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a b s t r a c t

In Mexico, the concentration of Cr(VI) in plating industries wastewater is well above Mexican environ-
mental regulations (0.5 mg/L). The electrochemical Cr(VI) reduction, using iron electrodes has been an
alternative process, which has been applied with success to remove Cr(VI) from wastewaters. However,
few studies have been performed to evaluate the flow field behavior into the electrochemical reactors.
In this work, tests at a novel tubular electrochemical reactor were performed. Five different inlet flow
eywords:
lectrochemical
FD simulations
exavalent chromium
ubular reactor
ack-mixing

velocities with three different inlet positions (central, lateral and tangential inlets) were tested to evalu-
ate their effect on the reactor performance. To study the flow field behavior throughout the reactor, CFD
simulations were carried out. The results showed that at low inlet velocities, the reactor dispersion has
strong dependence on the inlet position. On the other hand, when the reactor was operated at higher
inlet velocities, the dispersion is reduced and presented similar values for the three reactor inlets. As a
consequence of the dispersion reduction in the reactor, the residence time required to reduce the Cr(VI)

mg/L
concentration from 1000

. Introduction

In Mexico, one of the most important water pollution problems
s caused by plating industries. Only a very small quantity of these
ndustries treats their wastewaters before discharging them to the
ewage. In addition, when the wastewater is treated, the treatment
ormally consists of adjusting the pH to 7.0. The lack of treatment or

ts low efficiency, increases the concentration of heavy metals, such
s Cr(VI), in the discharged wastewater, well above Mexican envi-
onmental regulations (0.5 mg/L) [1]. Cr(VI) is considered a very
oxic heavy metal [2]. There are different available technologies to
emove chromium(VI) from wastewaters (e.g. the use of bisulphite,
vaporation, ion exchange, and ferrous sulphate, among others).

hese methods have some drawbacks such as the high inversion
nd operational costs that none of the small industries, the majority
n Mexico, can afford. Moreover, these technologies require imple-

entation of new infrastructure and generate large quantities of
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to <0.5 mg/L, can be decreased until 20%.
© 2010 Elsevier B.V. All rights reserved.

sludge, as in the case of using ferrous sulphate [3], which in turn
raise the costs due to they have to be treated, handled and disposed.
Electrochemical treatment is presented as an alternative method to
reduce Cr(VI) in wastewaters to achieve low Cr(VI) concentration
[4]. This treatment has been carried out with different electrode
materials, for instance, carbon felt electrodes polypyrrole-coated
aluminum electrodes or others [5–7]. However the treatment time
is too long and in some cases the Cr(VI) concentration removed is
quite low (about 50 mg/L). In this work carbon steel electrodes were
used to remove Cr(VI) at high concentrations (1000 mg/L), because
they have some advantages: electrode low costs, the water treated
is recyclable and low amount of sludge are generated that contains
chromite [8], which has refractory properties. During the electro-
chemical process, at the anode Fe(II) ions are released into solution,
as shown in reaction (1).

Fe → Fe2 + 2e− (1)

In the solution, the Cr(VI) is reduced to Cr(III) as a result of the Fe(II)

to Fe(III) oxidation reaction, as shown in reaction (2).

6Fe2+ + Cr2O7
2− + 14H+ → 6Fe3+ + 2Cr3+ + 7H2O (2)

Hydrogen gas is also released from the cathode during the process
[16].
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At industrial level, it is usually more profitable to operate
ontinuous processes with reactors that achieve greater overall
onversions, as plug flow reactors [9]. However, few studies to eval-
ate the behavior of velocity field throughout the electrochemical
eactor operated with different configurations have been reported.
n reactor design, one of the most important aspects to evaluate
heir performance requirements is to know with sufficient approx-
mation the velocity field inside the vessel in order to predict its
ehavior [10]. In our previous study [11] different positions of the

nlet reactor were evaluated while operating the reactor only at low
nlet velocities. It was demonstrated that the inlet position had a
onsiderable effect on the reactor flow field and the back-mixing
egree or dispersion. This is important because the dispersion in the
eactor has important an important effect on the reactor conversion
nd yield [12]. The present work extends the analysis consider-
ng five higher inlet flow velocities and evaluates their effect on
he residence time and back-mixing into a novel tubular electro-
hemical continuous reactor, in laminar flow regime using state-of
he-art CFD tools [13–15]. Due to the complex geometry of the
eactor, the computational model was meshed using four nodes
etrahedral cells (Tet/Hybrid type TGrid). Several analyses of each
eactor model with different mesh sizes were performed to obtain a
rid independence solution and no significant changes occur in the
olutions with a further mesh refinement of the models presented.
ue to low operating fluid velocities, a laminar flow model was
sed in all cases. The simulation was carried out in steady state for

ach flow velocity inlet. Moreover, to obtain the exit age distribu-
ion curve and the dispersion at the different operation conditions,
ransient simulation was performed using the species transport
quation to monitor the tracer concentration at the reactor exit.
he dispersion effect was introduced in the model to describe

Fig. 1. The schematic diagram of the e
ineering Journal 165 (2010) 776–783 777

the Cr(VI) reduction for the different operation conditions of the
reactors.

2. Materials and methods

The electrochemical tubular reactor of carbon steel material,
shown in Fig. 1, was used during the experimentations. The opera-
tion volume was 2.289 L and its dimensions were 1.05 m length and
0.054 m internal diameter (ID). Three reactor inlets were tested;
lateral (L), central (C) and tangential (T). A central polished carbon
steel rod measuring 1.05 m served as cathode, giving a 0.0094 m2

cathode surface area. A 3.0 m length spiral wire of the same material
and ID, which served as the anode with a surface area of 0.05654 m2,
was isolated from the cathode by rubber gaskets. The electrochem-
ical reactor was fed with a peristaltic pump and the flow rate was
changed to regulate the different flow velocity inlets. It was sup-
posed that the electrochemical reactor was a closed vessel. Eq.
(1) was used to evaluate the mean residence time and Eq. (2) to
evaluate the Nd. The radial mixing was not considered because in
streamline flow of fluids through pipes, axial mixing is mainly due
to fluid velocity gradients and this method is reliable to use when
Nd < 1 [9].

th =
∫ ∞

0
tCdt∫ ∞

0
Cdt
�2

th
= 2

(
D

uL

)
− 2

(
D

uL

)2
(1 − e(uL/D))

where t, time (min); C, tracer concentration (mg/L); �2, variance
(min2), th, mean residence time (min), D, dispersion coefficient

lectrochemical tubular reactor.
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m2 s−1), u, flow velocity (m/s), L, reactor length (m), E, exit age
istribution function (min-1), �, t/th (dimensionless) and the dis-
ersion number Nd = D/uL.

To obtain the residence time to reduce the Cr(VI) from 1000 mg/L
o 0.5 mg/L at influent pH = 0.5 in the electrochemical reactor a
xperimental validated model, with the dispersion effect included,
as used [10]. The Cr(VI) removal in the tubular reactor is described

y Eq. (3).

h
∂Cr
∂t

= D

uL

∂2Cr
∂z2

− ∂Cr
∂z

− th
k1Cr

1 + k2Cr
(3)

nd the boundary conditions [17] are shown in Eqs. (4) and (5).

r − D

uL

∂Cr
∂z

− Cro = 0 at z = 0 (4)

∂Cr
∂z

= 0 at z = 1 (5)

here Cr, Cr(VI) concentration in the reactor (mg dm−3); Cro, influ-
nt Cr(VI) concentration (mg dm−3); k1, constant rate of Cr(VI)
emoval (min−1); k2, constant rate of Cr(VI) removal (dm3 mg−1);
, across position in the reactor (m); t, time (min); th, hydraulic
esidence time (min); and z, x/L (dimensionless).

The wastewater pH used in this work was 0.5 that remains
lmost constant during the electrochemical process avoiding the
ormation of iron and chromium insoluble species [16].

Fluent version 6.3 has been used to perform the CFD simulations
t the steady (fully developed flow) and unsteady state fluid flow
species transport); a pressure-based segregated algorithm solver

as been used, where the governing equations are solved sequen-
ially. For the pressure–velocity coupling a non linear procedure
alled semi-implicit pressure-linked equation (SIMPLE) algorithm
as used, for pressure discretization the Standard scheme was

elected, and for the momentum discretization, the Second Order

ig. 2. Axial and radial velocity of different particles as a function of the path length,
perating the reactor at: (a) 0.0481 m/s and (b) 0.388 m/s inlet flow velocities.

�

Fig. 3. Axial (a) and radial (b) velocity contours of the surface into the reactor, swept
along z axis.

Upwind scheme was used. Once the steady state was obtained,
transient simulation was performed using the species transport
equation, then a pulse (lasting 5 s) of tracer with the same material
properties as the working fluid and a concentration of unity was
injected at the inlet surface; after the solution converged the tracer
concentration was returned to zero again to simulate a pulse injec-
tion. The concentration of the tracer is monitored at the outlet and
the age distribution function (E) and the dispersion number (Nd)
were evaluated.

For the steady state flow simulation, the mass and momentum
conservation equations are used and they are given respectively by
Eqs. (6) and (7).

∇�v = 0 (6)

∇(��v�v) = −∇p + ∇(�̄) + ��g + �F (7)

where �v, velocity vector; �, density; �̄, stress tensor; ��g, gravita-
tional body force; �F , external force vector.

For the tracer injection, unsteady state simulations were per-
formed and the conservation equations for transport species were
used Eq. (8).

∂

∂t
(�Yi) + �(���Yi) = −�(�Ji) (8)

where Yi is the local mass fraction of species i, Ji is the diffusion flux
of species i. considering that diffusion is caused by the concentra-

tion gradient, Ji is given by Eq. (9).

Ji = −�Di,m∇Yi (9)

where Di,m is the diffusion coefficient for species i.
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ig. 4. The exit age distribution curve E at the electrochemical reactor for each inlet
0.388 m/s).

. Results and discussion

In this work, the age distribution function (E) and the dispersion
umber (Nd) was evaluated for the different inlet flow velocities
nd reactor inlets. Fig. 2 shows the axial and radial velocity as a
unction of the path length for different particles, when the electro-
hemical reactor with tangential inlet was operated at the lowest
0.0481 m/s) and the highest (0.388 m/s) inlet flow velocities. The
article track plots of the other velocities and inlets are not pre-
ented, because the results were in between.

In both cases, the radial velocity of the particles is high only at
he zone near the reactor inlet due to the “end effects”. The dark
lue zone near the reactor inlet in Fig. 7 shows the extent of the

nlet zone for the reactor operated at the different inlets. Above
his inlet zone, the radial velocities are lower than the axial veloci-
ies, and their values are about 13–16% of the axial velocity, for the
owest (0.0481 m/s) and the highest (0.388 m/s) inlet flow veloci-
ies, respectively. These percentage values (%) are much lower than
hose reported in other study carried out in bubble columns, where
he radial velocity was about 36% of the axial velocity. In addition,
he dispersion value of the radial dispersion coefficient reported
as typically about 1% of the value of the axial dispersion [18].
ased on these results, the dispersion model used in the present
ork is appropriated because the reactor presents a relatively poor

adial mixing compared to the axial mixing. Fig. 3 shows the axial
nd radial velocity contours of the surface into the reactor swept
long z axis. As seen, the axial velocity is much higher than the radial
elocity. The radial velocity has small increments only around the
node (helical).

During the electrochemical process hydrogen gas is generated
n the cathode and the bubble hydrogen gas rise velocity, ub is given
y Eq. (10) [19].

b = uG + uL + uO (10)

here uG and uL are the superficial velocities of gas and liq-
id respectively, and uO is the rise velocity of a single bubble

n a quiescent electrolyte. Based on the highest current used
5.0 A), 6.22933E−07 m3/s of hydrogen gas are generated, then
G = 0.000272 m/s. The mean superficial velocities liquid (uL) evalu-
ted in the reactor operating at 0.0481 and 0.388 m/s inlet velocities

ere, 0.0007486 and 0.0046142 m/s, respectively. The diameters of

he hydrogen bubbles are small and spherical in shape, with a diam-
ter in the range of 50–200 �m and the uO is 0.0020 and 0.0109 m/s,
espectively [20]. Based on a bubble diameter of 200 �m, the ub cal-
ulated for the 0.0481and 0.388 m/s inlet flow velocities, are 0.0119
fluent velocity rate: (a) the lowest velocity (0.0481 m/s) and (b) the highest velocity

and 0.0158 m/s, respectively. Then ub is 6% and 29% higher than uL,
respectively. It means that the dispersion and the residence time
are almost unaffected because the liquid at those relatively high
velocities, removes the bubbles from cathode surface, dispersing
them into the fluid reducing the turbulence promoting effect of the
bubbles, in agreement with the result in other work [19], where
percentages of 5–25% were reported. In the same work, the radial
mixing is considered important when ub 40–200% higher than uL
because the bubbles may cause turbulent eddies increasing the
dispersion in the reactor.

Fig. 4(a) and (b) shows the results of the age distribution function
obtained for the lowest (0.0481 m/s) and the highest (0.388 m/s)
inlet flow velocities for the three reactor inlets. As seen, there are
differences in the age distribution function (E) when the electro-
chemical reactor is operated at the lowest influent flow velocity
(Fig. 4(a)). In this case, the curve with the tangential inlet is the
most symmetrical, while the curve with the highest deviation from
the plug flow behavior was obtained when the reactor was oper-
ated with the central inlet. As shown, the curves obtained operating
the reactor with lateral and central inlets, show that at these con-
ditions the reactors have more short-lived material leaving the
electrochemical reactor, than when the reactor is operated with
tangential inlet, which affects the conversion rate in the reactor. On
the other hand, at the highest inlet flow velocity (Fig. 4(b)) there
are no important differences among the age distribution function
(E) of the three different inlets.

Fig. 5(a) shows the dispersion number (Nd) obtained at different
influent flow velocities. As shown, the Nd is reduced as the influ-
ent velocity increases and for inlet velocities higher than 0.15 m/s,
there was not important reduction in the dispersion. In addition,
operating the reactor with the tangential inlet and with inlet veloc-
ities lower than 0.15 m/s, the dispersion in the reactor is the lowest
of the three inlets. At higher inlet velocities than that value, the
dispersion is similar with the three inlets. Fig. 5(b) shows that the
ratio of the mean residence time (th), obtained with the exit age
distribution curve, to the residence time (tm) measured experi-
mentally (ratio of reactor operation volume/flow rate) has a value
higher than 1.0, only at a flow inlet of 0.0481 m/s with the cen-
tral inlet position the ratio value is 1.0. This means that due to
the electrodes configuration, the liquid particles travel in a non-

straight line due to the helical shape of the anode, as seen clearer
in Fig. 6(a), where the some particle traces along the reactors are
shown. In addition, in Fig. 2 it is shown that the path length of the
particles is higher than the reactor length (1.05 m). This is signifi-
cant because the reactor seems to have an “extra” volume, which
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Fig. 5. (a) Nd and (b) ratio residence time mean to measured (t

eaches until 12% in the most cases and more than 15% in the
ase of the reactor operated with tangential inlet and with influent
elocities of 0.0481 and 0.061 m/s. Moreover, the axial and radial
elocity of the particles is not constant along the reactor (as seen
n Fig. 2), near the inlet the velocities are the highest, but after the
rst part of the reactor, their velocity is considerably reduced. Close
o the anode, the particle traces and their velocities are affected

ue to its electrode helical shape, causing the velocity oscillations
Figs. 2 and 6(a)). This effect allows the reactants have more prob-
bility to react into the electrochemical reactor and the velocity
scillations around the electrodes cause an increase in the vor-
icity, as seen in Fig. 6(b), improving the mass transfer between

ig. 6. (a) Particle traces into the electrochemical reactor and (b) velocity vectors
olored by vorticity magnitude (1/s).
at different inlet flow velocities in the electrochemical reactor.

the electrodes and the liquid without important increasing of the
dispersion in the reactor.

Fig. 7 shows the contours of axial velocity of the reactors oper-
ated with different flow velocities and reactor inlets. As seen,
when the reactors with different inlets are operated at the lowest
inlet flow velocity of 0.0481 m/s, a more homogeneous distribu-
tion of the axial velocity is reached with the tangential inlet, which
explains why this configuration presented the lowest dispersion of
the three inlets. The axial velocity contours into the reactor oper-
ated with the other two inlets (lateral and central); show zones
with low and high axial velocities that cause fluctuations due to the
no homogeneous flow velocity distribution that produces higher
dispersion in the rector. Comparing the reactors operated with
lowest (0.0481 m/s) and highest (0.388 m/s) inlet flow velocities,
the contours show that at the highest inlet flow velocity, the axial
velocity distribution fields in the three reactors are more homoge-
neous than at lower inlet flow velocities. Only in the first part of
the reactor (“end effects”), there are zones of negative and higher
positive axial velocity values, more extended in the reactor with
lateral inlet, but beyond that zone, the flow velocity is reduced and
the fluid streams are more uniform, mainly at inlet velocities of
0.15 m/s and higher, which also produces similar th/tm ratios, as
seen in Fig. 5(b). This effect can be explained by the inertial forces
of the fluid that create a velocity more regular profile, reducing
the differences among the flow velocities, and then dispersion in
the reactor. The higher vorticity and velocities of the fluid near the
central electrode (cathode), cause the evolved bubble gas (H2) are
taken away so fast, dispersing them and avoiding that their size
increases. Therefore, the coalescence effect is diminished and then
the difference between ub and uL is reduced. Therefore, the effect of
the bubble gas evolved on the dispersion was neglected, as it was
mentioned before.

In Fig. 8 are shown the axial velocity profiles at reactor exit oper-
ated at low (a: left side) and high (b: right side) inlet flow velocity,
with the three inlets. As seen, the axial velocity profiles have a pick
of higher velocities when the reactor is operated at the low inlet
flow velocity. On the other hand, the axial velocity exit profiles are
more uniform at the highest inlet flow velocities. This effect is sim-
ilar for the different inlets; it means that as the inlet flow velocity
increases, the reactor dispersion decreases. The back-mixing has a
strong influence on the reactor performance; hence, some authors

have proposed alternatives to reduce it [21,22]. Increasing the flow
velocity could be another alternative to reduce reactor dispersion
that should be more studied. Table 1 shows the residence time to
reduce the Cr(VI) concentration in the influent from 1000 mg/L to
0.5 mg/ L at the five inlet flow velocities and the three reactor inlets.
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Fig. 7. Contours of axial velocity of the reactors opera

able 1
esidence time to reduce the Cr(VI) from 1000 mg/L to 0.5 mg/L at influent pH = 0.5

n the electrochemical reactor operated with different inlet flow velocities, reactor
nlets and at different Nd.

Inlet flow velocity (m/s) Residence time (min)

Central Lateral Tangential

0.0481 37 36.8 34
0.061 32.2 32.5 31.8
0.15 29.8 29.8 29.8
0.244 29.9 29.9 29.9
0.388 28.8 28.6 28.6
ted with different inlets and inlet flow velocity.

As seen, as the inlet flow velocity increases, the residence times are
reduced because the dispersion in the reactor (Fig. 5(a)) is reduced.
Moreover, at the lower inlet flow velocities (0.0481 and 0.061 m/s)
the inlet type of reactor affects the dispersion and then the resi-
dence time (e.g. with the tangential inlet the Nd and the residence
time are the lowest of the three inlets). On the other hand, at higher
inlet flow velocities (0.15–0.388 m/s) the dispersion in the reactor
is reduced as the inlet flow velocity increases, but its value is almost
the same at the three reactor inlets. Then, at the highest inlet flow

velocity (0.388 m/s) the residence time can be reduced until 20%
in comparison with the reactor operated with a lateral inlet and
the lowest (0.0481 m/s) influent velocity. This has an important
effect on the operational costs of the process because the energy
consumption can be reduced.
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Fig. 8. Axial velocity profiles at exit of the reactor wit

. Conclusions

Using computational fluid dynamics (CFD) simulations, it is
ossible to evaluate the hydrodynamic behavior inside the elec-
rochemical reactor. At lower inlet flow velocities (<0.15 m/s), the
ispersion is higher than at higher (≥0.15 m/s) inlet flow veloci-
ies. The type of the reactor inlet affects the dispersion when the

eactor is operated at lower inlet flow velocity. On the other hand,
t higher inlet flow velocity the dispersion in the electrochemical
eactor, operated at the three reactor inlets, is almost the same. At
he operational conditions, the dispersion in the electrochemical
eactor is not affected by evolved gas from the cathode. The disper-
rent inlets at low (a) and high (b) inlet flow velocity.

sion in the reactor is reduced at the high inlet flow velocities and its
performance is improved, reducing the residence time until 20%, to
remove the Cr(VI) concentration from 1000 mg/L to <0.5 mg/L.
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