark grey circles). The

Fe(III) captures the As and Mn and the aggregated precipitates settle out of solution, leaving As- and Mn-safe water
at the effluent.

3.2 Materials and Methods
3.2.1 Reactor

An electrochemical cell was assembled using high density polyethylene (HDPE) to hold a
volume of 250 mL (Figure 3.1). For conventional Fe-EC experiments, a 250-mL beaker was used
with two low-carbon steel (1006—1026 steel grade, McMaster-CARR) plates serving as anode and
cathode.

In air-EC, a low-carbon steel sheet was used as the anode in all As(IIT) and Mn(II) removal
experiments. The anode had an active area of 7 x 9 cm?. The maximum percentages of carbon,
manganese, phosphorus, silicon, and sulfur in the steel sheets were 0.13%, 0.5%, 0.03%, 0.1%,
and 0.035%, respectively. For conventional Fe-EC experiments, the active areas for both anode
and cathode were 5 x 6.5 cm?. For the cathode, a gas diffusion carbon fiber paper with a catalyst
coating on the “water-facing” side, and a hydrophobic coating on the “air-facing” side was used,
which was cut into 10 x 10 cm? squares. To fabricate the air cathode, 600 mg of graphite powder
(synthetic, conducting grade, -200 mesh, 99.9995% purity, Alfa Aesar) was mixed with 2 mL of a
polytetrafluoroethylene (PTFE) preparation 60 wt% dispersion in H2O (Aldrich, CAS 9002-84-0).
This slurry was painted on one side of the carbon fiber paper. This “air facing” side of the carbon
paper was dried at room temperature for 20 minutes, followed by 40 minutes of sintering at 350
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°C. After 20 minutes of cooling, the “water-facing” side was prepared by painting on a mixture of
150 mg of carbon black (Black Pearls 2000, Cabot, CAS 1333-86-4), 83 uL of PTFE solution, and
2.917 mL of 1-propanol (Acros Organics, CAS 71-23-8). Once again, the cathode air dried for 20
minutes and was then sintered for 40 minutes at 350 °C. This preparation method is described in
Barazesh et al., 2015. The air cathode is allowed to cool to room temperature before experiments.
The active area in experiments was 8 x 8 cm?.

3.2.2 Groundwater Synthesis

A synthetic California groundwater (SCaGW) was prepared by mixing the appropriate
stock salt solutions in Milli-Q deionized water (18.2 mQ-cm at 25 °C). The P stock solution was
prepared by adding 3.58 grams of NaxO4P (Acros Organics, CAS 10039-32-4) to 1 L of Milli-Q
water to create a 10 mM stock. The Ca stock solution was prepared by adding 14.70 grams of
CaCly-2H>0O (Fisher Chemical, CAS 10035-04-08) to create a 100 mM stock. The Mg stock
solution was prepared by adding 20.33 grams of MgCl>-6H>0 (Acros Organics, CAS 7791-18-6)
per 1 L of Milli-Q. The HCOs3" stock solution was prepared by adding 16.80 grams of NaHCO3
(Fisher Chemical, CAS 144-55-8) to 1 L of Milli-Q for a 200 mM stock. The Si stock solution was
prepared by adding 2.12 grams of Na;O3Si-5H>0 (Aldrich Chemistry, CAS 10213-79-3) to Milli-
Q to create a 10 mM stock.

Appropriate amounts of 200 mM HCO3™ (NaHCO:3) stock solution was added, followed by
appropriate amounts of 100 mM Ca?" (CaCly-2H,0), 10 mM P (Na,O4P) and 100 mM Mg**
(MgCl>-6H20) stock solutions. The pH was lowered to <6 by bubbling CO> into solution.
Subsequently an appropriate amount of stock solution of 10 mM of Si (NaxO3Si-5H>0) was added,
followed by 10 mM NOs™ (NaNO3), 1000 mM SO4* (Na»S04), and 10 mM Mn?" (MnCl,) stock
solution volumes. For a final concentration of 3 mg/L of NOM (fulvic acid, IHSS Suwannee River
NOM, RO Isolation 2R101N)), an appropriate amount of previously dissolved and filtered fulvic
acid solution was added. A TOC Analyzer was used to analyze the organic carbon content of the
stock solution.

Table 3.1 Solution Chemistry of Synthetic California Groundwater.

Ca P Si Mg Mn HCOs NOs; SOs#& NOM As

mg/L 30 10 15 25 1 122 3.6 1000 3 1.5
mM 0.75 0.32 0.53 1.03 0.02  2.00 0.06 10.41  0.01 0.02

3.2.3 Batch Experiments

Prior to electrolysis experiments, the electrocoagulation (EC) electrodes were prepared by
first sanding the iron electrode to remove existing rust layers and rinsing with DI water. The
electrode was immersed into the previously prepared synthetic California groundwater (SCaGW).
The solution was adjusted to the selected pH (4, 7, or 10) with either base (1 M NaOH) or acid
(1.1 M HCI). The applied current and experiment time were selected according to the CDR (6,
600, or 1500 C/L/min) and total volume (including total base or acid added) and equated to a total
Coulombic dose of 600 C/L for all experiments. The interelectrode distance was ~1 cm. The initial
As(IIT) concentration for all experiments was 1500 ug/L (Alfa Aesar Sodium arsenite, 0.1 N
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Standard, Liquid, NaAsO,, CAS 7784-46-5). The solution was mixed during electrolysis with an
overhead stirrer (Thermo Scientific Orion Dual Star pH/ISE Meter). Experiments were conducted
at room temperature and open to the atmosphere. Measurements for pH, conductivity, and
dissolved oxygen (DO) were taken using a Thermo Scientific Orion Star A Series meter before
and after electrolysis (pH probe Orion 8107BNUMD ROSS Ultra pH/ATC Triode; conductivity
probe Orion 013010MD Conductivity Cell; DO probe Thermo Scientific Rugged Dissolved
Oxygen Orion 087003).

The pH range of 4 to 10 was selected to probe the efficiency of air-EC and to elucidate
potentially different As(Ill) and Mn(II) removal mechanisms occurring in this system. All
experiments were started by applying a constant current to the cell. The total Coulombic dose for
each experiment was selected as 600 C/L, based on Bandaru et al., 2020, corresponding to a total
iron concentration of 173 mg/L (3.1 mM), according to Faraday’s law. The selected CDRs of 6,
600 and 1500 C/L/min correspond to iron production rates of 0.03, 3.11, and 7.77 mM/min,
respectively. For 600 C/L, these rates correspond to experiment durations of 0.4, 1, and 100 min.
The initial solution ratio of As/Fe and Mn/Fe was 0.6 mol%.

3.2.4 Chemical Measurements

At the end of each experiment, unfiltered aliquots were collected and acidified with 1.1 M
HCI to measure total Fe using inductively coupled plasma optical emission spectroscopy (ICP-
OES). Filtered samples using a 0.2 pm nylon filter (Inorganic Membrane Filter, Whatman™
Anotop™) were also taken to measure residual As, Mn, and dissolved Fe in solution using
inductively coupled plasma mass spectrometry (ICP-MS). These samples were acidified with 0.5%
HNO; and 1% HCl prior to analysis. The As(IIl) and Mn(II) removal was calculated by subtracting
the residual concentration in the filtrate from their initial concentrations.

3.2.5 Solid Phase Characterization

3.2.5.1 Sample Preparation

A volume of the iron slurry at the end of the experiment was collected and filtered using a
vacuum filter (MF-Millipore, 0.22 um MCE Membrane). The solids on the membrane filter were
placed in the freezer until XRD analysis. For XAS analysis, the volume filtered was selected based
on the mass requirements for the absorption length of Fe to be less than 1.0 for transmission
measurements (with one absorption length signifying 37% of photons being transmitted).!?”:1%8
The filter paper containing the sample was then cut into three strips, which were stacked and taped
onto the sample holder using Kapton tape. To prevent unwanted oxidation before XAS data
collection, the iron samples were coated with glycerol. The samples were placed in a freezer (-18
°C) until further analysis at the synchrotron facility.

3.2.5.2 Data Collection and Reduction

The X-ray diffractograms were collected on a PANalytical X’Pert PRO MPD using a Co
X-ray source. TEM was carried out at the UC Berkeley Electron Microscope Lab with a FEI Tecnai
12 transmission electron microscope operated at 120 kV. XAS data at the Fe, Mn and As K-edges
were collected at Beamline 4-1 of the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo
Park, USA). The As data were collected under liquid nitrogen temperatures (~80 K) in
fluorescence mode to k of 13 A™l. The beam was calibrated using an Au foil to the maximum of
the first derivative (11.919 KeV). The Mn data were also collected in fluorescence mode up to a
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reciprocal space value of 11.3 A™l. For Mn data collection, the beam was calibrated to a Mn foil
(6539 eV). Fluorescence measurements were performed using either a solid-state passivated
implanted planar silicon (PIPS) detector or a 30-element Germanium (Ge) detector. The Fe data
were collected in transmission mode calibrated to a Fe(0) foil (7112 eV) up to a reciprocal space
value of 13 A,

Spectra were aligned, averaged and background-subtracted using SixPACK software!'®
following standard methods described in van Genuchten et al., 2012. The Fe and As EXAFS
spectra were extracted using k’-weighting. For both Fe and As, the Fourier transform was done
using a Kaiser-Bessel window with dk of 3 A™!, over the k-range of 3 to 13 A™L.

3.2.5.3 Data Analysis

Linear combination fits (LCFs) of the Fe K-edge EXAFS spectra were performed to obtain
the fraction of lepidocrocite (Lp), two-line ferrihydrite (2LFh) and hydrous ferric oxide (HFO) of
the electrolytically generated precipitates. Based on previous work, Lp and HFO were selected as
the most and least crystalline end members, respectively, as expected for the solid products in the
air-EC system.®® The Fe K-edge LCFs were performed over the k-range of 2 to 10 A!. The sum
of the components was set to 1. LCFs of the As K-edge XANES spectra were performed to obtain
the fraction of As(IIl) and As(V) sorbed to the EC precipitates. The LCFs were performed over
the energy range of 11860 to 11890 eV using the spectra for As(IIl) and As(V) adsorbed to 2-line
ferrihydrite as references. The percentage of Mn(II), Mn(IIl) and Mn(IV) species was also
quantified with LCFs. The normalized Mn K-edge XANES spectra were fit from 6525 to 6600 eV
using aqueous Mn(Il), bixbyite (a-Mn203), and birnessite (6-MnQO>) as components. Following
previous approaches, negative fit-derived fractions were not allowed in the fit and the sum of the
components was constrained to 1 for Mn but were unconstrained for As.!!” This approach allowed
for a lower R-factor, which was used as the goodness-of-fit metric.'?’

Shell-by-shell fits of Fe EXAFS K-edge was completed using SixPack, which functions
through algorithms derived from the IFEFFIT library. The structure of goethite (a-FeOOH) was
used to calculate with FEFF6 the phase and amplitude functions of Fe-O and Fe-Fe single
scattering paths. This allowed us to obtain coordination number and bond length values of the
highly disordered electrolytically generated precipitates. Shell-by-shell fitting was done in
addition to LCFs to compare the results from two analysis techniques. To determine the
coordination environment of As adsorbed to the EC samples and the reference material, shell-by-
shell fitting was performed with SixPack software using the structure of scorodite (FeAsOs-H>O)
for As—0, As-O-O, and As-Fe paths.!!! Algorithms derived from IFEFFIT'!?> were used to
perform the fits from 1 to 4 A in R+AR-space for As shell-by-shell fits. The parameters that were
varied in the fits were interatomic distance (R), coordination number (CN), mean squared atomic
displacement parameter (c%) and change in threshold energy (AEo).

3.3 Results
3.3.1 Mn Removal

The initial Mn(II) concentration in the SCaGW was 1008.6 + 39.3 ug/L. As seen in Figure
3.2, the removal of Mn during air-EC treatment depended strongly on pH, with a smaller

dependence on CDR. Mn removal was highest at pH 10, with final concentrations of 3.4 + 3.3
ug/L, 0.8 = 0.1 pg/L, and 1.0 = 0.2 ug/L at CDRs of 6, 600 and 1500 C/L/min, respectively. The
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poorest performance was observed at pH 4, in which final Mn concentrations were 1199.5 + 326.2
pg/L, 1047.5 £ 128.7 pg/L, and 1090.0 £ 105.1 pg/L for CDRs of 6, 600 and 1500 C/L/min,
respectively. At this low pH there was no removal. The removal of Mn at pH 7 was intermediate
between pH 4 and 10 and displayed a general trend of increasing removal efficiency with
increasing CDR. The remaining Mn at 6, 600 and 1500 C/L/min was 458.8 = 64.0 ug/L, 311.5 +
63.4 ng/L, and 275.3 = 138.5 png/L, respectively.

a. Initial As(lll): 1617.2 + 86.5 ug/L b. Initial Mn(I1): 1008.6 + 36.8 pg/L
1000 F OpH4OpH7 ZpH 10 1000 ¢ i .
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Figure 3.2 As(III) and Mn(II) removal from synthetic California groundwater as a function of CDR and pH. The total
Coulombic dose was 600 C/L. The dashed line refers to either a) the primary MCL for As of 10 pg/L or b) the
secondary MCL for Mn of 50 pg/L.

In terms of Mn uptake onto the electrolytically generated Fe precipitates, as seen in Figure
3.3, the Mn:Fe solids ratio increased from ~3.8 pg/mg to ~5.8 pg/mg when the pH increased from
7 to 10. At pH 7, the Mn/Fe solids ratio was 3.1 + 0.4, 4.0 = 0.3 and 4.2 = 0.6 pg/mg at CDRs of
6, 600 and 1500 C/L/min, respectively. In conventional Fe-EC experiments, the final Mn
concentration was ~500 pg/L at pH 7 at 600 C/L/min. The secondary EPA-MCL of 50 ug/L for
Mn was met for all dosage rates at pH 10, but not for any CDR at pH 4 or 7. For all CDRs at pH
10, the Mn concentration was up to 50 times lower than the secondary MCL. At pH 10, no trend
with CDR was observed. The uptake remained the same across CDRs at pH 10 due to the nearly
complete Mn removal in each of these experiments.
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Figure 3.3 As:Fe and Mn:Fe ratios of adsorbed species onto electrolytically generated iron (oxyhydr)oxides for total
of 3.1 mM Fe.

Table 3.2 Solids ratio of adsorbed As and Mn species onto Fe solids.

pH 4 pH 7 pH 10
CDR As:Fe Mn:Fe As:Fe Mn:Fe As:Fe Mn:Fe
(ug/mg) (ng/mg) (ng/mg) (ng/mg) (ng/mg) (ng/mg)
6 93+0.0 - 9.3+0.0 3.1+04 7.6+1.0 5.8+£0.0
600 93+0.0 - 9.3+0.0 40+0.3 8.1+0.5 5.8+£0.0
1500 93+0.0 - 93+0.0 42+0.6 75+1.1 5.84+0.0
3.3.2 As Removal

The initial As(IIl) concentration in the SCaGW was 1617.1 = 86.5 ug/L. The best As
removal efficiency in air-EC was found at pH 4, at which the final As concentrations at 6, 600 and
1500 C/L/min were 0.6 £ 0.1 pg/L, 0.6 = 0.6 pg/L, and 1.6 = 1.5 pg/L, respectively. These
correspond to a As:Fe solids ratio of 9.3 pg/mg across CDRs. The poorest As removal efficiency
was observed at pH 10 for which the residual As concentrations were 231.6 = 207.6 pg/L, 160.0
+ 62.6 ug/L, and 225.0 = 108.0 pg/L at 6, 600 and 1500 C/L/min, respectively. No trend in As
removal with CDR at pH 10 was observed. At pH 10, the As:Fe solids ratio was ~7.7 ug/mg across
CDRs (Table 3.2). At pH 7 the final As concentration at 6, 600 and 1500 C/L/min was 0.9 £ 0.4
pg/L, 4.0+ 1.2 pg/L, and 6.2 + 1.5 pg/L, respectively. At this pH, there was a modest trend with
CDR, with decreased removal efficiency as CDR increased. Despite this trend, the EPA-MCL of
10 pg/L was achieved at all CDRs at pH 7. The EPA-MCL was also met for all CDRs at pH 4.
The uptake of As onto the iron precipitates remained at ~9.3 pg/mg across all CDRs at pH 4 and
7 because of the nearly complete As removal in these experiments. However, the MCL was not
met for any CDR at pH 10. Conventional Fe-EC at pH 7 did not meet the MCL of 10 pg/L, with a
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final concentration of about 60 pug/L, six times higher than the MCL. For pH 4 and 7 at a CDR of
6 C/L/min, as well as at pH 4 at 600 C/L/min, the final As concentration was below 1 pg/L in air-
EC.

3.3.3 Removal of Competing Species

The removal of P and Ca were also tracked, which are known to be competitive ions for
adsorption sites on Fe(III) (oxyhydr)oxide surfaces.””!% The initial P concentration in the SCaGW
was 11.2 £ 0.2 mg/L. In air-EC, P removal was found to be about the same at pH 4 and 7. At pH
4, the final P concentration at 6, 600 and 1500 C/L/min was 0.11 £ 0.14 mg/L, 0.03 + 0.04 mg/L,
and 0.04 + 0.04 mg/L, respectively. At pH 7, the final concentrations were 0.05 + 0.05 mg/L, 0.07
+ 0.07 mg/L, and 0.05 £ 0.05 mg/L, at 6, 600 and 1500 C/L/min, respectively. These correspond
to P:Fe solids ratio of ~64 ng/mg at pH 4 and 7, and ~54 pg/mg at pH 10. The poorest P removal
efficiency was observed at pH 10 for which the residual P concentrations were 2.2 + 1.0 mg/L, 1.7
+ 0.7 mg/L, and 1.9 + 0.8 mg/L at 6, 600 and 1500 C/L/min, respectively. No trend in P removal
with CDR at pH 10 was observed. In conventional Fe-EC at pH 7 and at a 600 C/L/min CDR, the
final P concentration was ~300 mg/L.
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Figure 3.4 P and Ca removal from SCaGW as a function of CDR and pH. The total Coulombic dose was 600 C/L.

The initial Ca concentration in the SCaGW was 30.9 + 0.3 mg/L. As seen in Figure 3.4,
the removal of Ca during air-EC treatment depended strongly on pH, with a smaller dependence
on CDR at pH 7 and pH 10. Ca removal was highest at pH 10, with final concentrations of 16.2 +
0.7mg/L, 11.8 £0.9 mg/L, and 13.1 £ 0.7 mg/L at CDRs of 6, 600 and 1500 C/L/min, respectively.
The poorest performance was observed at pH 4, in which final Ca concentrations were 28.7 &+ 3.3
mg/L, 29.9 + 4.5 mg/L, and 29.8 £ 3.3 mg/L for CDRs of 6, 600 and 1500 C/L/min, respectively.
The removal of Ca at pH 7 was intermediate between pH 4 and 10 and displayed a general trend
of increasing removal efficiency when increasing from 6 to 600 C/L/min. Removal did not improve
when increasing from 600 to 1500 C/L/min. At pH 7, the remaining Ca at 6, 600 and 1500 C/L/min
was 24.3 + 1.6 mg/L, 22.3 + 1.5 mg/L, and 22.8 + 0.8 mg/L, respectively. In terms of Ca uptake
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onto the electrolytically generated Fe precipitates, as seen in Figure 3.5, the Ca:Fe solids ratio
increased from ~8 pg/mg to ~99 ug/mg when the pH increased from 4 to 10. At pH 7, the Ca/Fe
solids ratio is 38.3 £13.7,49.9 + 13.8 and 46.7 + 13.5 pg/mg at CDRs of 6, 600 and 1500 C/L/min,
respectively. In conventional Fe-EC experiments, the final Ca concentration was ~28 mg/L at pH
7 at 600 C/L/min. As seen in Table 3.3 there is variability in the Ca:Fe solids ratio across pHs and
CDRs, with a clear trend with greater uptake at highest pH, but no consistent increase or decrease
with CDR. Previous studies have shown competition of Ca with Mn for sorption sites on oxyanion-
rich HFO.!%
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Figure 3.5 P:Fe and Ca:Fe ratios of adsorbed species onto electrolytically generated iron (oxyhydr)oxides for total of
3.1 mM Fe.

Table 3.3 Solids ratio of adsorbed P and Ca species onto Fe solids.

pH 4 pH 7 pH 10
CDR P:Fe Ca:Fe P:Fe Ca:Fe P:Fe Ca:Fe
(ng/mg) (ng/mg) (ng/mg) (ng/mg) (ng/mg) (ng/mg)
6 642+0.8 |12.8+109 |645+03 [383+13.7[523+6.0 |84.7+4.1
600 64602 |57+11.6 |644+04 [499+138 [54.7+4.1 |110.2+£5.0
1500 64.6+03 [64+7.6 64.5+03 [46.7+13.5 |53.7+4.8 [1023+3.9

Table 3.4 Initial molar ratios of various elements to Fe content (3.1 mM) in SCaGW.

As/Fe Mn/Fe P/Fe Ca/Fe Si/Fe Mg/Fe
0.006 0.006 0.103 0.242 0.171 0.332
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3.3.4 X-ray Diffraction of Fe Precipitates

The X-ray diffractograms (Figure 3.6) show that at all CDRs and pHs tested, air-EC
generated highly disordered nanocrystalline iron precipitates. The peak present near 41° 20 for all
conditions is typical for ferrihydrite. The broad peaks for solids generated at 1500 C/L/min for pH
4 and 7 are expected for nanocrystalline particles, which indicates that the short experimental time
scale (24 seconds) did not allow for proper crystallization. The sharpest peaks were found for the
pH 10 sample, including another peak at about 75° 26. This second peak was also found for the pH
7 samples, but was not as distinct. The more resolved peaks in the pH 10 samples may be explained
by the lower amount of As uptake (~7.7 ug As/mg Fe). The lower amount of surface poisoning by
oxyanions in the water matrix may allow for more Fe(IIl) polymerization.”” The sample analyzed
from a conventional Fe-EC experiment at pH 7 also showed a relatively sharp peak at 41° 26,
indicating a more crystalline precipitate than the air-EC samples at the same pH.
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Figure 3.6 XRD of precipitate samples generated in a range of CDRs at a) pH 7, pH 10, and b) pH 4.

3.3.5 Transmission Electron Microscopy of Fe particles

The TEM images (Figure 3.7 and Figure 3.10) show the agglomeration state of the
electrolytically generated Fe(III) precipitates. Particle coagulation into more linear chain-like flocs
is apparent in panels a and b of the electron micrographs. As shown in panels ¢ and d in the figure
below, some of the individual particles appeared to exhibit an angle of ~120 degrees. These
hexagonal platelets are characteristic of two-line ferrihydrite (2LFh), and exhibit slightly coarser
surface texture than typical of HFO particles.!!® This degree of coarseness observed in the
precipitates may indicate some level of long-range order, which is also supported by the LCFs as
discussed in the next section. Previous TEM showed the morphology of the particles generated in
air-EC as smooth spheres with diameter sizes of about 100 nm (Figure 3.8 and Figure 3.9). As
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discussed in previous studies, particles with smooth surface texture indicate nanocrystallinity.'!
There is no presence of lath-like particles, which are representative lepidocrocite (Lpd). As
discussed below, the Fe K-edge EXAFS support the absence of Lpd in the Fe solids.

Figure 3.7 TEM of samples from air-EC experiments conducted at a) pH 7 and 600 C/L/min, and c) pH 4 and 6
C/L/min. Panels b and d are the magnified regions outlined in panels a and c, respectively.

The TEM below shows the iron spherical particles that are rounded and smooth, as opposed
to coarse or lath shaped. The smoothness indicates the low crystallinity of the particles, which
characterizes them as HFO. A more crystalline phase like lepidocrocite would not appear spherical.
Two-line ferrihydrite would appear coarser with its greater crystallinity than HFO. The presence
of phosphate and silicate, particularly phosphate, impedes greater polymerization. These result in
mostly edge-sharing linkage Fe-octahedra, as shown in the XAS. These particles that are round
and smooth indicate a lack of long-range order.!!?
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Figure 3.8 TEM of samples generated in a Synthetic Bengal Groundwater (solution matrix described in Delaire et al.,
2015)'!4. The scale bar for both micrographs is 200 nm. The smoothness of the spherical particles indicates a highly
disordered Fe(III) state.
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Figure 3.9 Size distribution of particles as determined using ImageJ software.
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Figure 3.10 Additional TEM micrographs of particles depicting morphology and chain-like aggregation in Synthetic
Bengal Groundwater. The scale bar across micrographs is 200 nm.

3.3.6 Fe K-edge EXAFS and LCFs

Figure 3.11 shows the Fe K-edge EXAFS spectra for samples generated in pH 7 and 10
conditions at CDRs of 6, 600 and 1500 C/L/min, as well as reference spectra for Lpd, 2LFh, and
HFO. The Fe K-edge EXAFS showed no major effect of CDR on the shape of the EXAFS spectra.
All precipitates appeared to be poorly ordered Fe(III) (oxyhydr)oxides, with much less order than
Lpd. The oscillation at around 4 A™! of all samples follows a similar shape as that of HFO, as
opposed to the more asymmetric peak of the 2LFh reference spectrum.
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Figure 3.11 Fe K-edge EXAFS spectra for selected samples at pH 7 and 10.

HFO is characterized by reduced corner sharing and edge-sharing linkages of Fe-octahedra
compared to 2LFh and Lpd.!'> The Fe polyhedra of 2LFh contain octahedral edge-sharing,
octahedral corner-sharing, and tetrahedral corner sharing with a range of structural coherence near
2 nm.%° None of the pH 7 samples contain the characteristic Lpd peak around 7.5 A™!. However,
there is a small peak at about 7.5 A™! (indicated by an asterisk in the figure) in the pH 10 sample.
As seen in the wet chemical data (Figure 3.3 and Figure 3.5), oxyanion uptake (As and P) was the
least at pH 10. At lower pHs, the oxyanions present in the water matrix would otherwise interfere
during Fe(IIl) polymerization, leading to surface poisoning as those species bind corner-sharing
Fe surface sites.”” The resulting precipitate is characterized by a deficiency in corner-sharing Fe.%
The spectral feature unique to the pH 10 sample may indicate less crystal growth poisoning, as
compared to the pH 7 samples. However, the LCFs (Table 3.5) indicated that across CDRs at pH
7, the solids had a structure consistent with 50% HFO and 50% 2LFh. The same fractions were
found at pH 10 at 600 C/L/min. Despite the subtle peak at 7.5 A™! for the pH 10 spectrum and its
absence in the pH 7 spectra, the LCFs did not yield a major difference among samples.
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Table 3.5 Results of LCFs using the Fe K-edge Chi data.

Sample ID Fraction Fraction Fraction R-Factor
2LFh HFO Lp

pH7 1500 0.51 0.49 0 0.05

pH7 600 0.51 0.49 0 0.05

pH7 6 0.54 0.46 0 0.06

pH10 600 0.53 0.47 0 0.03

3.3.7 Fe K-edge EXAFS Fourier Transform Shell-by-Shell Fits

Fits of the first-shell peak of the pH 7 samples generated by air-EC returned Rre.o values
of 1.97 — 1.98 A and CNr..o values between 5.6 and 5.9 (Figure 3.12 and Table 3.6). The Rre.0
value for the pH 10 sample was the same, but the CNre.0 value was slightly higher at 6.7 = 0.6.
However, this variation was not significant enough to indicate a difference in the structure of the
Fe(Ill)-precipitate. While the shell fits showed Fe—O coordination values of ~6 for all samples
(Table 3.6), the Nre.re for the precipitates generated in the pH 10 and 600 C/L/min experiment was
significantly different than the other samples. This sample showed a higher N of ~2.5 (while ~2.0
for the other samples at pH 7), suggesting a higher degree of Fe—Fe polymerization at pH 10. This
result is also consistent with the more resolved peaks in the XRD pattern of the pH 10 sample
(Figure 3.6). Qualitatively, the second-shell peak of the Fourier-transformed EXAFS spectra also
appears to have a higher amplitude for the pH 10 sample, which is representative of higher Fe—Fe
polymerization. However, for all samples the second shell peak (Fe—Fe) is dampened relative to
Lpd, which was also observed in a study examining the structure of Fe(IIl) precipitates generated
by Fe(Il) oxidation by chemical additions of H»0,.!? The shell-fits of the second peak of all
samples are not consistent with the presence of Fe—Fe corner sharing linkages, which would be
characterized by a ~3.4 A bond length.*
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Figure 3.12 Fourier-transformed EXAFS spectra and shell fits of selected samples. Dashed lines represent data and
solid lines represent the fit.
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Table 3.6 Summary of shell-by-shell fitting results.

Sample Atomic N R(A) ¢’ (A% AEo (eV) | R-factor
Pairs
pH10 600 [Fe-O 6.7 (0.6) 1.98 (0.01) 1 0.010 -44(1.1) 0.016
(0.001)
Fe—Fe 25(03)  |3.03(0.01) |0.012
pH7 600 | Fe-O 5.9(04) | 1.97(0.00) |0.009 50(09) |0.01
(0.001)
Fe-Fe 18(02) |3.05(.01) |0.012
pH7 6 Fe-O 5.6 (0.5) 1.98 (0.01) | 0.009 -3.3(1.1) 0.017
(0.001)
Fe-Fe 22(03)  |3.05(0.01) |0.012
pH7 1500 | Fe-O 5.9(04) |1.97(0.00) |0.009 45009 |0.01
(0.001)
Fe-Fe 18(02) |3.05(0.01) |0.012

3.3.8 Mn K-edge XANES and LCFs

The Mn K-edge XANES spectra of pH 7 and pH 10 samples generated at 600 C/L/min are
shown in Figure 3.13 along with reference materials. The pH 4 samples were not included as there
was no uptake of Mn under those experimental conditions. While the peak of the absorption edge
for all samples align with the Mn(II) reference spectrum, the shoulder at higher X-ray energies in
the samples are consistent with the presence of high-valent Mn species (i.e., Mn(Ill)). The LCFs
indicated that Mn was taken up primarily as Mn(II), with a lower fraction of Mn(III), at 59% and
41%, respectively, at pH 7 and 600 C/L/min. These values were similar at pH 10 and 600 C/L/min
with 56% and 45% for Mn(II) and Mn(I1I), respectively. No Mn(IV) was detected by the LCFs for
any sample. The LCFs of the conventional Fe-EC sample (coded as “pH7 600 EC”) indicated
poorer Mn(II) oxidation, with only 28% present as Mn(III), consistent with the higher oxidizing
environment in air-EC.
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Figure 3.13 Mn K-edge XANES spectra. Vertical dashed lines are placed on the absorption maximum of each
reference mineral spectrum.

Table 3.7 Summary of the Mn K-edge XANES LCFs.

Sample ID Fraction Fraction Fraction R-
Mn(II) Mn(II) Mn(dV) Factor

pH7_600 0.59 0.41 0.00 0.032
pH7 600 EC  0.72 0.28 0.00 0.005
pH10_600 0.56 0.45 0.00 0.031
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3.3.9 As K-edge XANES and LCFs

The As K-edge XANES spectra are shown in Figure 3.14. The position of the absorption
maximum of the samples match that of As(V) adsorbed to 2LFh. As such, the spectra indicate that
in the air-EC experiments at all pHs and CDRs, As(Ill) was effectively oxidized to As(V).
However, in conventional Fe-EC (coded as “pH7 600 EC”) complete As(III) oxidation was not
achieved, as can be observed by the two peaks aligning with both As(IIl) and As(V) reference
spectra. The LCFs (Table 3.8) indicated that in air-EC, most of the surface-bound As (~100%)
existed as As(V). In conventional Fe-EC, the majority of As was present as As(IIl) at 62%, with
only 39% present as As(V). Regarding As oxidation state, there were no significant deviations
with pH or CDR when using air-EC.

AsV_Ads_Fh

Aslll_Ads_Fh

pH7_600_EC

pH10_600

pH7_600

Normalized Fluorescence

pHA_600

pH7_1500

11860 11875 11890
X-ray Energy (eV)

Figure 3.14 As K-edge XANES spectra. Vertical dashed lines are placed on the absorption maximum of each
reference spectrum.
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Table 3.8 Summary of the As K-edge XANES LCFs.

Sample ID Fraction Fraction R-Factor

As(V) As(IIT)
pH7 600 EC 0.39 0.62 0.001
pH7 600 1.03 0.00 0.002
pHI0 600  0.99 0.02 0.002
pH4 600 1.04 0.00 0.004
pH7 6 1.01 0.00 0.002
pH7 1500  1.03 0.00 0.002

3.3.10 As K-edge EXAFS Fourier Transform Shell-by-Shell Fits

All the samples across pH and CDR values were similar in terms of coordination number
and interatomic distances for the As—O and As—Fe shells (Figure 3.15). The Nas.o was ~5 and the
Ras-0 was ~1.70 for all samples, as shown in Table 3.9. For the second shell, the Nas.re was ~2.5
for all samples. While the pH 10 sample had a lower fit-derived Nasre, this value was not low
enough to be considered statistically different than the other samples. For all samples the Ras.re
was ~3.3 A, although there were some subtle differences in the longer Ras.re of the pH 10 sample
(3.32 A) compared to the pH 7 samples (3.25 — 3.26 A). An Rasrenear 3.3 A has been identified
in previous studies to be due to As(V) bound in a binuclear, bidentate inner-sphere complexes with
the electrolytically generated Fe(III) (oxhydr)oxides.>®
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Table 3.9 Summary of shell-by-shell fitting results for As.

Sample Atomic Pairs | N R(A) o2 (A?) AEg (eV) | R-factor
2-Line As—O 3.4(0.4) |1.79(0.00) |0.003(0.001) | 11.0(0.1) |0.036
Ferrihydrite -
Adsorbed | As—0-O 6 3.26 Sig (As—O)
As(I1I) As—Fe 1.5(0.4) |2.94(0.02) |0.01
2-Line As—O 52(0.5) |1.69(0.01) |0.005(0.001)|5.3(1.7) |0.021
Ferrihydrite -
Adsorbed | As—0-O 12 3.08 Sig (As—0)
As(V) As—Fe 1.9(0.6) |3.28(0.02) |0.01
pH10 600 | As—O 5.0(0.4) |1.70(0.01) |0.004(0.001) | 5.3 (1.5) |0.018
As-0-O 12 3.09 Sig (As-0)
As—Fe 1.7 (0.6) |3.32(0.03) |0.01
pH7 600 | As—O 4.9 (0.4) |1.69(0.00) |[0.003(0.001){5.2(1.5) |0.016
As-0-O 12 3.08 Sig (As—O)
As—Fe 2.7(0.6) |3.25(0.02) |0.01
pH4 600 | As—O 52(0.5) |1.69(0.01) |0.003(0.001) |5.4(1.6) |0.020
As-0-O 12 3.08 Sig (As—O)
As—Fe 2.5(0.7) {3.29(0.02) |0.01
pH7 6 As—O 4.7 (0.4) | 1.69(0.00) |0.003(0.001)|5.6(1.5) |0.016
As-0-O 12 3.09 0.003
As—Fe 2.2(0.6) |3.26(0.02) |0.01
pH7 1500 | As—O 52(0.5) |1.69(0.01) |0.004(0.001) | 4.1 (1.8) |0.023
As-0-O 12 3.08 Sig (As—0)
As—Fe 2.5(0.7) |3.26(0.02) |0.01
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3.4 Discussion
3.4.1 Fe Phase Generated in SCaGW as a Function of pH and CDR

The Fe K-Edge EXAFS spectra (Figure 3.11) showed a subtle qualitative difference in line
shape (small peak at 7.5 A™") for the pH 10 sample spectrum, as compared to the pH 7 spectra.
However, the LCFs (Table 3.5) indicated that there were no significant differences across the
samples. The slightly higher CNge.0 for sample 10 (~6.7 as opposed to 5.6 to 5.9) was also not
sufficiently significant to describe different Fe(Ill) precipitate structures. For the Fe data, only
poorly ordered solids were observed as a result of polymerization in the presence of a complex
groundwater containing bivalent cations and oxyanions.””!'* This disorder is also indicated by the
characteristic broad peaks in the XRD (Figure 3.6) representative of HFO across pH 4, 7 and 10
samples at all CDRs. At pH 10 the diffractograms exhibit more resolved peaks with a noticeable
peak at around 80° 20. These features were not observed in the other pHs, which indicates a less
disordered structure at pH 10.

However, the high concentration of Fe (3.1 mM) dosed into the system yielded ratios of
oxyanions and bivalent cations that were quite small. Phosphate and silicate, which typically
inhibit polymerization and yield oligomers, were not present at a high enough ratio with respect to
the total solid that would significantly impact the structure. Kaegi et al., 2015 had found that HFO
was formed at Si/Fe ratios >0.5.!"3 In this present study, the maximum ratio was 0.2 (Table 3.4).
These smaller ratios may allow for a lower degree of nanocrystallinity, as can be seen in the LCFs
of the Fe EXAFS (Table 3.5), in which there is a significant presence of 2LFh in addition to HFO.
As such, these results indicate the presence of the less nanocrystalline structure, 2LFh, in addition
to highly disordered HFO.

The wet chemical data show much less As adsorption onto the solids, with up to a 19%
decrease in the As:Fe solids ratio from pH 4 to pH 10 (Figure 3.3). The decrease in As removal
can be explained by the change in the surface charge of the Fe(IIl) precipitates past its reported
point of zero charge (PZC), which has been reported as 7.8.!'¢ Consistent with the behavior of As
removal, P removal worsened from pH 4 to pH 10 (Figure 3.4), with the P:Fe solids ratio
decreasing from 65 to 54 pg/mg (Table 3.3). It has been reported in previous studies how the
presence of oxyanions like As(V) and P will disrupt polymerization of Fe(IIl) precipitates,
resulting in nanocrystalline shorter-ranged structures.®’ As such, with less adsorption of As onto
the solids at pH 10, a more-ordered average Fe bonding environment (but still highly
nanocrystalline) was expected.

Lower efficiencies of H>O, production at low CDRs% indicate that Fe(II) may not only be
oxidized by H>O», but also by the dissolved oxygen. This low CDR signifies a longer treatment
time of 100 minutes for the 600 C/L dose. As such, there is a greater reliance on dissolution of
atmospheric O, during Fe(0) electrolysis. This was a major difference between the Fe precipitates
generated at faster CDRs of 600 and 1500 C/L/min, for which the reaction times were only 1 min
and 24 sec, respectively. Another influence from the long reaction time would be higher CO»(g)
equilibration, especially at pH 4 at which COx(g) exsolution would be higher. CO>(g) dissolution
and exsolution at the higher CDRs is not expected to be significant at such short electrolysis times.

Moreover, the Fe(Il) production rate is directly affected by the CDR of 6 C/L/min, which
corresponds to 0.03 mM/min, a rate that is about 100 and 250 times slower than the production
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rates at 600 (3.11 mM/min Fe(Il)) and 1500 C/L/min (3.11 mM/min Fe(II)), respectively. The fast
rate of Fe(Il) production and such fast oxidation kinetics also does not allow for ordered species
(600 and 1500 CLM occurred within 1 min and 24 seconds, respectively). When compared to
Fe(Il) oxidation by DO, the presence of H>O: speeds up the reaction by over four orders of
magnitude.>!%!7 Previous studies showed that highly disordered Fe(Ill) phases are generated
from Fe(II) oxidation with H>O.. This was observed in previous studies in the difference between
the Fe precipitates being generated when Fe(II) oxidation relies on H2Oz instead of O,.102:103.118

3.4.2 Effect of pH and CDR on Mn removal

The XANES data (Figure 3.13) showed that the Mn in the solid phase was found mostly
as Mn(II) phase at ~60%, but with also a large component of Mn(III) at ~40% at pH 7 and 10
(Table 3.7). Compared to the complete oxidation of As(III), these results indicate that Mn(II) is
not a strong competitor for the reactive oxidant species generated in the system. The increase in
Mn(II) removal efficiency with increasing pH (and lack of removal at pH 4) can be explained by
concurrent surface phenomenon as well as by the role of the reactive intermediates across pH
levels. The type of oxidant can be attributed mostly to -‘OH at pH 4, and more dominantly by
Fe(IV) at pH 7 and 10.'%? The negative surface charge above the PZC of the oxyanion-rich Fe(III)
solids enhances the removal of positively charged Mn(II) at high pH. However, the same fractions
of Mn(IT) and Mn(III) at pH 7 and pH 10 indicate that the reactive intermediates generated are able
to oxidize a fraction of Mn(II) in solution.

As a result of incomplete Mn(II) oxidation, Mn(II) sorption onto Fe(Ill) precipitates
appears to be a dominant removal mode in air-EC. This interpretation is justified by the data
showing increased removal with increasing pH, where surface-bound Mn would be highest. This
removal mode is enhanced even more in conventional Fe-EC where only ~30% of Mn(II) was
oxidized to Mn(III). A previous study investigating the reaction products of electrocoagulation
systems found Mn(Ill) to be partially incorporated into electrolytically generated Fe(III)
precipitates in solutions containing bivalent cations and oxyanions, when Mn(II) was oxidized by
0, and HOCL.! A separate study also suggested Mn removal through Mn(III) substitution for
Fe(III) octahedra in the Fe(II) coprecipitates.'® Mn(III)-incorporated HFO is a possible partial
uptake mechanism in air-EC, but the data presented in this present study does not provide evidence
for this local coordination.

In contrast to a previous study that found CDR to play a significant role in Mn(II) oxidation
efficiency'?, in air-EC there exists only a subtle trend at pH 7, with Mn(II) removal increasing
from 6 to 1500 C/L/min (Figure 3.2b). The previous study also found Mn(II) to be an important
sink of reactive oxidants in a NaCl background electrolyte or HCO3™ buffer. However, in this
present study, complete oxidation of Mn(II) was not achieved in the presence of bivalent cations,
oxyanions, and NOM. Similar to the previous study, a higher fraction of Mn(Il) was oxidized to
Mn(III) in the air-EC (which generates H,O, in-situ) as opposed to conventional Fe-EC that relies
on the modified Fenton reaction. However, the iron production rates in air-EC (30 — 7770 uM/min)
were 6 to 155 times higher than operating conditions in conventional EC (where the iron
production rates were 5 — 50 uM/min). Also, the total Fe dose in this current study was 3.1 mM,
about 16 times greater than the 200 uM dose in the previous study.
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3.4.3 Effect of pH and CDR on As removal

The As K-edge XANES data (Table 3.8) indicate that complete As(IIl) oxidation was
achieved for all CDRs and pH, with only As(V) present, suggesting that As(IIl) more strongly
competes for reactive oxidant species than Mn(II). As seen through the wet chemical data (Figure
3.2a), As removal decreased as pH increased. The worse removal at pH 10 cannot be explained by
dissolved iron passing through 0.2 pm filters. It was observed that more dissolved iron was present
in filtered samples at pH 4, at which As removal was best. The dissolved iron passing through
filters was less than 5% of total iron in solution at the end of electrolysis. As argued in the section
above, As removal is not as effective at pH 10 likely due to the negatively charged Fe(III)
precipitates past its PZC and consequent electrostatic repulsive forces against negatively charged
As-oxyanions.

Delaire et al., 2017 found that the CDR in conventional Fe-EC impacts the process limiting
As removal (i.e., As(V) adsorption or As(III) oxidation) depending on the pH.”* At pH 7 there
appears to be the most clear trend with CDR. For As removal with air-EC, increasing CDR
decreases removal efficiency, despite increases in H2O2 production efficiencies with increasing
CDR.% Regardless, As(IIl) oxidation does not change across CDR (Figure 3.14). The total dose
of 600 C/L is high enough and the adsorption sites are sufficiently available for As adsorption to
take place. The Fe, Mn and As XAS data were similar for all samples, suggesting similar removal
pathways, regardless of pH and CDR. While the reactive intermediates generated vary according
to pH,>"12 the Fe phase and Mn and As species in the reaction products were consistent across the
probed samples.

3.4.4 Technical and Environmental Implications

The results of this study suggest that air-EC is adaptable to the needs of a particular
community, whether in rural California or Southeast Asia. The way in which As is adsorbed to the
electrolytically generated iron (oxyhydr)oxides does not change across the dosage rates (6, 600,
1500 C/L/min). A system located in a community with intermittent grid power may choose to
operate the system at a higher throughput to quickly treat the required volume to serve their
community. Alternately, air-EC could be also powered by solar P.V. cells. Under these conditions,
the system may be constrained to a smaller current, and thus may be limited to a lower CDR or
long electrolysis times.

As(IIT) was selected as the species of As to remove in order to challenge the system and
demonstrate its efficacy across the operating conditions. However, real California aquifers do not
typically contain such high concentrations of only As(IIl). For water systems out of compliance,
concentrations may only be slightly higher than 10 pg/L, and the speciation of As may include a
significant amount of As(V). In these environments, the As(III/V) species would pose less
competition for the reactive oxidant species in the reactor. Moreover, if a groundwater source
contains mostly As(V), a low CDR, which has a lower H>O> production efficiency, will still allow
for effective removal without dependence on reactive oxidant species. Under these conditions it
may also be acceptable to yield a lower residual of H>O; in the product water.

Air-EC is a promising system to treat high levels of As and Mn in drinking water sources.
While this study suggests that air-EC can work as an effective modular electrochemical system for
removal of both As(IIT) and Mn(II) removal, the removal efficacies for As and Mn depend on the
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pH with inverse trends. These inverse trends of As and Mn removal efficacy suggest that pH levels
should be constrained to circumneutral pH levels. Furthermore, treatment at circumneutral pH
showed no drift in the pH, which avoids post-pH adjustment steps that would otherwise be required
in field treatment. However, a challenge remains at pH 7 in which Mn (starting with 1000 pg/L)
was not lowered to below its secondary MCL (of 50 pug/L). Increasing the iron dose may not be
the optimal solution, as the increased sludge generation can become a barrier to scale-up. Field
testing would require selecting the minimum dose, below the ~170 mg/L of Fe selected for this
study, to generate less sludge per treated volume. Additional treatment steps post-
electrocoagulation, such as oxidative filtration, may be required to lower Mn concentrations below
the standard.

Future work should investigate high Mn(II):As(III/V) ratios to probe the different removal
pathways. Reducing the Fe dose may reveal underlying reaction pathways that were not observed
due to potential autocatalytic oxidation on Fe(IIl) surfaces. Furthermore, the stability of the As-
and Mn-laden Fe precipitates and leachability in realistic disposal conditions remains to be
investigated.
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Chapter 4. Investigating Performance of Modified Gas Diffusion
Layer in Air-EC

4.1 Introduction

In a new paradigm for water systems, experts have envisioned a decentralized approach to
water treatment considering both the individual household and community scale needs.!!” This
alternative approach can provide more utility and empowerment to each community facing water
quality challenges. Electrochemical water-treatment technologies may accelerate and allow this
shift in thinking on water systems. Electrochemical systems can be designed to handle different
types of water sources, are easily modularized, and may be integrated within existing treatment
trains or function as standalone systems. '

In advanced oxidation processes (AOPs) for water treatment, the use of H>O» as an oxidant
has various advantages, such as being environmentally friendly with only water and oxygen as
decomposition products.'?! However, the primary mode of H,O: production is currently through
the anthraquinone process which demands large infrastructure and results in large amounts of
organic waste products.'?>"12* Another approach to generate H>O> is through directly synthesizing
with a hydrogen and oxygen mixture in the presence of catalysts, but is a potentially explosive
process.'? The high volumes of concentrated (70 wt %) H>O, that are transported from centralized
facilities also present a safety hazard. A decentralized approach to H,O> production is desirable in
order to avoid the use of stabilizers preventing H>O, decomposition, to generate concentrations
that are more useful for the particular application (e.g., <0.1 wt% for water treatment), and to
minimize accidents during transportation. 26127

The electrochemical production of H2O: through a fuel cell configuration, has been
explored as a safer and decentralized approach, and has been reported for treatment of acidic
wastewaters containing persistent organic pollutants.'?®!?° The process follows a two-electron
reduction of oxygen (Equation 1), known as the oxygen reduction reaction (ORR), at the cathode
to produce H,0» with a standard redox potential (E°) of 0.68 V/SHE.!*°

1. O,+2e”+2H* - H,0,

However, the materials used as the cathode, such as noble metals like palladium (Pd) and
gold (Au), are scarce and expensive. Moreover, carbon-based materials, such as carbon felt, and
carbon sponge are abundant and stable throughout operation, but may have low H>O» generation
efficiencies.!?>!*® For effective water treatment applications, the carbon-based material must be
characterized with high selectivity for the 2e” ORR, low amounts of H>O, decomposition, and
sustained stability.!3°

Gas diffusion layers (GDLs) using carbon materials have proved to be effective options for
high yields of ORR. Prior GDLs relied on the aeration of the electrolyte or direct pumping of
oxygen through the electrode, resulting in high energy consumptions and subsequent increased
operation costs. While GDLs, or air cathodes, have been reported in Microbial Fuel Cells for
wastewater treatment for about the past two decades, their use in geogenic contaminant removal
(such as arsenic) has only recently been reported.!2%-63:66

Much of the literature on electrochemical arsenic removal reports on iron
electrocoagulation (Fe-EC), which has been shown to be an effective remediation technology both
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at bench- and pilot-scale.’*719%13! Field studies of Fe-EC have reported on the formation and
growth of macroscopic surface layers on the iron electrodes, which negatively impact the anodic
dissolution of Fe?" and subsequent ionic diffusion into the bulk.”®!*? It was found that the
formation of a surface layer containing calcite and Fe(Ill) precipitates caused the Faradaic
Efficiency (FE) of Fe?* production to decrease to about 10% (while FE is reported at >85% in the
absence of these surface layers).!** The presence of Fe and other bivalent cations and oxyanions,
may cause similar performance issues at the GDL when adapted to an Fe-EC process.

To exploit the in-situ production of H>O; for effective removal of contaminants that rely
on Fenton-type reagents, a carbon-based GDL, or air cathode, was incorporated into a Fe-EC
system. The GDL was further modified with carbon black (CB) and graphite layers to enhance the
favorable catalytic reactions for H>O> production. Also, this air-EC configuration enhances oxygen
transfer through its catalytic interface without additional aeration.'?*!** In this work, the impact of
air-EC operating conditions in a complex synthetic groundwater matrix on cathode performance
was investigated. Various characterization techniques, including Scanning Electron Microscopy
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS), were used to elucidate morphological
attributes of the GDL base, newly modified- and used cathodes, and respective atomic
compositions. Synchrotron-based X-ray absorption spectroscopy and X-ray fluorescence mapping
were performed to obtain the elemental distribution and chemical speciation of iron and calcium
present on the cathode after use in the air-EC system. Raman Spectroscopy and X-ray
Photoelectron Spectroscopy (XPS) were employed to offer potential mechanistic explanations for
efficiencies and losses in H,O> production.

4.2 Materials and Methods

4.2.1 Cathode Fabrication

A carbon fiber paper (AvCarb P75T, FuelCell Store) was used as the GDL base for further
modification. This material is treated with polytetrafluoroethylene (PTFE) at 13 wt%, and has a
nominal thickness of 0.255 nm.!*> The carbon material was cut into 100 cm? squares and 600 mg
of graphite powder (synthetic, conducting grade, -200 mesh, 99.9995% purity, Alfa Aesar) was
mixed with 2 mL of a PTFE preparation, 60 wt% dispersion in H2O (Aldrich, CAS 9002-84-0).
Each modified cathode was prepared as follows. A paint brush was used to cover the prepared
slurry on one side of the carbon fiber paper and was allowed to dry for 20 minutes at room
temperature. Afterwards, this “air-facing” side was sintered at 350 °C for 40 minutes. The carbon
fiber paper with the applied graphite slurry was taken out of the furnace and allowed to cool for
20 minutes. A mixture of 150 mg of carbon black (CB) (Black Pearls 2000, Cabot, CAS 1333-86-
4), 83 uL of PTFE solution, and 2.917 mL of 1-propanol (Acros Organics, CAS 71-23-8) was then
painted on to the “water-facing” side, followed by 20 minutes of air drying and subsequent 40
minutes of sintering at 350 °C. This preparation method is described in Barazesh et al., 2015. The
air cathode was allowed to cool to room temperature before electrolysis experiments. The cathodic
active area in experiments was 64 cm?.

4.2.2 Faradaic Efficiency Tests

The Faradaic Efficiency (FE), or how efficiently the charge transferred is directed towards
the desired reaction, of H,O» production was selected as a performance metric for the cathode in
air-EC. The FE of the air cathodes was determined from the following equation:
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2. FE = X 100%

in which n is the number of electrons (2) transferred for the oxygen reduction reaction (ORR) to
occur, F is Faraday’s constant (96,485 C/mol), V is the reactor volume in L, Cu202 is the H2O»
concentration in mol/L, I is the current (A), and t is time in seconds.

To measure the FE of cathodic H2O2 production, a 1 mL volume of sample was taken from
the catholyte and mixed with 2 mL titanium (IV) oxysulfate solution (Sigma Aldrich, CAS 13825-
74-6). Depending on the H20: concentration, this forms varying degrees of yellow tinted
solutions. A colorimetric method, as described in Barazesh et al., 2015, was used to measure the
concentration of freshly generated H>O,. These measurements were performed with a Hach DR
6000 UV-spectrophotometer and the titanium sulfate method to measure the absorbance at
wavelength 405 nm.

The initial and final FE of each cathode (at new and used states) were measured at
coulombic dosage rates (CDRs) of 6, 600, and 1500 C/L/min as batch processes, corresponding to
current densities of 0.20, 20.3, and 50.8 mA/cm?, respectively. The tests conducted at 600 and
1500 C/L/min were performed for a total dose of 600 C/L, corresponding to electrolysis times of
1 min and 24 sec, respectively. The tests conducted at 6 C/L/min were performed only up to 100
C/L, corresponding to an electrolysis time of 16 min 46 sec, to decrease the contact time of the
cathode with the high ionic strength solution as a preventative measure on early precipitation of
salts onto the cathode.

4.2.3 Reactor Configurations

The air-EC system was operated as either a two-chamber or single-chamber batch reactor,
employing a single modified GDL (as described above) as the cathode. The electrochemical cell
(Figure 4.1) was assembled using high density polyethylene (HDPE) plates to hold a total volume
of 260 mL with an anion exchange membrane (AEM) (FuMA-Tech, Fumasep FAS-PET-130)
separating the catholyte (130 mL) from the anolyte (130 mL).** While AEM:s are characterized by
positively charged functional groups, proton transport can still occur.!’® A titanium frame
surrounds the cathode, serving as a current collector. A mixed metal oxide (MMO) electrode
composed of Ir-O2 and Ru-O> was selected for its use as an inactive anode and high catalytic
activity for water oxidation across wide current densities without substantially increasing cell
voltages.'3”13 This two-chamber system was only used to conduct FE experiments, to measure
cathode H>O» production efficiency at new and used cathode states. Also, the AEM prevents the
H>O> generated at the cathode from reacting at the anode. Moreover, an Fe anode was not
necessary to be used in the two-chamber system, which would otherwise cause quick fouling of
the AEM from the precipitates that would form within the anolyte.

To operate the system as a single chamber system, the AEM was removed and the MMO
electrode replaced with a low-carbon steel (1006—1026 steel grade, McMaster-CARR), to allow
for the anodic dissolution of Fe and subsequent reactive precipitate formation for contaminant
removal, as described in the companion study (Chapter 3). The newly modified- and used cathodes
were characterized before and after prolonged use, respectively, in the single chamber system.
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Figure 4.1 Digital photographs of a) front view of air-EC reactor showing the air-facing (graphite layer), the
titanium current collector, and 10 bolts, washers, and wing nuts, b) back view of reactor comprised of a HDPE plate
fitted with 10 bolts and washers, and the MMO anode, c) top view of reactor showing the modular components
tightened together with gaskets between each HDPE sheet to create a leak-proof system. The flexible light-yellow
material in the middle is the AEM that creates a two-chamber system.

4.2.4 Electrolyte Compositions

A conductive solution for the HoO, FE experiments consisted of 15.6 mM Borate Buffer,
100 mM NacCl, 200 mM NaClO4, and 500 mM NaxSOa. A 1.25 M Borate Buffer solution was first
prepared by adding 23.84 grams of B4Na>O7-10H20 (Fisher Bioreagents, CAS 1303-96-4) and
61.83 grams of H3BOs3 (Fisher Chemical, CAS 10043-35-3) in 1 L of Milli-Q water (18.2 mQ-cm
at 25 °C). Additionally, 1 M stock solutions of NaCl (Alfa Aesar, CAS 7647-14-5), Na>xSO4 (Alfa
Aesar, CAS 7757-82-6), and NaO4Cl-H>O (Fisher Chemical, CAS 7791-07-03) were prepared. A
30% H2O> solution (Sigma-Aldrich, CAS 7722-84-1) was used as a standard for the calibration
curves.

In a companion study (Chapter 3), a series of As(III) and Mn(II) removal experiments using
air-EC were performed in a synthetic California groundwater containing 2 mM HCOs3", 0.75 mM
Ca?", 0.32 mM P, 1.03 mM Mg?*, 0.06 mM NOs", 10.41 mM SO4+%, 0.02 mM Mn?", 0.02 mM As,
and 3 mg/L fulvic acid.

4.2.5 Cathode Characterization

Scanning electron microscopy (SEM) was used to observe changes in morphology of the
cathode surface before and after the addition of catalysts, and after 40 batch experiments in the
synthetic California groundwater. This corresponds to 4260 Coulombs passing through the active
area of the cathode (~70 Coulombs/cm?) exposed to synthetic groundwater, and a total of 6190
Coulombs passing through the electrode (~100 Coulombs/cm?) including the pre- and post- FE
testing in the Borate Buffer solution. A Zeiss-EVO scanning electron microscope was used in high
vacuum mode at 20 kV, and backscatter electron (BSE) detectors were also used for energy
dispersive x-ray spectroscopy (EDS) analyses for better identification of the main elements of each
sample. A PANalytical X’Pert PRO MPD with a Co X-ray source was used to collect X-ray
diffractograms. Moreover, a Horiba LabRAM Aramis Raman microscope with a 532 nm laser
wavelength was used to identify the D and G modes of the cathode samples. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a Thermo Scientific K-Alpha XPS
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apparatus, monochromatic Al K(alpha) source, and a flood gun for charge compensation.
Background subtraction, normalization, and multiple peak fitting of the Raman and XPS spectra
were performed using OriginPro 2022b software (OriginLab Co., Northampton, MA, USA).!%’

Synchrotron-based X-ray fluorescence microprobe measurements were conducted at ALS
XFM 10.3.2 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory
(LBNL), Berkeley, CA, USA.'* Micro-focused X-ray fluorescence (uXRF) mapping of calcium
(Ca) and iron (Fe) was performed 100 eV above the Ca and Fe K-edges (4138 eV and 7210 eV,
respectively) with the sample placed at 45° to the incident beam. Maps were acquired using pixel
sizes of 20x20 pm (coarse mapping) and 5%5 um (fine mapping) with a dwell time of 0.26 ms. To
determine the chemical speciation of calcium, micro-focused x-ray absorption near-edge structure
(LXANES) spectra were recorded in QXAS mode on specific regions of the samples, using a
Si(111) monochromator. Spectra were calibrated using a gypsum (CaSO.) standard with a main
peak set at 4049.77 eV. All data were recorded in fluorescence mode in ambient conditions with a
7-elements silicon drift detector (Canberra/Mirion). All data were processed using a suite of
LabVIEW programs (National Instruments, Austin, TX, USA) available at beamline 10.3.2.

4.3 Results and Discussion

4.3.1 Faradaic Efficiencies for H202 Production

Initial FE values of newly prepared cathodes were found to be 81 + 4%, 80 + 4%, and 28
+ 1% for CDRs of 1500, 600 and 6 C/L/min, respectively (Figure 4.2). At the highest FE, the H>O>
concentration was ~2.51 mM, and ~0.87 mM at the lowest FE. After performing a series of
experiments, the cathode was characterized with efficiencies of 37 + 3%, 41 + 3%, and 9 + 4% for
1500, 600 and 6 C/L/min, respectively. These values correspond to ~0.26 mM to ~1.27 mM H>0O»
for the lowest and highest FEs, respectively. Moreover, these values signify about a 40% decrease
in FE for CDRs of 1500 and 600 C/L/min, and about a 20% decrease for the 6 C/L/min CDR.

FE results at less than 100% may be due to parasitic reactions at the surface of the cathode,
disproportionation of H,O» to Oz once in the bulk solution, or oxidation of H>O; at the anode.'*
Equation 3 below shows the competitive 4e” reaction that can occur and Equations 4 — 7 below
show reduction of H>O»> at the cathode surface and the disproportionation reaction:

3. 0,+4H" + 4e~ > 2H,0
4. H,0,+2H" +2e~ - 2H,0
5. 2H;0, — Oy + 2H,0
6. H,0, > HO '+ H" + e~
7. HO ;> 0, +H* + e~
The much lower FE, at both new and used conditions, can be explained by H>O» reduction
occurring at the surface of the electrode, as the AEM prevents interactions at the anode. Moreover,
at low CDRs, or low potentials, O — O dissociation of H>O; faces a large kinetic barrier.!?” The 2¢
reduction pathway includes OOH* as the sole intermediate prior to H,O» formation.!*! The
conversion of H>O> to -OH has been observed as a possible degradation route in previous
studies'?*, but the data presented here cannot confirm that mode.
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Figure 4.2 Comparison of FE for H>O, production in air-EC of new and used cathodes operated at three selected
dosage rates (1500, 600 and 6 C/L/min).

The initial pH and DO values of the buffer solution used for FE tests were 7.92 + 0.04 and
9.45 + 0.51, respectively. As seen in Figure 4.3, in in the new cathode condition, the catholyte pH
increased to 8.35 £ 0.01, 8.92 + 0.03, and 8.91 = 0.04 at CDRs of 6, 600, and 1500 C/L/min,
respectively. A similar change in pH was observed for the used cathode condition. The pH increase
was expected as the ORR is a proton consuming process that yields alkaline environments
(Equation 1).'*? Also, the maximum final pH recorded was around 9, much below the pK, of H,0»
at 11.64 (with the conjugate base being HO>", hydroperoxide ion).!** As such, the 1 unit increase
in pH would not pose as a detriment to the F'E due to deprotonation. On the other hand, at 6, 600,
and 1500 C/L/min, the anolyte chamber pH decreased to 3.69 + 0.02, 2.98 £ 0.13, and 3.01 = 0.02,
respectively, for the new cathode condition (Figure 4.3). This behavior was also observed in the
used cathode condition, except at 6 C/L/min, at which the pH was almost 4 units higher than the
new cathode results. While the catholyte and anolyte chambers become alkaline and acidic,
respectively, during regular operation of the air-EC system without an AEM, initial circumneutral
pH did not show to fluctuate during treatment.%®
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Figure 4.3 pH and DO values of catholyte (squares) and anolyte (triangles) chambers for new (blue-colored
markers) and used (orange-colored markers) cathodes at the end of electrolysis. The dotted line represents the initial
average pH and DO values of the electrolyte. In panel a, the orange triangle markers are slightly shifted in the x-axis
to make the blue markers visible.

Moreover, there was a slight increase in DO from the average initial concentration in both
the new and used catholyte chambers, but no trend was observed with CDR. The final DO values
for the new cathode condition were 11.23 £0.92 mg/L, 11.52 £0.12 mg/L, and 10.76 + 0.86 mg/L
for CDRs of 6, 600, and 1500 C/L/min, respectively. This increase in DO can be explained by
Equation 3, disproportionation of H>O> on the cathode itself. The final DO values for the used
cathode condition were slightly lower at 8.54 + 1.5, 10.59 £ 0.21, and 9.83 £ 0.19 mg/L for 6, 600,
and 1500 C/L/min CDRs. This decrease in final DO may be due to less H>O> production yielding
less decomposition into Oy, particularly at 6 C/L/min, which resulted in a final DO less than the
initial solution value. The anolyte DO concentration increased to quite high values, above 13 mg/L
for all CDRs and in both new and used cathode conditions. An explanation for this increase would
be the oxidation of H2O to form O3 on the mixed metal oxide anode, which has been observed as
a parasitic reaction in Fe-EC systems.!**!* However, the decomposition of H>O to O does not
offer an explanation as the AEM does not allow H>O; into the anolyte chamber.

4.3.2 Macroscopic Surface Layer Properties

Figure 4.4 shows pictures of the carbon fiber paper purchased as a GDL base, the modified
GDL with carbon black (CB) and PTFE post-sintering, and a used cathode. The purchased GDL
base had lightweight and flexible qualities, somewhat similar to conventional printer paper. In the
process of cutting the larger sheets to smaller area needed for further modification, tearing would
occur if insufficient care was taken. The process of applying the additional CB (water-facing side)
and graphite (air-facing side) layers made the surfaces somewhat non-uniform. As seen in panel b
below, the edges appeared to contain less CB. This was due to the masking tape used to fasten the
carbon paper to the bench surface. While the entire cathode was 10 x 10 cm?, the actual active area
exposed to the electrolyte was only 8 x 8 cm?. As such, the quality of the edges in the picture did
not impact performance of the reactor.
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Figure 4.4 Digital photographs of the a) as-purchased carbon fiber paper, b) a newly modified cathode (the CB
water-facing side), and c) a used cathode after a 40-experiment series, as representative samples for various
characterization techniques.

However, the active area of the cathode visibly showed some heterogeneity due to the
application of the CB and PTFE slurry with store-bought paint brushes. The degree of apparent
clumps of CB/PTFE may also vary across the prepared cathodes. However, the similar FE values
across cathodes indicate that our fabrication approach allows for reproducibility of initial cathode
performance. Moreover, the used cathode had a visible orange layer, like the color of the iron
precipitates generated at the anode during electrolysis (when operating as a single chamber
system). There was a greater accumulation of the orange layer at the top corners of the cathode,
which are closer to the electrolyte and atmosphere interface. There is a lighter yellow and white
tint below the right corner, which suggests a different mineral or salt that has deposited on the
material. To a lower degree, there was also accumulation of the orange particles on the lower
corners of the cathode. There also appeared to be some scratches in the middle of the cathode,
which were likely due to the overhead stirrer used during experiments occasionally grazing the
electrode surface. Other than these factors, there was no observed evidence of major mechanical
degradation of the used cathode, or of its CB and graphite coatings.

4.3.3 Impact of Modification and Use on Morphology and Atomic Composition

Figure 4.5 shows micrographs of carbon fiber paper, new cathode, and used cathode. The
as-purchased carbon fiber paper was shown to comprise disorganized fibers stacked and
interwoven to create large pores in the matrix that allow for O, diffusion. Applying the CB and
PTFE in the modification process caused those macropores to be filled in with the slurry. However,
there still appears to be a degree of microporosity to allow Oz exchange from the atmosphere. The
used cathode is characterized by different topographic regions. In the center of the SEM image in
panel c, the original CB layer is visible, but is surrounded by new deposits.
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Figure 4.5 SEM images of a) as-purchased carbon fiber paper, b) newly modified cathode (the CB water-facing
side), and ¢) used cathode.

Figure 4.6 shows the cross-sections of the carbon fiber paper, new cathode, and used
cathode. In panel a, the disordered carbon fibers are shown to be protruding at the edges and
surrounded by a soft matrix. The image shows two sheets of the carbon fiber matrix with a gap in
between the layers. The diameter of the carbon fibers was found to be about 6.5 to 6.7 um. In the
image of the new cathode, the air-facing graphite layer appeared to dampen the extrusions of
carbon fibers and soft matrix, creating more of a homogeneous surface. No carbon fiber
protrusions through the graphite layer were observed. However, the water-facing CB layer appears
to not inhibit the disorder as much as the graphite layer achieves. There were no obvious changes
in the cross-sectional views between the new and used cathodes.
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Figure 4.6 Cross-sectional SEM images of a) carbon fiber paper, b) magnified region as indicated by the white boxed
region in panel a, c) new cathode, and d) used cathode.
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Figure 4.7 offers a closer look at the heterogeneity of the new cathode water-facing CB
side. Whereas the SEM image in Figure 4.5b shows mostly a single layer of CB on top, with some
intrusion of the slurry into the macroscopic pores of the GDL, it also became apparent that
clumping of the CB/PTFE slurry would occur and deposit on top of the existing layer. However,
the air-facing graphite side appeared more homogenous. The cross-sectional SEM image above
also indicates that the graphite layer creates a smoother surface with less topographical features
than the CB layer. Through EDS, it was determined that the CB layer is composed of about 90%
C and 10% F. For the graphite layer, the C and F content corresponds to about 70% and 30%,
respectively. The SEM and EDS did not show any changes in the air-facing graphite side of the
cathode. Throughout the experiment series, the cathodes did not appear to lose water-repellency,
and no water leakage (flooding) of the GDL electrodes in the reactor was observed. The
hydrophobicity of PTFE, which contributes to the F content, has been shown to be effective in
preserving and expelling H,O» from the cathode.!**
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Figure 4.7 SEM images of a) prepared water-facing catalytic side and b) graphite air-facing side, and c) water-
facing side and d) air-facing side atomic percent elemental compositions.

Figure 4.8 shows SEM images comparing a new cathode to that of the used cathode, on
which the growth of two distinct morphologies was observed. The atomic percentages for panel a
refer to the bright and popcorn-like clusters on the surface. The main components of this species
were found to be O and Fe, at about 60% and 20%, respectively. The atomic percentages in panel
b refer to the species that is not quite as bright and appears to have formed closer to or within the
macropores, rather than on the upper most CB layer of the cathode. The main components were
also O and Fe, at about 56% and 22%, respectively. Slightly less than 10% of C, Na and Si were
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detected for both morphology types. The EDS also indicated that trace amounts of Cl, Mg, P, Ca
and S were present.

Figure 4.8 SEM images comparing a) new cathode and b) used cathode. The dashed boxes indicate the regions that
may contain distinct phases of iron precipitates.

The morphology of the Fe species present in panel a of Figure 4.9 may indicate the presence
of Hydrous Ferric Oxides (HFO), which are poorly crystalline Fe-bearing minerals that have been
shown to be generated in both conventional Fe-EC and air-EC.*%% On the other hand, the lath-
shaped species in panel b may be indicative of lepidocrocite, a moderately crystalline mineral that
has been found in passive corrosion scales.!*> Lepidocrocite has also been produced in
conventional Fe-EC systems,'?? which indicate its potential formation in air-EC, particularly at
low CDRs when H20> production is low (about 30% FE). The presence of poorly-conducting Fe
minerals, such as lepidocrocite, on the anode in Fe-EC has been found to increase the charge
transfer resistance which has the effect of shifting the interface overpotential that may then favor
other electrochemical reactions.'** As such, the decrease in FE observed above could be explained
by the current being directed to a reaction such as Hx evolution, instead of H>O, production.'*
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Figure 4.9 SEM and EDS of used cathodes corresponding to a and ¢) HFO-appearing species, and b and d)
lepidocrocite-appearing species.

XRD was used to confirm the presence of crystalline phases on the carbon materials
(Figure 4.10). As XRD is a bulk characterization technique, phases found on the surface of the
GDL or cathodes were not visible in the diffractograms. The XRD indicates that there is no change
in the dominant crystal structures of the bulk material, with three major peaks corresponding to

PTFE and graphite across the samples. To identify the presence of iron or salts on the used cathode,
additional surface techniques were performed.
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Figure 4.10 XRD of the carbon fiber paper, newly modified cathode, and used cathode. T and G refer to PTFE and
graphite, respectively.

4.3.4 Influence of Complex Electrolyte on Precipitate Species

Figure 4.11 shows the regions of the used cathode, and the corresponding sample numbers,
that were probed for XFM analysis. The cathode was divided into upper, middle, and lower
sections corresponding to regions that may experience greater CO; exchange with the atmosphere
or greater settling of Fe precipitates. Based on the macroscopic properties within these zones, a
total of eight samples were selected to characterize distinct areas (i.e., varying color of deposits,
or lack of visible deposits) as 1 cm? samples. The uXRF maps for selected samples corresponding
to each region are shown below (Figure 4.12 and Figure 4.14).
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Figure 4.11 The eight sample locations of the used cathode that were probed with pXRF and uXANES spectroscopy.
1 x 1 cm? samples were cut as indicated by the numbered spots, each corresponding to either the top, middle, or bottom
region of the cathode. The top region was closest to the electrolyte/air interface, as the reactor operated as an open-air
batch process.

The uXRF maps for samples 5, 6, and 7 are shown below (Figure 4.12), which all confirm
the presence of Fe, Ca, Cl, S, and P. The elemental maps appear to share similarities across the
three distinct regions on the cathode. The high intensity regions of Fe tended to overlap with the
Cl intensities. To a lesser degree, which can be attributed to the detector and the lighter molecular
weight elements, S and P also follow similar intensities coinciding with Fe and CI on the maps.
On the other hand, the Ca maps were characterized by high intensity pinpoints, rather than the
more diffuse regions found in Fe and Cl maps. The Ca maps also exhibited light diffuse regions,
but the other elemental maps lack the highly concentrated points that characterize the Ca maps.
Additional uXRF maps for samples 2 and 3 are shown in Figure 4.14. The uXANES of these
features (Figure 4.13) share the similar line shape as the near edge structure of calcite. The XANES
spectrum for calcite is characterized by two near edge peaks at 4052 and 4064 eV, lacking a sharp
white line (as typical of As K-edge XANES) at the edge energy.'*® However, the uXANES spots
on the more diffuse regions share greater similarities with the features of gypsum (CaSO4-2(H20))
XANES spectra.'4’
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Figure 4.12 pXRF maps of samples 5, 6, and 7. The Fe map was scanned at 100 eV above the Fe K-edge. Other
maps were acquired at 100 eV above the Ca K-edge. The spot labels on the Ca map indicate the points that were
selected for Ca K-edge pnXANES. The scale bars are 50 pm.
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Figure 4.13 Ca K-edge pXANES on selected spots of pXRF maps.

The phenomenon of salt precipitation on the water-facing side of the air cathode can be
explained by the electric field driving force that induces transfer of ion salts,'*® as well as the
localized alkaline environment from the cathodic reactions.!** The electric field induced salt
precipitation could cause both blockage of O; and OH™ transport through the porous cathode and
routes for active reaction sites, and thus lowering favorable catalytic activity. Evaporation of the
electrolyte through the air cathode was not considered as a significant contributor to the presence
of salts as the electrode was never exposed to solution for long periods (longer than 100 min) at a
time during batch experiments. However, despite the high conductivity of the groundwater (4.57
+ 0.35 mS/cm) and electrolyte (75.93 + 1.45 mS/cm) used in the experiment series, the Fe(Ill)
precipitates were found in greater amounts on the cathode than the Ca or Na salts.
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Figure 4.14 pXRF maps of samples 2 and 3. The Fe map was scanned at 100 eV above the Fe K-edge. Other maps
were acquired at 100 eV above the Ca K-edge. The spot label on the Ca map indicates the point selected for Ca K-
edge pnXANES. The scale bars are 20 pm (sample 2) and 50 pm (sample 3).

4.3.5 Effect of Air-EC Operating Conditions on ORR Catalytic Sites

Raman spectroscopy was used to quantify lattice defect densities. Specifically, the D and
G modes in a Raman spectrum correspond to disordered carbon and sp? hybridized carbon,
respectively.!*’ The Raman D band is established once point-like defects are introduced into the
planar sp? carbon lattice.!>® Comparing the relative intensity of the D to the G mode serves as an
area defect density metric, allowing for the monitoring of chemical functionalization. A high D to
G ratio reflects more structural disorder and a higher degree of defects in the material. The D and
G modes lie within 1200 and 1400 cm™!, and between 1560 and 1640 cm!, respectively. As seen
in Figure 4.15, the D and G peaks for the carbon fiber paper, new- and used cathodes fall within
these specified ranges.
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Figure 4.15 Raman spectra of representative samples of carbon fiber paper, newly modified cathode, and used
cathode.

The D peaks were located at 1352, 1349, and 1346 cm™! for carbon paper, new cathode, and
used cathode, respectively. The G peaks were located at 1582, 1583, and 1576 cm! for carbon
paper, new cathode, and used cathode, respectively. The carbon fiber paper used as the
foundational GDE was determined to have an Ip/Ig ratio of 1.18. After the application of CB and
PTFE, and subsequent sintering at high temperature (350 °C), the Ip/Ig value increased to 1.59.
After cathode use exposed to a synthetic groundwater matrix containing SO4>", PO4>, SiOs*, Ca®*,
Mg?*, Fe?" dissolved ions, and after 6190 Coulombs passed through the cathodic active area (64
cm?), the Ip/Ig ratio lowered to 1.30. The higher Ip/Ig ratio after modifying the base GDL carbon
paper suggests the fabrication method employed is effective in increasing the degree of defects,
which may play a key role in the high initial FE of ~80% for the high CDR conditions (Figure
4.2).

XPS analysis was used to determine the chemical composition of the various states of the
carbon materials. Figure 4.16a shows the survey scan, in the range of 0 — 1300 eV, and the C 1s
spectra of the as-purchased carbon fiber paper, newly modified cathode with an applied CB layer,
and a used cathode (~100 Coulombs/cm? at the end of experimental series). The survey spectra of
the carbon paper confirmed the presence of C and F elements, and O was additionally identified
in the new cathode spectra. The used cathode survey spectra confirmed the presence of Fe, Na,
and Si, in addition to C, F and O. Trace amount of Mn and Mg were also identified (Table 4.1).
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Figure 4.16 XPS spectra of representative samples of carbon fiber paper, newly modified cathode, and used cathode
a) survey spectra b) carbon paper, ¢) new cathode, and d) used cathode C 1s spectrum.
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Table 4.1 Atomic % from XPS analysis of used cathode condition.

Atomic %
C1ls F1ls O1s Si 2p Fe 2p Na 1s Mgls Mn 2p3

27.61+ 395+ 4865+ 3.72% 1249+ 245+ 0.76+ 0.53#
1.17 1.18 1.92 0.27 0.41 0.02 0.02 0.00

The C 1s spectra (panels ¢ — d), confirm sp? bonding in graphitic carbon (purple-colored
peak) at around 284.6 eV in all samples analyzed. Modifying the carbon paper increased this
component from about 40% to 51%. After use, the sp? bonding decreased back down to 40%. The
sp® surface defects increased from about 24% to 37%, after the modification process. However,
these defects only accounted for 3% of the used cathode deconvoluted C 1s peak. The blue peaks
in all samples at around 285.1 eV indicate the presence of surface defects. The CF> — CF> bond
was found at 292.1 eV for the carbon fiber paper and used cathode, while being shifted slightly to
around 291.8 eV in the new cathode. This PTFE functional group contributes to enhanced
hydrophobicity of the cathode.'?* However, it was found that the CF> — CF2 component was about
the same at 11% and 12% for new and used cathodes while being around 37% for the carbon paper.
The C 1s peak of the used cathode broadened, as compared to the carbon fiber paper and the new
cathode, as well as its center shifting from 284.5 eV to 285.1 eV. Deconvoluted peaks at 286.0 eV,
286.9 eV, and 288.9 eV were assigned to ether, carbonyl, and carboxylic acid functional groups,
respectively, with ratios of about 9%, 20%, and 17%.

Table 4.2 Results of C 1s deconvolution of all samples.

Defective sp3 CF,-CF, Ethers Carbonyls  Carboxylic
graphitic defects acids
Carbon 39.52+ 2358+ 36.90%
paper 0.69 0.77 0.32
New 50.55+ 37.33+ 12.12%
cathode 0.60 0.62 0.16
Used 39.91+ 336 1090+ 9.19+ 19.87 £ 16.78 £
cathode 5.34 20.71 1.07 39.95 25.88 1.95

Previous research has shown the capability of oxygen-containing functional groups on CB
to improve H>O, production.'?!!>! Figure 4.17 shows the XPS O 1s deconvoluted peaks of new
and used cathode spectra. The peaks at 531.2 eV, 533.0 eV, and 534.9 eV were assigned as
carbonyl, ether, and chemisorbed O, respectively, for the new cathode spectra. For the used
cathode, the peaks at 530.5 eV, 531.8 eV, 533.4 eV, and 535.6 eV were assigned to Fe;Os,
carbonates, Fe2(SO4); and chemisorbed O, respectively. As seen in Table 4.2, the initial ether and
carbonyl percentages are higher in the new cathode, at about 40% and 27%, respectively. These
results indicate that decrease in FE also corresponds to the decrease of these surface O acidic
moieties, which function as active sites that accelerate electrochemical reactions.'?
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These results suggest that the vast decrease in defects and oxygen containing surface sites
in the used cathode contribute to the up to 40% decrease in FE. Previous studies have suggested
that graphitic surface defects are the active electrocatalytic sites for the 2e- ORR for H,O»
production.'>? These results suggest that loss of ORR sites on the cathode surface, rather than mass
transfer limitations of O and H2O», contributed to the loss in FE after sustained use.
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Figure 4.17 XPS O 1s spectrum of a) newly modified cathode and b) used cathode.
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Table 4.3 Results of O 1s deconvolution of all samples.

Concentration (%)
Carbonyls Ethers Chemisorbed Fe,0; Carbonates Fe,(SO,);
o
New 26.75 39.74 33,51+ - - -
cathode 2.82 2.61 2.55
Used - - 12.97 8.24 + 40.74 48.05 +
cathode 9.75 1.12 16.49 24.32

4.3.6 Anode Characterization

Previous work had found high current densities (>2.8 mA/cm?) to be an effective approach
to reducing the formation of a corrosion layer on the anode in conventional Fe-EC, sustaining high
FE (>90%) for Fe*" production over repeated operating cycles.!** Mechanistically, this result was
explained by the high flux of positively charged Fe*" ions at current densities greater than 2.8
mA/cm?, coupled with the high positive charge of the anode. These attributes would yield greater
diffusion of cations and electrostatic repulsion between the cations and anode. As a result, at high
current densities there is greater migration of Fe cations to the bulk solution, as opposed to
accumulation of the ions at the electrode surface, typical of low current density systems. The
depletion of oxygen near the anode surface was also observed, which prevents Fe?" oxidation and
deposition of Fe*" (oxyhydr)oxides onto the electrode.'*

The carbon steel anode in single-chambered air-EC at current densities much above 2.8
mA/cm? is expected to behave in a similar way as previous high current density Fe-EC studies.
SEM and vertical scanning interferometry were performed on unused and used carbon-steel plates
that served as the anode for experiments in the air-EC system. The original unused carbon steel
plate had a thickness of about 5,000 um. In Figure 4.18 it appears that the high current densities
yielded pitting corrosion, with corrosion pits being about 10 um in depth. The crater depth was
calculated based on two cross sections obtained in perpendicular directions, as the difference
between the averaged surface level and averaged bottom level of the crater. This characterization
was exploratory, and not completed. It was conducted after an experimental series of multiple
batch processes. As such, characterization over long duration experiments is required to observe
rust formation and FE of Fe** production.
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Figure 4.18 SEM of a) unused iron anode and b) iron electrode after use at high dosage rates (50 — 100 C/L/min, 5 —
10 mA/cm? or) and ¢) vertical scanning interferometry of the used anode.

4.3.7 Technical and Environmental Implications

With a decreasing supply of clean water in rural California, low-cost and high-throughput
technologies are required to meet future demands for safe drinking water. The H>O» production at
the cathode and the Fe?" production at the anode allows for the formation of reactive intermediate
species for contaminant oxidation, and uptake on the generated Fe** solids. Maintaining high
cathodic, and anodic, FE is thus critical for optimal operation of the air-EC system.

Under current single-chamber configuration of air-EC, Fe and salt precipitation will occur
on the cathode after sustained operation, particularly in treating high conductivity groundwater.
Although the Fe and salt precipitation on the cathode led to a decrease in FE, it may not prove
detrimental to contaminant removal efficiency if oxidation or degradation processes are not
required. For example, the removal of As(V) is governed by adsorption on the in-situ generated
adsorbent. Even in low H>O> FE, complete oxidation of Fe(II), and subsequent precipitation of
Fe(III) (oxyhydr)oxides, can occur given the excess DO being produced in the catholyte.

However, the significant decrease in FE after sustained use suggests the need for an
optimized mode of operation. To leverage the Fenton chemistry for contaminant removal while
increasing the lifespan of the cathode, a two-chamber system can be employed for regular
operation using a carbon steel anode, and not only to conduct FE tests (for which MMO anode is
used). The volumes of these divided cells would then be allowed to mix in a post-electrolysis step.
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Moreover, the cathode does not require special storage conditions in between treatments.
We observed through multiple experiments that multiple cycles of wetting, and drying in between
batch experiments, did not have a negative impact on stability of the cathode. A robust cathodic
material, as the one modified in this study, that sustains water repellency and shows no evidence
of flooding, is required in the field as to minimize O&M labor and costs. While high ionic strength
waters (in some California groundwaters, SO4>" and Cl ion concentrations may be as high as
~1200 mg/L each!*®) promote degradation of the cathode through salt precipitation, low
conductivity waters also pose a challenge to air-EC by increasing ohmic resistance. As such, the
cathode material must exhibit high charge transfer properties, to prevent high voltage drops and
high energy demands.
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Chapter 5. Conclusions

The objectives of my dissertation were centered on technology development and
deployment for arsenic remediation in resource-constrained communities. In my work I attempted
to help fill in the gaps for the process of taking a technology from the lab to the field for positive
societal impact. In this way, I navigated the innovation path, as depicted in Chapter 2, starting at a
large prototype stage, and then returning to ideation and research. In my doctoral research I had
the opportunity to learn about the technology maturation process along different phases, and most
importantly, how it does not occur in a vacuum. In this chapter I summarize the main findings
from Chapters 2 — 4, discuss the implications of the work presented, and provide areas for future
research.

5.1 Strategies for Successful Field Deployment in a Resource-Poor Region:
Arsenic Remediation Technology for Drinking Water

5.1.1 Summary of Results

Chapter 2 recounted the lessons learned from the deployment of a scaled up arsenic
remediation technology through a participatory and market-based business model. ECAR proved
to be a robust and effective technological intervention despite unforeseen technical challenges
when evolving from the lab to the field. The 10-year timespan from the beaker-scale ECAR to
commissioning of a 10,000 LPD plant shows the persistent efforts required by a multidisciplinary
and international team. The data show consistent production of arsenic-safe drinking water over a
10-month period, reducing initial arsenic from ~250 pg/L to ~3 pg/L. The success and acceptance
of ECAR relied on key activities, termed Critical Effort Strategies, within the identified 4-year
Critical Effort Zone (CEZ) for the piloting phase. Commercializing the pilot plant required the
preparation of operation and maintenance manuals, based on the knowledge acquired by field
researchers during the CEZ. The industry partner acquired local (State-level and District-level)
licenses for permission to establish and operate a plant (an industrial business) that would sell
drinking water at less than 1 cent per liter to the surrounding community.

Community outreach during the CEZ included public events hosted by both academic and
industrial project members to present on the detrimental health effects of consuming arsenic-
contaminated drinking water, explain the ECAR process, and answer questions about the timeline
for water distribution. The educational campaign at the school and transparency regarding project
milestones and challenges were critical for community trust building. Moreover, the process of
knowledge transfer from researchers to the industry partner was a key activity in the CEZ and to
ensure the long-term operation of the plant. Finally, based on the commissioning of ECAR through
a sustainable business model, several SDGs were addressed in the process, including SDG 6 of
safe drinking water, SDG 4 of quality education, and SDG 17 of partnerships for the goals. These
efforts resulted in the uptake of ECAR product water by the 3,000 students, teachers and staff at
Dhapdhapi High School, and the community, and the plant’s long-term technical and financial
viability.

5.1.2 Implications of Research and Future Work

Previous literature focused on technology efficacy in the lab until deployment in the field,

without discussion of business models or approaches for sustained use as a safe drinking water

system. These are defined as being quite distinct from a product or an intervention, with the
continued use of the system for greater than five months after ending field research.!>* The ECAR
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plant in rural West Bengal meets the criteria as a safe water system, through its continuous
operation, maintenance, water distribution, and being financially sustained since field researchers
left the site (over six years as of Nov. 2022).

The time within the CEZ allowed for societal readiness towards technology adoption, also
described by the concept of “social embedding”.!> However, this signifies that acquiring a safe
water system for communities is a multi-year effort (taking 10 years for ECAR from lab-scale to
large prototype) with various types of challenges along the way. Project delays can lead to
frustration from the community, and urgency towards safe water provision may conflict with the
time required for product water quality assurance and entire system readiness. Especially for novel
technologies, rigorous testing, sampling, and dissemination of results is critical.

As a most recent outcome from the critical effort strategies, our industry partner replicated
the second-ever ECAR plant in Uttar Pradesh, India. This plant delivers 5,000 liters per day of
arsenic-safe drinking water. The plant is fully solar-PV powered with roof-top solar panels and
has an internal water storage capacity of 15,000 liters to provide for three days of water supply in
case of power interruption. Lastly, as a well-managed safe water system, community members
were willing to pay for the drinking water produced. In a willingness to pay (WTP) study,
conducted by our local academic partners, during the installation of the ECAR pilot plant, 64% of
1003 households surveyed were willing to pay for ECAR-treated safe drinking water.!>

Conducting a follow-up study at the first ECAR plant location, and at the second plant
location, would provide updated information on the number of people in the surrounding
community purchasing ECAR water as well as assessing who is still not consuming ECAR water.
This allows for a general evaluation of a micro-utility/market-based approach as opposed to an
aid/subsidy-based model for arsenic remediation technology deployment in rural India. This post-
project survey could also evaluate changes in awareness of the arsenic problem since
commercialization of the plant in 2016, and how far beyond the centralized school location the
educational efforts reached households. Furthermore, detailed cost assessments for water treatment
innovations throughout their scale-up progression would be greatly beneficial to include in
publications. While costs of commissioning depend on local water quality and water demand, a
fuller transparency of costs from previous sites and multi-year projects may allow for greater
adoption of technologies, like ECAR, due to better estimations of benefit-cost ratios for each
community.

5.2 Inverse Trends of As(IIT) and Mn(II) Removal in Air Cathode Assisted
Iron Electrocoagulation

5.2.1 Summary of Results

Chapter 3 investigated the effect of charge dosage rate (6, 600 and 1500 C/L/min) and pH
(4, 7 and 10) on the combined removal of 1500 pg/L As(II) and 1000 pg/L Mn(Il) in air-EC.
Decreasing As(IIl) removal was observed with increasing pH, whereas Mn(II) removal increased
with pH. CDR had a modest effect at pH 7, with increasing CDR decreasing As removal, but
increasing Mn removal. The EPA-MCL for As was achieved at pH 4 and 7, but only at pH 10 for
Mn. Characterization by XRD indicated the high disorder of the Fe precipitates by the presence of
one broad peak at 41° 20 in all conditions. However, the peak appeared sharper in pH 10 sample,
indicating a higher level of crystallinity. This was explained by the lesser degree of oxyanion
surface poisoning at pHs above typical point of zero charge (PZC) for Fe(Ill)(oxyhydr)oxides. The
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Fe K-edge X-ray absorption spectroscopy also validated that pH and CDR did not impact the
structure of Fe(Ill) precipitates, which were present as highly disordered Hydrous Ferric Oxide
(HFO) and two-line ferrihydrite (2LFh), according to the LCFs. The Fe K-edge shell-by-shell fits
did not indicate significant differences in the electrolytically generated precipitates. Solution
composition, and pH dependency of solutes and solids (electrostatics), appeared to play a greater
role than CDR on the structure of the Fe precipitates.

The XAS data indicated that complete As(III) oxidation was achieved in air-EC, but only
about 40% was oxidized in conventional Fe-EC. The As K-edge EXAFS shell-by-shell fits showed
that As(V) is bound through binuclear corner sharing complexes on the Fe(Ill) precipitates.
Despite the highly oxidizing conditions in air-EC, Mn(II) was not as effectively oxidized as
As(IIT), and was present mostly as Mn(II) (~60%), with some Mn(IIl) (~40%). In Fe-EC about
30% of Mn(II) was oxidized to Mn(IIl). The difference in Mn(II) and As(III) removal in air-EC
was explained by the selectivity and reaction rates of the Fenton-type reactive intermediates as
well as pH dependent Fe(Ill) surface charge. The effective oxidation of As(IIl) at all CDRs
signifies great amenability to the operating mode of air-EC in the field. Overall, our results indicate
that air-EC can be an effective method for both As and Mn remediation, but the pH range for
optimal co-removal is limited to circumneutral waters.

5.2.2 Implications of Research and Future Work

As groundwaters contain a wide range of co-occurring contaminant concentrations, the
optimal operating conditions of air-EC for As and Mn removal will vary accordingly.!>® Moreover,
the co-oxidation of As(III) and Mn(II) with Fe(II) have also been shown to rely on their respective
molar ratios.!”” It was observed that at a low As(II)/Fe molar ratio in air-EC yielded effective
As(III) oxidation. However, high As(III)/Fe ratios could potentially result in As(III) adsorption to
the solids. Adjusting the Mn(II)/Fe ratios for more effective oxidation to Mn(III) or Mn(IV) could
benefit removal, or increase the competition for reactive oxidant species.'*’ Therefore, future work
can focus on characterizing the solids generated at As(III)/Fe and Mn(II)/Fe in low to high molar
ratios (e.g., 0.006 to 0.1), providing a greater understanding on the reaction pathways under
multiple dosing conditions.

Furthermore, developing a computational model for air-EC, based on previous Fe-EC
chemical dynamic models®”*?, would provide minimum iron dose requirements based on CDR,
pH, and co-occurring ions. The model should incorporate the oxygen reduction reaction (ORR) at
the cathode, and oxidation and adsorption kinetic parameters for Mn(II), in addition to As(III).
Data extracted from batch tests in the lab, and from a recent field test of ACAIE, would improve
the model predictions. This work can help in system optimization, particularly for co-removal of
contaminants with opposing removal trends.

Finally, the rapid rate of Fe(Il) oxidation by H>O> in air-EC yielded highly disordered
Fe(Ill) precipitates. As a scaled-up system, collection of the As- and Mn-laden sludge and
subsequent disposal at a landfill will be required. However, the contaminant-bound Fe(III)
precipitates may transform into higher crystalline and ordered phases over time and with changes
in pH. Previous work has shown that the transformation of metastable Fe(IIl) precipitates into
more crystalline solids, such HFO to goethite,'*® decreases reactive surface area and mobilizes
particle-bound species, such as As and Mn.'>!%" More research to track the transformation of
electrolytically generated As- and Mn-bearing precipitates will provide practical information for
implementing a large prototype of air-EC. As such, aging the solids in both aerobic and anaerobic
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conditions at varying pH can mimic the behavior expected within hazardous or non-hazardous
waste landfills in the United States.

5.3 Investigating Performance of Modified Gas Diffusion Layer in Air-EC

5.3.1 Summary of Results

Chapter 4 sought to better understand the mechanisms by which H>O» production decreases
at the cathode. Faradaic Efficiency (FE) was used as a performance metric to indicate efficiency
of H>O» production at the modified carbon cathode. It was found that operating at high CDRs (600
and 1500 C/L/min) yielded almost three times higher FE than at low CDR (6 C/L/min). The DO
increase observed in the anolyte chamber suggested water oxidation occurring on the anode.
However, the DO increase at the cathode could be attributed to either the parasitic 4e ORR or
cathodic H>O, decomposition.

The SEM of the GDL, modified cathode, and used cathode showed the interwoven nature
of 6.5 — 6.7 um carbon fibers embedded within a PTFE matrix. The CB slurry added topographical
features that showed its heterogeneity on top of the GDL base. The EDS confirmed that the GDL
base and the modified cathode was made up of a high percentage of C (70 — 90%), followed by F
(10 —30%) from the PTFE. The EDS also confirmed the high percentage of Fe (20 — 22%) and O
(56 — 60%) on the used cathode, suggesting the presence of Fe oxides. Based on the morphology,
the precipitates appeared to comprise two distinct species, HFO and lepidocrocite. The
synchrotron-based X-ray fluorescence spectromicroscopy confirmed the presence of Ca, Cl, and
S on the used cathode, and the influence of salt precipitation on FE. The line shape of the Ca K-
edge pXANES indicates the presence of calcite in addition to Fe(III) precipitates.

The D and G modes of the Raman spectra were used to obtain Ip/Ig ratios of the carbon
fiber paper, newly modified cathode, and used cathode. The ratios increased from 1.18 to 1.59
after modification but decreased to 1.30 after use. These results indicate that the 40% reduction in
FE was due to a loss of defects in the carbon lattice. Moreover, the XPS survey spectra showed
the presence of Mn, Mg, Na, and Si on the surface of the used cathode. The deconvoluted C 1s
showed a ~33% decrease in sp> defects. The deconvoluted O 1s spectra showed ~30% decrease in
ethers, ~7% decrease in carbonyls, and ~21% decrease in chemisorbed O. Thus, the decrease in
these catalytic ORR sites contributed to the lower FE for H2O> production.

5.3.2 Implications of Research and Future Work

Cathode designs with favorable ORR yields have been attributed to high ionic conductivity
and hydrophobic yet pervious features.'>* Optimal cathode fabrication must balance the
hydrophobicity that prevents flooding with the hydrophilicity of electrochemical active sites for
H>0O; production. Future work includes systematic testing of novel materials and catalysts to
improve ion transfer efficiencies at the water-facing layer while ensuring flooding does not occur
over prolonged use.

Although high CDRs improves H>O> production, the higher current applied signifies
greater energy requirements. Fabricating cathodes that operate with low steady-state cell voltages,
is another important factor to allow for lower energy consumption. Additionally, low conductivity
waters cause greater ohmic resistance, which may be overcome by decreasing interelectrode
spacing. However, a more robust approach might be to lower the internal resistance of the catalyst
material, for high CDRs to be achieved while minimizing energy consumption. Electrochemical
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tests, such as electrochemical impedance spectroscopy (EIS), can inform the increase or decrease
in internal resistance of distinctly modified GDLs.

Furthermore, operating air-EC as a two-chamber system separated by an AEM prevented
H>0> decomposition on the anode. As such, a future study may replace the MMO used in FE tests
with an iron plate, adding an immediate post-electrolysis mixing step where the oxidation and
adsorption processes occur. This design does not add much system complexity while potentially
increasing the lifespan of the cathode by preventing the deposition of Fe precipitates. The impact
on the carbon defects of the cathode also remains to be investigated. In the absence of Fe, the
influence of Ca?*, Na**, Mg?" salts and NOM might become more apparent on ORR catalytic sites.

Lastly, a better understanding of the impact of fluid dynamics in a continuous flow system
on cathode fouling (and anode corrosion/surface layer formation) is still needed, especially for its
applicability to scaled-up air-EC in the field. The design of air-EC using computational fluid
dynamics (CFD) can provide a robust model considering mass transport and key electrochemical
reactions at the electrode boundary layers.
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