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Highlights:

e Fe-EC was field-tested for its arsenic removal suitability in rural California.

e Arsenic in groundwater was reduced from 150 pg/L to below 10 pg/L in all
experiments.

e Adding H202 externally in the Fe-EC process shortened electrolysis time by
28 fold.

e Waste was characterized per California regulations for planning waste
management

e Increasing current density to eliminate electrode cleaning, needs further
research
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Abstract:

Small, low-income, and rural communities across the United States are
disproportionately exposed to arsenic contaminated drinking water because existing
treatment solutions are too expensive and difficult to operate. This paper describes
efforts to overcome some barriers and limitations of conventional iron electrocoagulation
(Fe-EC) to enable its use in the rural Californian (U.S.) context. Barriers and limitations
of Fe-EC’s application in rural California considered in this work include: 1) Frequent
labor intensive electrode cleaning is required to overcome rust accumulation, 2)
Electrolysis durations are long, reducing throughput for a given system size, and 3)
Waste needs compliance with California standards. We report results from an

investigation for overcoming these limitations via a field trial on a farm in Allensworth, a
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small, low-income, rural community in California. Our strategies to overcome each of
the above barriers and limitations are respectively, 1) operating the Fe-EC reactor at
high current density to result in sustained Fe production, 2) operating at high charge
dosage rate with external H,O,, and 3) characterization of the arsenic-laden waste, and
are discussed further in the paper. Main findings are: (1) Fe-EC removed arsenic
consistently below the federal (and state) standard of 10 pg/L, (2) high current density
failed to sustain Fe production whereas low current density did not, (3) electrolysis time
decreased from >1 hour to <2 min with H,O, dosing of 5 mg/L at higher charge dosage
rates, and (4) dilution of As-sludge is required to comply with State’s non-hazardous
waste status, (5) discrepancies were observed between lab and field results in using
current density to overcome labor-intensive electrode cleanings. Finally, implications of
overcoming limitations to scale-up of Fe-EC in relevant California communities are

discussed.

Keywords: drinking water treatment; low-income communities; iron electrocoagulation;

arsenic; California
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1. Introduction and Background

Arsenic occurs naturally in groundwaters around the world, including in many
rural, small, and low-income community water systems in the United States (Welch et
al., 2000; State Water Resources Control Board, 2015). The Environmental Protection
Agency (EPA) Maximum Contaminant Limit (MCL) for arsenic in drinking water is set at
10 pg/L (United States Environmental Protection Agency, n.d.). Chronic consumption of
drinking water exceeding this MCL can lead to adverse health effects, including internal
cancers, skin lesions, neuropathy, and developmental impacts (World Health
Organization, 2017).

Effective solutions on the market for treating arsenic contaminated water for
potable use include coagulationffiltration, adsorption, ion exchange, reverse osmosis,
and iron removal (i.e. oxidation/filtration) (Wang et al., 2011). However, most
technologies are considered beyond the technical, managerial, financial capacity of
small rural California communities facing arsenic contaminated drinking water (State
Water Resources Control Board, 2015). As a result, socioeconomically disadvantaged
and minoritized populations in California are disproportionately exposed to arsenic
contaminated drinking water (Balazs et al., 2012).

Iron electrocoagulation (Fe-EC) is a promising arsenic removal technology and
has been investigated widely both in laboratory and field settings to effectively remove
arsenic to less than the EPA MCL of 10 pg/L consistently. Fe-EC removes arsenic by
capturing it on insoluble Fe(lll) (oxyhydr)oxide precipitates produced in the water

through the electrically-driven dissolution of iron electrodes (Ratna Kumar et al., 2004;
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Lakshmanan et al., 2010; Wan et al., 2011; Amrose et al., 2013; van Genuchten et al.,
2014b; Delaire et al., 2017; Amrose et al., 2014; Hernandez et al., 2019; Bandaru et al.,
2020a). Specifically, Fe(ll) ions migrate from the anode into bulk and undergo further
oxidation by dissolved oxygen to form Fe(lll) (oxyhydr)oxide (Lakshmanan et al., 2010).
Reactive Fenton-type intermediates (possibly Fe(IV) species) are produced during the
oxidation of Fe(ll) by dissolved oxygen at circum-netural pH (Hug and Leupin, 2003).
These reactive intermediates selectively oxidize As(lll) to As(V), which adsorbs rapidly
onto Fe(lll) (oxyhydr)oxide precipitates (Li et al., 2012, Delaire et al., 2014). The
dissolution of iron electrodes in water is called, for brevity, “iron dosing” (Amrose et al.,
2014). After iron dosing and adsorption of arsenic on the resulting Fe(lll)
(oxyhydr)oxides, the arsenic-bearing sludge, mostly comprising Fe(lll) precipitates, is
separated from the water and arsenic-safe water is produced (Amrose et al., 2014).
Fe-EC’s modular design, minimal supply chain (i.e. Fe plates and alum),
requiring low-skilled operators (e.g. high school degree or less) has enabled it to be an
effective technology to address arsenic contaminated drinking water in resource-poor
decentralized communities globally. Recently, Hernandez et al., 2019 reported
successful demonstration of a pilot-scale Fe-EC plant (10,000 L/day capacity) at a
resource-poor decentralized rural community near Kolkata, India. This plant has been
delivering arsenic safe water to the community at a locally affordable price of less than 1
U.S. cent per liter (Hernandez et al., 2019). While Fe-EC has been demonstrated
successfully in India, the implementation of Fe-EC in the United States is poorly
understood. We conducted this study as a hypothesis-generating (not as a hypothesis

testing) effort, although it occasionally has some aspects of the latter. We explored (and
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report here) limitations to be overcome for implementing Fe-EC as a scalable,
affordable, and distributed solution in resource-constrained regions in rural U.S.

communities.

2. Approach

In this study, we hypothesized three major barriers and limitations of Fe-EC as
implemented in India. These need addressing before Fe-EC can be translated into a
locally affordable, community-scale treatment technology for iow income regions in the
United States. We describe below the approaches taken to cvercome these three

barriers and limitations (herein barriers and limitations are referred to as limitations).

2.1. Frequent electrode cleaning is required.

The steady accumulation of layers of rust on the iron electrodes leads to the steady
deterioration of the Faradaic efficiency (ratio between iron measured in the bulk after
electrolysis and iron expected theoretically) in Fe-EC systems (Amrose et al., 2014; van
Genuchten et al., 2016; Muller et al., 2019). This decline in Faradaic efficiency is
problematic because if iron is not released in sufficient amounts in the bulk water,
arsenic might not be removed from the water to below its regulated limit (10 pg/L), as
intended. In previous work, this issue was resolved by having operators lightly brush the
electrode surfaces daily to abrasively remove the top layer of deposited iron rust
(Amrose et al., 2014). However, this approach is infeasible for the U.S. context,
because of the much higher labor rates for operators ($15-$85/hr in the United States

(Colby et al., 2010) vs. ~$1/hr at the Fe-EC plant in India (Gadgil, 2018)). We
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investigated automated systems for brushing electrode plates for U.S. applications,
however, our multiple attempts at such design led to unattractively large increases in
capital costs, by more than 50%.

In continuation of our efforts to overcome this problem, we studied varying an
operating parameter, current density (current per unit submerged electrode area
(mA/cm?)) over an extended period at 100 liter (L) scale (operated as a batch process)
in the field. Charge dosage rate (C/L/min) is also a relevant variable when considering
the operation of Fe-EC systems (Amrose et al., 2013). Charge dosage rate can be
correlated to current density by changing the current and keeping the electrode surface
area the same. Charge dosage rate can be uncorrelated with current density by keeping
the current the same while changing the electrode surface area. Recent observations by
Muller et al., 2019, suggested that experimenting with a high charge dosage rate (and
resultingly high current density) had the potential to address the decline in Faradaic
efficiency and growth of surface layer formation (Muller et al., 2019). Using synthetic
Bangladesh groundwater (SBGW, defined in the manuscript) and “soft groundwater”
(SBGW electrolyte without Ca and Mg), Mller et al., 2019 observed that low charge
dosage rate (and therefore low current density (<1 mA/cm2)) resulted in a steadily
decreasing Faradaic efficiency of total iron over time (60% after 2 months) whereas
higher charge dosage rate (and therefore high current density (>1 mA/cm2)) resulted in
relative high Faradaic efficiency (> 85%) over 2 months of operation. Mdller et al., 2019
speculated that at high current densities, high positive charge of the anode and large
flux of positively charged Fe?* ions at the anode/electrolyte interface facilitated rapid

migration and diffusion of Fe?" ions into the bulk solution instead of accumulating at the
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anode surface. The soft SBGW electrolyte used in Miller et al., 2019 is very similar to
typical groundwater composition found in California Central Valley (e.g. low Ca and Mg
concentrations) (Barazesh et al., 2018). Therefore, we hypothesized that operating Fe-
EC at high current density (> 1 mA/cm?) and low charge dosage rate (<5 C/L/min) would
achieve high Faradaic efficiency of total iron in the bulk solution and hence consistent
arsenic removal over extended periods of operation. Additionally, we conducted several
short-term experiments in the lab at beaker scale that suggested support for this
hypothesis, before we conducted the longer term experiments with 100-L reactors in the
field. In this study, we investigated if high current density could offer protection against
the decline in Faradaic efficiency on a larger scale Fe-EC system (100 L reactor)
treating real arsenic contaminated groundwater in the field conditions. We operated two
reactors in the field, one at high current density and one at low current density (as

control) at similar operating conditions to those reported in Muller et al., 2019.

2.2. Electrolysis times are long in conventional Fe-EC.

In contrast to India where the scale of the Fe-EC technology was designed to deliver
arsenic-safe water to meet only the drinking water needs, United States regulations
require that all the water delivered to the household by public water systems must be of
adequate quality for human consumption regardless of its end use (United States
Congress, 2019). This requirement increases the volume of water that must be treated
and delivered per person per day, from about 2 gallons (approximately 7.6 liters) in the
Indian context to about 100 gallons (approximately 378.5 liters) in the United States

context. However, Fe-EC treatment cannot be sped up by simply rapidly releasing a
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larger amount of iron in the water. Previous work has demonstrated that increasing the
rate of iron released in the water by increasing the charge dosage rate (CDR) (C/L/min)
decreased the efficiency of arsenic removal, because of the competition between Fe(ll)
and As(lll) for the reactive intermediates (Amrose et al., 2013, Li et al., 2012, Delaire et
al., 2014). Thus, for a given iron dose, low CDRs (and therefore, long electrolysis times)
were found important to achieve complete oxidation of Fe(ll) and high efficiency of
arsenic removal (Dubrawski et al., 2015, Bandaru et al., 2020b). However, the long-
electrolysis times (on the order of hours) increases the operating costs and the physical
footprint of the Fe-EC system when delivering increased volumes of water, making the
Fe-EC system unattractive and unaffordable for rural communities in California.
Operating Fe-EC at high CDRs (> 10 C/L/min) decreases the electrolysis times (to the
order of minutes) and can achieve the high flow rates desired for the U.S context at low
operating costs. However, the slow kinetics of oxygen dissolution in water requires Fe-
EC to operate at low CDRs to achieve complete Fe(ll) oxidation and hence efficient
arsenic removal for a given charge dose (C/L) (Bandaru et al., 2020b).

To overcome this limitation, we studied use of hydrogen peroxide (H.O) as an
external oxidant to the Fe-EC system in the field. The literature has documented the use
of H,O, as an external oxidant at beaker scale using Fe salts (Hug and Leupin, 2003).
Use of H,O, as an external oxidant can enhance the kinetics of Fe(ll) oxidation 10,000
times compared to kinetics of oxidation with dissolved oxygen, thus facilitating efficient
arsenic removal at a high charge dosage rate (Hug and Leupin, 2003; King and Farlow,
2000). Rapid kinetics between H,O, and Fe(ll) to achieve efficient arsenic removal at

very high charge dosage rates (~1200 C/L/min) or short electrolysis times (~ seconds)



Journal Pre-proof

has been reported recently with in-situ H,O, generation by an air-diffusion cathode
(Bandaru et al., 2020b). The air cathode assisted Fe-EC is a promising alternative to
traditional Fe-EC systems to deliver high flow rates at low operating costs. However, the
long-term performance of the air-cathode in the air cathode assisted Fe-EC needs
further evaluation and could increase the operating costs (e.g., if the cathode fouled
irreversibly).

To our knowledge, the use of H,0O; as an external oxidant in the Fe-EC system for
arsenic removal remains unexplored in the literature, and the field demonstration of this
approach is missing altogether in this space. We explored the efficacy of Fe-EC with
externally added H,O, as an affordable solution to address arsenic contamination in
rural regions in the United States. Specifically, experiments under laboratory conditions
necessarily rely on synthetic groundwater matrices. Only field conditions require the
technology to have full exposure to exactly all constituents of the groundwater (even
those which we might not have thought relevant for the laboratory synthetic
groundwater matrix). These might include specific kinds of natural organic matter,
conditions of DO, complexation of the contaminant with suspended clay particles, other
organic and biological contaminants (bacteria and algae) that might have been missed

in the lab.

2.3. Waste needs characterization as per California state standards.

In the context of this work, we defined waste characterization as one of the
necessary pieces of knowledge needed for ensuring ability to use the Fe-EC system.

This characterization will determine if the arsenic-laden waste generated from the Fe-

10
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EC system can pass the two specific tests defined in section to receive regulatory
approval for practical implementation of the technology. Lack of knowledge about the
sludge is a barrier to use of the technology -- it is not a limitation of the technology.

Fe-EC produces an arsenic-laden iron sludge as a waste by-product that must be
managed appropriately (Amrose et al., 2014). Two measurements, Total Threshold
Limit Concentration (TTLC) and Soluble Threshold Limit Concentration (STLC), are
required per Californian regulations to determine the nature of the waste (e.g.
hazardous, non-hazardous) and resulting waste management practices needed for
scale-up (e.g. landfill disposal) (California Code of Regulations, 2021). TTLC measures
the solubilized, extractable, and non-extractable concentrations (i.e. total arsenic), and
STLC measures the solubilized and extractable concentrations. The TTLC standard for
arsenic is 500 mg/kg and the STLC standard for arsenic is 5 mg/L (California Code of
Regulations, 2021). Until now, Fe-EC sludge produced from arsenic-removal process
had not been characterized per either standard.

To overcome this knowledge gap, TTLC and STLC values of sludge generated in
the field were measured in a third party California Water Boards-certified lab (Enthalpy

Analytical at Berkeley, California).

3. Materials and Methods

We conducted month-long field testing of a 100 L Fe-EC system in batch mode
on a private farm impacted by arsenic contaminated groundwater in Allensworth,
California. Allensworth is a small, low-income, rural community in California with a

history of struggling with arsenic-contaminated drinking water (State Water Resources

11
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Control Board, 2013). The groundwater at the farm had 153 £ 29 pg/L of arsenic (nearly
15 times the EPA Maximum Contaminant Level of 10 pg/L for arsenic in the drinking
water). Most California wells with arsenic contamination have concentrations that are
much lower (<90 ug/L) (State Water Resources Control Board, n.d.). The groundwater
is pumped directly into the reactors without any pretreatment to understand Fe-EC
performance at removing arsenic under realistic operating conditions. We operated two
Fe-EC reactors (100 L) in the field in batch mode, one at high current density and one at
low current density (as control) at similar operating conditions to those reported in
Muller et al., 2019. The location thus allowed testing Fe-EC’s performance in a

groundwater condition in the context of rural California.

3.1 Chemical analysis and other measurements

Potassium and sodium concentrations were measured using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (EPA Method 6020). Total iron, silica,
phosphorus, magnesium, and calcium were measured using Inductively Coupled
Plasma- Optical Emission Spectrometer (ICP-OES). Total arsenic was measured using
either ICP-MS or ICP-OES depending on availability of the instruments to the
researchers. ICP-MS, ICP-OES, and ion chromatography samples were acidified prior
to measurement by adding 1 mL of 1.1 M HCI to a 5 mL sample prior to measurement.
Arsenic samples were filtered with a 0.45 um filter prior to acidification. Chloride, sulfate,
and nitrate were measured by ion chromatography (EPA Method 300.0). Alkalinity was
measured by titration (SM2320B). Natural organic matter (NOM) was measured through

total organic carbon (TOC) using method SM310c. pH, DO, and conductivity were

12
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measured in the field using electrode probes (Orion 5 STAR (Thermo Scientific)).
Turbidity was measured in the field using a portable turbidity meter (Orion™ AQ4500
Turbidimeter). The concentration of H,O, was measured in the field using a portable
spectrophotometer (Hach DR/2400 h) with titanium(lIV) oxysulfate solution (Sigma
Aldrich) at wavelength 405 nm.

The mass of the iron electrodes before and after the field trial was measured
using an electronic scale.

Air temperature was recorded in the field using a thermometer, and water
temperature using a multiparameter portable meter (Orion S STAR (Thermo Scientific)).

DC power supplies (B&K Precision 1687B, 1688B, 9115) were used to supply
desired current for electrolysis. Power supplies were operated in constant current mode
at the desired current, and the resulting voltage was recorded in the field near the start
and end of electrolysis. Interface potentials near the reactor electrodes were measured
in the field using an Ag/AgCl (3M NacCl) reference electrode (BASI) by placing it very
close (0.2 cm to 0.5 cm) io the iron electrodes. The potential difference between the
reference electrodes and the iron electrode was measured with a multimeter (Fluke
87V) and this value was reported as an interface potential of the electrodes. We
assumed a negligible ohmic voltage drop between the reference electrode and iron
electrode.

The uncertainty of all measurements reported in this work are shown in
parentheses of respective instrument or technique: ICP-MS (0.1 pg/L) when measuring
As, ICP-OES (0.1 mg/L when measuring Fe, Ca, Mg, Siand P ; +10 pg/L when

measuring As), pH (x0.002), DO (+0.2 mg/L), conductivity (£0.5%), thermometer (£ 0.1

13
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°C) when measuring water temperature, turbidity (3 %), titanium(IV) oxysulfate method
(0.5 mg/L) when measuring H202, electronic scale (+0.01 grams) and voltmeter (0.1

volts).

3.2 Beaker-scale experiments

Beaker scale (electrolyte volume = 0.2 L) Fe-EC experiments were conducted in
the lab at low (0.5 mA/cm?) and high current density (10 mA/cm?) using the groundwater
collected from the field site. The main objective of these short-term experiments (16
batches) was to investigate the hypothesis that high Faradaic efficiency (>85 %) of total
iron can be achieved when Fe-EC operated at high current density (> 1 mA/cm?) and
low charge dosage rate (< 5 C/L/min) over long-periods of operation. The charge
dosage rate was kept constant at 3.1 C/L/min at both current densities and the
electrolyte was stirred continucusly using a magnetic stir bar. After delivering the
desired dose of 200-300 C/L, samples for total iron were collected and acidified
immediately with 1.1 M HCI for ICP-OES analysis. Electrodes were pulled out of the
reactor gently, and iron dosed groundwater was replaced with new groundwater in the
beaker. Every day up to three experiments were performed at each current density and
a total of 16 experiments were completed in 2 weeks at these operating conditions. The
electrodes were left to dry overnight and were not cleaned in between the experiments.

Electrodes were not cleaned between batches. Batches 1-6 were conducted at

14
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approximately 196 C/L and batches 7-16 were conducted at approximately 300 C/L.

The operating parameters of these experiments were summarized in Sl Table S1.

3.3 Reactors and processes

Pilot scale experiments were conducted to understand the performance of Fe-EC
at treating arsenic contaminated groundwater over a long period of time (~ month). The
objective of these experiments was similar to the batch experiments described in
section 3.2. Specifically, the purpose was to understand if high Faradaic efficiency of
total iron can be achieved in a scaled-up Fe-EC system (100 L reactor volume)
operating at high current density (10 mA/cm?) and low charge dosage rate (3.5 C/L/min)
over long-term operation in the field. These experiments were expected to address the
frequent electrode cleaning limitation described in section 2.1.

Two Fe-EC reactors (electrolyte volume =100 L) were constructed at the
University of California, Berkeley, and transported to the field site in Allensworth, CA.
These reactors were designed to operate at low current density and high current density
by changing the electrode surface area (and therefore number of electrodes) while
keeping the reactor volume and charge dosage rate the same. Herein, we refer to these
reactors as low- and high-current density reactors. The change in shape of the Fe-EC
reactors (rectangular for low current density reactor and circular for high current density
reactor) do not influence the mixing conditions or the arsenic removal chemistry
because electrolyte mixing is achieved by continuously recirculating the electrolyte

using a submersible pump during the electrolysis. Similar mixing configuration has been

15
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implemented in the published work on Fe-EC systems in the field (Amrose et al., 2014,
Hernandez et al., 2019).

The reactors had different number of plates (12 vs 2) to accommodate the low
and high current densities while supplying the same current to each of the two reactors.
Thus, two designs accommodated the difference in electrode surface areas (as shown
in Figure 1). Note that since both designs held the same water volume, and deployed
the same current, they both delivered identical charge dosage rate, but with different
current densities on their electrode surfaces. On the low current density reactor, each of
the electrode plates was labeled 1 through 12, and the face of each plate was labeled
either F (for front) or B (for back). The inter-electrode distance was 2 cm.

During electrolysis, water was aerated using a pipe with holes to jet the water
downward through the air. Water was recirculated using a submersible pump (124
watts) through the reactor to replenish dissolved oxygen and ensure mixing. When
used, H,O, was added to the solution right above the submersible pump in the reactors
(Figure 1A, submersible pump) to ensure uniform distribution of H,O, throughout the
reactor by recirculation. After electrolysis, water with iron-oxide particles was fed to a
settling tank (settling process will be described later). Industrial grade non-ferric alum
((Alx(SO4)3+18 H,0) was added to aid in the settling process. Alum stock solution was
made to the concentration of 5000 mg/L (as Al). An alum dose of 2.5 to 7.5 mg/L as Al
was investigated based on the published literature during the initial testing (data not
shown for brevity). We found that the alum dose of 7.5 mg/L as Al resulted in lowest
turbidity after 1 minute rapid mixing (~600-800 rpm), 20 minute slow mixing (~20-40

rpm) and 2 hours of settling. The alum dose and parameters for rapid and slow mixing

16
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were selected based on the published literature (Amrose et al., 2014, Hernandez et al.,

2019).

T —

Anode connections
O T—
|I ] / f

Submersible pump at the
bottom of tank (not seen in
the picture)

> SR r
Submersible pump 10 cm

L SN 5 P R R ]

Flgure 1 Dlgltal |mages of the Fe-EC reactors (A- low current den5|ty reactor, B- high

current density reactor)

3.4 Field operation

The reactors were each operated typically one to two times per day for five days
per week for four weeks in June 2019. Table 1 presents the operating conditions for this
part of the field trial. The dose and charge dosage rate were target values. The current
was measured. The current density was calculated.

Batches 1-2 were test runs used to ensure the basic system components (e.g.
pumps, power supplies) were operating as designed.

Batches 3-5 were designed to determine the minimum dose of iron required to
remove arsenic to less than 10 pg/L. This was achieved by measuring arsenic removal

in the field over a wide range of doses (0-400 C/L) (0 C/L referring to raw water without

17
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treatment or particle separation). Data at 0, 50,100 C/L were duplicate measurements
and everything else was triplicated.

Batches 6-37 were operated at the above-determined minimum dose to examine
the long-term performance of the Fe-EC system with respect to arsenic removal,
Faradaic efficiency of total iron, and energy consumption.

H,0, experiments were conducted using the field trial setup and low current
density reactor in July 2019, and explored the influence of H,O, concentration and
charge dosage rate on arsenic removal performance. New electrode plates were used
in the low current density reactor for H,O, experiments. Table 2 presents the operating
conditions for this part of the field trial. The dosage rate in the July field experiments
was selected to be nearly an order of magnitude higher than the dosage rate in the
June field experiments to investigate arsenic removal with a shorter electrolysis time.
Raw water samples were collected once per day from the groundwater source. Water
pumped from wells entered a tank, where it was pumped out into a hose that entered
either reactor. Before conducting experiments each day, we let the water leaving the
tank flush for 5 minutes. Pre- and post-electrolysis samples were collected from the
electrolysis tanks at the end of each experiment. Samples were collected while the
recirculation pump was running to prevent any settling of the suspension leading to non-
uniform concentrations of total iron in the solution. The solution pH, DO, and
conductivity were measured in one set of samples right after the collection. Samples for
total concentrations of the solution species were acidified immediately with 1.1 M HCI.
Samples for dissolved concentrations of the species were filtered using 0.45 pm nylon

syringe filters and the filtrate was acidified immediately with 1.1 M HCI. We filtered the

18
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samples to understand the degree of arsenic removal possible, if the particle separation
was fully effective. It was important to separate the arsenic removal results from those
of the particle separation approaches tested. Similarly, post-settling samples and post-
filtration samples for the total concentrations of solution species and dissolved
concentrations of the solution species were collected from the settling tank and at the
outlet hose when half the settling tank was drained. Particle separation approaches
investigated in this study are presented in the supporting information (Section S2). We
did not explore particle separation exhaustively to include this section in the main
manuscript. Hence these findings are presented in Sl so that other researchers may find

them useful in their future work.

Table 1 Field-Experimental conditions (June 2019)

Batch Purpose Dose (C/L) Current (A) Charge Current Density
number Dosage (mA/cmz)
Rate
(C/L/min)

1-2 Test runs 429, 572 8.3 5.0 0.89 (low)
15.32 (high)

3-5 Minimum dose 400 5.8 3.5 0.62 (low)
experiments 10.7 (high)

6-13 Long term test of 150 5.8 3.5 0.62 (low)
performance 10.7 (high)

14-37 Long term test of 150 35 2.1 0.37 (low)
performance 6.5 (high)

Experiments for batches 1-9 were conducted during week 1, batches 10-18 during week 2, batches 19-27
during week 3, and batches 28-37 during week 4 in June 2019. The surface area to volume (A/V, cm?/L)
for the low current density and high current density reactors are 90.0 and 5.4 respectively.

Table 2 Field-Experimental conditions of tests with H202 addition(July 2019)

H,O,concentration inthe raw  Charge Dose  Current  Charge Dosage Rate Current Density
water (mg/L) (CIL) (A) (C/L/min) (mA/cm?)

19
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0,5, 26 50, 100, 150 50 30 5.6

Single test was performed with 0 mg/L H,O,. Duplicate tests were performed with 5 mg/L and 26 mg/L
H,0..

3.5 Characterizing sludge

Wet sludge collected from the field was dried in a lab oven at approximately 75°C
until water evaporated after the field trial was complete. The drying time was not
accurately recorded but it was around a few (3-4) days. STLC and TTLC measurements
of the dried sludge were conducted by a third party, California Water Boards-certified
lab (Enthalpy Analytical at Berkeley, California). TTLC was done using the method EPA

6020, ICP/MS. STLC was done using WET/EPA 6010B.

4. Results and Discussion

4.0 Raw water composition and determining minimum dose

4.0.1 Raw water composition

Conductivity varied greatly over the duration of the field trial, as shown in Sl Figure S1,
and indicated by the large standard deviation in Table 3. Broadly, the water conductivity
was high (4585 pS/em = 790 uS/cm) in the first quarter and last quarter portions of the
field trial (batches 1-9, and 27-37), and lower (441.9 pS/cm + 209.9 uS/cm) in batches
10-26. As a result, in several figures we have demarcated these distinct conductivity
regimes with vertical lines. Table 3 presents the raw water composition separated into
low and high conductivity periods. Table S2 presents the average and standard
deviation of the raw water composition throughout the duration of the field trial. We do
not know the cause of the conductivity changes; however, we suspect that the variability

of pumping on the farm might be a factor. The upper limit allowed in California for
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chloride and sulfate is 500 mg/L (State Water Resources Control Board, 2018). On
average, the chloride and sulfate concentration in the raw water is much higher, and
thus would need to be removed in addition to arsenic to provide this water for drinking

purposes. TOC was not detected in any sample measured.

Table 3 Raw water composition during the Field-Experimental (July 2019)

Total Cond
SO, | alkalinity uctivit
Cl |NOy | # |(as K | Na| As | P Ca | Si | Mg y
(mg/ | (mg/ | (mg/ | CaCOg3) | (mg/ | (mg/ | (no/ | (mg/ | (mg/ | (mg/ | (mg/ | (uS/c
L) L) L) | (mg/L) L) L) L) L) L) L) L) m)
All
data
Mean | ‘9% | 33 | | 1032 | 05 | %84 1193 | 00 | 155 | 164 | 13.3 | 2%5%
8 0 4 2 6
Standar
d 519. 490. 666. 2111.
Deviati 3 1.0 3 25.0 0.3 9 291 | 0.1 | 134 0.8 | 125 4
on
High
range
102 103 105 | 184. 4585.
Mean 0 3.6 20 211.2 0.8* 6.0* 3 0.1 | 269 | 154 | 24.2 0
Standar
d 12161 145 1218 1 76 | NA|NA|176| ND | 48 | 06 | 46 | 7900
deviatio 9 2
n
Low
range
Mean 68.4 ND | 48.0 162.0 0.3* 1;3 1%0' ND 2.7 17.0 15 | 441.9
Standar
(.j. 1.7 ND 3.4 5.1 N/A | N/A ND 0.1 1.6 0.5 1.6 | 209.9
deviatio
n

The pH values were presented in Table S2. ND (“non-detect”) represents values below the detection limits, * These are single

measurements.

4.0.2 Experiments to determine minimum dose
Figure 2 presents the average arsenic concentration after electrolysis during
batches 3-5 at low current density and high current density operation. Dissolved arsenic

in the filtered samples decreased from an initial concentration of 185 pg/L to a
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concentration of 0.2 pg/L as charge dosage increased from 0 to 400 C/L. Dissolved
arsenic in the filtered samples decreased to below 10 pg/L at charge dose of 100 C/L or
greater. The arsenic removal was similar across the low and high current density
reactors, which were supplied with the same current (5.8 A), had the same volume
(100L) and therefore the same dosage rates. This is consistent with the earlier reported
finding that arsenic removal is more strongly influenced by charge dosage rate than the
current density (e.g., Amrose et al., 2013). Based on these findings, a charge dose of
150 C/L was selected for the long term performance experiments as a moderately

conservative dose to consistently yield concentrations below 10 pg/L.

1000 -
B Low Current Density
/\ High Current Density Initial=185 ng/L|
100 -
EPA MCL=10 pg/L

10 -

>

Arsenic Concentration (ug/L)

.
0 - 159 ! 26@ . 360 - 400
Dose (C/L)

0.1

Figure 2 Arsenic concentration (ug/L) in the filtered samples at various charge dose
(Batches number 3-5). Note vertical scale is logarithmic. All data taken in high
conductivity period. Data at 0, 50, 100 C/L are duplicate measurements and everything
else is triplicate. Standard deviations are indicated by vertical error bars.
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4.1 Addressing limitation 1: Frequent electrode cleaning is required

4.1.1 Long-term arsenic removal

Figure 3 shows the arsenic concentration in the filtered sample. All samples
shown were collected after receiving a dose of 150 C/L, and are from batches 3-37,
excluding 11-13. All sample measurements demonstrate that Fe-EC consistently
removed arsenic to below 10 pg/L from the average initial concentration of 153 + 29.1
ug/L. The average arsenic levels in the samples from the low and high current density
reactors were similar, at 1.9 + 2.1 pg/L and 1.9 + 2.0 pg/L respectively. Changes in
conductivity of raw water (the electrolyte) had no notable impact on arsenic removal.

The electrolyte composition can influence the size and structure of the particles
formed in Fe-EC (van Genuchten et al., 2014a). For example, divalent cations (Ca**
and Mg?") aid in the aggregation of Fe(lll) (oxyhyr)oxides, increase the sites available
for attachment of As(V) to the precipitates, and increase the size of the particles
generated during electrolysis. The average concentrations of Ca and Mg in the
groundwater decreased from 26.9 + 4.8 mg/L and 24.2 + 4.6 mg/L respectively during
the high conductivity period to 2.7 + 1.6 mg/L and 1.5 + 1.6 mg/L respectively in the low
conductivity period. As a result, when groundwater conductivity was <1000 puS/cm (or
low ionic strength), the 0.45 um filter failed to remove all of the Fe(lll) (oxyhydr)oxide
particles, which resulted in high arsenic concentrations in the post-electrolysis filtered
(and acid-digested) samples. Thus, arsenic results do not include samples for batches
11-13. After batch 13, when this was realized, instead of collecting the sample after

electrolysis we collected samples after the particle separation step in which alum was
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added. Alum increased the particle size, and allowed for adequate removal of solids by
filtration using the 0.45 um filter. We thereafter obtained correct measurements of the
arsenic remaining in solution in the treated water samples. We still do not fully
understand the large variance in the measured arsenic values in post-treatment water
(all below 10 pg/L, but with a large scatter). Possibly this has to do with the particle
separation, which could impact the amount of iron oxides and arsenic going through the
0.45 micron filter into the samples measured for arsenic. This aspect deserves future

exploration.

Average Initial Arsenic Concentration=153 ng/L)
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Figure 3 Arsenic concentration (ug/L) after electrolysis during field trial at 150 C/L
(Batch number 3-37). Note linear vertical scale. Batches 11-13 not included in figure as
the samples were lost from improper filtration (see text). Two dotted lines demarcate
conductivity periods (1-9 and, 28-37 are “high conductivity”, and 10-27 is “low
conductivity”). The measurement error on each sample point was less than 5% and
therefore not shown in the graph for brevity.

4.1.2 Faradaic efficiency of total iron
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Figure 4a presents the Faradaic efficiency of total iron in the beaker scale

experiments (see Mller et al., 2019 for Faradaic efficiency calculations). In the low

current density reactor, the Faradaic efficiency decreased from about 0.8 to about 0.6

during 16 batch experiments, whereas in the high current density reactor, the Faradaic

efficiency remained high (> 85 %) over 16 batch experiments. The results were

consistent with prior reported findings. In previous field work, the Faradaic efficiency

steadily declined over time in low current density operation (Amrose et al., 2014). In

previous lab work, the Faradaic efficiency steadily declined over time in low current

density operation and remained relatively high and constarit over time in high current

density operation (Muller et al., 2019).

= Low Current Density'
4 High Current Density
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Figure 4a (top) Faradaic Efficiency in low and high current density experiments at
beaker scale using Allensworth farm groundwater that was in the “high” conductivity
region. Batches 1-6 were at approximately 196 C/L and batches 7-16 were conducted at
approximately 300 C/L. Initial pH was on average 8.29 for all batches. Figure 4b
(bottom) Faradaic Efficiency in low and high current density reactor during field trial
(Batches 6-37). Two dotted lines demarcate conductivity regions (1-9, 28-37 is “high”
and 10-27 is “low”). Greater than 100% efficiency can be attributed to local regions of
nonuniform mixing. The measurement error on each sample point was less than 5%

and therefore not shown in the graph for brevity.
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However, for experiments conducted in the field using 100 L reactors,
unexpected results for Faradaic efficiency were observed. Figure 4b presents the
Faradaic efficiency for the low and high current density reactors for the field trial
duration (Batches 3-37). In the field-results from the 100 L low current density reactor,
the Faradaic efficiency remained steady at an average value of 86 + 3.8% over 37 batch
experiments. However, in the high current density reactor the Faradaic efficiency
steadily decreased, from 109% in B6 to 50% in B37 (greater than 100% efficiency could
be attributed to nonuniform mixing). Post-electrolysis, the color of the solution in the
high current density reactor steadily became a lighter orange color as the field trial
progressed from B6 to B37, consistent with the progressively lower Fe concentrations
analytically measured in the solution, as the trial progressed (Sl Figure S2). This finding
is in contrast with previously published Fe-EC literature (Amrose et al., 2014; Muller et
al., 2019) despite having similar operating variables (see Table 1). These results
demonstrate that operating Fe-EC at high current density and low charge dosage rate
was not beneficial to achieve sustained high Faradaic efficiency over long periods of
operation. In the following paragraphs, we discuss various hypotheses and mechanisms
to elucidate our findings.

To help understand the sustained Faradaic efficiency in the low current density
reactor, we presented indirect measurements such as interface potentials, difference in
the weight of the electrodes, and digital images of the electrodes. The interface potential
measurements remained constant for a given conductivity period over the duration of
the field trial (SI Figure S3) which suggest minimal surface layer (resistive) growth on

the electrodes. This hypothesis is further supported by the difference between initial and
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final weights of the anode plates (1.1 g/plate or ~0.17% of plate weight (see S| Table S3
which presents the change in mass of the electrodes before and after the field trial in
the low current density reactor)). One possible hypothesis is that the low concentrations
of strongly adsorbing phosphate ions in the groundwater throughout the field trial (Non-
Detect £ 0.1 mg/L) could have prevented the growth of surface layers on the electrodes
in low current density reactor (van Genuchten et al., 2014a). Another hypothesis is the
presence of high levels of dissolved oxygen (post electrolysis, 7.4 £ 0.3 mg/L), which
could have prevented the formation of a magnetite surface layer, as seen in other Fe-
EC systems (Huang and Zhang, 2005; van Genuchten et al., 2016).

The interface potential measurements could not be taken in the high current
density reactor due to the reactor design, which had a pipe and side supports (see
items 2 and 3 in Sl Figure 11) that prohibited putting anything between the iron plates.
The decrease in Faradaic efficiency in the high current density reactor could be due to
the non-uniform dissolution of the Fe anode (see Figure 5) resulting in localized high
current density regions to favor other oxidation reactions. One possible mechanism
could be due to excessive chloride concentration in the groundwater at our field
location; the chloride concentration ranged from 184 mg/L (5 mM as Cl) to 1222 mg/L
(34 mM as CI). Therefore at increasing high current densities with time, the oxidation of
CI to Cl, could be predominant anodic reaction over Fe(0) to Fe?" oxidation (Wei et al.,
2012; Brillas and Martinez-Huitle, 2015; Qian et al., 2019). However, more work is
needed to fully elucidate the mechanism and explore the relationship between surface

layer formation, water composition, and operating parameters.
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To further provide evidence related to the structural integrity and surface layer
formation in both high and low current density systems, we provide photographs of
electrodes in Figure 5. For the low current density system, there were 6 cathodes and 6
anodes, and we selected one representative image from each for the table. There are
textural differences between the anodes in the high and low current density systems. In
the high current density system, the anode has a nonuniform texture which could be
due to nonuniform anodic dissolution of the iron electrode, whereas in the low current
density system, the anode has a more uniform texture. It is also clear that on both
cathodes there is significant light yellow/white surface layer, likely due to calcite
precipitation, favored by the higher pH at the cathode. It is important to note on the high
current density anode there is a portion on the bottom that is fully consumed by
electrolysis. This was expected, as anodes in the system are consumables, and the
high current density system had higher cumulative coulombs consumed per electrode
surface area. We present Faradaic efficiency versus cumulative coulombs over
electrode surface area in Sl Figures S4 and S5 to illustrate the difference in coulombs
consumed per electrode surface area in each system. These figures demonstrate the
Faradaic efficiency as the electrode becomes increasingly consumed. In short-term
beaker scale experiments (S| Figure S4), the Faradaic efficiency of total iron decreased
with cumulative coulombs per surface area which suggests the surface layer growth on
the anode surface at low current density. In contrast, the Faradaic efficiency of total iron
remained constant with cumulative coulombs per surface area, likely due to less
accumulation of surface layers on the anode surface. However, contrasting results are

observed in the field scale Fe-EC system at low and high current densities over long-
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term operation (Figure S5). In this section, we briefly discussed the possible causes for

this contrasting behavior of the Fe-EC system in the field.

Low Current Density High Current Density
|

Anode

Cathode

Figure 5: Digital photographs of electrodes after field trial completion. These images
show visually different surface layer growth of the electrodes operated at low current
density and high current density. Note that the bottom portions of the electrodes in
these images are still wet and may look darker as a result.

4.1.3 Energy intensity and coulombic efficiency of arsenic removal
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Energy intensity of arsenic removal (defined as (mWh/L)/(ug arsenic removed/L))
for the high and low current density reactors was calculated to understand the energetic
requirements per unit of arsenic removed (Sl Figure S6). The energy intensity ranged
from 1.5 to 13.6 (mMWh/L)/(ug arsenic removed/L) in high current density reactor, which
was an order of magnitude higher than the low current density reactor, which ranged
from 0.2 to 1.2 (mWh/L)/(ug arsenic removed/L). The order of magnitude increase in
energy intensity relative to low current density reactor can be attributed to high
operating voltages (greater than 30 V) in the high current density reactor. Current was
held constant and arsenic removal remained stable, whereas voltage changed
throughout the trial.

The estimated coulombic efficiency of arsenic removal (Coulombs of charge
dosed/ug As removed) was similar and consistent across both reactors which suggests
that current density did not influence the arsenic removal in Fe-EC (SI Figure S7). This
is consistent with the reported findings that the charge dosage rate strongly influences

the arsenic removal in the Fe-EC system (Amrose et al., 2013).

4.2 Addressing limitation 2: Electrolysis times are long in conventional Fe-EC

Figure 6 presents the arsenic concentration after electrolysis for varying H.O,
concentrations (0, 5, and 26 mg/L H,0,) and charge doses (50, 100, and 150 C/L) at a
high dosage rate of 30 C/L/min. At 0 mg/L H,O, (where dissolved oxygen is the primary
oxidant), a charge dose of 150 C/L was needed to remove arsenic to below the EPA
MCL. The arsenic removal at 150 C/L at high CDR is comparable to the low CDR

experiments at low and high current density (see figure 3). At 5 mg/L H,O, and 26 mg/L
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H,0,, a charge dose of only 50 C/L was needed to remove arsenic to below the EPA
MCL. The time saved in electrolysis when operating at a higher dosage rate, an
operating mode enabled by H,O, use, was on the order of hours. Under typical
operation of Fe-EC that requires a low dosage rate (Amrose et al., 2013), electrolysis
took place over hours, whereas here substantially shorter electrolysis times (1.7 mins)
were sufficient to remove arsenic to levels below the MCL. Our results suggest that
H,0, combined with a high charge dosage rate rendered Fe-EC a high throughput
system while maintaining excellent arsenic removal performarnce. Iron concentration,
Faradaic efficiency, and raw water composition of these experiments are provided in Sl
Figure S8, Sl Figure S9, and Sl Table S4 respectively. Faradaic efficiency for these
experiments was between 78-92%. Water quality varied throughout the experiment. The

conductivity on average was 4630 puS/cm with a standard deviation of 2460 uS/cm.
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Figure 6 Arsenic concentration (ug /L) after electrolysis at varying H,O, concentrations
(ppm H20,) and Doses (C/L) (C/L=coulombs/liter) at Dosage Rate of 30 C/L/min. The
symbol for 0 mg/L H,O, represents a single data point. Those for 5 mg/L and 26 mg/L
H,0, are the average of duplicates. Time to complete electrolysis to deliver 50 C/L was
1.7 min, 100 C/L was 3.3 min, and 150 C/L was 5 min. The error bars are not shown
because they were smaller than the legends.

The energy intensity of arsenic removal (defined earlier) was calculated for (a)
traditional Fe-EC operation at low charge dosage rates (Sl Figure S6), and (b) novel Fe-
EC operation with H,O, injection, at high charge dosage rates (Sl Figure S10). Fe-EC
operation for removing arsenic with H,O- injection and high charge dosage rates was
about as energy intensive as the traditional operation of Fe-EC at low current density

(~0.2 (mWh/L)/(ug arsenic removed/L for both). However, the H,O, addition allowed

much shorter (more than 40X shorter) electrolysis duration than with traditional Fe-EC.
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This translates to high throughput of 3600 LPH when H,05 injection was deployed, in

contrast to 84 LPH with traditional Fe-EC (low current density reactor).

4.3 Overcoming limitation 3: Waste needs characterization as per California standards

Solid waste disposal in California requires the waste to pass two different tests,
TTLC and STLC. These tests were conducted on dried sludge at a third-party
commercial laboratory. Three samples of dried sludge were analyzed. The average
results for arsenic were as follows: for TTLC 897 mg arsenic / kg solid-waste, and for
STLC 3.6 mg arsenic / liter. The STLC result met the standard for arsenic (allowable
maximum is 5 mg/L). The TTLC result was above the standard (allowable maximum is
500 mg/kg), which indicates that the resulting dry sludge contained higher-than-
allowable concentration of arsenic. Immobilizing the solid-waste (e.g. by mixing with
cement that later hardens into concrete) would be an option to lower the TTLC result to
below maximum allowable limit, and certify the final product as non-hazardous waste
(Roy et al., 2019). An alternative solution would be to increase the iron dose,

decreasing the mass of arsenic per mass of waste.

4.4 Implications of limitations explored for scale up of Fe-EC in California

Finally, it is relevant to discuss our results in the context of a (future) scaled up
Fe-EC systems implemented for arsenic removal in California. First, while low current
density operated under low charge dosage rates was shown to be the best option to
maintain Faradaic efficiency under the field conditions, it is not an ideal approach, given

its required long duration for electrolysis. Instead, using high dosage rates along with
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the addition of H,O,, would enable short electrolysis times and hence high throughput
can be achieved. Further, the use of H,O, might reduce the buildup surface layers and
the need for electrode cleaning. However, future research needs to investigate this
hypothesis over longer time periods in the field. Hydrogen peroxide is widely available
over the counter in the local grocery stores and hardware stores as a household
chemical in the United States. It is also widely available for a commercial-scale use at
3% concentration, without requiring hazardous material handling. Larger quantities at
higher concentration are also easily available (e.g., 10% or 15%). One Liter of over the
counter H,O, (3%) is sufficient to treat nearly 6000 L of arsenic contaminated water at 5
mg/L of H,O, dose in the Fe-EC reactor. Automated dosing pumps can be implemented
for in-situ addition of H,O, while filling the reactor tanks before Fe-EC electrolysis. The
H,0, supply chain is a minor issue in the United States because commercial delivery
services (e.g., FedEX, UPS) transport household chemicals like dilute H,O, on a regular
basis to the local stores. The cost of H,O, use is expected to be small and might result
in net cost savings. At a concentration tested in the field trial (5 mg H,O,/L water), the
added cost of H,O; peris only $0.004 per L water treated. Use of H,O, would decrease
the size of the electrolysis reactor, which would correspondingly decrease fabrication
costs and plant footprint. A granular activated carbon filter can be used as a polishing

step to remove any residual H,O, before distribution to the community.
5. Conclusions

In this paper, we identified three limitations, and strategies to overcome these

limitations, to develop Fe-EC as a technology appropriate for scaling up in the context of
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arsenic-removal for rural California drinking water. We successfully demonstrated
substantially shorter electrolysis time using externally added H,O,. We have identified
methods by which the waste can be managed in a way which renders it non-hazardous
as per California state standards. Finally, we presented the implications of limitations to
scale up of Fe-EC in the Californian context to help provide safe drinking water for all.
The use of current density to prevent surface layer formation resulted in differing
outcomes in the lab and the field (but without undercutting the main findings), and

suggests directions for future research in this space.
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