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ABSTRACT: Nitrate (NO;~) has impacted more groundwater ", .
supplies than any other pollutant in the world. It is currently removed
at water treatment plants by ion exchange, which is effective but comes
at a steep financial and environmental cost. (Electro)catalytic treatment
of nitrate has emerged as a promising alternative technology, which
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(electrocatalytic). However, (electro)catalytic treatment of nitrate is
not being implemented at water treatment plants. This perspective
addresses the most important technical challenges limiting widespread
adoption of (electro)catalytic nitrate removal in drinking water

. N -
N4 ’\/Noz ! water
(feami’H — -H TP (N, F e e—— O, g
. Cathode >

L }—> To Anode ’/"

treatment. These challenges affect precious metal amounts and cost,
the efficiency and safety of hydrogen use, and end-product selectivity. This perspective is concluded by a prioritization of technology
challenges, and their implications for attracting industry investment and achieving regulatory acceptance.
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B INTRODUCTION

Nitrate (NO;") is the most common groundwater pollutant on
the planet' and a seasonal surface water pollutant in active
agriculture regions.” Nitrate primarily originates from nitrogen
sources used in fertilizers for crops, where it drains from fields
into groundwater and surface water.”” It also comes from
animal feed lot runoff and land application of municipal
sludge for nutrients.” Nitrate is problematic because it causes
methemoglobinemia in those with weakened immune systems®
and because it transforms to carcinogenic nitrite (NO,”) and
N-nitrosamines in the human body.” The state-of-practice for
NO;~ removal from drinking water is ion exchange (IX). It is
effective, reliable, and trusted, removing NO;™ from treated
drinking water to below regulatory levels for almost any
finished drinking water quality. However, IX does not destroy
nitrate but simply transfers it from one phase to another.
Concentrated salt is then used to drive NO;™ from exhausted
IX resins, which is then discharged to the environment. The
salt represents a considerable cost and can approach 80% of IX
operations and maintenance costs.”” The salt discharged with
concentrated nitrate in the waste brine also represents a
significant environmental burden,'*™'* contributing to saliniza-
tion of local water resources' and eutrophication.'*"*
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Biological treatment has been eyed as a possible replacement
to IX,'® and results in NO;~ destruction to either innocuous
dinitrogen (N,) or ammonium (NH4+).17_20
product is preferred in water treatment, although efforts to
create and economically concentrate the latter for a fertilizer
source have been proposed. Unfortunately, biological treat-
ment requires an added electron donor (often an organic
chemical) and additional nutrients,"®*° which create con-
ditions favorable for pathogen growth.” Hence, downstream
filtration and additional disinfection are needed;'®'®*° these
increase costs and promote disinfection byproduct forma-
tion.”! Another challenge is biological reactor stability.
Growing and maintaining a healthy NO;™ reducing culture
requires balancing nutrient requirements and maintaining
relatively uniform water quality.'”'® This can be difficult for
seasonally impacted surface water or for fluctuating water

The former end-
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quality or water quantity conditions. Another alternative is
reverse osmosis. However, this approach is energy intensive
and only considered when concurrent salt removal is desired.'®
Like IX, reverse osmosis does not destroy NO;~ but simply
transfers it to a concentrated waste stream that requires
disposal or further treatment.

Catalytic*®™>* or electrocatalytic®”’ treatment addresses
many of aforementioned concerns and limitations, and
promotes rapid and on-demand NO;~ destruction. The
generally accepted reaction pathway for catalytic nitrate
reduction is shown in Scheme 1 and builds on the first report

27

Scheme 1. Proposed Reaction Pathways for Catalytic
Nitrate Reduction
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of this technology in 1989.”* Atomic hydrogen (H-) is created
on a platinum group metal (PGM) surface from molecular
hydrogen dissociation® or, in the case of electrocatalytic
treatment, by combining an electron from an applied current
with a proton in solution.”” In the first step, the atomic
hydrogen spills over from the PGM to a promoter metal (PM)
for NO;™ reduction to NO,™. Subsequent steps all occur on
the PGM by direct reduction with atomic hydrogen.”” The end
products are N, and NH,*,*>*° and some control is possible
with either material choice’””' or reactor operating con-
ditions."*>**

The obvious advantages of (electro)catalytic treatment raise
the obvious question of why the drinking water industry has
not adopted this technology in place of IX for nitrate
treatment. The primary reasons are cost and uncertainties in
catalyst performance. Platinum group metals are expensive, and
the amounts required depend on NO;™ reduction activity and
durability during water treatment.'”""**~** These factors vary
from one study to the next, de?ending on reactor
design,"”'**7** catalyst materials,”>’' and operating con-
ditions."”""**7** Also, hydrogen required for NO;~ reduction
can be expensive and potentially dangerous to transport and
store. Many reactor designs in the literature inefficiently use
this resource'”"**~** or require bulk hydrogen storage. These
factors all hinder industry investment in technology transfer
and the accompanying regulatory acceptance.

The objectives of this work are to provide a perspective on
the most important technical challenges limiting widespread
adoption of catalytic nitrate removal in drinking water
treatment. These challenges affect precious metal amounts
and cost, the efficiency and safety of hydrogen use, and end-
product selectivity. These factors together all affect the
willingness of industry to invest in catalytic treatment and
work with regulators for approval. In this perspective, the costs
of IX are compared to the costs of (electro)catalytic treatment,
and the main drivers of costs for the latter are identified. Next,
the rate-limiting reaction mechanisms affecting PGM use in
water treatment are evaluated, followed by efforts to address
these via improved reactor design and new material synthesis.
Challenges for catalyst longevity are addressed next, followed
by those for efficient and safe use of hydrogen, including end-
product selectivity. This perspective is concluded by a
prioritization of technology challenges, and their implications

,31

for attracting industry investment and achieving regulatory
acceptance.

Bl COSTS FOR ION EXCHANGE AND
(ELECTRO)CATALYTIC TREATMENT

An incomplete list of IX treatment systems used in the United
States is presented in Table 1. Of the 25 listed, 19 continuously

Table 1. Examples of Ion Exchange (IX) Treatment Systems
for Nitrate Removal Operating in the United States

year starting

utility operation capacity (MGD) ref
Glendale, AZ 2010 10 35, 36
Chino, CA 2006 7.2 37
Corona, CA 2018 3.5 38
Grover City, CA, 3 2.3 39
wells
La Crescenta, CA 1987 2.7 39
McFarland, CA, well 2 1983 1 39
McFarland, CA, well 4 1987 1 39
Porterville, CA 2006—2016 0.26" 40
Indian Hills, CO 2009 0.07 37
Des Moines, IA 1992 10 (expanding to 41, 42
20)
Epworth, IA 2011 0.9 43, 44
Manchester, 1A 2011 0.92 43, 44
Vale, ID 2006—2010 0.78 9
Bloomington, IL 2005 12.1 43
Columbus, IL 2017 80" 45
Decatur, IL 2002 20 43
Streator, IL 2002 1.6 43, 44
Vermilion County, IL 2001 8 43
Adrian, MN 1998 0.13 46
Clear Lake, MN 1995 0.05 46
Edgerton, MN 2002 0.14 46
Ellsworth, MN 1994 0.05 46
Hastings, MN 2007 4.7 43
Bayard, NE 2018 47
McCook, NE 2006 7 9,37

“Based on personal communication with California Water Service
Company. “Treatment plant is 80 MGD, but it is not clear if IX is
treating the entire amount.

treat impacted groundwater and 6 seasonally treat impacted
surface water. Seven of those listed have been in operation for
over 20 years, and 20 for at least 10 years. The IX treatment
systems serve mostly small communities, with 14 treating less
than 3 million gallons per day (MGD). Only three of the
systems treat more than 10 MGD. The limited sampling
suggests that small communities located near current or former
agricultural lands are impacted the most by nitrate
contamination.

Costs for IX and (electro)catalytic treatment are presented
in Table 2. They are expressed per 1000 gallons of water
treated and assuming the NO;™ concentration is equal to or
twice the US Environmental Protection Agency’s (U.S. EPA’s)
maximum contaminant level (MCL) of 44 mg NO,~ L™". For
IX, the capital costs are amortized over a 20-year period. The
cost for salt varies widely depending on location. Its percent of
operations and maintenance (O&M) costs was reported in one
study as 77%,” and it is considered to be a dominant cost of
treatment. Brine disposal costs can also be large, depending on
the method employed, and can in some cases dominate.'” The
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Table 2. Cost of Ion Exchange (IX) and (Electro)Catalytic
Treatment per 1000 Gallons of Water Treated

Ion Exchange (IX)“

IX salt IX disposal IX total
o&M” O&M* o&M IX capital” IX total”
$0.33, $0.02-0.36  $0.16—2.88 $0.09—0.27 $0.37-2.99
$0.59 ($0.95) (%0.16) ($1.15)
$0.21-7.92 NA $0.42—-8.03
($1.66) ($1.86)
(Electro)Catalytic Treatment*
electricity for catalyst electrocatalytic
H, gas” hydrogen® pd" total total”
$0.05— $0.04 $0.08 $0.13-0.20 $0.12
0.12
$0.31 $0.36—0.43 $0.35
$1.53  $1.58-1.65 $1.57

“All IX costs are in 2018 dollars. “From ref 9. The lower cost is for
Vale, OR. The higher cost is for Fruitland, ID. “From ref 12. Values
represent a range of costs for discharge to samtary sewer, on-site
evaporation in ponds and deep well injection. “From ref 37; based on
USEPA cost estimating procedures for 0.17 to 1.09 MGD water
treatment plant. Total O&M costs include salt and disposal. The
lower range of costs is for treating 1 X MCL of nitrate, and the upper
range of costs is for treating 2 X MCL of nitrate. Capital costs were
only reported for treating 1 X MCL of nitrate. “All (electro)catalytic
costs are in 2018 dollars, except for Pd. The Pd cost is highly variable
and is based on the 6/26/2020 spot price from https://www.apmex.
com/palladium-price. Only hydrogen and Pd are considered in the
totals. All other costs are ignored.’From ref 50; represents a range of
prices from steam methane reforming (least expensive), to reformer-
electrolyzer-purifier technology, to proton exchange membrane (most
expensive). ¥Based on direct H, production in an electrocatalytic cell
with 50% current efficiency and average cost (6 cents per kWh) of
electricity for industry from Austin, TX, in 2018.°" "Values reflect Pd
replacement times of 20, S, and 1 year, respectively. Pd costs are based
on nitrate reduction activities in a trickle-bed reactor from ref 34.

least expensive options considered are discharge to the sanitary
sewer and on-site evaporation ponds, and the most expensive is
deep well injection.

Only hydrogen and palladium (Pd) costs are considered for
(electro)catalytic treatment, as these are expected to
dominate.'"** Promoter metal costs are neglected because
(as described below), they typically comprise <20 wt % of
PGMs in NO;~ reduction catalysts and are relatively
inexpensive on an equivalent mass basis (e.g, <1% of PGM
costs, APMEX, Inc. and RotoMetals; as of 6/29/2020).
Treatment from 88 (2 X MCL) to 22 mg NO;~ L' is
assumed. For catalytic treatment, hydrogen gas costs were

determined from the literature assuming either steam methane
reforming (least expensive) or electrochemical generation. For
electrocatalytic treatment, electricity costs required to generate
hydrogen in situ were determined from our recent work
assummg ~50% hydrogen use efficiency for NO;™~ reduction to
N,.* Pd costs were determined assuming reaction kinetics
from a trickle bed reactor, and either a 20-, 5-, or 1-year Pd life
span. Faster kinetics have been realized for electrocatalytic
reactors, and these will be discussed in a subsequent section.
Based on catalytic systems used in the petrochemical industry,
a 20-year life span is likely not realistic. However, Pd is
typically recovered from deactivated catalysts and reused, and
this is not considered due to the lack of sufficient economic
data.

The costs for hydrogen are always lower for electrocatalytic
reduction. The costs for Pd vary from $0.08, $0.31, to $1.53,
depending on whether the Pd is replaced after 20, 5, or 1 years.
The Pd costs dominate total costs for the 5- and 1-year life
spans. In comparison to IX, costs for (electro)catalytic
treatment are generally comparable or lower, primarily
depending on catalyst life. This suggests that costs for
(electro)catalytic treatment of NO;~ are competitive with IX
but do not yet offer a clear advantage. The primary barrier is
the cost for Pd. An (electro)catalytic reactor with 10 times the
activity of the trickle bed reactor would decrease these costs by
the same factor and could completely reverse the economics.
In contrast, a Pd catalyst requiring replacement every three
months due to irreversible fouling would likely be prohibitively
expensive. The costs also make clear that hydrogen must be
used efficiently. A 10% efficiency of hydrogen use would
balloon costs and make the system noncompetitive. Hence,
lower Pd use and efficient hydrogen use are necessary to
advance the technology.

B RATE LIMITING NITRATE REDUCTION
MECHANISMS DRIVING PLATINUM GROUP
METAL USE

Potential rate limiting steps for (electro)catalytic nitrate
reduction identified through batch and flow-through reactor,
and molecular modeling studies are highlighted in Figure 1. In
catalytic systems, NO;~ adsorbs to reduced or partially
reduced sites on the PM surface, which are thought to oxidize
and reduce NO;™ to NO,™. These sites are then rereduced by
reaction with spilled over atomic hydrogen from the
PGM.”>** In electrocatalytic systems, NO;~ also adsorbs to
the PM surface for reduction to NO,™, but there is no data
indicating whether the surface oxidation state changes or if

a) Catalytic b) Electrocatalytic
H, Water
Gas .
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Figure 1. Reaction pathways (all arrows) and potential rate limiting steps (red arrows) for nitrate reduction in (a) catalytic versus (b)
electrocatalytic reactors. PGM refers to platinum group metal, and PM refers to promoter metal.

C

https://dx.doi.org/10.1021/acsestengg.0c00076
ACS EST Engg. XXXX, XXX, XXX—XXX


https://www.apmex.com/palladium-price
https://www.apmex.com/palladium-price
https://pubs.acs.org/doi/10.1021/acsestengg.0c00076?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00076?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00076?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00076?fig=fig1&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://dx.doi.org/10.1021/acsestengg.0c00076?ref=pdf

ACS ES&T Engineering

pubs.acs.org/estengg

atomic hydrogen directly reacts with NO;™. Formed NO,~
migrates to the PGM for further reduction to dinitrogen or
ammonium. This reaction can be limited by the rate of nitrate
reduction at the PM surface, the rate of atomic hydrogen
spillover from the PGM, or atomic hydrogen generation.

Density functional theory (DFT) studies examining indium
ensembles on a Pd(111) surface revealed that the rate of NO;~
reduction depends primarily on PM ensemble shape. The
configuration of indium atoms in these small ensembles
impacts both the adsorption binding energy of NO;™ and the
activation barrier for the nitrate-to-nitrite reduction step.
Indium 4-mers (four atom ensembles; corresponding to 25%
surface coverage of a catalyst) result in substantial improve-
ment for NO;~ reduction as the ensemble is able to better
stabilize NO,;~, the intermediate [NO,—O]*, and the
abstracted oxygen. These calculations match closely with
experimental results for NO;™ reduction on indium-decorated
Pd catalysts.”*

The rate of atomic hydrogen spillover primarily depends on
the distance between the PGM and the PM and on the
material used to support the active metals. As expected, the
closer the distance between the PGM and the PM, the faster
spillover occurs. However, this spillover rate varies dramatically
between materials. Reducible metal oxides (eg, TiO, or
CeO,) transport atomic hydrogen as a proton—electron
combination; the electron reduces the cation species of the
oxide support (e.g, Ti(IV) to Ti(Il) or Ce(IV) to Ce(III)),
while the proton binds to surface oxygen anions, resulting in a
net hydrogen migration.”> On nonreducible supports (e.g.,
SiO, or ALO;), hydrogen spillover is often accredited to
surface contamination/defects. However, proof of spillover on
these materials is rare, hard to confirm, and energetically
unfavorable.*>*®  First-principles atomistic simulations of
hydrogen spillover on TiO, yield diffusion coefficients on the
order of 10™"* cm? s™'; additionally, the mobility of the H*/e~
pair is not hindered by the presence of water. Similar studies
for Al,O; supports yield diffusion coefficients on the order of
1072-10"% cm? 57, significantly slower than on TiO,.”>’

Atomic hydrogen generation at the PGM surface proceeds
through a series of steps, and some of these may be rate
limiting. In catalytic systems, molecular hydrogen is supplied in
the gas phase; its mass transfer to the water phase can limit
reaction rates.”® Furthermore, aqueous phase mass transfer of
hydrogen or NO;™ to the catalyst surface can limit overall
NO;™ reaction rates. This can occur in bulk solutions that are
not well mixed, or within larger porous particles used to
support active catalyst metals. The adsorption and dissociation
of molecular hydrogen to atomic hydrogen occurs significantly
faster than NO,™ hydrogenation,””>” as it faces little energetic
barrier.”* " In electrocatalytic systems, atomic hydrogen can
be directly generated at the PGM surface by combining
electrons from an applied current with protons in solution.
Below the standard reduction potential of atomic hydrogen
formation and above the standard reduction potential of
molecular hydrogen formation, this step may be rate limitin%
due to the low supply of atomic hydrogen as the reductant.’
However, below the standard reduction potential of molecular
hydrogen formation, copious gas evolution in batch and flow
through reactors indicates this process is fast relative to other
steps during NO;™ reduction. Nonetheless, recombination of
atomic hydrogen to H, gas consumes the atomic hydrogen and
restrains the migration of electrons and ions on the catalyst
surface, which can possibly inhibit the rate of reaction.®"**

Nitrite formed at the PM site transfers to the PGM by
surface diffusion, or by desorbing and readsorbing; it can then
react with atomic hydrogen. In most batch studies at
circumneutral pH, very little NO,™ accumulates; this indicates
that surface diffusion dominates NO,™ transfer from the PM to
the PGM, and NO," reduction is not rate limiting.3°’52'53’63
Spectroscopic evidence indicates that NO,™ reacts to form
adsorbed NO, which then reacts to form either nitrous oxide
(N,0) en route to N, or NH,*.°%° The intermediate NO has
never been observed in solution.’”®” The intermediate N,O
has been observed in solution and in off gas, and complete
mass balances of NO;~ consumed versus N, or NH,*
produced indicates it reacts faster than NO;~ or NO,™ if
maintained in a closed reactor.”’ "% Hence, steps beyond
NO;™ reduction are usually not considered rate limiting under
anticipated reaction conditions. Exceptions occurs at elevated
pH (ie, pH > 7).”° Both NO,~ and NO,~ reduction yield
hydroxide (OH™) as a reaction product. Under acidic
conditions or in the presence of sufficient buffer, this product
is neutralized. However, if pH values increase, the surface
charge on (electro)catalysts becomes increasingly negative,
which results in electrostatic repulsion of NO;~ and NO,~
*271 Additionally, pH influences the adsorbed surface
species on the catalyst; at lower pH values, the catalyst surface
is mostly covered with hydrogen species, while at higher pH
values, the surface is covered with OH™ ions or even oxides.
These species block the readsorption of NO,™ to the PGM,
resulting in a buildup of aqueous NO,.*” It is speculated that
the deoxygenation of adsorbed NO,” is assisted by
protons.””’* Once adsorbed, NO,™ is protonated at one
oxygen and the N—O bond of the hydroxide is cleaved to yield
adsorbed NO. Because of the need for protons, this process is
significantly slowed by higher pH values.

Not illustrated in Figure 1 is electrochemical nitrate
reduction by direct charge transfer.”” The first step is
considered rate limiting and involves nitrate adsorption on
the cathode and a three-step -electrochemical—chemical—
electrochemical (ECE) mechanism to form nitrite. Next, a
two-electron transfer to nitrite forms a dianion radical NO,*”,
that quickly hydrolyzes to form NO(ads). Several different
reaction pathways are then possible, yielding either N, or
NH,*. The relative contributions of hydrogenation versus
direct charge transfer for nitrate reduction in electrocatalytic
systems requires further elucidation, but generally there is
more hydrogenation on cathodes containing PGMs.

ions.

B EFFORTS TO REDUCE PLATINUM GROUP METAL
USE THROUGH REACTOR DESIGN

Small batch reactors often used in the laboratory can be
operated at high mixing and hydrogen delivery rates to
eliminate external particle mass transfer and hydrogen
limitations,”*~”® yielding the fastest reduction rates possible
for a given catalyst material. These are often called intrinsic
reaction rates, even though intraparticle mass transfer may still
be limiting.”°~’® In contrast, large batch reactors capable of
treating NO;™ at a drinking water plant commonly suffer from
mass transfer limitations due to stagnant zones and slow
mixing. They also are expected to suffer from PGM losses as
catalyst particles collide and break apart over extended
treatment times, and from energy, maintenance, and material
costs associated with emptying and filling batch reactors.
Consequently, large-scale batch reactors are not considered
practical for NO;™ removal in water treatment plants, and flow-
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Figure 2. Hlustration of (a—c) catalytic and (d—g) electrocatalytic reactor types: (a) Single-fluid packed bed reactor; (b) Dual-fluid packed bed
reactor; (c) Membrane reactor; (d) Plate-in-tank reactor; (e) Fluidized or packed bed reactor with inert or catalytically active particles; (f)

Membrane flow-through reactor; (g) Thin-layer reactor.

through reactors with fixed catalysts that take advantage of the
available hydraulic head are preferred. Examples of these are
presented in Figure 2.

Catalytic flow-through reactor designs include single-fluid
packed bed,””** dual-fluid packed bed,'”'"*****>7% and
membrane reactors® ' (Figure 2a—c), all with molecular
hydrogen supplied as the electron donor. Overall reaction rate
constant comparisons and reaction times for treating an 80 mg
NO,~ L' solution to 40 mg NO;~ L™ using 1 g PGM L'
catalysts are provided in Table 3. Reaction times are easier to
compare among different reactors with different reaction
orders and rate constant normalizations. The NO,™ and NO;~
reaction times in batch reactors are the shortest, as low as 0.01
and 0.09 min, respectively. Only NO;™ reaction times are listed
for flow-through reactors, and the shortest is 2.1 min for a
trickle-bed reactor.

With the single-fluid reactor type, hydrogen is dissolved in
water using a gas—liquid membrane module,®’ or by
presparging water before treatment,”””**** and the fluid
flows through a fixed bed of mm-size supported catalysts. At
ambient conditions, such reactors are limited to treating low
(0.2-0.32 mM or 12.4-19.8 mg NO;~ L7}
NO; concentrations because of hydrogen solubility limits.””
For comparison, the maximum contaminant limit allowed in
drinking water is approximately 44 mg NO;~ L™.% At elevated
pressure, more hydrogen can be dissolved into solution,”” but
with an anticipated steep trade-off in capital costs for high-
pressure equipment.

With the dual-fluid reactor type, hydrogen is added in the
gas phase counter or with the direction of water flow, also
through a fixed bed of mm-size supported catalysts. This
arrangement allows treatment of dilute to concentrated NO;~
streams, but gas-to-water mass transfer for hydrogen limits
overall treatment rates. The best rates obtained in the literature

for this design were from a trickle bed reactor operated in
counter-current mode.””** Over the range of gas and liquid
flow rate tested, the maximum overall rate constant was still at
best 18% of the rate constant obtained for the same catalyst in
a small batch reactor.”

Membrane-based reactors are a relatively new approach,
with supported catalysts embedded on the water-side of flat-
sheet or hollow-fiber polymeric membranes.*”~"" Molecular
hydrogen flows through the gas-side of the membranes and
diffuses across to the water side to reduce nitrate at catalyst
sites. Few peer-reviewed publications present this approach. In
one study,”’ Pd and Cu supported on Al,O; particles were
deposited on both flat sheet and hollow fiber polyeitherimide
(PEI) ultrafiltration membranes. Nitrate reduction activity was
demonstrated, but comparisons to batch studies and Pd
loadings were not provided for easy comparison. In another
study,” Pd with In, Cu, or Sn were loaded onto Al,O, particles
and deposited on hollow fiber tubes in a loop dialyzer. The
best NO;™ reduction activity was only ~17% of that in batch,
indicating significant mass transfer limitations. The longest
time period of continuous operation for these systems was 60
days, and no loss in membrane integrity or catalyst activity was
reported. In the third study,” different reaction conditions
were investigated in a flow-through hollow fiber membrane
reactor with recirculation, the results of which were reported in
percent removal. Room temperature, lower liquid flow rate,
higher H, pressure and initial NO,™ concentration all
facilitated nitrite removal kinetics. It was also demonstrated
that flow-through mode (H,-saturated medium diffusing
through the catalytic hollow fiber membrane when flowing
through the reactor) provided better removal efficiency over
two-phase counter flow mode. However, the flow-through
operation requires higher operating pressure, which can lead to
higher energy consumption and cost.
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Electrocatalytic continuous flow reactor designs include
plate-in-tank reactors,”*~® packed,”*””'*° moving,”® or fluid-
ized bed reactors,’®?”'"! flow-through membrane reactors,”
and parallel-plate thin layer flow reactors (Figure 2d—
g).100,102—107 Comparisons of reaction rates and reaction
times are again provided in Table 3. The shortest reaction time
for NO,™ (1.2 min) was obtained from a recent parallel-plate
thin layer reactor study; those for NO;™ are in a similar range
except for one study (0.03 min) performed in a single
compartment batch cell with a high over potential (—1.25 V/
SCE). In all cases, reduction occurs at the cathode, while
oxidation (typically of water) occurs at the anode. The cathode
and anode are often in different chambers separated by a
proton exchange membrane; this avoids reoxidation of reduced
nitrogen species back to NO,™ at the anode.”” In some cases, a
reference electrode is used to control the applied potential;***®
otherwise the reactor is operated in galvanostatic mode at a
constant current.'”””'"” An advantage of controlling the
potential is the ability to control hydrogen evolution.”” The
standard potential for atomic hydrogen generation is higher
than that for molecular hydrogen generation, so atomic
hydrogen can be used as the electron donor if the potential
required for NO;™ reduction is below that for atomic hydrogen
but over that for molecular hydrogen. As addressed in more
detail later, this can maximize hydrogen use and provide
control for N, instead of NH,*.

The plate-in-tank reactor is the most studied electrocatalytic
reactor in the laboratory” ***® and is used in industry for
water electrolysis, etc.'** It consists of an open tank with solid
plates or rod electrodes, typically with water in the upflow
direction. In some cases, inert millimeter-sized particles are
placed between the electrodes and fluidized to improve
mixing.”*””'*" In addition to plate-in-tank reactors, electro-
catalytically active particles or spheres are alternatively used as
electrodes in packed bed and moving bed reactors to increase
the electroactive surface area for reaction.”®””'*’ In compar-
ison to a common plate-in-tank reactor, the moving bed
reactor (but not the packed bed reactor) showed improved
activity and current efficiency.”® This was attributed to
increased mass transfer caused by intensive mixing from the
moving bed and continuous surface renewal of the cathode
particles from mechanical friction. The unfavorable perform-
ance of the packed bed reactor was attributed to poor charge
circulation and uneven current distribution across the
catalytically active particles. The moving bed reactor can also
suffer from the adverse effect of uneven current distribution on
reduction activity, especially with high applied current.”””°

Several electrocatalytic membrane reactors have been
proposed in the literature,*® with encouraging results such as
fast kinetics due to a flow-through configuration and a fair-to-
good current efficiency. Among the most promising, is one
where Pd with either In or Cu was loaded onto a three-
dimensional magnéli phase TiO, membrane and used for
NO;" reduction.” Reaction rate constants were relatively high
(0.016 L g, ' min~"), and a model fitted to the experiments
at different flow rates indicates mass transfer is not limiting.
Also, the current efficiency was high, despite the large
overpotential required for reduction. This is due to the low
flow rate through the reactor that allowed balanced nitrate and
hydrogen consumption. While promising, further work is
needed to improve reactor design to reduce cell potential,
lower energy consumption, and to demonstrate scale up of

ould not

types of

st/cathode materials,
S Applied potential ¢

ity with units of inverse minutes represent first-order rate
a

ces. “Activi
lues are approximated from figures in the references. “Reaction

Na

time assuming reduction of an 80 mg NO;~ L™ to 40 mg NO;~ L' using 1 g PGM L™ catalysts. This allows comparison of reduction activity across different cataly
reactors, and flow configurations. When activity unit is inverse minutes, the time can be overestimated due to the lack of information on PGM mass mentioned in footnote

be determined with respect to the standard hydrogen electrode (SHE) because the electrolyte concentration was not provided for the reference electrode used.

“Material compositions are expressed in molar ratio unless otherwise stated. “Metal loadings or ratios are not presented in the referen
constants that are not normalized to 1 g Pd L™" due to unavailability of mass of PGM in the references for electrocatalytic reduction.

Table 3. continued
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both materials and flow rates with fast NO;~ reduction kinetics
and high current efficiency.

Thin-layer reactors'*”'**~'%” also show promise for
minimizing mass transfer limitations and approaching reaction
rates measured in batch systems. This technology is widely
used in chloro-alkali industry and involves creatinﬁ thin sheets
of fluid flowing over the cathode and/or anode.'”’ The thin
sheet configuration allows a reference electrode to be
positioned near the working electrode for potential control
and minimizes the mass transfer length scale to the electrode
surface. Such a design was proposed in our recent work," and
NO,™ reduction rates approaching those in batch reactors
(0.38 L gpg ' min~") were obtained with only generation of
atomic hydrogen at an applied potential of —0.6 V vs Ag/AgCl
at pH 6.5. A reactive transport model demonstrated that
overall reaction rates were primarily limited by reaction
kinetics and that improvements in catalyst activity could result
in twice the amount of nitrite removal in 2 h. While promising,
this design still needs to be evaluated for nitrate reduction.
However, the use of similar reactors in the chloro-alkali
industry indicates that scale-up is promising.

B EFFORTS TO REDUCE PLATINUM GROUP METAL
USE THROUGH MATERIAL DESIGN

Improvements in intrinsic reaction rates can boost overall
treatment rates and reduce catalyst needs when mass transfer is
not limiting. Efforts to achieve such improvements are
primarily focused on advanced material design. As illustrated
in Figure 3(a—c), most nitrate reduction catalysts consist of a

(a) | (b) ' ©)
1 1

! pam I pom/
I an PM | a0y
—Pm 2oy o ST h PM
] | |
1 Support 1 <
1 1
r Metal Loading Low

Figure 3. (a—c) Relative locations of PGM or PGM alloy and PM. In
general, more promoter metal nanoparticles are located closer to
PGM/alloys with increased loading of the former. (d) Platinum group
metal nanoparticles with (e) one or (f) two alloyed non-PGMs and a
(g) core—shell configuration.

platinum-group metal (usually Pd) and a promoter metal (Cu,
In, or Sn) dispersed on a common support (i.e., silica, alumina,
or activated carbon). Metal types and loadings have been
varied to improve performance. In most cases, platinum (Pt)
and Pd combined with either Cu or In have resulted in the
fastest reduction rates in catalytic systems and have been
primarily used in electrocatalytic systems. PGM loadings vary
but are typically between 0.1 to 5.0 wt %, with optimal values
from 0.1 to 1%."****"*! PM loadings also vary, though it is
generally agreed that the optimal PGM:PM ratio ranges from
4:1 to 10:1.°7°0937989122 71 swer PGM:PM ratios generally
correspond to increasing coverage of PGM surfaces with PM.

To reduce costs, a number of efforts have evaluated
substituting in part or whole nonplatinum-group or less
expensive metals for Pd or Pt. As illustrated in Figure 3e—g,
partial substitution involves creating core@shell structures or
alloys, either of which decreases PGM requirements. Most
core@shell combinations combine a gold (Au) core with a
decorated Pd or Pt outlayer. Nitrite reduction rate enhance-
ments with respect to PGM requirements are 8.2—14.4 times
that of monometallic PANPs. However, Au is similar in price to
PGMs ($57.19 g4, ™" vs $63.77 gpa~'; APMEX, Inc,, as of 6/
29/2020), and nitrite reduction rate enhancements relative to
total precious metals are more modest, 1.3—2.3 times.””'*’
Alloy structures involve substituting non-PGMs into the PGM
lattice. The first attempt at this for NO, ™ reduction substituted
Cu for Pd. Maximum NO,” reduction rate enhancements
(~32.7 times) were observed with the unsupported
PdgyCu,oNPs (1.67 vs 0.044 L g, ..., ' min~").>> More recently,
Au and silver (Ag) have separately been substituted into the Pd
lattice; NO,~ rate enhancements of 2.56-times and 2.31-times
were observed with ~50% substitution of Au (5.12 vs 2.0 L
Zmeta - Min~') and ~10% substitution of Ag (4.38 vs 1.35 L
Gmera . min~"), respectively,””' "> and these maximum rates are
higher than those reported for the Cu—Pd alloy NPs. While
encouraging, it is not yet clear if these rate enhancements
correspond to NO;™ reduction rates, where hydrogen spillover
is required.

In catalyst studies, complete replacement of PGM has been
achieved in only a limited number of cases. The typical metals
used are nickel (Ni) or iron (Fe). Ni-based catalysts rely on
secondary metals (e.g., zirconium'**) to replenish the reduced
catalyst metal or aqueous species to help reduce NO;~ (eg,
hydrazine monohydrate, N,H,'>*). Fe-based catalysts show
some activity at circumneutral pH but require much lower pH
ranges (~3.3) for efficient reduction of NO;™."*° Recently, a
Ni,P catalyst showed promise for NO;~ hydrogenation.
However, the catalyst also requires a low pH (ie, <4) for
reaction; at pH 7, the catalyst converted less than 25% of the
original NO;™ concentration after 24 h."*” Another drawback
that many non-PGM catalysts face is poor selectivity (<10%)
to N,. While NH,* production and recovery is promising in
industrial wastes where NO,~ (and post-treatment, NH,")
levels are high, the costs of concentrating the final NH," is
prohibitively high for the relatively low levels seen in drinking
water treatment.

In electrochemical studies, NO;~ reduction has been
evaluated without the use of precious metals.
Cu’94,101,118—130 Ni,lzs Fe,27’99 Sn,ml’l” Bi,129 and Co30461
have all been shown to be active for electrochemical NO;~
reduction, of which Cu seems to have the best activity.
However, Cu is highly selective for NH,* as the end product,
which is not ideal for drinking water treatment.””?*"112%130
Other metals such as Ni,””?* Fe,”® and Bi'*’ showed mixed
selectivity, while P-doped Co;0, and Sn cathode exhibited
high N, selectivity. The overpotentials required for NO;~
reduction using these metal cathodes are relatively high
compared to those using PGMs, and generally exceed the H,
evolution potential. Therefore, most studies reported poor
current efficiency due to the waste of electrons to H,
evolution.””'*"" V2% High overpotential also leads to high
energy consumption. Another major problem associated with
these nonprecious metal cathodes is stability. Corrosion of
cathode and leaching of metal ions into the treated water
hinders the performance of the electrochemical process and
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poses significant environmental concern and health risk even
though some metals such as Sn or Bi are not regulated by the
U.S. EPA 279499111

Other efforts to increase intrinsic reaction rates have focused
on modifying catalyst supports, often with the goal of
increasing catalyst dispersion or modifying the electronic
configuration of active metals to enhance nitrate reduction
rates. Catalyst dispersion is measured using TEM or carbon
monoxide adsorption, and higher support surface areas often
correspond to greater catalyst dispersion and activity per mass
of precious metal. Catalyst electronic configuration or state is a
less well-defined concept, and no generally recognized
parameters are used for assessment. As a result, researchers
have evaluated NO;~ and NO,™ reduction rates on supports
with greater electronic conductivity (e.g, carbon nanotubes,
carbon nanofibers, graphene), and on supports that are more
easily reduced or oxidized. No general trend for NO;™ or
NO,™ reduction has emerged, but this may be due to the lack
of systematic comparisons of similar supports with small
differences in a single property.

More clear insights regarding electronic properties have
been gained from studies that evaluated hydrogen spillover on
carefully prepared surfaces. Precision-enhanced top-down
synthetic methods have allowed researchers to fabricate
tunable model systems to study the extent of hydrogen
spillover on certain metal oxides. In 2017, Karim et al. used
electron beam lithography to construct 16 distinct systems:
one lone iron oxide island and 15 pairs of iron oxide—platinum
nanoparticles where the distance between the iron oxide and
platinum islands were methodically increased from overlapping
(i.e, 0 nm) to 45 nm.”” These systems were placed on either
an aluminum oxide (alumina) support or a titanium oxide
(titania) support (ie., nonreducible vs reducible, respectively)
to evaluate the effect on hydrogen spillover. The platinum
particles adsorbed and dissociated molecular hydrogen, and
atomic hydrogen that spilled over reduced the iron oxide. The
researchers used X-ray photoemission electron microscopy (X-
PEEM) to monitor the oxidation state of the iron and
therefore the extent of activated hydrogen spillover. When the
alumina support was used, pairs separated by more than 15 nm
displayed no iron reduction, and even at 5 nm there was little
iron reduction. However, when the titania support was used, all
systems (including the lone iron oxide particle with no nearby
platinum) displayed maximum reduction of iron regardless of
separation distance. X-ray adsorption spectroscopy (XAS)
revealed that the titanium in the support was reduced by
hydrogen, which only occurred with platinum present.
Translating such trends to nitrate reduction is less clear,
however, because the influence of the promoter metal and
nitrate adsorption is unknown,"*"'**

B CHALLENGES FOR CATALYST LONGEVITY

Improvements to catalyst longevity also reduce PGM costs by
increasing replacement intervals. Catalyst longevity is de-
creased by foulants, which adsorb and block catalyst sites.
Examples are natural organic matter (NOM), biological
growth, and reduced sulfur species such as sulfide (S*7).
NOM may be less of a concern, because its adsorption was
easily reversed by washing with an alkaline solution (pH 11)
for several hours."”® There is evidence that unwanted
biological growth reduced nitrate reduction activities in a
long-term  trickle-bed-reactor study,”* indicating periodic
treatment with a strong oxidant or acid is likely required for

prevention. Sulfide, by contrast, is a known catalyst poison and
more concerning. Only a handful of studies have evaluated its
removal. Only one aqueous phase oxidant, hypochlorite
(ClO™), was shown to be effective.''®'** Treatment with it
resulted in recovery of 39% the original NO;™ reduction
activity on a Pd/In catalyst."'® However, sufficient buffer was
required to prevent a drop in pH to 4.2 and rapid Pd (but not
In) leaching. Regeneration with ClO~, or the presence of 1000
mg/L CI7, also promoted Cu leaching from Pd/Cu catalysts,22
indicating In is the preferred promoter metal when acidic and/
or saline conditions are anticipated. Not effective at
regeneration of the Pd/In catalyst were two other aqueous
phase oxidants, hydrogen peroxide and oxygenated water, and
most effective was oxidizing the catalyst in heated air.'"® With
the latter approach, 60% of the original NO;™ reduction
activity was recovered. Any potential advantages of using
electrocatalysis to facilitate regeneration have yet to be
explored. It seems reasonable that this could be performed
by reversing electrode polarity and oxidizing foulants, but
metal leaching concerns must be evaluated.

Catalysts have also been shown to lose activity over repeated
use in the absence of any obvious foulants. In many studies,
catalyst activity decreases when subject to repeated batch
cycles of nitrate or nitrite treatment, e.g., by 35 to 45% over
five to ten cycles.””"'> However, some studies show little to no
loss in activity over repeated cycles.23’63 In two recent studies,
a Pd—In on activated carbon catalyst was used to treat NO;~
continuously over 3 weeks of operation in a trickle bed reactor
fed a countercurrent feed of gas phase hydrogen.'’ Here, the
activity only dropped 15% over 21 days. It is possible that a
larger drop in activity occurred in the first few hours or days,
but the measurement resolution did not allow capture of such a
trend. Hence, in the absence of foulants, initial drops in activity
in batch studies appear to stabilize when catalysts are operated
in the continuous mode for many days and weeks.

B CHALLENGES FOR SAFE AND EFFICIENT USE OF
ATOMIC HYDROGEN AND END-PRODUCT
SELECTIVITY

Transporting and storing molecular hydrogen represents a
safety concern, and widespread implementation of a catalytic
nitrate reduction technology likely requires generating this
chemical on-site as needed,” or eliminating generation of
molecular hydrogen altogether and only using atomic hydro-
gen. Commercial on-site generators are available for molecular
hydrogen generation, and this can be mixed into the treatment
stream. However, this approach still requires hydrogen gas
handling, and atomic hydrogen generation within a reactor
using a built-in cathode seems more promising for long-term
sustainability. An alternative solution is to use formic acid. This
nonflammable solute donates hydrogen and yields CO, at
PGM surfaces, providing both an electron donor and
buffer.”””® Both higher and lower nitrate reduction rates
have been observed with formic acid versus hydrogen,” and
this appears to be function of the ratio of PGM to PM sites.
Formic acid appears to favor lower ratios, as transfer
hydrogenation from this chemical to nitrate is proposed to
occur only at interfaces between the PGM and PM; molecular
hydrogen (by contrast) appears to favor higher ratios because
atomic hydrogen spillover from PGM to PM surfaces allows
NO;~ reduction on isolated PM surfaces. Most NO;~
reduction studies have used molecular hydrogen as the
electron donor, and additional studies showing the strengths
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and weaknesses of formic acid as the hydrogen source are
needed.

Efficient use of hydrogen is coupled to safe use of hydrogen.
Ideally, only atomic hydrogen is generated, or molecular
hydrogen is consumed within the retention time of a reactor so
that it does not have to be captured as off-gas and/or recycled
back to the front of the reactor.*” This requires matching
hydrogen generation rates to nitrate consumption rates within
a reactor, or matching the current applied for atomic hydrogen
generation with nitrate consumption rates within a reactor.

End-product selectivity of NO;~ reduction for either N, or
NH," is ultimately controlled by the ratio of hydrogen to
nitrogen species on PGM surfaces.”>*?”%"135715% At Jower
ratios, nitrogen pairing is favored and more N, is formed. At
higher ratios, nitrogen hydrogenation is favored, and more
NH," is formed. Therefore, end-product selectivity can be
controlled by managing molecular hydrogen to NO;™ ratios at
the inlet of catalytic reactors,*>’*"*® and by controlling atomic
or molecular hydrogen production rates within electrocatalytic
reactors.”>” In the latter case, Yan et al. showed that the
production of molecular hydrogen can be eliminated when
nitrite reduction is promoted above —0.61 vs Ag/AgCl
reference electrode in a pH 6.5 electrolyte.*” This approach
favors complete hydrogen utilization because no off-gassing
occurs, and it favors N, production by limiting hydrogen
coverage on the catalyst surface.

End-product selectivity can also be controlled by solution

H*>*77V7% and by the choice of catalyst materi-
als 731 7O8HIIBIN0 T AL elevated pH, adsorption of anionic
nitrogen species decreases, and this favors greater hydrogen to
nitrogen ratios.”> As a result, the reaction favors NH,
production. Different materials have different affinities for
nitrogen species and atomic hydrogen, and this affects end-
product selectivity. For example, under similar conditions, use
of Pd favors N, production, while use of Pt, Ir, Rh, and Ru
favors NH,* production.’”" %" [n a recent study
evaluating NO,~ reduction,'*' relative H coverage was
evaluated by DFT calculation of stepwise adsorption energies
of H onto Ir(111) and Pd(111) surfaces. Maximum H
coverage is estimated when the adsorption energy reaches zero,
which is ~1.3 for Ir(111) and 1.0 for Pd(111). This shows that
Ir(111) can thermodynamically accommodate more H on the
surface than Pd(111). The resulting higher H:N ratio therefore
leads to greater ammonium selectivity on Ir versus Pd. This
finding was further generalized to H coverage on transition
metals: larger orbitals of Sd transition metals compared to 4d
transition metals leads to stronger interactions with H and
correspondingly higher theoretical H surface coverages under
ambient conditions; hence, the higher H coverage promotes
NH," as the end product. Therefore, Pd based catalysts with
relatively low H coverage have been most widely studied for
catalytic nitrate reduction due to its better selectivity toward
N,.

B PRIORITIZATION OF TECHNOLOGY CHALLENGES
AND IMPLICATIONS FOR ACHIEVING
REGULATORY ACCEPTANCE

The primary challenges to address for widespread adoption of
(electro)catalytic treatment for nitrate removal in water
treatment plants are PGM costs, efficient and safe hydrogen
usage, and end-product selectivity for N,. The most
challenging of these is reducing PGM costs. Still needed is a
scalable reactor with negligible mass transfer limitations to

reduce PGM requirements. Several promising reactor config-
urations have been proposed in the literature, and the most
promising are those based on electrocatalytic reduction that
couple hydrogen production at PGM surfaces with high
electrode-water interfacial areas. The former eliminates H, gas-
to-water mass transfer limitations, and the latter minimizes
boundary layer mass transfer limitations. However, all
electrochemical reactors presented thus far in the literature
require large overpotentials to treat NO;~, and this
corresponds to wasted energy and material wear. Therefore,
a key priority for research is developing a scalable electro-
catalytic reactor that can treat NO;™ with an applied potential
above that corresponding to H, evolution.

Although PGM requirements for existing NO;™~ reduction
catalysts appear competitive with IX (Table 2), further
improvements in catalyst activity have the potential to make
(electro)catalytic NO;~ reduction a more attractive option.
Alloy catalysts show promise for many hydrogenation reactions
at the PGM surface, but their ability to enhance NO;~
reduction that occurs via hydrogen spillover on a promoter
metal surface has yet to be demonstrated. Also promising are
nonprecious metal catalysts. However, those developed to date
require either low pH operating conditions and/or produce
almost exclusively NH,*. While the latter is a valuable product,
its removal from water comes with additional expenses and risk
that has not been sufficiently evaluated. Hence, another key
priority for research is catalysts with greater activity per unit of
precious metal, or better yet catalysts that select for N, with no
precious metals.

Catalyst longevity is another factor that significantly impacts
PGM costs. NO;™ reduction activities for a variety of catalyst
formulations have been shown to continually decrease over
repeated cycles of treatment in batch reactors. However,
longer-term continuous treatment studies in flow-through
reactors suggest this decrease is transient and catalyst activity
approaches a plateau assuming known foulants are not present.
The presence of foulants presents another challenge, with
NOM, biological growth, and reduced sulfur species being the
most problematic identified thus far. Fortunately, NOM
fouling appears to be easily reversed, and biomass growth
can likely be prevented with periodic cleaning. However, sulfur
species may require removal before catalytic treatment, and the
best approach is not yet clear. Hence, another key area of
research is to identify sustainable strategies to electrocatalyti-
cally treat NO;™ in sulfur-containing waters.

Efficient and safe hydrogen use is the next highest priority.
While no less important than decreasing PGM costs, the
technical ability to address this concern using formic acid, or
with in situ electrochemical or electrocatalytic production has
been realized. The challenge is integrating this know-how into
the handful of most successful reactors under evaluation at
scale. A related priority is selecting for the end product N,.
With careful control of hydrogen feed or production, end-
product selectivity for N, is enhanced. Another approach to
control for N, selectivity is catalyst selection; Pd appears to be
the metal of choice, either alone or combined with another
metal. Another key priority for research is to identify
nonprecious metal catalysts formulations that select for N,.

Fortunately, IX is a reliable and readily available technology
for nitrate removal from drinking water. Unfortunately, its use
comes at considerable environmental and financial cost. Water
treatment professionals recognize these limitations and are
open to alternatives. Catalytic and electrocatalytic treatment
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offer attractive alternatives, but uncertainty associated
primarily with platinum group metal use presents too large a
barrier for most water treatment professionals to invest in pilot
scale studies of this technology. Such studies are critically
needed to more accurately address this unknown, build
confidence in the technology, and promote regulatory
acceptance and eventual large-scale implementation.
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