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a b s t r a c t

Flow and mass-transfer in a widely used commercial electrochemical flow cell (DiaCell®) were investi-
gated by computational fluid dynamics (CFD) simulations and validated by experimental measurements.
Both qualitative and quantitative comparisons were made for distinct flow regimes in the Reynolds range
between 25 and 2500 (based on the inter-electrode distance and on the superficial velocity in the cell
middle cross-section area). A mono-phasic CFD methodology was applied for describing the rather com-
plex bi-phasic phenomena taking place in the electrochemical oxidation of organic compounds, where
gases are being formed at both electrodes. The adequacy of this assumption was subjected to validation
with experimental results. Transient CFD simulations showed that the flow becomes unsteady at a rather
low Re (in the range from 65 to 100) mainly due to the observed flow separation upstream the electrodes
region. The pressure-drops determined by CFD agreed very well with the experimental measurements.
iaCell
lectrochemical oxidation

Good agreement was also obtained between the Sherwood values calculated through CFD and exper-
imentally determined by the limiting current technique. Mono-phasic CFD and experimental limiting
current data were used for deriving mass-transfer correlations for the DiaCell®. These correlations were
found to correctly describe Sh values determined from galvanostatic (electric current density of 332 A/m2)
electrochemical oxidation of selected organic compounds under mass-transfer controlled operating con-
ditions and a turbulent-developing flow regime. These results suggest that turbulent-developing flow in

n be
an electrochemical cell ca

. Introduction

Electrochemical oxidation of micro-pollutants has several
dvantages over conventional processes. One of the most impor-
ant aspects is that complete mineralisation of resilient organic

icro-pollutants is usually achieved, thus making possible a large
eduction in the environmental burden of polluted wastewater
treams. Among the different anode electrode materials, boron-
oped diamond (BDD) anodes are receiving growing attention for
he removal of refractory and toxic organics from various water
ources due to their large electrochemical window, non-toxicity
nd high resistance to corrosion, erosion and fouling. BDD anodes
llow for a high efficiency for producing hydroxyl radicals from
ater in the electrochemical potential region of oxygen evolution
ccording to:

2O → •OH + H+ + e−

∗ Corresponding author.
E-mail address: jose.santos@dq.fct.unl.pt (J.L.C. Santos).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.11.021
sufficiently well described by mono-phasic CFD simulations.
© 2009 Elsevier B.V. All rights reserved.

In commonly encountered situations, in which the concentration
of organics present in water to be treated and/or the desired final
organic levels are low, and under the most frequently applied gal-
vanostatic operation conditions, the anodic oxidation of the target
organic compound(s) may become mass-transfer controlled either
from the very beginning or soon after the start-up of the process.
However, the influence of the compound diffusivity in water on the
process performance has still not been well characterized.

Enhancement of mass-transfer depends in a very important way
on the disruption of the liquid boundary layers, either by introduc-
tion of physical obstacles in the flow path or by manipulation of
process operating conditions, e.g. fluid flow rate. Distinct strate-
gies have been applied to enhance mass-transfer in electrochemical
flow cells, either by varying the operating conditions, or by design-
ing new cell and electrodes geometries that aim at optimising the
flow and solute distribution. Different electrochemical cell geome-
tries used in recent years are reviewed by Jüttner et al. [1]. Among

the distinct geometries, the parallel planar electrode configura-
tion is one of the most studied for industrial applications due to
its simple design, ease of manufacture, and more straightforward
characterization of fluid dynamics and mass-transfer behaviour. A
number of studies on mass-transfer in this type of configuration

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jose.santos@dq.fct.unl.pt
dx.doi.org/10.1016/j.cej.2009.11.021
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Nomenclature

A electrode area (m2)
C solute molar concentration (M)
C� k–� turbulence model dimensionless constant =

0.09
d channel height (m)
dh tube hydraulic diameter (m)
DAB mass-diffusion coefficient (m2/s)
F Faraday constant (C/mol)
g gravitational constant (m3/(kg s2))
I electric current (C/s)
It turbulent intensity
k turbulent kinetic energy (m2/s2)
kc local mass-transfer coefficient (m/s)
L average slit length (m)
Lt turbulent length scale (m)
n number of electrons
p kinematic pressure (m2/s2)
P atmospheric pressure (Pa)
R universal gas constant (J/(mol K))
Re Reynolds number, Re = U d/�
Sc Schmidt number, Sc = �/DAB

Sh Sherwood number, Sh = kcd/DAB

U velocity vector (m/s)
Vgas volume of gas formed (m3)

Greek letters
� dissipation of kinetic energy (m2/s3)
� kinematic viscosity (m2/s)
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distributed. Due to a partial covering by the spacer, the available
electrode area is reduced to 63.15 cm2 (numerically determined in
this work). The inlet circuit is formed by a cylindrical tube with
a diameter of 1.5 cm, which communicates through a nozzle to a
slit-type segment perpendicular to the spacer. The outlet circuit is
� density (kg/m3)
ω solute mass fraction

ave been made over the last decade, focusing either on entrance
nd exit effects, or on the effect of introducing obstacles and turbu-
ence promoters along the flow path [2–6]. One of the most efficient
lectrochemical cells is the FM 01-LC electrolyser from ICI, that
as studied in detail by Bengoa et al. [6]. In this work, the authors

bserved a significant improvement in the flow distribution by the
ntroduction of net-type spacers and foams in the reaction region.
ther promising configurations seem to be based on the imping-

ng jet concept. The work by Polcaro et al. [7] explores such an
mpinging jet-based design with single inlet and outlet sections.

artínez-Huitle et al. [8] proposed a novel design in which the
uid enters the cell through a nozzle located in the center and
xits through multiple peripheral outlet sections. These studies
ave shown that a considerable enhancement in mass-transfer is
ossible to be achieved in comparison to standard parallel plate
esigns.

One of the most often used approaches to characterize mass-
ransfer in electrochemical flow cells is through the limiting current
echnique [2–5,7–10]. This experimental procedure allows for a rig-
rous determination of mass-transfer coefficients with a relatively
mall amount of effort. It should be noted, however, that the val-
es of mass-transfer coefficients obtained through this technique
hould not be directly applied for compounds having mass diffusiv-
ties which are significantly different from that of the redox couple
sed, usually ferri/ferrocyanide. Mass-transfer coefficients may be
lso determined as an adjustable fitting parameter to experimen-

ally obtained concentration–time decay curves, if operating under

ass-transfer limiting regime [7,9,11,12].
Computational fluid dynamics (CFD) is becoming a very impor-

ant engineering tool for the design and simulation of process
quipment [13]. The present study makes use of mono-phasic CFD
ng Journal 157 (2010) 379–392

to model fluid flow and mass-transfer in a frequently used elec-
trochemical oxidation cell [11,12,14–16] with a parallel electrode
configuration – DiaCell®, 106 SS/BDD from Adamant Technolo-
gies, Switzerland –, and aims at its validation with experimental
measurements: pressure-drop in the flow cell, mass-transfer quan-
tification on the anode by the limiting current technique, and
mass-balance analysis of the electro-oxidation of selected organic
compounds. Mass-transfer correlations are developed for the
DiaCell®, based on CFD and experimental work, which may be
used in place of a constant value of mass-transfer coefficient
that is commonly assumed for this cell in other works. More-
over, this work also elucidates the flow patterns and Sherwood
distribution in the DiaCell®. It is aimed in this study to inves-
tigate whether mono-phasic CFD modelling may be used with
electro-oxidation systems, where gases are being formed at both
electrodes.

2. Theory and CFD numerical method

2.1. Selected case-study

The electrochemical cell studied in this work was the DiaCell®,
106 SS/BDD from Adamant Technologies (Switzerland), assembled
with a 5 mm thick polypropylene spacer (Figs. 1–3). This is a single
compartment cell, in which two circular planar electrodes (a BDD
anode and a stainless steel (SS) cathode) have a diameter of 9.44 cm
and an area of 70 cm2 each. An inter-electrode gap of 7 mm is pro-
vided by the spacer and two additional elastomer gaskets (1 mm
thick each) that compress the spacer between the electrodes. The
spacer and the gaskets comprise longitudinal segments upstream
and downstream the electrodes region where the liquid flow is
Fig. 1. Geometry of the electrochemical flow cell (DiaCell®) computational domain.
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Fig. 2. Plan view of the electrochemical flow cell geometry.

qual to the inlet, where another slit-type segment communicates
hrough a nozzle to the outlet tube.

The definition of adequate inlet profiles for velocity and turbu-
ent quantities in the region defined by the distribution segments
f the spacer depends on the knowledge about the upstream flow
istribution, which is not a priori available. In contrast, the inlet
rofiles for cylindrical tubes are well studied in the literature. Due
o this fact, the computational domain considered in the present
tudy for flow and mass-transfer simulation included the entire
eometry, where the inlet and outlet boundaries for simulation
orrespond, respectively, to the inlet and outlet cylindrical tubes.

.2. Governing equations and boundary conditions

The governing equations of mass continuity and momentum

ransport for unsteady turbulent flow of an incompressible New-
onian fluid can be expressed in terms of mean flow properties and
ts fluctuations. The following form of the averaged equations (also

Fig. 3. Side view of the electrochemical flow cell geometry.
ng Journal 157 (2010) 379–392 381

known as Reynolds averaged equations) can be obtained:

∇ · Ū = 0 (1)

∂Ū
∂t

+ ∇ · (UU) − ∇ · (�∇Ū) = −∇p̄ + U′U′ (2)

where U is the fluid velocity vector, U′ denotes its fluctuations about
the mean value Ū, p is the kinematic pressure, � is the kinematic vis-
cosity, and U′U′ is called the Reynolds stress tensor. In laminar flow
conditions, the mean velocity and pressure in Eqs. (1) and (2) are
replaced by instantaneous values, and the Reynolds stress tensor is
zero, leading to a closed system of equations. Under turbulent flow
conditions, the Reynolds stress tensor is a property of the flow, and
additional variables need to be solved to close the system of equa-
tions. Using the Boussinesq assumption [17], the Reynolds stress
tensor may be given by:

U′U′ = �turb(∇U + (∇U)T ) + 2
3

k I (3)

where �turb is the kinematic turbulent viscosity, I is the unity tensor,
and k is the turbulent kinetic energy expressed by:

k = 1
2

U′ · U′ (4)

The kinematic turbulent viscosity �turb is evaluated in this work
as a function of the turbulent kinetic energy k and its dissipation
rate � using the formalism of the Launder–Sharma low-Reynolds
turbulence model. For the details of the derivation of the transport
equations of k and �, the reader is referred to Launder and Sharma
[18]. Unlike conventional turbulence models, low-Reynolds turbu-
lence models solve the equations up to the wall, thus requiring a
more refined mesh.

For an incompressible binary mixture, the solute mass fraction
is governed by the solute continuity equation, given by:

∂ωA

∂t
+ ∇ · (ŪωA) − ∇ ·

((
DAB + �turb

Scturb

)
∇ωA

)
= 0 (5)

where ωA is the solute mass fraction, DAB is its mass diffusivity,
and Scturb is the turbulent Schmidt number, which is commonly
considered as 0.7 for mass-transfer.

The transport equations were solved in the computational
domain (see Fig. 1) assuming the following boundary conditions:

• Inlet: The boundary condition for velocity and turbulent variables
fields was defined as a fixed average field value, where the values
at the boundary are mapped from an internal plane and scaled in
order to maintain the average value. In this way, the profiles of
velocity and turbulent variables correspond to that of a developed
flow situation. The solute mass fraction field is supplied, and the
boundary condition on pressure is zero gradient.

• Outlet: The boundary condition for velocity, solute mass fraction
and turbulent variables, is defined as zero gradient unless the
flow is inward. In that case, the field value is defined as zero to
prevent inflow. Pressure is defined as zero.

• Electrodes: The solute mass fraction on the anode is set to zero,
while a zero gradient boundary condition is defined on the cath-
ode. Velocity is set to zero and pressure is specified as zero
gradient on both electrodes.

• Walls: For the remaining walls of the domain, a fixed value of zero
is defined for velocity, and zero gradient boundary conditions are

defined for both pressure and solute mass fraction.

The inlet value of the turbulent variables were defined based
on a turbulent length scale Lt = 0.07dh and turbulent intensity
It = 0.16 Re−1/8, where the Reynolds number is based on the tube
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full convergence on each iteration. Under-relaxation was used in
the steady-state solver, with values of 0.3, 0.7, 0.5 and 0.1 for
pressure, velocity, solute mass fraction, and turbulent quantities,
respectively.
82 J.L.C. Santos et al. / Chemical Eng

iameter as its characteristic dimension. The values of k and � are
iven by:

= 1.5(It Ū)
2

(6)

= C0.75
� k1.5

Lt
(7)

n the remaining sections of this work the Reynolds number is
ased on an inter-electrode distance of 7 mm as its characteristic
imension, and on a characteristic linear velocity determined as an
verage velocity in the transversal plane of the DiaCell®, located at
= 6.5 cm.

.3. Solver development

In the present work the OpenFOAM CFD software package [19]
as used for development of CFD solvers which are adequate

or mass-transfer studies. OpenFOAM is based on a finite-volume
pproach [20] with a colocated variable arrangement. Two dis-
inct solvers were developed: a steady-state solver and a transient
olver, which were based, respectively, on simpleFoam and turb-
oam (supplied with the OpenFOAM standard package). Both
olvers include the transport of a solute (see Eq. (5)) and deter-
ination of mass-transfer coefficient and Sherwood number. The

teady-state solver, named simpleScalarFoam, uses the SIMPLE
lgorithm [21] for pressure–velocity coupling, while the transient
olver, turbScalarFoam, uses the PISO algorithm [21] for the same
urpose. The mass-transfer coefficient is determined on the anode
y assuming that the value of the solute mass fraction on the anode
urface is zero:

c = DAB

ωA,bulk

(
ıωA

ız

)∣∣∣∣
z=0

(8)

here ωA,bulk is the bulk solute mass fraction and z is the direc-
ion normal to the anode surface. The Sherwood number is then
alculated by:

h = kcd

DAB
(9)

here d, the channel height, is the characteristic dimension
f the computational domain. The source code of both sim-
leScalarFoam and turbScalarFoam solvers is made available at
ttp://openfoamwiki.net for further testing and development.

.4. Mesh generation

The computational mesh used in this work was generated using
nappyHexMesh, which is supplied with OpenFOAM. The snappy-
exMesh utility generates a 3D hexahedral mesh automatically

rom a surface mesh provided in stereolithography (STL) format.
n this work, the surface mesh was generated and exported to STL
ormat using the Salome software package [22]. The 3D meshing
rocedure starts with a creation of a background mesh of hexahe-
ral cells that must include the computational domain. Then, cells
hich are located in the vicinity of boundary surfaces are iteratively
efined and morphed in order to adjust to the surface. The last step
f the meshing process introduces a pre-defined number of layers
f hexahedral cells in the boundary layer.

The resulting mesh, shown in Fig. 4, yielded first-node wall
istances of y+ < 1 at the highest Reynolds number investigated,
hich is a requisite of the turbulence model used in this work. It
as 1.72 million cells, and is decomposed in 15 sub-domains for
arallel processing.
Fig. 4. The mesh used in the present work.

2.5. Discretization schemes and solution control

The convection terms in each equation were discretized in a
first stage using the first-order upwind scheme until converged
results were obtained. Afterwards, the convection terms in the
momentum and solute mass fraction equations were discretized
using the linearUpwind scheme, which is a bounded blend between
the second-order central differencing scheme and the first-order
upwind differencing scheme. It was decided to use the upwind
scheme for the turbulent quantities due to an expected numerical
instability in the solution of these equations.

The linear solvers used in this work were the algebraic multi-
grid (AMG) solver for the pressure with 20 cells at the lowest
multi-grid level, and the preconditioned bi-conjugate gradient
(PBiCG) solver for the rest of the variables. The solver relative and
absolute tolerances for the steady-state solver were set, respec-
tively, to 0.01 and 10−6 for the pressure, and 0.1 and 10−5 for
the remaining equations. Only absolute tolerances were taken into
account for the transient solver, since the PISO algorithm requires
Fig. 5. Experimental set-up used in this work: R, reservoir; P, pump; E, DiaCell®; Ii ,
indicators (pressure, temperature and flow rate).

http://openfoamwiki.net
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Table 2
Composition of the electrolyte solutions.

Reynolds number [KNO3], M [K4Fe(CN)6], mM [K3Fe(CN)6], mM

25−−165 0.5 4, 8, 12 8, 16, 24
1200−−2500 0.5 0.4, 0.8, 0.12 0.8, 0.16, 0.24

the inlet turbulence was taken into account in the CFD simulations
by an estimation of the turbulent kinetic energy and its dissipation
through Eqs. (6) and (7). The corresponding cell Re ranged from
1200 to 2500 (cell linear velocities ranging from 0.174 to 0.355 m/s).

Table 3
Area-averaged mass-transfer coefficient on the anode surface.

Mesh 1 Mesh 2 Mesh 3

kc , m/s 2.26 × 10−5 3.29 × 10−5 3.20 × 10−5

kc i−kc 3
kc 3

, % -29.50 2.62 −−
J.L.C. Santos et al. / Chemical Eng

.6. Simulation conditions

Simulations were processed in parallel on a 236 node AMD
pteron cluster with 2.8 GHz CPU’s and 1 GB RAM/CPU. The trans-
ort properties of the fluid were defined by specifying its kinematic
iscosity, � = 1 × 10−6 m2 s−1, and the diffusivity of the solute in
ater, in this case ferrocyanide, DAB = 5.62 × 10−10 m2 s−1 at 18 ◦C.

he inlet velocity was defined according to the flow rate of the
umps used in the experimental part of the work, while the solute
ass fraction was set according to the solutions prepared.
The flow was solved without turbulence modelling for Reynolds

alues between 25 and 165, while for values above 1200, the
ow was considered to be turbulent. Steady-state simulations
ere performed for the entire Re range. Transient CFD simula-

ions were carried out at the lowest Re values (25–165), in order
o identify the critical Re, which determines the transition from
aminar to unsteady flow regime. The transient solver started from
onverged steady-state results, and was ran until obtaining a con-
tant time-averaged mass-transfer coefficient value, usually 2 s of
eal simulated time. In order to guarantee temporal accuracy and
umerical stability, a Courant number of less than 1 is required [21].
he Courant number, Co, can be defined as:

o = U0 ıt

ıx
(10)

here ıt is the time step, and ıx is the cell size in the velocity
irection. In order to achieve a Courant number of less than 1, the
ime step was set to values between 0.2 and 0.5 ms, depending on
he Re investigated.

Steady-state CFD simulations are comparatively less expen-
ive than transient simulations in terms of computational power,
n particular in the simulation of turbulent flow, which usually
equire very small time-steps. In order to verify whether the results
btained in steady-state correctly describe mass-transfer in the
ystem under study, a comparison with transient results was made
t the lowest Re values (below 165).

The steady-state residuals for high Re calculations (above 1200)
howed an oscillatory behaviour about a mean value, which was
bserved to be a result of unsteadiness of the computed flow. This
nsteadiness is most probably associated with physical fluctua-
ions in the flow, which are not fully dampen by the turbulence

odel and discretization schemes. This indicates that the numeri-
al method employed in this study is not over-predicting diffusion,
nd that a steady-state solution is not fully achieved. In these sit-
ations, a quasi-steady solution was determined from the average
f the oscillatory results.

. Experimental

.1. Experimental set-up

The experimental set-up, shown in Fig. 5, is comprised by the
iaCell®, described in Section 2.1, a jacketed glass feed tank, a gear

ump for low Re with flow rate ranges of 7.5–33 L/h from Microp-
mp, USA, or a magnetic centrifugal pump for high Re with a flow
ate range of 390–660 L/h from ARGAL, Italy, and a rotameter to
onitor the liquid flow rate. A refrigerating water thermostatic

ath RE104 (Lauda Ecolin, Germany), coupled to the feed tank, was

Table 1
Transport properties of the electrolyte solution interpolated from data
available in the literature [23,24].

Temperature, ◦C 18
Density, kg/m3 1.03 × 10−3

Kinematic viscosity, m2/s 1.00 × 10−6

Ferrocyanide diffusivity, m2/s 5.62 × 10−10
Fig. 6. Local mass-transfer coefficient values obtained for the three meshes on the
anode surface, at the plane y = 6.5 cm for a Re = 2500.

used to maintain the temperature of the feed solution at the desired
set-point value.

For the lower flow rates, the inlet Re, defined with the inlet tube
linear velocity and its diameter, was in the range from 190 to 1250
(inlet linear velocities ranging from 0.013 to 0.083 m/s), while the
cell Re, based on the inter-electrode distance and on the superficial
velocity in the cell middle cross-section area, ranged from 25 to 165
(linear velocities ranging from 0.0036 to 0.0236 m/s). For the higher
flow rates, the inlet Re was in the range from 9250 to 18850 (inlet
linear velocities ranging from 0.617 to 1.256 m/s). In this situation,
Fig. 7. Variation of pressure-drop with Reynolds number.
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tion of potassium ferrocyanide concentration.
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Table 4
Mass-transfer coefficient values determined by the limiting current technique and
CFD.

Reynolds kc,exp × 106 m/s kc,CFD × 106 m/s Error, %

25 2.28 1.86 −18.47
65 3.11 2.76 −11.16

100 3.77 3.49 −7.36
140 4.68 4.48 −4.40
165 5.07 5.17 1.89

1200 20.93 20.35 −2.79
1400 21.83 22.99 5.29
1650 24.57 26.08 6.17
1850 26.96 27.64 2.53
Fig. 8. Limiting current values as a func

.2. Electro-oxidation of organic compounds

Ethanol, valeric acid and propionic acid (obtained, respectively,
rom Panreac, Merck and Fluka) were subjected to electro-
xidation experiments performed under galvanostatic operating
onditions, provided by a DiaCell-PS 500 W (Adamant Technolo-
ies, Switzerland) power supplier. Aqueous feed solutions of the
ndividual organic compounds were prepared with a volume of 1 L,
ontaining similar initial concentrations in the range 300–500 ppm,
orresponding to 200 ppm as initial total organic carbon (TOC)
ontent in the solutions in each case, and sodium sulphate as a
upporting electrolyte with a concentration of 5 g/L.

The oxidation experiments were performed at 25 ◦ C and at a
eed recirculation flow rate of 10 L/min (Re = 1850), imposing a
urrent density of 332 A/m2 (corresponding to a current of 2.1 A),
hich is well above the corresponding limiting current densities of

he studied compounds in this concentration range, thus providing
he desired mass-transfer controlled operation regime.
.3. Limiting current technique for mass-transfer determination

The limiting current technique was used to determine the mass-
ransfer coefficients in the DiaCell®. A target ion flux to the BDD

ig. 9. Current–potential curves for Re = 100 and distinct K4Fe(CN)6 concentrations.
2050 29.06 29.37 1.05
2300 30.80 31.24 1.42
2500 32.94 32.88 −0.18

anode is a combination of electro-migration due to a potential gra-
dient, diffusion due to a concentration gradient, and convection
due to fluid flow. On the anode surface, the velocity is zero, while
potential gradient contribution is negligible due to the presence of
supporting electrolyte. Under such conditions, the target ion flux
to the anode is solely governed by diffusion, and the area-averaged
mass-transfer coefficient on the anode surface may be related to
the limiting current Ilim by:

kc = Ilim
nFCbulkA

(11)

where n is the number of electrons participating in the reaction

(in this case n = 1), F is the Faraday constant, Cbulk is the concen-
tration of the oxidized ion in the bulk, and A is the area of the
anode.

A BDD anode was used as the working electrode, while a stain-
less steel cathode was used as the counter electrode. The voltage

Table 5
Comparison between area-averaged mass-transfer coefficients determined for
steady-state and transient CFD simulations.

Reynolds kc,transient × 106 m/s kc,steady × 106 m/s Error, %

65 2.76 2.76 0.00
100 3.51 3.49 −0.57
140 4.45 4.58 2.92
165 4.91 5.17 5.29
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as varied with an Autolab-10 potentiostat (Eco Chemie, Nether-
ands) to determine the limiting current plateaus of the polarisation
urves for different flow rates and electrolyte solution concentra-
ions focusing, on purpose, on the anodic oxidation reaction of
errocyanide to ferricyanide.

The electrolyte solution flowing through the cell consists of a
ixture of potassium ferrocyanide (K4Fe(CN)6), potassium ferri-

yanide (K3Fe(CN)6) and potassium nitrate (KNO3) as a supporting
lectrolyte. The ferricyanide concentration was two times higher
han the ferrocyanide concentration to ensure that a limiting
xidation of ferrocyanide ions occurs at the anode. Due to the
imit of detection of the potentiostat used, different electrolyte
oncentrations were prepared for high and low Re. Ferrocyanide
oncentrations of 4, 8 and 12 mM were prepared for lower Re val-
es, while for higher Re values the concentrations were 0.4, 0.8 and

.12 mM, respectively. The mass-transfer coefficient was obtained
hrough Eq. (11) by representing the limiting current in function
f the ferrocyanide concentration. The transport properties of the
lectrolyte solution are presented in Table 1 and the different com-
ositions are shown in Table 2. The transport properties of the

ig. 10. Patterns of velocity fluctuations (U′U′) at the planes z = 3.5 mm and x = 0 for Re
e = 165.
ng Journal 157 (2010) 379–392 385

electrolyte were interpolated from data available in the literature
[23,24]. The solution was sparged with nitrogen for 1 h before each
experimental run to remove dissolved oxygen. Nitrogen gas sparg-
ing of the solution was also maintained during the course of the
experiment.

3.4. Pressure-drop determination

The pressure-drop between the inlet and the outlet of the
DiaCell®, was measured at high and low Reynolds values, using an
adequate pump for the flow regime under study. Pressure-drops
were measured at low Reynolds values with a U-tube manometer,
filled with the circulating solution and with an immiscible organic
liquid, chlorobenzene, which has a density of 1102 kg/m3 higher
than the density of water. The pressure-drop �p was then calcu-

lated by the hydrostatic equation:

�p = �y ��g (12)

where �y is the difference in height of the organic liquid in each
leg of the U-tube, �� is the difference in density of the manomet-

= 65, 100, 140 and 165, and Sc = 1780: (a) Re = 65; (b) Re = 100; (c) Re = 140; (d)
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ic fluid and water, and g is the acceleration due to gravity. For
easurements at high Reynolds values, two pressure transducers

8864, Trafag, Switzerland) were mounted at the inlet and outlet of
he flow cell and the pressure difference recorded.

.5. Analytical procedures

Concentrations of propionic and valeric acids were deter-
ined by high performance liquid chromatography (HPLC) using a
erck–Hitachi apparatus equipped with a UV detector and Aminex
PX-87H column from BioRad (USA). Sulphuric acid (0.01 M) was
sed as the eluent at a flow rate of 0.6 mL/min and 50 ◦ C operat-

ng temperature. The detection wavelength was set at 210 nm. The
ndividual organic acids concentrations were calculated through
orresponding calibration curves using 10–1000 mg/L standards.
Ethanol concentrations were determined by HPLC using the
ame apparatus but a Merck–Hitachi differential refractometer
etector (RI-71). The columns and elution conditions used were
he same as referred above for organic acid determination, except
or the eluent flow rate, and temperature which in this case were

ig. 11. Patterns of mass-transfer coefficient fluctuations (k′
ck′

c) on the anode for Re =
e = 165.
ng Journal 157 (2010) 379–392

0.5 mL/min and 30 ◦C, respectively. The ethanol concentrations
were calculated through a calibration curve using 25–1000 mg/L
standards.

4. Results and discussion

4.1. Grid-independence study

A grid-independence study was performed at the highest
Reynolds number investigated (Re = 2500 based on an inter-
electrode distance of 7 mm) for three meshes with an increasing
number of elements: 0.63 million (mesh 1), 1.72 million (mesh
2) and 2.94 million (mesh 3). Local mass-transfer coefficient val-
ues obtained for the three meshes on the anode surface, at the
plane y = 6.5 cm, are compared in Fig. 6, while area-averaged mass-

transfer coefficient on the anode surface is compared in Table 3. The
results show that the resolution of mesh 2 is capable of producing
accurate results. Indeed, a visual inspection of the mass-transfer
profiles in Fig. 6 shows that differences are rather small between
mesh 2 and mesh 3. More importantly, an error of below 3% was

65, 100, 140 and 165, and Sc = 1780. (a) Re = 65; (b) Re = 100; (c) Re = 140; (d)
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etermined for mesh 2 for the area-averaged mass-transfer coeffi-
ient in Table 3.

.2. Pressure-drop

A comparison between experimental and CFD pressure-drop
alues is shown in Fig. 7. It can be seen that the CFD predictions
gree very well with the experimental results, which indicates
hat the computational cell geometry as well as the fluid trans-
ort properties assumptions are adequate and consistent with the
xperimental flow system under study. It should be mentioned that
he deviation observed at the lowest Re is probably due to experi-

ental error associated with measurement of such small pressure
alues (< 10 Pa).
.3. Mass-transfer determination by the limiting current
echnique and CFD

The limiting current values obtained for the investigated
eynolds numbers are represented in Fig. 8. Fig. 9 shows typical

ig. 12. Patterns of velocity magnitude at the planes z = 3.5 mm and x = 0 for Re = 65, 100
ng Journal 157 (2010) 379–392 387

current-potential curves used for the determination of limiting cur-
rent values. The results present in Fig. 8 show a linear relation
between the limiting current and ferrocyanide concentration for
all the experiments, which justifies the use of Eq. (11) for calculat-
ing mass-transfer coefficients. The mass-transfer coefficient values
obtained by the limiting current technique are listed in Table 4
along with those obtained by CFD. The error of CFD calculations
is typically lower than 8%, although being larger at the lowest Re.
The reason for the larger deviation observed at the lowest Re is
discussed in Section 4.5.

4.4. Velocity and mass-transfer patterns determined by CFD

The results from transient CFD simulations are depicted in
Figs. 10 and 11, where it can be seen that important fluctuations

in velocity (U′U′) and mass-transfer coefficient (k′

ck′
c) fields at the

planes z = 3.5 mm and x = 0 start to occur for a Re = 100, which
indicates that the critical Re for the DiaCell®, is in the range from
65 to 100. With increasing Re, the oscillatory behaviour of the flow
becomes more evident, in particular in the vicinity of the longitu-

, 140 and 1850, and Sc = 1780. (a) Re = 65; (b) Re = 100; (c) Re = 140; (d) Re = 1850.
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from the vertical orientation of the DiaCell®, in the experimen-
tal set-up, which can lead to a natural convection effect due to
concentration gradients, that was not taken into account in CFD
simulations.

Table 6
Mass-transfer correlations determined by the experimental limiting current
technique and CFD.

Correlation Reynolds range
ig. 13. Patterns and vectors of velocity magnitude at the planes z = 3.5 mm and
= 0 for Re = 1850 and Sc = 1780.

inal central spacer walls. For Re below 100, the flow is laminar in
ost regions except in the outlet cylindrical tube, where instabili-

ies are generated downstream the nozzle.
Table 5 shows a comparison between area-averaged mass-

ransfer coefficients determined for steady-state and transient CFD
imulations. It can be seen that the steady-state mass-transfer coef-
cients compare very well with those obtained with transient CFD.
herefore, it may be assumed that steady-state results accurately
stimate mass-transfer on the anode of the DiaCell®. Due to this
act, the numerical results shown in the subsequent sections of this
ork are based on steady-state CFD.

Fig. 12 shows the velocity magnitude pattern at the planes
= 3.5 mm and x = 0 for Re values representative of distinct flow

egimes: laminar (65), critical (100), unsteady-laminar (140) and
urbulent-developing (1850). The main features of the fluid flow
re similar for all Re values, being clear that developed flows were
ot obtained for the range of Re studied. The turbulent-developing
e value of 1850 meets the mass flow rate specifications indicated
y the manufacturer of the DiaCell®, therefore its flow patterns are
nalysed in detail in Fig. 13. It may be seen that the flow is dis-
ributed in a symmetric way in relation to the x = 0 plane. The fluid
ccelerates in the nozzle that connects the inlet tube to the slit-
ype section, thus forming an impinging jet that directs the flow

ainly to the two central segments upstream the electrodes region.
n those central segments, recirculation zones are observed (region
in Fig. 13), which are smoothed out when the fluid enters the elec-

rodes region. Due to the design of the feed section, the remaining
nlet flow distribution segments show a comparatively lower veloc-
ty magnitude. The flow profile in the electrodes region is greatly
ffected by the upstream flow distribution, being mainly driven
lose to the central longitudinal spacer walls through a jetting
ffect. Other important features are the observed flow separation
t the corner of the inlet central distribution segments (region B
n Fig. 13), and its reattachment to the central spacer walls at the

enter of the domain (region C in Fig. 13). Large recirculation zones
region D in Fig. 13) develop from the central longitudinal spacer
alls back to the inlet distribution segments, creating low velocity

egions close to the center of the domain. In the downstream region
ng Journal 157 (2010) 379–392

the flow is again mainly converged to the center segments of the
distribution circuit.

It becomes clear that the Sherwood field patterns on the anode
surface for the same Re values as before, shown in Fig. 14, result in
a very important way from the wall shear stress patterns observed
in Fig. 15. Regions of enhanced mass-transfer are located in the
vicinity of the central spacer walls and near the central outlet
distribution segments, where a more important effect of wall
shear stress is observed. In contrast, the mass-transfer efficiency
is lower in the remaining sections of the anode. Mass-transfer
efficiency on the anode expressed in the form of histograms for
each Re value (see Fig. 16) reinforces these observations by dis-
closing a non-uniform distribution of Sherwood number over the
anode area, where regions of lower mass-transfer efficiency are
dominant. These results show that the situation is far from the
optimal one, in which a uniform Sh distribution would be envis-
aged. It is interesting to note that a change in the flow regime
does not greatly affect the Sh distribution over the anode. Nev-
ertheless, the Sh distribution for Re = 1850, representative for a
turbulent-developing flow regime, is comparatively better than
that at the other Re values. It is also observed that the onset of
unsteady flow at Re = 100 has a negative effect on the Sh dis-
tribution compared to Re = 65. This was observed to be a result
of augmented local Sh values due to unsteadiness that builds
up in the vicinity of the corner of the inlet central distribution
segments.

It is then evident that the flow distribution in the DiaCell®, is
not optimal, and consequently its mass-transfer performance is
clearly inferior to other electrochemical cell configurations, such
as, for example, those studied by Bengoa et al. [6], Polcaro et al.
[7] and Martínez-Huitle et al. [8]. These works suggest distinct
strategies that may be followed for improving the DiaCell®, mass-
transfer performance either by re-designing its inlet and outlet
circuits or by introducing turbulence promoters in the reaction
region.

4.5. Mass-transfer correlations

The values of mass-transfer coefficients obtained by the limiting
current technique and by CFD were used to obtain mass-transfer
correlations in the form:

Sh = a RebSc1/3 (13)

where a and b are fitting parameters. Fig. 17 shows Sh/Sc1/3 values
plotted against Re values for the limiting current technique and CFD
work. The correlations determined in this work are listed in Table 6,
grouped by their adequacy for laminar of turbulent-developing
flow regime.

The experimental and CFD results show a very good agreement
except for a slight deviation in the lower Re range, where the
experimental values are larger than CFD values. This may result
Experimental Sh = 0.689Re0.36 Sc1/3 25 < Re < 100
CFD Sh = 0.417Re0.45 Sc1/3 25 < Re < 100

Experimental Sh = 0.141Re0.70 Sc1/3 100 < Re < 2500
CFD Sh = 0.123Re0.72 Sc1/3 100 < Re < 2500



J.L.C. Santos et al. / Chemical Engineering Journal 157 (2010) 379–392 389

1850,

R
t
i
c
R
a
T
t
fl
a

4

a

l

Fig. 14. Patterns of Sherwood on the anode for Re = 65, 100, 140 and

An important aspect observed in Fig. 17 is that the critical
eynolds number for the DiaCell®, which determines the transi-
ion from laminar to unsteady flow regime, appears to occur for Re
n the range from 65 to 100, which is considerably lower than the
ritical value for a rectangular slit, which usually begins at about
e = 1000 [17]. The onset of unsteady flow regime for Re = 100 was
lso observed in the transient CFD results presented in Section 4.4.
he transition in flow regime at such a low Re value was observed
o be a result of the flow separation at the corners of the inlet
ow distribution segments (see Figs. 10 and 12) which inducted
n oscillatory behaviour of the flow in that region.

.6. Electro-oxidation of organic compounds

The electro-oxidation data of ethanol, valeric acid and propionic

cid were fitted with the following batch mass-balance equation:

n

(
Corg

Corg,0

)
= −kcA

V
t (14)
and Sc = 1780. (a) Re = 65; (b) Re = 100; (c) Re = 140; (d) Re = 1850

where Corg is the concentration of the organic compound at time t,
Corg,0 is its initial concentration, A is the area of the anode, V is the
volume of the feed solution, and t is the time.

The concentration decays of the studied organic compounds are
presented in Fig. 18. As it can be observed, they fit well with a
pseudo-first-order kinetic pattern that is characteristic for a mass-
transfer controlled operation. The latter justifies the use of Eq.
(14) and indicates that kc in this equation actually represents the
average mass-transfer coefficient of the target compound over the
electrochemical cell and the reservoir under the tested conditions
of relatively high current density and low compound concentra-
tions. Under such conditions, only a fraction of the applied current,
equal to the limiting current, is used for the oxidation of the target
compound while the rest is used for side reactions, mainly repre-
sented by oxygen evolution [25].

Sh/Sc1/3 values obtained from Eq. (14) are compared in Table 7

to values predicted with the correlations determined in this work.
The deviation of the Sh/Sc1/3 values determined from Eq. (14),
and presented in the last columns of Table 7, is lower than 18%
when compared to values predicted using the correlations from
this work. While a local increase in mass-transfer would be gener-
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Fig. 15. Patterns of wall shear stress on the anode for Re = 65, 100, 140 a

lly expected to occur if gas bubbles were formed at the working
lectrode, the results show an opposite tendency. Such a behaviour
ight be possibly attributed to a partial adsorption of the stud-

ed organic compounds on the BDD electrode surface [26]. If the
lectrode surface were partially covered by organics, this could
esult in displacement of water from the surface and, as a con-
equence, the rate of water discharge would be also reduced.
nder such conditions, the mass-transfer coefficients obtained

hrough Eq. (14) might have lumped some reaction-associated
ffects.

If it is considered that all the current applied is used for electrol-
sis of water and there are no side reactions, 4 mol of electrons must
roduce 2 mol of H2 gas and 1 mol of O2 gas. Thus, the theoretical
maximum) volume of hydrogen and oxygen produced Vgas, can be

educed from the data for current and time, following Faraday’s
rst law of electrolysis as:

gas = IRTt

nFP
(15)
50, and Sc = 1780. (a) Re = 65; (b) Re = 100; (c) Re = 140; (d) Re = 1850.

where R = 8.314 J/(mol K) is the universal gas constant, I is the
current applied in Coulombs per second, T is the working tem-
perature in K, t is the time in seconds, F = 96485 is the Faraday’s
constant in Coulombs per mol, P = 1 × 105 Pa is the atmospheric
pressure, n is number of electrons = 2 for H2, and 4 for O2,
respectively. For the applied current of 2.1 A and at the work-
ing solution temperature of 298 K, this would result in an overall
gas production of about 1.46 L/h (composed by 0.970 L/h of H2
and 0.485 L/h of O2). Considering a liquid flow rate of 600 L/h,
the corresponding gas hold-up is determined as 0.24%. It might
be expected that such conditions are well approximated, espe-
cially at the end of the mineralization of the organic compounds
studied. This simple calculation indicates that the formation of
gases in the DiaCell®, under the tested conditions is not signifi-

cant in terms of overall gas hold-up. Local gas hold-up values in
the vicinity of the electrodes may be clearly superior, leading to
a bi-phasic flow situation in these regions; however, even under
such conditions, the results present in Table 7 demonstrate that
mono-phasic CFD simulations are adequate and may be used with
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Fig. 16. Histograms of percentage area as a function of Sh/Shmax for Re = 65, 100, 140 and 1850, and Sc = 1780.

Fig. 17. Plot of Sh/Sc1/3 against Re for the limiting current technique and CFD.

Fig. 18. Concentration decays with time of propionic and valeric acids, and ethanol.
The inset figure shows a semi-logarithmic representation of concentration decays.

Table 7
Comparison between Sh/Sc1/3 determined from the electro-oxidation of target
organic compounds with predictions using CFD and experimental mass-transfer
correlations for Re = 1850. The diffusivity values were taken from Schramke et al.
[27].

D25 ◦C
AB

× 109,
m2/s

Sc Shorg/Sc1/3 ErrorCFD, % Errorexp, %
Propionic acid 1.10 811.82 28.40 −7.09 −5.00
Valeric acid 1.20 744.17 25.97 −15.05 −13.14
Ethanol 1.27 703.15 25.17 −17.66 −15.81

confidence.
Moreover, the applied current densities are clearly above the

limiting electric current density of the organic compounds. Under
such conditions, due to the distinct ion diffusivities of the sup-
porting salt electrolyte, departures from local electroneutrality are
expected to occur, which can lead to electro-convection effects
very near the anode [17]. However, such effects appear to be also
neglible at this Re value.

5. Conclusions

It has been shown that a combination of mono-phasic CFD, lim-
iting current technique and pressure-drop measurements is useful
for understanding flow and mass-transfer phenomena in the inves-
tigated electrochemical oxidation cell. In particular, the 3D flow
structure and the Sh distribution over the DiaCell®, anode was pos-
sible to be determined by CFD simulations. It was found by transient
CFD simulations that instabilities in the flow start to occur for a rel-
atively low Re in the range from 65 to 100, which can be assumed
as the critical Re range for the DiaCell®, above which a change in
the flow regime and a positive shift in the mass-transfer depen-
dence on Re is observed. The results obtained for the laminar flow
region can be useful for example in the processing of highly viscous
solutions.
As steady-state CFD simulations provided accurate results
when compared to transient ones, they were used to develop
mass-transfer correlations in both laminar and unsteady flow
regime: Sh = 0.417Re0.45 Sc1/3 and Sh = 0.123Re0.72 Sc1/3, respec-
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[26] A. Kapalka, G. Fóti, C. Comninellis, Investigation of the anodic oxidation of
acetic acid on boron-doped diamond electrodes, Journal of the Electrochemical
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ively. Moreover, experimental results obtained with the limiting
urrent technique were also compiled in the form of mass-transfer
orrelations: Sh = 0.689Re0.36 Sc1/3 and Sh = 0.141Re0.70 Sc1/3. As
an be seen, the correlations obtained through these distinct
pproaches agree very well, in particular for unsteady flow regime.
hese correlations were found to agree well also with the Sh val-
es obtained by curve-fitting of the concentration decays of the

nvestigated organic compounds under mass-transfer controlled
perating conditions. It was found out that turbulent-developing
ow in the studied electrochemical cell can be adequately
escribed by mono-phasic CFD simulations, which significantly
implifies its mass-transfer characterization and can serve as a
aluable tool for its optimization.

The results show that valuable engineering data can be obtained
sing the methodology described in this work. Its extension to other
lectrochemical flow cells is expected to be straightforward.
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