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ABSTRACT: A parallel-plate thin-layer (PPTL) flow reactor with \
potential control and custom-made cathode of Pd—In modified
activated carbon cloth was developed for electrocatalytic removal of
nitrite from water; the effect of applied potential and flow rate were
investigated. Compared to other reactors in the literature, rapid
nitrite reduction (first-order rate constant is 0.38 L gpg~' min~"),
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high current efficiency (CE, 51%), and low ammonium selectivity ~NoH', Y mLm:""» Fror
(5.4%) were observed at an applied potential of —0.60 V vs the Ag/ ‘ ¥ [Ht\ﬂ‘ >
AgCl reference electrode (RE) and a flow rate of 40 mL min~" in a y =——— Y
phosphate buffer solution of pH 6.5. Slightly faster kinetics were u L e can

——> To Anode

observed at more negative potentials (0.57 L gpy~' min~" at —1.0
V/RE), but then ammonium production (88%), H, gas evolution

(Ey=—0.61 V/RE), and current loss (CE < 10%) became problematic. Nitrite reduction was measured in the PPTL flow reactor for
almost 50 2 h cycles over six months, with little apparent loss (30%) in activity. A reactive transport model was developed and used
to simulate the kinetic data. The fitted intrinsic rate constant (k,,) was 5.2 X 107 m s~ and ratios of dimensionless Nusselt numbers
to reaction rate constant values support the reactor being more reaction than mass transfer limited. Application of the parametrized
model demonstrated how the PPTL reactor could be scaled (e.g., cathode dimensions, flow channel thickness), operated (i.e., flow
rate), or modified (ie., greater intrinsic catalyst activity) to most efficiently remove nitrite from larger flow streams.
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1. INTRODUCTION Scheme 1. Proposed Reaction Pathways for Catalytic

Nitrate (NO;") is the nation’s most ubiquitous groundwater Nitrate Reduction

. . . . L Pd—M P P P
contaminant, mainly resulting from agricultural activities such NO,- d NO,” d . no (ads) d N,0 d N,
as the application of ammonium and nitrate-based fertilizers, as H, Ha H, H,

well as feedlot runoff.’ Nitrite (NO,”) often co-occurs with Pd

nitrate as a (de)nitrification transformation product. The M=1In, Cu, Sn H, NH,4

consumption of nitrate-containing water causes methemoglo-
binemia in infants,” and in vivo formation of more toxic and
carcinogenic NO, ™ and N-nitrosamines.’ Therefore, maximum
contaminant levels (MCLs) in drinking water for NO;~ and
NO,™ are regulated by the U.S. EPA at 10 mg L™" as nitrogen,
and 1 mg L™ as nitrogen, respectively.' The primary method
to remove these oxyanions is ion exchange, which only
transfers nitrates from one phase to another and produces a
concentrated waste brine that must be disposed. Catalytic
treatment has emerged as a promising alternative to destroy
nitrates and minimize waste products. Proposed pathways for
catalytic NO;™ reduction are presented in Scheme 1, built on Received:  June 29, 2020

the research first reported in 1989.* Facile NO,~ reduction to Revised:  October 27, 2020
NO,~ usually requires a platinum group metal (PGM), a Accepted:  November 2, 2020
promoter metal (e.g, In, Cu, Sn), and an electron donor,

which in most studies is atomic hydrogen generated at the

PGM catalyst from a supply of hydrogen gas.”® NO,™ is first

reduced to NO,™ by the promoter metal. Atomic hydrogen
generated at the PGM then spills over onto the promoter metal
and reduces the metal back to its original valency. Subsequent
reduction steps to either dinitrogen gas (N,) or ammonium
(NH,*) as the end product only require the PGM and the
atomic hydrogen.” End product selectivity toward N, is
favored by factors that increase the density of nitrogen species
on PGM surfaces, and therefore the probability of N—N
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pairing,” for example, higher nitrate or nitrite and lower
hydrogen concentrations,””® stronger sorption of nitrate
reduction intermediates at lower pH,5’7_10 and preferential
sorption of nitrogen over hydrogen species on select
catalysts.”""'?

Catalytic nitrate and nitrite reduction experiments in batch
reactors typically measure fast intrinsic reaction rates provided
an excess hydrogen supply, rapid mixing to minimize boundary
layer mass transfer limitations near catalyst surfaces, and fast
intralparticle mass transfer with small particle sizes (e.g., <26.1
um'"). However, slow H, mass transfer can limit reaction rates
in practically useful flow-through reactors like fixed bed flow-
through reactors.">~>" One of the most efficient was a trickle
bed reactor whose overall reaction rates were at the highest
18% of reaction rates in batch mode due to H, mass transfer
limitations.””*' More recent alternative membrane reactors
with embedded catalyst particles were developed to enhance
hydrogen mass transfer to catalyst particles.'”**~>° While mass
transfer was shown to be improved, optimization in operational
parameters like flow rate and catalyst metal deposition is
needed to further improve overall reaction rates in those
reactors.

More recently, electrocatalytic reduction has shown promise
to address hydrogen mass transfer shortcoming via direct
charge transfer to nitrates with conductive electrode
materials,”>° or hydrogenation of nitrates by hydrogen
generation with protons and supplied electrons at a PGM
electrode.’*™>* With direct charge transfer to nitrates, the
overpotential required is usually high, and H, evolution may
co-occur, which result in poor current efficiency and high
energy consumption. With hydrogenation, atomic hydrogen is
generated on PGMs at a higher potential (less negative) than
molecular hydrogen, which means atomic hydrogen can be
used to reduce nitrates with a higher current efficiency because
molecular hydrogen losses are avoided. Also, the overpotential
for hydrogenation is typically low compared to direct charge
transfer, so there is less corrosion. While the concept of an
electrocatalytic reactor reducing nitrates using only atomic
hydrogen is attractive, a scalable reactor with high trans-
formation rates, efficient current usage, and end-product
selectivity has yet to be realized.

Electrocatalytic batch reactors are simple and efficient at the
laboratory scale, but off-line treatment and slow mass transfer
(due to mixing limitations) impede their application in water
treatment plants.>> In contrast, continuous flow reactors allow
direct in-line removal of NO;~ and NO,”, making use of a
pumping head already provided in a water treatment plant.
Several such reactors have been evaluated in the laboratory,
but not all are kinetically or energy efficient, and/or scalable.
The most studied electrocatalytic flow reactors are termed
plate-in-tank reactors in which “widely” spaced electrode plates
are vertically submerged in an electrolyte,**™*" and the flow
recirculates between the reactor and an external reservoir. Such
reactors lack active mixing, and suffer from mass transport
limitations.”® Other reactor configurations designed to reduce
mass transfer limitations are a fluidized bed with inert particles
between electrode plates,””*® and a packed or vertically
moving bed with cathodically active particles.”**"** However,
the former (fluidized bed) demonstrated only marginally better
performance over a plate-in-tank reactor,”® and the latter
(catalytic particles) suffers from poor charge circulation and
high electron resistance due to insufficient contact between
particles or spheres used as the cathode.”' More recently, a

flow-through reactor with a membrane cathode®’ achieved fair
to good current efficiency, but the overpotential and energy
consumption to reach the optimal removal were high due to
solution resistance;* it was also not clear if this type of reactor
could be modified for scale-up.

A promising alternative is the parallel-plate, thin-layer
(PPTL) electrochemical reactor (ak.a. filter press reactor),
where flow occurs as thin sheets over reactive electrode
surfaces, and the cathode and anode are often separated by a
flat-sheet cation exchange membrane. Such reactors are
available at large scale and serve many purposes (e.g., chloro-
alkali synthesis, heavy metal removal, and organic contaminant
removal).** Nitrate and nitrite reduction have been inves-
tigated in PPTL reactors designed for operation in
galvanostatic mode (i.e, controlled current).” ™% This
approach operates and scales simply, but compromises current
efficiency and end-product selectivity because hydrogen gas
evolution (and associated nitrogen hydrogenation to ammo-
nium) cannot be minimized via potential control. This has
limited the application of this promising reactor design in
water treatment.

The objectives of this study are to design a new scalable
PPTL reactor with potential control to maximize NO,~
reduction rates, current efficiency, and selectivity for the N,
end product. While NO;™ is the primary contaminant of
concern, NO,™ is the first intermediate and is chosen as an
ideal probe compound to evaluate reactor performance
independent of promoter metal characteristics. The reactor
was designed with a custom cathode that is fabricated from a
porous 3-D activated carbon cloth with Pd and In metal
catalysts deposited via incipient wetness method. The reactor
was evaluated under different applied potentials and flow rates
for NO,™ reduction activity, selectivity, current efficiency, and
energy consumption. A longevity test was also carried out to
evaluate the reliability of the reactor system. A convection-
diffusion-reaction-recirculation model was developed and
conceptualized the cathodic chamber as two parallel-plate
ducts with a first-order reaction occurring on a surface in the
middle of the two ducts coupled with a recirculation system. It
uniquely integrates a known semianalytical solution to the
convection-diffusion-reaction equation with a mass balance for
recirculation. The model was applied to simulate the
experimental data, to acquire the intrinsic reaction rate
constant, and to distinguish kinetic reaction versus mass
transfer effects on the overall reaction rates. The parametrized
model was then used to determine how cathode dimensions,
flow channel thickness, intrinsic catalyst activity, and flow rate
affect reactor scale-up.

2. EXPERIMENTAL METHODS

2.1. Reagents. Pd(NO;),-2H,0 (~40% Pd basis; Sigma-
Aldrich) and In(NO;);-H,0 (99.999% metal basis, Alfa Aesar)
were used as the metal precursors for catalyst deposition on
the carbon cloth electrode. NaNO, (99%; Sigma-Aldrich) was
the nitrite source. KH,PO, (99%; Sigma-Aldrich) and
K,HPO, (98%; Sigma-Aldrich) were used to prepare the
buffer solution and control pH in reduction experiments.
HNO; (70%, TraceMetal grade, Fisher Scientific) was used for
digestion prior to inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis to determine the catalyst
loadings on the carbon cloth. All solutions were prepared in
ultrapure water (18.2 MQ-cm) produced by a Barnstead
Nanopure system (Thermo Fisher Scientific).
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Figure 1. A schematic of the parallel-plate thin-layer flow reactor for electrocatalytic nitrite reduction. In reduction experiments, the reactor
operates in recirculation mode. Catholyte and anolyte solutions are circulated through cathodic and anodic chambers using a peristaltic pump,
respectively, from two individual reservoirs, each containing 40 mL of solution. The scale bar represents 2.5 cm.

2.2. Cathode Catalyst Preparation. Kynol activated
carbon cloth (ACC-5092-10) was obtained from Gun EI
Chemical Industry (Japan), hereafter referred to as ACC. Pd
and In were deposited via incipient wetness method'"***! on a
piece of ACC (Pd—In/ACC) that was cut to 2.5 cm X 2.0 cm
(L x W; ~0.1800 g). Details are provided in the Supporting
Information (SI).

2.3. Nitrite Reduction Experiments. 2.3.1. Electrocata-
lytic Reactor Design. A parallel-plate thin-layer (PPTL) flow
reactor for electrocatalytic nitrite reduction was developed and
is shown in Figure 1. It consists of two compartments, each
approximately 1 cm® in volume. The top one contains the
cathodic chamber, and consists of a polyetheretherketone
(PEEK) block sitting on a 0.2 mm thick stainless-steel plate
fixed to a piece of Pd—In/ACC with 1 mm thick flow cavities
on either side (or a piece of only ACC in a set of control
experiments). The stainless-steel plate with the Pd—In/ACC is
the working electrode, and is connected to a potentiostat. The
PEEK block has holes on the sides that serve as inlet and outlet
ports to direct the flow over and under the stainless-steel sheet
with the working electrode. The PEEK block also has a hole
drilled from the top that houses the reference electrode (RE),
and positions it directly above the working electrode to reduce
solution resistance. The reference electrode is Ag/AgCl in 1.0
M KCl (Egg = 0222 V/SHE, CH Instrument, Inc.) in all
experiments. The 1 mm thick flow chamber directly above the
Pd—In/ACC sheet is created in the stainless-steel sheet, sealed
to the PEEK block by a thin layer of polydimethylsiloxane
(PDMS); the flow chamber directly below the working
electrode is machined into a Teflon sheet.

The bottom compartment of the flow reactor contains the
anodic chamber, and it is separated from the cathodic chamber
by a 0.183 mm thick Nafion 117 (Chemours) membrane. The
Nafion membrane allows only cations to diffuse through, so
that nitrite and its reduction products are inhibited in passing
from the cathode to the anode and being oxidized. A possible
exception is the cation NH,". However, a study showed NH,"
transport across the membrane is slow compared to the time
scale of the experiments.”” We also did not detect significant

NH,*, nitrate, or nitrite in the anodic solution. The bottom
compartment is almost a mirror image of the top compart-
ment; it consists of another PEEK block underlying a 0.2 mm
thick stainless-steel plate and a 1 mm thick Teflon sheet. The
stainless-steel sheet serves as the counter electrode without an
affixed carbon cloth, and the PEEK block does not have the
reference electrode housing. Thin PDMS gaskets are placed
between each layer, and the entire assembly is pressed together
and sealed using an external metal frame. The reactor operates
in continuous flow mode, either once-through or in
recirculation mode.

2.3.2. PPTL Flow Reactor Nitrite Reduction Experiments.
The PPTL flow reactor was operated in recirculation mode. A
40 mL solution initially containing 100 mg L™" nitrite and 1.0
M phosphate buffer (pH 6.5 + 0.1, 1:1 molar ratio of KH,PO,
and K,HPO,, degassed under a vacuum for 15 min before use)
was pumped into the cathodic chamber of the reactor while
another 40 mL solution with only 1.0 M phosphate buffer was
pumped into the anodic chamber of the reactor. The effluent
from both chambers was circulated back to their respective
reservoirs and well mixed with their remaining solution using a
magnetic stir bar. The 1.0 M phosphate buffer was selected
over other buffer systems (i.e, 0.1 M phosphate buffer with
and without constant CO, bubbling) to ensure a relatively
constant solution pH during reactions (Table S1). The 1.0 M
phosphate buffer did not significantly inhibit the catalytic
activity compared to 0.1 M phosphate buffer (Figure S1),
which was used for catalytic nitrite reduction in our previous
study.”> CO, bubbling was not preferred since catalytic activity
was inhibited (Figure S1), possibly due to electrocatalytic CO,
reduction reaction (CO,RR) competing with nitrite reduction
when carbonate species were present.54’55 A Gamry 1010E
potentiostat (Warminster, PA) was connected to the reactor
and a desired potential drop was applied between the as-
synthesized Pd—In/ACC working electrode and the reference
electrode. The reaction was performed for 2 h while the
current on the working electrode was recorded. Samples were
taken regularly from the cathodic reservoir for the analysis of
NO,” and NH,* concentrations. The NO,” reduction

C https://dx.doi.org/10.1021/acsestengg.0c00054
ACS EST Engg. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsestengg.0c00054/suppl_file/ee0c00054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestengg.0c00054/suppl_file/ee0c00054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestengg.0c00054/suppl_file/ee0c00054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestengg.0c00054/suppl_file/ee0c00054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestengg.0c00054/suppl_file/ee0c00054_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00054?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00054?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00054?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.0c00054?fig=fig1&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://dx.doi.org/10.1021/acsestengg.0c00054?ref=pdf

ACS ES&T Engineering

pubs.acs.org/estengg

Eeacltiv_e
talyti
/\ Sﬁr?a‘c,ec
N
Cin Q/Z/' /
v Q

Figure 2. A simplified schematic of the full reactor system that was modeled with laminar flow.

Table 1. Parameters and Values Used in the Reactive Transport Model

parameter definition value

x spatial coordinates parallel to the flow direction

y spatial coordinates perpendicular to the flow direction”

x dimensionless coordinates parallel to the flow direction

¥ dimensionless coordinates perpendicular to the flow direction”

C; mass concentration of i

Ciin inlet mass concentration of i

[ dimensionless concentration of species i

E,’m dimensionless inlet concentration of species i

Ci_avg(ﬁ) dimensionless concentration of i averaged over the y direction at any location ¥

Ciavg dimensionless concentration of i averaged over the y direction at the end of x

D effective diffusion coefficient of NO,™” 2.03 X 107 m?s7!

a one-half distance between the noncatalytic plate and the catalytic wall 0.0005 m

L length of the catalytic wall 0.024 m

v mass average velocity 833X 107" ms™'t03.33 X 102 ms™¢
14 reservoir volume 4.0 X 107 m?

Q volumetric flow rate 833 X 1077 m> s7! t0 3.33 X 107 m® s7¢
B eigenvalues of the nth mode

Y normalized eigenfunctions

intrinsic reaction rate constant for a first-order reaction
. . . kya
K, dimensionless reaction rate constant K, = F
k. mass transfer coefficient
k,a DX A
Nu dimensionless mass transfer coefficient Nu = D T S awme 2 % 1 mw 2
F 2t € = Xy B
LA
Kg overall dimensionless reaction rate constant Kg = R e —— pom
Ky Nu n Zn=1 v.e "

“The origin of y or y axis is defined as the middle point between the noncatalytic plate and the catalytic wall. bCalculated from Wilke—Change
equation. “Flow rates used in the experiments (i.e, 1 mL min~" to 40 mL min™") are divided in half because each parallel-plate duct has half of the

total flow.

experiments were performed at different potentials (—0.40,
—0.60, —0.80, —1.0 V/RE) and flow rates (1, S, 20, 40, 100 mL
min~") to evaluate NO,™ reduction performance. Experiments
performed with different Pd—In/ACC cloth pieces at 100 mL
min~' gave inconsistent results, which are provided in Figure
S4.

2.3.3. Analytical Methods of NO,~ and NH,". Nitrite
concentrations were analyzed using ion chromatography (IC,
Dionex ICS-2100) equipped with a Dionex IonPac AS19
column. The eluent was KOH solution (20—45 mM), and the
flow rate was 1 mL min~'. Ammonium concentrations were
determined using Hach colorimetric kits (TNT 832, 2—47 mg
L' NH,"—N, salicylate method).

2.4. Electrode Characterization. The elemental analysis
of the Pd—In/ACC was carried out using concentrated HNO,
digestion followed by ICP-OES analysis as described in the SL
Powder X-ray diffraction (PXRD) patterns of the ACC and the
Pd—In/ACC were collected on a Rigaku R-axis Spider
diffractometer (Cu source) operating at 40 kV and 40 mA.
An image of catalyst metals deposited on the Pd—In/ACC was
collected using an FEI Tecnai transmission electron micro-
scope (TEM) operating at 80 kV. The TEM sample was
prepared by drop-casting an ethanolic dispersion of fibers from
the Pd—In/ACC on a 200-mesh copper grid (Cu/Formvar;
Ted Pella) and allowing for complete evaporation of ethanol.
Current—potential behavior of the working electrode was
characterized using multistep chronoamperometry (CA).
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Figure 3. (a) PXRD patterns of the ACC and the Pd—In/ACC. The dashed lines represent the locations of the characteristic peaks of Pd, In and C.
(b) TEM image of catalyst metal particles deposited on the Pd—In/ACC. The inset shows the particle size distribution. (c) Current—potential
curves of Pd—In/ACC in 1.0 M phosphate buffer and with 15 mM nitrite addition at 40 mL min™" in the PPTL flow reactor, with a potential range
from —1.3 V/RE to 0 V/RE. (d) Current—potential curves of Pd—In/ACC in 1.0 M phosphate buffer and with 15 mM nitrite addition at 40 mL
min~! in the PPTL flow reactor, with a potential range from —0.80 V/RE to OCP. Arrows indicate the locations where certain reactions are

interpreted as occurring.

Through-plane conductivity (6, S m™") of the ACC without
catalyst deposition and the Pd—In/ACC were determined
using electrochemical impedance spectroscopy (EIS). Details
are provided in the SI.

2.5. Reactive Transport Modeling. A reactive transport
model was used to assess intrinsic reactivity versus mass
transfer limitations on overall NO,™ reduction rates for the
experimental reactor design, and to evaluate performance of a
larger-scale reactor. A simplified schematic of the full system
that was modeled is illustrated in Figure 2. The anodic
chamber was not included in the model as it was only used for
completing the circuit. In the cathodic chamber, solution from
the reservoir containing NO,™ flows through two parallel-plate
ducts where NO,™ reduction occurs as a first-order reaction
(observed in kinetics experiments) on the catalytic wall (Pd—
In/ACC) in the middle of two ducts. The two ducts are mirror
images of each other and the flow in each duct is half of the
inlet flow. The two-dimensional concentration profile in each
duct was described in a previous model developed by Solbrig
and Gidaspow.”*” The dimensionless governing equation is
given in eq 1:

(1-y%5 -5
ox  dy (1a)
where
__) 2D~ G
r = a B 3va® ! Ci,m (1b)

The governing equation is subject to the boundary conditions
as described by eq 2:

C,»(O, )_’) =1 (22)

oC.

—(x,1)=0

ay (2b)

oC, _

—I(E; _1) = chi(i’?; _1)

% (20)
where

K = k,a

YD (2d)

The analytical solution for the dimensionless concentration of i

(Ei,avg) averaged over the y direction at any location ¥ is shown
in eq 3:
- (3
Coae®) = D (—)yze - B
i,avg
S 3)

Definitions of all parameters are presented in Table 1. Details
regarding derivation of the eigenvalues and eigenfunctions are
available in the dissertation of Solbrig.”>’

To model the recirculating system, the average dimension-
less concentration derived above is combined with a mass
balance equation (eq 4) for the 40 mL reservoir, and this was
solved numerically with small time increments.
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Table 2. Summary of Nitrite Reduction Results at Different Applied Potentials and Flow Rates in the PPTL Reactor

applied potential (V/RE)  flow rate (mL min™') NO,” removal (%) current efficiency (%) energy consumption (kWh mol™' NO,) Sxa,' (%)
-1.0 40 81 + 2.5 8.0 + 0.62 1.9 + 0.20 88 + 5.8
—0.80 40 80 + 74 22+ 19 0.41 + 0.04 43 +£ 1.0
—0.60 1 21 + 3.0 29 + 4.5 0.19 + 0.01 11 + 8.9
—0.60 S 34 + 38 38 + 2.6 0.14 + 0.01 8.6 + 2.6
—0.60 20 38+ 9.1 37 £ 5.1 0.14 + 0.02 7.7 + 45
—0.60 40 68 + 6.9 S1 +2.8 0.10 + 0.01 54 + 033
—0.40 40 28 + 11 30 + 19 0.13 + 0.08 ND“

“Not detected.
:in _ _ The TEM image of the Pd—In/ACC is shown in Figure 3b.

at = Q(Ci,avg = Ciin) (4) It shows a homogeneous distribution of the metal particles on

Thus, the complete model was used to fit all the experimental
data at —0.60 V/RE with four different flow rates. k,, was the
only fitting parameter, and it was adjusted to fit the data at all
four flow rates simultaneously. The Nusselt number (Nu) and
the overall dimensionless reaction rate constant (Ky) were
calculated to determine the controlling process for NO,~
reduction in the PPTL flow reactor. Nu can be viewed as
the dimensionless mass transfer coefficient and Ky as the
overall reaction rate constant that combines the effect of both
reaction kinetics and mass transfer. Accuracy of results for eq 3
was confirmed by comparison to data from Solbrig.”” Different
time steps were evaluated to confirm accuracy of the coupled
model represented by eq 3 and 4.

3. RESULTS AND DISCUSSION

3.1. Electrode Characterization. The bulk elemental
analysis from ICP-OES shows that Pd and In loadings were
0.86 = 0.18 wt % and 0.07 & 0.05 wt %, respectively, on the
Pd—In/ACC cathode used in all NO,™ reduction experiments.
PXRD results for the ACC and Pd—In/ACC, and the
characteristic peaks for Pd, In and C, are shown in Figure
3a. The PXRD data for both the ACC and Pd—In/ACC
contain characteristic peaks for C(002) and C(100) that are
from crystalline carbon in the ACC. In addition, PXRD data
for Pd—In/ACC contain characteristic peaks for Pd(111),
Pd(200), Pd(220), Pd(311), and Pd(222). Peaks for PdO, In,
or In,O; were not found. The PXRD data indicated that the Pd
precursors were predominantly reduced to their metallic states
with the deposition method used. Indium was not found in the
PXRD spectra, possibly because indium concentration is low,
or indium appears  as amorphous In,O; in the way it is
synthesized.”*

the ACC support with a narrow size distribution of 4.7 + 1.1
nm. The through-plane conductivities of the ACC and the
Pd—In/ACC were 1.3 S m™ and 1.7 S m™’, respectively,
similar to electrodes used in other studies.””*’ The slight
increase in conductivity of the Pd—In/ACC compared to the
ACC likely resulted from the metal deposition, especially the
metallic Pd that was observed from PXRD analysis. The
improved conductivity suggests that the deposition of catalyst
metals facilitated the application of ACC in the electrocatalytic
processes.

The current—potential curves from multistep chronoamper-
ometry between —1.3 V/RE and 0 V/RE are shown in Figure
3c. Two peaks near —0.90 V/RE and —1.2 V/RE, respectively,
were observed only after nitrite was added and therefore are
attributed to direct nitrite (or nitrite intermediates) reduction
on the electrode. Figure 3d provides a closer view in the range
from —0.80 V/RE to the open circuit potential (OCP), with
and without nitrite addition. Both curves exhibit a peak for
H.q4, generation near —0.40 V/RE and a spike in reductive
current starting near —0.65 V/RE due to H, evolution. Greater
current was observed in the H,y region (approximately
between —0.40 V/RE and —0.65 V/RE) when nitrite was
added, suggesting greater H,4, generation due to its
consumption during nitrite reduction. These results indicate
that the hydrogenation pathway plays an important role in
electroreduction of nitrite, especially at low overpotential
(—0.60 V/RE), while direct charge transfer also contributed at
more negative potentials.

3.2. Electrocatalytic Nitrite Reduction. Electrocatalytic
nitrite reduction experiments were performed at various
potentials and flow rates in the PPTL flow reactor. The
apparent pseudo-first-order rate constants were obtained from
a linear regression of the natural log of NO,™ concentration
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versus time plots for up to 80% NO,~ conversion, and were
then normalized to the mass of Pd catalyst (from ICP-OES
analysis) on the Pd—In/ACC and the volume of the cathodic
solution. The apparent rate constants and NH," selectivity are
shown in Figure 4, while the NO,™ removal, current efficiency,
energy consumption, and NH," selectivity are summarized in
Table 2. Calculation methods for these key parameters can be
found in the SI. The highest rate constant was also normalized
to exposed Pd surface area in Table S2, assuming all metal
particles within the carbon cloth are accessible to reaction.

3.2.1. Effect of Applied Potentials. Apparent pseudo-first-
order rate constants for NO,™ reduction in the PPTL flow
reactor at different applied potentials and a flow rate of 40 mL
min~" are shown in Figure 4a. The highest rate constant (0.57
+ 002 L gy ' min') and NO,  removal (81 + 2.5%)
occurred at —1.0 V/RE. This rate constant is higher than most
rate constants in other electrocatalytic NO,™ reduction
studies.”**™%> This rate constant is also comparable to
those previously reported for catalytic NO,™ reduction in
batch experiments using Pd-based catalysts and H, as the
reducing agent.5’53'63’64 A detailed summary of these rate
constants and the reaction time to reduce an 80 mg NO,” L™
solution to 40 mg NO,” L™ using a 1 g,q L™ catalyst for
(electro)catalytic NO,” reduction is shown in Table S2.
Traditional flow reactors, whether operated in continuous or
recirculation mode, are characterized by slow reduction
kinetics due to H, mass transfer limitations, and have rate
constants up to 25 times smaller than in batch reactors.'®
Agreement between rate constants for the new PPTL flow
reactor and batch experiments indicates efficient nitrite
removal and suggests reduced mass transfer limitations.

Apparent rate constants for nitrite reduction in the PPTL
flow reactor are similar at —1.0 V/RE and —0.80 V/RE (~0.57
L gpg ' min~'), decrease slightly (i, 33%) at —0.60 V/RE,
and then decrease sharply at —0.40 V/RE. Significant H, gas
evolution (bubbles) was only observed at applied potentials
below —0.60 V/RE (i.e, at —0.80 V/RE and —1.0 V/RE).
Apparent rate constants were also measured using a bare ACC
working electrode as a control (Figure S3). It had only 40% of
the Pd—In/ACC activity at —1.0 V/RE, almost no activity
toward nitrite reduction at —0.60 V/RE, and no observed H,
gas evolution. Only direct electron transfer likely contributes to
nitrite reduction on the bare ACC, based on the lack of a
hydrogenation metal and no H, gas evolution. Therefore, at
—1.0 V/RE, the results support both direct charge transfer and
hydrogenation of nitrite as possible reaction mechanisms on
Pd—In/ACC. This is also supported by chronoamperometry
(CA) results, indicating direct nitrite reduction at —0.90 V/RE,
and both H, and H_4, generation below —0.65 V/RE. At —0.80
V/RE, the CA results indicate only hydrogenation is possible.
However, the equivalence of nitrite reduction rates at —1.0 and
—0.80 V/RE suggest contributions from direct charge transfer
at —1.0 V/RE are minimal. At —0.60 V/RE, the CA results
indicate only H,4 and not H, is contributing to nitrite
reduction. The production rate of H 4, may be at least partially
responsible for the lower activity at this potential compared to
—0.80 V/RE. Finally, at —0.40 V/RE, CA results indicate H,q4;
generation drops sharply, and this is responsible for the large
decrease in nitrite reduction activity. Overall, the results
indicate that hydrogenation is the dominant reduction pathway
at all applied potentials, but at —1.0 V/RE direct charge
transfer is possible and may be contributing.

Selectivity for ammonium was determined and is reported in
Table 2. It decreases from near 90% to almost zero with
applied potential from —1.0 V/RE to —0.40 V/RE,
respectively. This decrease corresponds to smaller amounts
of reactive hydrogen on the catalyst surface, and is consistent
with conventional catalytic studies that found less ammonium
is formed when the hydrogen supply is limited.>”*%*~"° This
has been attributed to higher coverage of nitrogen species on
the catalyst surface at low hydrogen levels, and the greater
chance for N—N pairing to occur and form dinitro-
gen.”¥997% Selectivity for dinitrogen is important in water
treatment plants to avoid producing and releasing toxic
ammonium to the water distribution system or the environ-
ment.

Reduction currents and NO,™ reduction end products were
used to calculate current efficiencies, and these are also
reported in Table 2. The highest rate constant observed at
—1.0 V/RE corresponds to the lowest current efficiency (i.e.,
8.0%). This means that less than 10% of the electrons
generated were used to reduce nitrite via Hg, while the
remaining electrons and the associated energy were wasted
most likely through the coupling of H,4 to form H, that
escaped from the reactor. Current efficiencies improved when
the applied potential was decreased to —0.80 and —0.60 V/RE,
reaching 22% and 51%, respectively. At —0.60 V/RE, NO,~
removal was only 13% lower than at —1.0 V/RE (i.e., 81% at
—1.0 V/RE versus 68% at —0.60 V/RE), and NH," selectivity
was reduced from 88% to 5.4%. Also, the high current
efficiency at —0.60 V/RE resulted in the lowest energy
consumption at 0.10 kWh mol™ NO,™. At —0.40 V/RE, the
NO,™ reduction activity drops off sharply. These results
indicate that with careful control of the applied potential, H,4
generation on the electrode surface can be controlled and
efficiently used for rapid nitrite reduction with minimal energy
consumption and ammonium production. This highlights the
merit of potential control even though a large number of flow
reactors with advective flow (including recirculating system) in
the literature and those for large scale applications were
operated in the galvanostatic mode;*®*>*"~>%7!="3 this only
regulates the total current circulating through the cathode and
anode, and side reactions such as H, evolution reaction cannot
be minimized.’”**

3.2.2. Effect of Flow Rate. At 40 mL min™", the applied
potential of —0.60 V/RE resulted in relatively fast NO,~
reduction with the lowest energy consumption and ammonium
production. Therefore, this applied potential was chosen to
probe the effects of flow rates from 1 to 40 mL min~' on
reactor performance. These flow rates correspond to Reynolds
numbers from 0.77 to 31, respectively, all in the laminar
regime. NO,” reduction activity and NH," selectivity as a
function of flow rate are presented in Figure 4b. The apparent
rate constants increase from 0.08 L gpd_l min~! to 0.38 L gpd_l
min~' when flow rates increase from 1 mL min~' to 40 mL
min~". The current efficiency follows the same trend and is a
maximum at 40 mL min~!, while the energy consumption
follows the opposite trend. The NH," selectivity is always
below 11%, and is lower at higher flow rates. The trends
observed from 1 mL min~" to 40 mL min~" are at least partially
due to the increased number of recirculation cycles that result
from increasing flow rates; at 1 mL min~! the solution only
passes through the reactor twice during the 120 min kinetic
run. These trends are also influenced by boundary layer
thickness; at higher flow rates this thickness should decrease,
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Figure 5. Simulated concentration profiles of nitrite reduction at —0.60 V/RE and a flow rate of (a) 1 mL min™, (b) 5 mL min™, (c) 20 mL
min~', and (d) 40 mL min~" in the PPTL reactor. Black open squares represent experimental data. Red solid and dashed lines represent the
concentration profile and its bounds of uncertainty calculated from the fitted k,, value and its 95% confidence intervals, respectively. Blue short
dashed lines represent the prediction bounds of new data points with 95% confidence when a separate replicate experiment is to be performed at

each flow rate.

thereby improving NO,™ mass transfer to the cathode surface
and possibly overall reaction rates.

3.3. Reactive Transport Modeling of Experiments. A
reactive transport model was used to simultaneously fit NO,~
concentration versus time results for the PPTL reactor at four
flow rates (i.e., 1—40 mL min~"), all performed at an applied
potential of —0.60 V/RE. Model results are shown in Figure 5.
Red solid and dashed lines represent the concentration profile
and its bounds of uncertainty calculated from the fitted k,
value and its 95% confidence intervals, respectively. Blue short
dashed lines represent the prediction bounds of new data
points with 95% confidence when a separate replicate
experiment is to be performed. Simulation results show that
the model captures the trend of faster NO,™ reduction with
increasing flow rates. However, with a single fitting parameter,
k,, model profiles are slightly lower than experimental profiles
at 1 mL min™}, slightly higher at 40 mL min~!, and
approximately match much of the data at the two intermediate
flow rates. The reasons for these small discrepancies are
unclear, and may be due to nonideal flow in the reactor.

The best-fit intrinsic reaction rate constant (k,) obtained
from the model fit of the data is 5.2 X 107 m s7!, and the
corresponding dimensionless reaction rate constant (K,,) is 1.3.
Nusselt numbers (Nu) and overall dimensionless reaction rate
constants (Kg) were calculated at each of the four flow rates
with the largest X corresponding to x equal to electrode length,
L; results are presented in Table 3. This value of ¥ was chosen
because Nu decreases with increasing *¥ and asymptotically
approaches a constant value. At all four flow rates, Nu is
greater than K, indicating that NO,™ reduction in the reactor

Table 3. Summary of Calculated K, Nu, and Kg for Nitrite
Reduction at Different Flow Rates Using the Reactive
Transport Model

flow rate (mL min~!) K, Nu Kg
1 1.3 1.4 0.66
S 1.3 2.0 0.78
20 1.3 3.2 0.91
40 1.3 4.5 0.99

is more kinetically limited rather than mass transfer limited.
This is more apparent at higher flow rates, where this ratio is
greater. For example, while K, is 1.3 for all flow rates, Nu is 1.4
at 1 mL min~' and 4.5 at 40 mL min~', respectively. It is
important to note however that in all cases Nu is not much
greater than K,. Hence, mass transfer limitations still affect
overall reaction rates and there is room for improvement.
3.4. Reactive Transport Model Application for
Improved Reactor Design. The reactive transport model
was used to assess the effects of electrode length and width,
flow channel thickness, and intrinsic reaction rate constant on
NO,™ removal. Results are presented in Figure 6. Electrode
length and width had the same effect on NO, ™ removal (Figure
6a). Increasing their values by five times sharply increased
NO,™ removal from 51% to 96%; the latter corresponds to a
final NO,™ concentration close to the U.S. EPA’s maximum
contaminant level (MCL) of 1 mg L™" as nitrogen.1 To probe
the effect of flow channel thickness, we adjusted electrode
width while varying the thickness to ensure constant retention
time and eliminate its effect on NO,” removal. Both NO,~
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removal with recirculation and once-through removal (the
removal after the solution passes through the reactor once)
were evaluated. Results show that NO,™ removal for both cases
share a similar decreasing trend with increasing flow channel
thickness, and that this removal plateaus when flow channel
thickness is greater than 0.006 m (Figure 6b). Since the
boundary layer thickness is calculated to be 0.006 m,”*
reducing flow channel thickness from 0.006 to 0.0001 m means
the flow is cutting into the boundary layer, resulting in a
shorter distance for mass transfer, and therefore, a higher
removal in both once-through and recirculating modes.

The effects of increasing or decreasing the intrinsic reaction
rate constant (k,,) are shown in Figure 6c. As expected, NO,~
removal increases with k,, but reaches a limiting value at the
upper end. Further increases in k, have little effect past this
limit because the overall reaction becomes mass transfer
limited at large values of k,. However, when the overall
reaction is mass transfer limited, the value of k,, is 10 times the
optimal value determined in this work (shown by the + symbol
in Figure 6¢). This suggests overall reactor performance may
be improved by designing more active catalysts.

We also investigated the effect of flow rate on NO,™ removal
using the reactive transport model (Figure SS5). When the
retention time of fluid in the catalytic reactor is held constant
(Figure SSa), once-through NO,™ removals are the same at all
flow rates, while removals in the recirculating system increase
with flow rate. With a greater number of recirculation events
per unit time, the reactor system approaches a more batch-like
configuration. When retention time is not held constant (i.e.,
only flow rate is changing, Figure SSb), once-through NO,~
removals decrease with increasing flow rates; this opposes what
boundary layer theory predicts, and is due to the controlling
effects of shorter retention times at higher flow rates. By

contrast, in the recirculating system, NO,~ removal increases
with increasing flow rate. The effect of faster recirculation
outweighs the disadvantage of shorter retention times. This
matches well with the trend of enhanced NO,™ removal with
greater flow rate observed in the experiments from 1 to 40 mL
min~".

3.5. Long-Term Reactor Performance. The same pieces
of cathode and stainless steel were used in all reactor
experiments. There was concern that reactivity might degrade
over time due to alteration of these materials, especially for the
Pd—In/ACC cathode. Therefore, at periodic intervals between
unique NO,” reduction experiments performed at different
applied potentials and/or flow rates, the same reduction
experiment at —1.0 V/RE and 40 mL min~' was performed
seven different times. In total, almost 50 two-hour reduction
experiments were performed among unique and replicate
experiments, which corresponds to 100 h of reactor operation
over six months.

The apparent rate constants for the seven replicate tests are
shown in Figure 7. Overall, there is a trend of slightly
decreasing activity over time, by approximately 30% from start
to finish despite one outlier for test #6. Current efficiency and
energy consumption are relatively constant for the seven
replicate experiments. The reason for the outlier is possibly a
very low potential (—1.5 V/RE) applied in a probe experiment
prior to test #6, and the concomitant H, gas production that
caused some regeneration of the catalyst surface. Pd-based
catalysts with various formulations have been shown to
continually lose activity over repeated cycles of catalytic nitrate
or nitrite reduction, even though no major changes in physical
characterizations were observed.””>7”¢ Heating the electrodes
at moderate temperature in H, flow might help restore the
activity.”"”* Previous long-term studies in catalytic process also
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Figure 7. Apparent pseudo-first-order rate constants for multiple
cycles of electrocatalytic nitrite reduction at an applied potential of
—1.0 V/RE and a flow rate of 40 mL min~! in the PPTL reactor.

indicated the activity would eventually reach a steady state.'®
Future studies about whether these observations for Pd
catalysts in catalytic reduction are transferable to electro-
reduction are warranted. This reactor is still promising for
application where long-term catalyst activity, efficient hydrogen
usage, and low maintenance costs are necessary to achieve
sustainability.

3.6. Environmental Implications. Results in this work
indicate the PPTL flow reactor promotes rapid NO,~
reduction at rates commensurate with those in batch reactors,
and that mass transfer limitations are not dominating
performance. They also indicate that rapid NO,™ reduction
can be achieved with high current efliciency, low energy
consumption and excellent selectivity for the dinitrogen end
product at a low overpotential where atomic hydrogen is likely
responsible for nitrite reduction, and direct charge transfer has
little contribution. This bodes well for practice, because that
latter mechanism is often associated with high overpotentials
and/or H, gas evolution, resulting in inefficient use of
electricity, high energy consumption, and more corrosion of
reactor components.

Modeling results from this work indicate possible
approaches to further improve PPTL flow reactor perform-
ance. To overcome remaining mass transfer limitations, flow
channel thickness could be further reduced or turbulent
promoter sheets could be installed to minimize the boundary
layer thickness. To enhance hydrogenation rates, more active
catalyst formulations can be evaluated. For example, Pd-based
alloy nanoparticles (NPs) have shown increased activity
toward nitrite reduction.””**”* A remaining challenge not
explored by the model is designing a PPTL reactor for large-
scale application that operated in potentiostatic mode, as
opposed to galvanostatic mode. This requires the installation
of a reference electrode in a suitable position in a large-scale
reactor, which can be difficult. The reference electrode might
also be subject to more challenging conditions in practice than
at the bench scale, and this might be costly to maintain and
operate. Hence, challenges to realize practical implementation
of a flow-through electrocatalytic reactor for nitrate removal
remain, but promising results from this work regarding high
nitrite reduction activity and minimal mass transfer limitations
motivate continued development.
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