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ARTICLE INFO ABSTRACT

Editor: G. Chen Here, computational fluid dynamics (CFD) simulations have been employed to investigate the transport phe-
nomena occurring in an electrochemical reactor, equipped with an AISI 1018 carbon steel rotating cylinder
electrode (RCE), during nitrate electroreduction. A model that resulted from solving the fundamental transport
equations that govern the hydrodynamics, mass transport, and current distribution is proposed to assess the
behavior of the RCE reactor when addressing the nitrate removal. The results obtained from the simulations
offered a wider understanding of the selected electroreduction process. It was determined that the six sur-
rounding Ti|IrOy-based anodes acted as deflectors that promoted the presence of two Taylor vortices, giving rise
to three distinct velocity zones inside the reactor. This fact had an impact on mass transport, since the appearance
of low-concentration zones was associated with a greater velocity. Furthermore, a slight current distribution
(0.990 < jc/je,ave < 1.005) was observed along the RCE length due to the two Taylor vortices. The model was
validated by performing a series of nitrate electroreduction experiments in an RCE reactor filled with solutions of
400 mL, corroborating that it is sufficiently robust to predict the nitrate concentration decay. At 1000 rpm,
operating at 447 A m 2 to ensure mass transport control conditions, 90 % nitrate removal from a 10 mM KNO3 +
500 mM K2S04 solution was achieved in only 10 min, with a low electrochemical energy consumption of 14.3
Wh gL
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1. Introduction posing serious health hazards [4-7]. Furthermore, improper disposal or

inadequate treatment of industrial waste adds to nitrate discharge into

Nitrate water pollution is a pressing environmental issue that
threatens people and ecosystems. Although nitrates are naturally pre-
sent in nature, being an absolutely essential nitrogen source for plant
growth, excessive levels are known cause severe health and environ-
mental concerns, putting at risk the future of entire populations [1-3].

Several human activities, particularly agriculture and livestock
farming, are the primary source for NO3 discharge into water bodies
[4,5]. The expansive use of synthetic fertilizers and the spread of live-
stock manure on agricultural land eventually results in nitrate leaching
or in-situ generation, thereby ending in groundwater and surface water
bodies. Consequently, drinking water sources fed with such polluted
streams may exceed the nitrate threshold values established by the law,
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nearby water bodies, exacerbating the pollution problem.

The health implications of long-term water pollution by NO3 are
subject to discussion, although there is consensus on the worrisome
consequences derived from its presence in freshwater and drinking
water, particularly for vulnerable people such as infants and pregnant
women [7]. Once ingested, nitrates can be converted into nitrites within
the body, which bind to hemoglobin in the blood reducing the oxygen
transport efficiency [7-9]. This condition, so-called methemoglobi-
nemia, can cause oxygen depletion, leading to severe health complica-
tions and, in some extreme cases, death.

These concerns bring about the urgent need to address NO3 removal
from water. A set of methods has been developed for this purpose so far,
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including chemical and biological approaches, but electrochemical ap-
proaches have gradually gained attention among the former due to their
effectiveness, cost-efficiency, simple operation and environmental
compatibility [2,10-13]. Since nitrate electroreduction is a surface
phenomenon, its removal is highly affected by the cathode composition
and surface area. Several cathode materials have been tested, including
carbonaceous materials, metal oxides, and composite electrodes [13].
Cheap materials with sufficient stability and high electrocatalytic ac-
tivity are often preferred. In addition, the applied cathodic potential
(Ecath) or cathodic current density (j.), and solution pH have impact on
the process mechanism, which can be either direct or indirect [14,15]. In
dilute NO3 solutions (<1 M) at neat-neutral or alkaline pH, the direct
path is favored because the absorbed NO3 is reduced by the electrons
supplied at the cathode surface. Conversely, in the indirect path, NO3
reacts with adsorbed atomic hydrogen, an intermediate of hydrogen
evolution reaction (HER) (1), yielding the absorbed NO3 species ac-
cording to reaction (2), which is known to be the rate-determining step
of the overall electrochemical nitrate electroreduction process [14-16].
Afterward, further reduction of NO3 on the cathode surface yields NHg
or Ny via reactions (3) and (4), respectively. The electrochemical nitrate
reduction has been widely studied in recent years, showing outstanding
results regarding the removal percentage and the possibility of accu-
mulating less hazardous products or even valorizing them [16-21].

2H,0 +2e”—>H, +20H" @
NOj +H,0 +2e”—NO, +20H" @
NO, +5H,0 + 6e”—»NH; +70H" (3)
2NO; +4H,0 + 6e” >N, + 80H" Q)

A critical element to consider in the NO3 electroreduction is the cell
configuration, which significantly affects the efficiency of the process,
since the electrode arrangement as well as the flow pattern or hydro-
dynamics affect the mass transport and the current distribution inside
the cell [18,22,23]. In this context, the rotating cylinder electrode (RCE)
reactor has been suggested as a viable system to promote the fast and
complete electroreduction of NO3 [24,25]. More specifically, Gonzaléz
Pérez and Bisang [24] carried out potentiostatic experiments using a
reactor equipped with an RCE made of Cu (38-mm diameter and 100-
mm length) to treat 900 mL of a 30 mM NO3 + 0.1 M K5SO4 solution
at pH 5.6. In that work, a nitrate conversion greater than 80 % with a
high selectivity towards ammonia was achieved after 1 h at Ecay = —
1.3 V vs SCE and 1000 rpm. On the other hand, Oriol et al. [25] per-
formed the treatment of 400 mL of a 10 mM NO3 + 0.05 M NaySO4
solution at pH 6.5 using a batch system equipped with an AISI 1018
carbon steel RCE (38-mm diameter). The complete removal of nitrate
was attained after 120 min at Ecasy = — 1.8 V vs mercurous sulfate
reference electrode (MSE) and 500 rpm. Those works show the
outstanding performance of the RCE reactor for nitrate reduction. The
RCE reactor has been widely used in electrochemical engineering, being
especially noticeable its use in metal recovery [26-28]. The mass
transport is dramatically enhanced by the central RCE rotation,
upgrading the supply of electroactive species to the electrode, which
results in high reaction rates and current efficiencies [26-30]. The latter
can be explained by the fact that turbulence is reached at low rotation
rates, corresponding to a critical Re value ranging from 50 to 300 for an
RCE with a smooth surface [27,31].

Despite the well-known experimental and simulated functioning of
the RCE reactor, it is essential to transfer this understanding to the
complex phenomena that occur in nitrate electroreduction. In this re-
gard, computational fluid dynamics (CFD) tools have arisen as an effi-
cient strategy to elucidate the hydrodynamics, mass transport, and
potential-current distribution inside different electrochemical reactors
[22,23,32-36]. By solving the conservation equations linked to each
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phenomenon, which considers the deviation of the fluid ideality by CFD,
a more intricate and insightful comprehension of the overall perfor-
mance of the reactor can be attained [23].

Within the water treatment field, CFD models have been used to
characterize several electrochemical reactor configurations, achieving
results able to replicate the actual reactor performance [32-36]. For
instance, CFD techniques have been employed to elucidate the hydro-
dynamic behavior of parallel plates [33,37-41], serpentine arrays [33],
stacked cells [42,43] and RCE reactors [35,36,44,45]. These studies
allow a deeper understanding of the dynamics of the fluid elements,
thereby easing the elucidation of the influence of the flow rate and the
reactor geometry on the velocity inside the reactor. The hydrodynamic
models are often validated through residence time distribution (RTD)
curves that quantitively describe the deviation of the fluid from the
ideality, being feasible to evaluate the agreement with an ideal behavior
[33,37-43]. Moreover, the conservation equations that describe the
mass transport as well as the potential and current distribution can be
coupled to the hydrodynamic model to obtain a complete description of
the reactor in terms of yield of products and current distribution
[22,23]. By simultaneously solving the mass transport and potential
distribution equations, several electrochemical processes such as the
active chlorine electrosynthesis [34,46], electrodissolution of metals in
the electrocoagulation process [35,43,47] and metal electrodeposition
[36,44,48] have been correctly described and validated. It can then be
concluded that CFD techniques are powerful tools to accurately describe
a wide variety of electrochemical processes. Nonetheless, most of the
works were focused on metal recovery, electrosynthesis and electro-
coagulation, which leaves a gap related to nitrate removal. To solve the
conservation equations proposed for each model, the most common
software packages employed are COMSOL® Multuyphisics and
OpenFOAM.

Most of the published works dealing with nitrate electroreduction
focused on assessing the performance of different cathode materials or
optimizing the operation parameters to improve the process efficiency
[14,15,18-20]. Nonetheless, to the authors knowledge, the mathemat-
ical model and CFD tools that describe the RCE reactor have not yet been
applied to study the nitrate electroreduction.

In this article, a CFD model has been developed to simulate the hy-
drodynamic pattern, mass transport phenomena, and current distribu-
tion within an RCE reactor applied to nitrate electroreduction. The
transport equations of momentum, mass, and charge (under turbulent
flow conditions) were solved by the finite element method using a
commercial code. The CFD model was used to validate the influence of
peripheral velocity and NOj3 initial concentration on the pollutant
removal rate in a 400-mL RCE reactor. Through this modeling study, it is
expected that a better understanding of electrochemical nitrate removal
mechanisms is attained, thereby inspiring new ways to optimize the
performance. The main products generated during nitrate reduction
have been quantified as well.

2. Experimental
2.1. Chemicals

The solutions used in this work were prepared with analytical grade
electrolytes, including KNO3 (98 %) and K2SO4 (99.9 %) provided by
Panreac. Phthalic acid (99.5 %) and tris(hydroxymethyl)aminomethane
(99.8 %) used to prepare the mobile phase for nitrate quantification by
ion chromatography were of analytical grade from Panreac. Analytical
grade sodium nitroprusside dihydrate from Merck, phenol (>99 %) from
Sigma-Aldrich, and EDTA (>99 %) from Panreac were used for the
ammonia colorimetric determination. All solutions employed in this
work were prepared with ultrapure water (Millipore Milli-Q system with
p > 18.2 MQ cm at room temperature).
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Table 1
Peripheral velocities, Reynolds numbers and limiting current densities (calcu-
lated through Eq. (6)) for each rotation rate.

®/rpm U/cm st Re Ju/A m2
300 59.7 25,775 257
400 79.6 34,367 293
600 119.4 51,550 353
800 159.2 68,733 403
1000 198.9 85,873 447

2.2. Experimental setup

The RCE reactor consisted of a jacketed glass vessel (13.0 cm height
x 8.0 cm diameter). It comprised an AISI 1018 carbon steel RCE (14.0
cm height x 3.8 cm diameter) placed in the center of the vessel and
surrounded by six commercial Ti|IrOz-based anode plates (15.0 cm
height x 2.0 cm wide) from NMT Electrodes. These plates were fixed in a
polylactic acid plastic holder, whereas the cathode was insulated at the
bottom by means of a polypropylene cap. The gap between the cathode
and each anode was kept at 1.9 cm, being the total cathode and anode
area exposed to the solution similar in all trials (~100 cm? each). The
reproducibility of the trials was ensured by cleaning the steel RCE after
each electrolysis with a 20 % H2SO4 solution, followed by further pol-
ishing of the surface with 280 and 800 grit sheet sandpaper. The RCE
reactor was operated in batch mode. A variable rotation electric motor
RW 20 from IKA allowed fixing the rotation rate of the RCE, whereas a
GVD310 power supply from GRELCO provided the constant applied
current. More details about the RCE reactor setup can be found else-
where [25].

The NO3 electroreduction was performed in the RCE reactor con-
taining 400 mL of a 500 mM K2SO4 solution at natural pH (~6.5),
assessing the influence of the rotation rate (w) in the range of 300-1000
rpm, and nitrate initial concentration within 10-40 mM range. Since
nitrate is a negatively charged ion, its mass transport towards the
cathode to become electroreduced is expected to occur mainly by
diffusion-convection, whereas migration plays a negative effect. To
neglect such negative contribution during the electrolytic trials, a suf-
ficiently high concentration of supporting electrolyte (i.e., K2SO4) was
added. This minimized the nitrate transport number (txo; ), being much
iNog CNO;

SuG
where }; is the ion molar conductivity at infinite dilution and C; is the
concentration of each ion. The transport numbers for all the ions are
summarized in Table S1.

The current density to be applied in the trials was determined from a
dimensionless number correlation (Eq. (5)) obtained experimentally in
our recently published work [25], which informs about the hydrody-
namic regime and the overall properties of the solution. Since the
Sherwood number (Sh) correlates the convective mass transport with
molecular diffusion (Sh = ky drce/Dro; ) and, in turn, the mass transport

lower than that of SO7. This was determined from tno; =

coefficient (ky) can be correlated to the limiting current density (j.) for
NO3 electroreduction through ky, = j./nFCno;, Eq. (5) can be
rewritten as Eq. (6) to finally calculate the limiting current density for
nitrate electroreduction under mass transport control.

Sh — 0.7Re"46 50356 5)
0.7nFCxo-D
L= dN"s NO; Re0:465,-0356 ©)
RCE

where ji, is in A m~2, n is the number of electrons transferred in the
global reduction reaction (=8), F is the Faraday constant (96,485 C
mol’l), Cro; s the nitrate concentration (in mol m’3), Dnoj is the ni-
trate diffusion coefficient (in m? s™'), and dgcg is the diameter of the
RCE (0.038 m), whereas Re and Sc are the Reynolds (Re = U dgcg/v,
where v is the kinematic viscosity of the fluid) and Schmidt (Sc = v/Dro;
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= 463) dimensionless numbers, respectively. Table 1 shows the j, values
required at each peripheral velocity. It is important to mention that the
index and the superscript values shown in Eq. (5) (0.7 and 0.46,
respectively) are specific to this electrochemical system because it is an
empirical equation. The former depends on the transport properties and
the latter on the flow pattern [31]. Nonetheless, this kind of correlation
has relevant implications in practice, since it eases the appropriate scale-
up of the electrocatalytic nitrate removal if the diffusion-charge transfer
characteristics are maintained (i.e., use of an RCE reactor under turbu-
lent flow to treat nitrate solutions with comparable physicochemical
properties).

The overall energy consumption (EC) of the electrolysis per gram of
nitrate removed, was calculated as follows:

Ecclllt

L
EC(Whe™) = 3550(c, — comv )

where Cy is the initial nitrate concentration, C; is the nitrate concen-
tration at each sampling time, V is the volume of the treated solution, I is
the applied current (in A), t is the electrolysis time (in s), Ece is the cell
voltage (in V), and M is the molecular mass of nitrate ion (62 g mol ™). It
is worth mentioning that the duration of each trial was of 2 h and each of
them was performed twice. Error bars are shown in the required figures.

2.3. Analytical methods

Nitrate concentration was quantified by ion chromatography using a
Shimadzu 10Avp liquid chromatograph that comprised a Shim-Pack IC-
Al anion column, with dimensions of 100 mm x 4.6 mm (i.d.), kept at
40 °C and coupled to a Shimadzu CDD 10 Avp conductivity detector.
This analysis was carried out by injecting 20 pL of the sample upon
elution of a mobile phase composed of a 2.4 mM tris(hydroxymethyl)
aminomethane solution at pH 4 + 2.6 mM phthalic acid solution at 1.5
mL min~!. The ammonia concentration (in the form of ammonium ion)
was determined via the standard indophenol blue colorimetric method,
which allowed measuring the absorbance at A = 645 nm in a UV4
Unicam UV/Vis spectrophotometer [16,17]. Total nitrogen (TN) mea-
surements were performed in the TNM-1 unit coupled to a Shimadzu
VCSN TOC analyzer. The electrochemical characterization of nitrate
reduction and oxygen evolution reaction (OER) was performed by linear
sweep voltammetry (LSV) in a standard three-electrode cell connected to
an Autolab PGSTAT100 potentiostat. The working electrode was either
an AISI 1018 steel or a Ti|IrOy-based piece, for cathodic and anodic
sweeps, respectively. A Pt rod and Ag|AgCl (3 M KCl) served as the
counter and reference electrodes.

3. Formulation of the numerical simulation

In a previous communication, we described the experimental char-
acterization of the RCE reactor for nitrate removal under potentiostatic
conditions [25]. In that work, a dimensionless correlation was obtained
to describe the electroreduction process, which can be used to calculate
different parameters of the process to scale-up or improve the removal of
nitrate. Nonetheless, this correlation offers little information about the
intrinsic behavior of the RCE reactor in terms of hydrodynamics, mass
transport and current distribution. Therefore, a model able to describe
the phenomena occurring inside the reactor would ease the character-
ization of the reaction environment, allowing the enhancement of the
reactor performance.

The modeling and simulation of NO3 electroreduction in an RCE
reactor compels to address the most critical aspects of this electro-
chemical system to obtain reliable results for hydrodynamics, mass
transport and current distribution behavior. Thus, the governing equa-
tions for each phenomenon must be solved by proposing boundary
conditions that accurately describe the motion of the central cylinder
and the main properties of the solution. Moreover, the electrochemical
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process must be well understood, since the electrochemical reactions
depend on the kinetic parameters arising from the current applied to the
specific electrocatalytic materials used as electrodes, as well as on the
composition of the solution.

3.1. Electrochemical process

Nitrate electroreduction consists of two steps: (i) The two-electron
reduction reaction (2) that converts nitrate to adsorbed NO5 on the
cathode surface; and (ii) the subsequent six-electron complex cascade
mechanism that reduces NO; to either NH3 from reaction (3) or N, from
reaction (4). Since reaction (2) is established as the rate-determining
step, the subsequent electron transfer to the adsorbed NO3 is compar-
atively fast. On this basis, NO3 electroreduction can be actually
considered an eight-electron process, which in the case of carbon steel
cathode results in the complete conversion to ammonia according to the
global Eq. (8) [16,17]. At Ti|IrOy-based anodes, the OER (reaction (9))
occurs concomitantly, without ammonia reoxidation [16,17].

NO; + 6H,0 + 8¢ —NH; +90H ™ (8
4H,0-20, +8H" + 8¢~ (C)]

The overall reaction (8) can then be considered for simulation purposes,
allowing to model the quick reduction of nitrate into ammonia on the
cathode surface.

3.2. Turbulent model

RCE reactors can promote turbulence at relatively low rotation rates,
reaching critical Re values in the range of 50-300, which promotes fluid
instability and generation of eddies, thereby requiring to solve a set of
equations that correctly describe the turbulent behavior [31]. To ach-
ieve the latter, a two-equations k-¢ model based on the Reynolds-
averaged Navier-Stokes (RANS) equations was proposed. The «-¢ is a
sophisticated turbulent model (and hence, more complex because it
requires high computational efforts) that allows the description of tur-
bulence through the effect of the generation (x) and dissipation of tur-
bulent kinetic energy (¢) [23,49]. Furthermore, this model has been
widely used to characterize the RCE reactor by CFD due to its detailed
description of turbulence, which results in outstanding theoretical
trends that replicate very well the experimental results [35,36,44].

Therefore, the hydrodynamic model consisted in finding the solution
of the RANS and continuity Egs. (10) and (11) [49]. The electrolyte is an
incompressible fluid, and the modeling considers isothermal and steady-
state conditions. The turbulent viscosity (u7) is given by Eq. (12); hence,
the x-¢ model equations are implemented within this term considering
that the ratio between Reynolds stresses and mean rate of deformation is
identical in all directions [49]. Both x and ¢ are described by Egs. (13)
and (14), which must be solved simultaneously with Egs. (10) and (11)
to fully describe the turbulent phenomena:

pueVu= —VP+Ve ((u+u)(Vu+(Va)')) (10)

Veu=0 an

Hr :/’Cu]’( (12)

€

p(u.V)K:v.((,hu’f)w)Ha—pe 13)
2

pueV)e=Ve ((,u +&>Ve) +C81§P,<7C€2p8— (14
O, K K

where u is the average velocity vector, P is the averaged pressure, p is the
density of the fluid, y is the dynamic viscosity of the fluid, pr is the
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turbulent viscosity, and P is an energy production term, whereas C,,
Ce1, Ce2, 0k and o, are dimensionless empirical constants of the model
[49].

In a turbulent regime, in the region close to the wall, the velocity of
the fluid exponentially decreases as it approaches the viscous zone,
where the turbulent model begins to disagree because it is strictly valid
for high Re numbers. In this scenario, wall functions are often introduced
to ensure that the simulation is done in the turbulent zone of the fluid.
The most used wall function in the x-¢ turbulence model is described by
Eq. (15).

1
ut = %lny+ +5.5 (15)

where u' is the dimensionless velocity normal to the wall, k is the von
Karman constant, and y* is the dimensionless distance from the wall to
the turbulent zone [34,49].

In the RCE batch reactor, the solution motion is attributed solely to
the RCE rotation; hence, to solve Egs. (10)-(14), the following boundary
conditions were set:

o At the RCE, the cathode rotation was chosen as a normal stress

derived from the tangential velocity vector at the RCE surface, [(u +
Hr) (V eut(Ve u)T> ]n = —pBttyng, Where u; = CO2\/K, ttrang =

”"’7(”"”")"” |luwl, and u,, is the velocity vector of the moving RCE

Uy =y on)u]

given by 2zwrrcg, where o is in rev s7! [44].
e At the open fluid surface, a decreasing shear stress is set to restrain

the free movement of the fluid, [(,u +pr) (V eu+ (Ve u)T) }n =0,

uen = 0, as the RCE reactor is open to the atmosphere.

To solve Egs. (13) and (14), the following boundary conditions were
set:

o At the open atmosphere surface, k = 0 and ¢ = 0.

- . . w2 w3
¢ In all remaining walls (including the electrodes), x = N and & =g

3.3. Mass transport

In turbulent regime in the absence of migration, ensured by the
addition of a supporting electrolyte that allowed neglecting that term in
the Nernst-Planck equation, the nitrate transport towards the RCE can be
assessed by solving the time-dependent diffusion-convection Eq. (16)
considering a turbulent diffusion coefficient (Dr):

ot

= —ueVCno, +V (DNO; +DT> VCno;y (1e)

where u is the average velocity vector obtained by solving Egs. (10)-
(14). The value of Dt can be calculated from the turbulent Schmidt
number (Scr = pip/pDr). For this, the Kays-Crawford model of Eq. (17)
was used.

—1
1 0.3u, 0.3u,\’ pD
Scr = _ 1— .~
cr {zs%, t JSerapD ( pD PN 031, v/Sr
a7

where Scr,, = 0.85 was included during the simulation of the diffusion-
convection Eq. (16), to obtain Dt considering the local values of Scr and
HT-

Although the current density at each rotation rate was calculated
considering mass transport control, i.e., the concentration at the cathode
surface is zero, the turbulent phenomena affecting the mass transport
near the wall cannot be neglected. In this scenario, the Launder-Spalding
model describes the concentration near the wall through a dimension-
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Table 2
Electrolyte properties and kinetic parameters employed in the simulation of
nitrate electroreduction in the RCE reactor.

Parameter Symbol Value Unit

Fluid density p 1000 kg m3
Fluid dynamic viscosity u 0.001 Pas

Fluid kinematic viscosity v 1x10° m?s!
Solution conductivity c 5.0 Sm™!
Nitrate diffusion coefficient Dro, 1.9 x 107° m?s!
Cathodic open circuit potential OCP, —0.63 V (vs. SHE)
Anodic open circuit potential OCP, 0.68 V (vs. SHE)
Nitrate exchange current density Jono; 0.67 Am2
HER exchange current density Jou; 0.18 Am 2
OER exchange current density jo.0ER 5.6 x 1077 Am™2
Nitrate Tafel slope bro; 0.217 \%

HER Tafel slope buEr 0.127 v

OER Tafel slope boer 0.069 \%

less concentration (C*) at a distance y* by Egs. (18) and (19), linking the
viscous region with the turbulent zone [50]:

1
C§O§ = Scr (ElnyJr +5.5 +PC> (18)

0.25..0.5
(Crora = Cro; ) €O

NNO;,W

19)

Clo-

NO;
where Cf, is the dimensionless nitrate concentration, Cno; w is the
nitrate concentration in the region near the wall, Nxo; v is the nitrate

flux towards the RCE wall, and P, is a factor that describes the re-
sistances near the wall by Eq. (20):

SC 0.75
(&)"] 0

where A is an empirical constant fitted with a value in the range of 0-1 to
adjust the experimental data. The mass transport wall function was
employed to describe the rate of nitrate transport towards the RCE.

The corresponding boundary conditions to solve Eq. (16) were set as
follows:

P.=A

o
e At the RCE, a nitrate flux expressed as —Dno; ;503 = Nno; =

bNo

Joxog < ANS, ) (WO3 )
= */-, where jono; is the exchange current density
for nitrate reduction, bno;, is the Tafel slope for nitrate reduction, and

fno; is the nitrate reduction overpotential calculated as 7yo. =
¢m —@ —OCP, where ¢ is the electrode potential, ¢ is the electric
potential adjacent to the electrode, and OCP, is the cathodic open
circuit potential (see Table 2).

In all the remaining walls, a zero-flux condition is set.

The initial condition to solve Eq. (16) is stated as follows:
e Att=0, Cno, = Cno, (t =0), i.e., the initial nitrate concentration.
3.4. Tertiary current in the RCE reactor

In an electrochemical process, the reactions are conditioned by the
current density and the potential applied to the electrode. The Laplace
equation describes the electric potential distribution in the solution from
Eqg. (21). Conversely, the electrode local current density can be calcu-
lated through the Ohm’s law of ionic conductance, Eq. (22).

Vg* =0 (21)
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j= -0V (22)
where ¢ is the electric potential, j is the current density vector, and o is
the ionic conductivity of the solution.

Eq. (21) is solved by considering the following boundary conditions:

o At the RCE, an overall cathodic current density is set, including the

Cro—
NOg

Croj w
nitrate reduction as well as the HER, —6% = je = Jono, ( % )

)] — .

exp <b:23—> + Jo,HEREXP (gﬁ) , where bygg and nygg are the Tafel slope
3

and overpotential attributed to HER, respectively. Both reactions are

considered because of the co-occurrence of nitrate electroreduction

[25].

e At the anodes, Tafel approach is defined as 70’%? = jo =

Jo,0EREXP (Zgﬁ) , where jo orr, borr and 7ogr are the exchange current

density, Tafel
respectively.
o At the remaining insulating walls, a zero-flux condition is set.

slope and overpotential attributed to OER,

Crnogw \ . .
Noticeably, the concentration overpotential ( Ch:)gi ) is present in the
3

boundary conditions related to the RCE in Egs. (16) and (21) because
mass transport and potential distribution depend on each other. The
dependence on the nitrate concentration near the wall in both conser-
vation equations compels the simultaneous solution of the mass trans-
port and current distribution models. It is worth mentioning that, to
include the phenomena occurring near the RCE wall as described in Egs.
(18)-(21), the nitrate concentration was considered near zero on the
wall. This allows describing more accurately the process. Also, to solve
Egs. (16), (21), and (22), the ¢,; value was fixed to obtain a total current
density at the electrodes, used to simulate the applied current density
corresponding to the experimental nitrate electroreduction.

3.5. Simulations

The conservation equations described in this model were solved by
means of the finite element method, employing COMSOL Multiphysics®
6.0 software on a computer with two Intel® Xeon™ 2.30 GHz processors
(96 GB RAM, 64-bit operating system). With the correct selection of the
physics and set of boundary conditions, the COMSOL Multiphysics®
software is able to solve the conservation equations linked to the
transport of momentum (hydrodynamics) and mass (diffusion-convec-
tion), as well as to potential distribution to obtain reliable data able to
replicate the experimental behavior of the nitrate electroreduction in the
RCE reactor.

The hydrodynamics model was solved with an iterative GMRES
method with a relative tolerance of 1 x 107 in a stationary state. On the
other hand, the mass transport and the potential distribution models
were solved simultaneously using the same iterative method in a time-
dependent solver considering a time step of 300 s for a simulation that
lasted 1800 s. An averaged nitrate concentration was calculated in each
time step to depict the nitrate decay curve from the simulations. Simu-
lations of hydrodynamics took ca. 180 min, whereas the time-dependent
model could be solved in 120 min for a total simulation time of
approximately 300 min per simulation. Table 2 shows the electrolyte
properties and electrochemical kinetic parameters needed for the sim-
ulations. It is worth mentioning that the exchange current densities and
Tafel slopes used in this work were obtained through LSV analysis car-
ried out with the specific electrode materials, as shown in Fig. S1. The
specific kinetic parameters for nitrate electroreduction correspond to the
process occurring in concomitance with HER, since it has been demon-
strated in our previous work [25] that both reactions are coupled
through atomic hydrogen that acts as mediator of NO3 reduction.
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Fig. 1. (a) Isometric view of the simulation domain with the field of element quality in the mesh. (b) Upper view of the simulation domain with the position of each
electrode. (c) Mesh sensitivity analysis performed by determining the nitrate concentration at 5 min of simulation time. Simulation parameters: 10 mM NOjz at 25 °C,

operating and 300 rpm.

Fig. 1a shows an isometric view of the simulation domain, i.e., the
RCE reactor, with the field of element quality throughout the domain.
The mesh consisted of 2.43 x 10° tetrahedral elements with an average
quality above 0.66. Fig. 1b shows the upper view of the simulation
domain with the electrode arrangement employed in the simulations;
the RCE is placed at the center and six anode plates surround it. Fig. 1c
shows the sensitivity analysis performed for the NO3 electroreduction
considering its concentration at 5 min of simulation time at 300 rpm.
Several simulations were performed by changing the element size to
improve the accuracy of simulations; optimum reproducibility of results
was achieved with a mesh consisting of 2,178,025 elements. Nonethe-
less, the mesh consisting in 2,436,728 elements was selected to obtain a
more detailed solution in the region near the RCE, requiring similar
computation times of 290 and 300 min, respectively.

4. Results and discussion
4.1. Simulation of the turbulent regime

By solving the conservation equations that govern the momentum
transport, Egs. (10)-(14), both the overall behavior and local values of

a b

L. . ,4;.

velocity can be obtained. Fig. 2a shows an upper view of a set of 58
surface arrows that was obtained at z = 4 cm (i.e., in the middle of the
reactor length) that inform about the rotation of the fluid elements in a
clockwise direction. This can be explained by the tangential velocity
boundary condition set on the RCE surface simulating the movement of
the liquid towards the center of the reactor. The latter can be confirmed
by the fact that the velocity tends to increase near the RCE and has a
homogeneous profile around the perimeter of the electrode. On the
other hand, due to the clockwise rotation, low-velocity zones are noticed
in the corners of each anode, since the elements of the fluid are slowly
dragged into the bulk.

Moreover, Fig. 2b shows an isometric view of the velocity field on the
surface of the RCE reactor. It can be observed that in the upper part of
the reactor, the velocity values are higher when compared to the cut at
the center of the reactor. Additionally, two low-velocity zones can be
distinguished on the reactor outer walls at z = 0 and 5.4 cm. The pres-
ence of such lower velocity zones can be accounted for by the presence
of two Taylor vortices, as can be seen in Fig. 2c, at z values of 2.9 and 8.0
cm. These toroidal vortices are generated because the anodes act as
deflectors of the fluid within the reactor, thus modifying the trajectory of
the fluid elements into a more chaotic and unstable pattern. Fig. 2c

I =0.20

=0.09

0.03

Fig. 2. (a) Velocity field inside the RCE reactor in the xy-plane at z = 4.0 cm. (b) Isometric view of the velocity field on all boundaries of the RCE reactor. (c) Five
levels of isosurface within the RCE reactor. Simulation parameters: water at 25 °C, operating at 300 rpm.
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Fig. 3. (a) Set of 50 streamlines and plane cut of the RCE reactor. (b) Velocity profiles evaluated between an anode and the RCE, at two heights (2): 2.9 and 4.0 cm.
Simulation parameters: water at 25 °C, operating at 300 rpm.
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transport control.

shows a set of five isosurfaces from the slowest to the highest velocity
inside the reactor, which confirms the presence of the low-velocity zones
as well as the Taylor vortices, and the increasing velocity as the fluid is
closer to the RCE surface. The number of Taylor vortices in an RCE
reactor depends on the geometrical aspects (height and diameter), the
electrode arrangement, the reactor volume, and the surface boundary
condition set (closed or open to the atmosphere). Usually, for RCE re-
actors operating in batch mode, one, two, or three Taylor vortices are
reported. Colli and Bisang [45] solved a 2D-axisymmetric RCE model
that considered a concentric outer electrode, finding a single Taylor
vortex in the middle of the reactor. In that work, it was concluded that
the Taylor vortex enhanced the mass transport toward the electrode
surface because the Sh number increased in the zones where the vortex
was detected. Moreover, in the work reported by Rivero et al. [36], an

RCE reactor with similar geometry (drcg = 3.8 cm) was employed to
describe Cu deposition. In that work, three Taylor vortices promoted by
the RCE were observed; this divergence in the number of Taylor vortices
using a similar reactor could be due to slight differences in the simula-
tion domains, e.g., the thickness of the counter electrodes, the length of
the RCE or the interelectrode gap. In contrast, a work published by
Villalobos et al. [51] developed a model of an RCE reactor with a non-
fully submerged RCE, i.e., the electrode was over the bottom of the
vessel, which drastically changed the hydrodynamic behavior at the
bottom of the reactor to yield two Taylor vortices. Even though RCE
reactors can be geometrically similar, the phenomena occurring within
them can be influenced by small variations, such a wider/narrower gap
between electrodes, RCE positioning and reactor volume. Nonetheless,
all reported works agree with the higher capacity of RCE reactors to
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nitrate electroreduction process. The same experimental parameters as in Fig. 6
were used.

promote turbulence and enhance the efficiency of electrochemical
processes.

Fig. 3a shows a set of 50 streamlines within the RCE reactor, high-
lighting that the presence of the Taylor vortices at z values of 2.9 and 8.0
cm promotes the appearance of three distinct zones within the RCE
reactor. Near the RCE, it can be observed that the elements of the fluid
move around it. On the other hand, as the fluid gets closer to the anodes,
a back mixing starts to develop as the anodes act as fluid deflectors. The
first two zones can be attributed to this phenomenon caused by the first

Separation and Purification Technology 340 (2024) 126714

Taylor vortex. In contrast, the third zone can be correlated with the
collision of the chaotic behavior generated by both vortices. The velocity
profile from the anode surface (x = 0) to the RCE one (x = W = 2.1 cm),
being x/W the normalized distance between electrodes ranging between
0 and 1 for the anode and cathode positions, respectively, can be ob-
tained at different heights on the z-coordinate to elucidate the velocity
evolution in the anode-cathode gap. Fig. 3b shows the velocity profile in
the electrode gap at z values of 2.9 and 4.0 cm, which correspond to the
position of the first Taylor vortex and the center of the reactor, respec-
tively, at different rotation rates. At z = 2.9 cm, the velocity increases
steadily across the anode-to-cathode gap due to the increased acceler-
ation promoted by the Taylor vortex, with a steeper increment at x/W =
0.85, where the inertial force of the RCE is more prominent. On the other
hand, at z = 4.0 cm, the velocity of the fluid remains practically un-
changed between 0.1 < x/W < 0.9 due to the homogeneous velocity
field promoted at the reactor center and between both Taylor vortices.
Nonetheless, similarly to the behavior observed at z = 2.9 cm, the ve-
locity increases exponentially at x/W = 0.9 due to the forced convection
imposed by the RCE.

4.2. Mass transport and tertiary current distribution simulations

As discussed above, mass transport is closely linked to the hydro-
dynamic pattern, since the species in the reactor reach the electrode
surface due to the rotation of the RCE. In turn, the potential distribution
is affected by the local concentration of the species within the reactor. In
an RCE reactor, the contribution of the convective term in Eq. (16) is
higher than that of the diffusion term, which enhances the mass trans-
port rate that in consequence promotes a uniform tertiary current dis-
tribution, i.e., the concentration gradient is relevant. Fig. 4a and 4b
show the nitrate concentration field at 300 and 1000 rpm after 5 s of
simulation time. It can be noticed that in the corner of each anode, the
nitrate concentration is lower than in the bulk due to the low velocity,
which makes difficult for the nitrate to reach or leave these zones.
Moreover, in the inner part of the reactor, the concentration has an
almost unchanged value of 9.98 and 9.60 mM, respectively, resulting
from the stirred tank behavior, which favors the homogeneity of the
properties in the bulk.

Additionally, as the fluid approaches the RCE, the concentration
value decreases. It is worth noticing the presence of six notorious forms
around the RCE, which arise from the deflector-like pattern produced by
the anodes, accelerating the fluid in the clockwise rotation. These zones
penetrate more into the bulk volume at 1000 rpm, since the higher
rotation rate, the more chaotic and faster the fluid becomes, which also
accelerates the concentration decay at the cathode surface. The latter
can be assessed in Fig. 4c, where it can be observed that, at 300 rpm, the
concentration follows a quite linear path from the bulk near the anode to
a distance x/W = 0.8, where the concentration depletes faster on the
RCE surface. On the other hand, Fig. 4d elucidates the more chaotic
concentration profile as the RCE is approached. A slight increase of the
nitrate concentration is attained near the anode surface, which then
continuously depletes until the anion reaches the RCE surface. These
trends are in good agreement with the faster dragging of nitrate toward
the cathode when the rotation rate is increased in the RCE reactor. It is
also worth noting that Dt inside the reactor had values in the range of
8-24 x 107°m?s™! at 300 rpm, as shown in Fig. S2; the highest values
are found at the center of the interelectrode gap, where the velocity
increases, and they decrease toward the electrode surface because of the
velocity decay. The values of Dy are three orders of magnitude higher
than that of Dno; (1.9 x 10° m? s’l), which confirms the much higher
influence of turbulence as compared to molecular diffusion to transport
nitrate anion inside the RCE reactor. On the other hand, the values of Sct
obtained were in the range of 0.81 < Scy < 0.89 at 300 rpm, as depicted
in Fig. S2. This agrees with typical values ranging between O and 1
[45,52]. Here, it is worth reminding that in our previous work, the
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Fig. 8. Influence of nitrate initial concentration on (a) normalized nitrate depletion and (b) the resulting first-order kinetics. Experimental results and simulations are
compared. All electrolyses were made in 500 mM K5SO,, at 25 °C and 1000 rpm (i.e., j, = 447 A m~2).

comparison between the intrinsic kinetic rate constant and overall mass
transport in terms of kp, confirmed that the process is controlled by mass
transport [25].

The current distribution is a crucial parameter to assess in electro-
chemical reactors, since it is highly desirable that the current values are
equal at any point of the electrode surface. Commonly, the current
distribution is reported as a ratio between the local current (j) and the
average current (jayg) on the electrode surface and, if j/javg ~ 1, it
means that the current is distributed homogeneously on the whole
electrode. In this context, the six anodes show a current distribution near
the isolating walls, increasing the value of jo/jgsave up to 1.7, which is
attributed to the position of the electrodes regarding the isolating walls
(Fig. 5a). On the other hand, the RCE shows a lower current distribution
of jo/je,ave = 0.998 in the areas where the electrode is not facing an
anode (Fig. 5a). In contrast, as long as the RCE faces an anodic plate, the
current tends to jo/jcave ~ 1 along all the cylinder. Fig. 5b shows the
normalized current distribution at z = 8.0 cm as a function of the
normalized arc length (s/ndrcg) for the range of 300 < @ < 1000 rpm.
This distribution on the RCE surface ranges between 0.998 < j./jcave <
1.002. This variation is due to the electrode arrangement that results in a
slight current distribution when facing the insulating walls. The latter
finding agrees with that attained in a previous paper on the simulation of
current distribution at the RCE during copper electrodeposition [53].
Moreover, Fig. 5¢ shows that the normalized current distribution along
the RCE length has values between 0.990 < j./j. ave < 1.005, showing a
moderate current distribution. At each rotation rate, the largest varia-
tions from that number are observed at z/L of 0.34 and 1.0 (i.e., 2 = 2.9
and 8.0 cm, respectively), in good agreement with the presence of the
two Taylor vortices that cause a velocity increase in those zones, thereby
promoting a higher mass transport with a slight current distribution.
Despite these observations, note that the current distribution detected
around the RCE arc length and RCE length was always below 1 %,
corroborating that this system is suitable to perform electrochemical
processes.

4.3. Nitrate electroreduction

The experimental nitrate electroreduction trials were carried out in a
400-mL RCE reactor, assessing the influence of the rotation rate
(300-1000 rpm) and the initial nitrate concentration (10-40 mM). The
applied current density in each trial was between 26 and 45 mA cm ™2,
directly depending on the rotation rate established by Eq. (6) as sum-
marized in Table 1; these current densities corresponded to E.j; between
3.6 and 4.5 V. The electrochemical process is under mass transport
control regime at high rotation, whereas at low and moderate rotations
(i.e., current values), the system is controlled by a charge transfer and
mass transport mixed regime [25]. The results of all electrolytic trials
regarding the nitrate concentration were compared with the results
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predicted by the mathematical model developed as explained in Section
3. Fig. 6a shows the influence of the rotation rate of the RCE on nitrate
reduction. The faster the RCE rotates, the quicker the nitrate removal
from the solution. At 300 rpm, the nitrate is removed in 120 min,
whereas at 1000 rpm, 90 % of the nitrate in the solution is removed in
10 min. The accelerated electroreduction of nitrate as the rotation rate
increases is more evident upon evaluation of the first-order kinetic
constant (k;). This parameter reached values of 3.37 x 102 min~! (R? =
0.996), 6.26 x 1072 min~! (R? = 0.999), 12.16 x 102 min ! (R % =
0.994), 13.99 x 102 min~! (R 2 = 0.990), and 22.47 x 102 min~! (R
= 0.995) at 300, 400, 600, 800, and 1000 rpm, respectively. The k;-
value obtained at 1000 rpm is six-fold the one obtained at the lowest
velocity, which confirms that when the nitrate is more quickly dragged
toward the RCE, the electroreduction is favored at the electrode surface.
At high rotations, the nitrate is continuously dragged toward the elec-
troactive surface of the RCE, resulting in a higher amount of nitrate near
the electrode interface. This accelerates the occurrence of the rate-
determining step (reaction (2)) and the subsequent cascade sequence
that begins with reaction (3). It is worth mentioning that the nitrate
profile obtained at 300 rpm is similar to that reported upon use of the
RCE under potentiostatic conditions (Ecah = —1.8 V vs. SHE) at 300 rpm
[25]. Furthermore, an excellent fitting between the experimental results
and data simulated from the model proposed in Section 3 was achieved.
Moreover, at t < 30 min, the calculated current efficiency for nitrate
electroreduction was over 90 %, confirming the good performance of the
RCE reactor to carry out the decontamination treatment.

Apart from the faster nitrate elimination attained at higher rotation
rates due to resulting higher applied current densities and improved
mass transport towards the cathode, the simultaneous assessment of the
products generated is of particular interest. Fig. 7a shows the normal-
ized profiles related to the NH3 accumulation at each of the assessed w
values. The maximum accumulations attained were near 80 % at w >
800 rpm due to the quicker release of NH3 into the bulk from the nitrate
electroreduction, which is enhanced on the RCE surface. In addition, it
can be observed that as the rotation rate rises from 600 to 1000 rpm, the
maximum of the NH3 accumulation appears at shorter times and has a
steep depletion after 45, 30, and 15 min at 600, 800, and 1000 rpm,
respectively. This abrupt depletion of NH3 is explained by the increasing
release of the generated NH3 to the atmosphere at alkaline medium,
since the volatilization of NHg is promoted according to Henry’s law and
an open RCE reactor was employed. The maximum values attained were
75 %, 80 %, and 76 %, which dropped at the end of the electrolysis to 49
%, 43 %, and 33 % at 600, 800, and 1000 rpm, respectively. On the other
hand, at ® < 400 rpm, a steady and lower accumulation of NH3 attaining
values of 49 % and 54 % at 300 and 400 rpm, respectively, was found
due to the slower kinetics of the nitrate electroreduction leading to
lower accumulations of NH3 into the bulk. Moreover, the volatilization
of the NH3 at w < 400 was diminished by the hydrodynamics inside the
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Fig. 9. Influence of nitrate initial concentration on (a) normalized ammonia
accumulation, (b) normalized total nitrogen depletion, and (c) energy con-
sumption during the nitrate electroreduction process. The same experimental
parameters as in Fig. 8 were used.

RCE reactor, with final NH3 values of 46 % and 49 % at 300 and 400
rpm, respectively. The increased release of N-species to the atmosphere
as w increases can be corroborated with the profiles of total nitrogen
over the electrolysis time. Fig. 7b confirms the significant influence of @
on the volatilization of the N-species, since total nitrogen content decays
steadily throughout the electrolysis time, reaching values of 30 %, 35 %,
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4 %2, 46 %, and 55 % at 300, 400, 600, 800, and 1000 rpm, respectively.

Fig. 7c shows the EC values attained solely considering the nitrate
electroreduction according to Eq. (8). It is noticeable in that figure that,
at t < 15 min, lower values were attained at higher rotation rates.
Nonetheless, at t > 15 min, the trends show that higher rotation rates
yield greater EC values. These results can be justified by the low residual
nitrate concentration throughout the electrolysis, which also favors
secondary reactions such as HER.

Fig. 8a highlights the influence of the initial nitrate concentration on
its electroreduction profile. As the initial concentration of nitrate
increased, its complete removal required longer time, reaching its total
disappearance after ca. 20, 60, and 75 min at 10, 20, and 40 mM NOs3,
respectively. The kj-values determined from the slopes of Fig. 8b were
22.5 x 10’2, 7.9 x 10’2, and 4.6 x 1072 min_l, respectively. Although
the process is mostly under mass transport control, increasing the initial
pollutant content in a highly efficient mass transport system like the RCE
reactor resulted in a relatively slower nitrate removal process (i.e., lower
k1), although this entailed an enhanced overall nitrate removal rate. A
first-order kinetic constant is not expected to depend on the concen-
tration of the reactant when the electrolyses are performed at constant
current (447 A m~?2 in this case), but such k; decay was actually
observed as the initial concentration of the electroactive species was
increased. Note also that although the selected cathode material is
proven to yield the total removal of nitrate even at high concentrations,
other more electrocatalytic materials could be investigated to face the
sluggish kinetics of nitrate electroreduction [25]. It is especially
important to highlight that the theoretical and experimental results
showed a good agreement, evidencing the robustness of the proposed
nitrate electroreduction model to predict the process behavior in an RCE
reactor equipped with an AISI 1018-type steel cathode.

The NH3 accumulation is shown in Fig. 9a. It is noticeable that as the
initial NO3 concentration increased, it hindered the accumulation of
NHj3 with maximum accumulation attained of 76 %, 71 %, and 48 % at
20, 45, and 60 min, respectively, at each increasing nitrate concentra-
tion. Also, the relative volatilization of N-species was slowed down as
the nitrate initial concentration increased, owing to higher absolute
accumulation rates. The overall percentage of NH3 remaining at the end
of the electrolysis was 33 %, 37 %, and 32 % at 10, 20, and 40 mM NOs,
respectively. The latter is confirmed in Fig. 9b because when the initial
nitrate concentration increased, the volatilization of N-species was
slower, reaching final TN removals of 55 %, 52 %, and 49 % as the ni-
trate concentration was risen from 10 to 40 mM NO3.

Furthermore, the EC values shown in Fig. 9c increase linearly
through the electrolysis time, reaching values of 39.8, 40.0, and 39.8 Wh
g’1 for the abatement of 99 % of nitrate after 30, 60 and 120 min at 10,
20, and 40 mM NOgs, respectively.

5. Conclusions

The modeling and simulation of an electrochemical reactor equipped
with an AISI 1018 carbon steel RCE used for nitrate electroreduction was
performed successfully. The solution of the momentum equations gave
rise to two Taylor vortices inside the RCE reactor due to the influence of
the surrounding electrodes acting as deflectors and modifying the flow
pattern. It was also determined that the RCE had a current distribution in
the range of 0.990 < j/jc,ave < 1.005 due to the two Taylor vortices. The
model proposed was validated by adjusting the theoretical nitrate
electroreduction with experimental results. Additionally, the fastest ni-
trate removal was achieved in a solution containing 10 mM NOs3 + 500
mM K3SO4 at 1000 rpm and 25 °C, requiring only 10 min for >90 %
removal with an EC of 14.3 Wh g™*. Also, ammonia was detected as the
main product, and its volatilization caused by the increased pH
accounted for 55 % removal of total nitrogen.

The results obtained show that a mathematical model can replicate
the behavior of the RCE reactor for electrochemical nitrate removal
controlled by mass transport at different rotation rates. The use of an
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RCE reactor for nitrate electroreduction is a promising technology to
address nitrate contamination due to its high conversion to ammonia.
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