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Abstract—The aim of this study was to evaluate the quantity of vanadium removed through electrokinetic remediation
applied to catalyst waste used in a fluid catalytic cracking process. In excess, vanadium affects process efficiency
by reducing the catalyst’s activity, causing deactivation and reducing its useful life in petroleum cracking during
refining. The electrochemical reactor used was composed of an extra cathode chamber coupled with an ion-selective
cation exchange membrane, Nafion®. The function of the cathode chamber was to increase the overpotential for a
hydrogen reduction reaction (HRR) and the electric field to favour metal ion removal. Sodium citrate was used for
electrolyte remediation (complexing vanadium) at 0.5 mol/L with an 11.0 V (¢ =0.5 V/cm) potential applied. The
treatment efficiency was analysed based on the vanadium ion concentration in the electrolyte collected. The results
show that electrokinetic remediation using the dual cathode chamber yielded more metal removal and lower energy

consumption.
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INTRODUCTION

Tons of deactivated catalyst are discarded by petroleum
refineries every day, which is a serious and cumulative
problem for the environment due to the presence of heavy
metals in the catalyst (Afonso et. al., 2004). In addition
to reducing risks to the environment and human health,

recovering these catalysts may generate significant profit
(Garcia and Braganca, 2009).

Heavy metals from petroleum impregnate the catalyst
structure during fluid catalytic cracking (FCC). These heavy
metals are considered contaminants or poisoners disturbing
the catalytic activity of the material with reduction of catalyst
life in the refinery (Afonso et. al., 2004; Cerqueira et al.,
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2008). These catalysts are referred to as deactivated catalysts,
E-Cat or equilibrium catalysts (Pinto et al., 2010).

To reduce the hazardous nature of this material,
researchers are studying heavy metal removal from
catalysts using electrokinetic remediation (Kaminari et al.,
2007; Valt et al., 2015).

Electrokinetic remediation is a field method for removing
heavy metals as well as organic and organometallic
compounds from contaminated soils (Acaretal., 1993; Afonso
et al., 2004; Yeung, 2011). This technique can be applied to
catalysts with the same objective using a fixed bed reactor and
applying a low-intensity potential over a predetermined time
with a specific electrolyte for ion transport (Bockris, 2001;
Kaminari et al., 2007; Valt et al., 2015).

Certain chemical reactions occur during the
electrokinetic process, such as the hydrogen reduction
reaction (HRR) in the cathode, releasing OH- ions in the
electrolyte, and the oxygen oxidation reaction (OOR) in the
anode, releasing H' ions in the electrolyte. However, these
reactions raise the energy spent and provide an increase in
the electric field applied to the system. These conditions
also favour the precipitation of dissolved compounds
due to pH variations when the local concentration of the
compounds is higher than the solubility and/or dissolution
limit of the precipitates (Krishna and Cameselle, 2009; Valt
etal., 2015). Thus, the electrolytic solution pH in the anode
compartment decreases due to the OOR reactions, and
the anode solution becomes more acid as the pH reaches
2.0. On the other hand, the cathode compartment solution
becomes more alkaline due to hydroxide ion production,
which increases the solution pH to approximately 12.
In both cases, the pH variation depends on the applied
potential, the respective OOR (anode) and HRR (cathode)
overpotentials and the separation of the HRR/OOR
reactions, which facilitates a higher reaction overpotential
and pH stability of the bed (Bockris, 2001; Sanches et al.,
2003; Wyrzykowski and Chmurzynsk, 2010).

The wuse of ion-selective membranes in the
electrokinetic remediation process makes it possible to
reduce the OH- amount generated by using a different
catholyte with a higher reaction overpotential (Pletcher
and Walsh, 1990; Machado and Santiago, 2014; Mattiusi
et al., 2015). Therefore, a stronger electric field can be
applied to the reactor without HRR and OOR reactions
and significant pH variations (about 8,2 -8,6). This
improved control over the electroremediation reactor
process yields a more efficient vanadium removal rate
and lower energy consumption.

Therefore, the aim of this work is to comparatively
study vanadium ion removal from deactivated FCC
catalysts through an electrokinetic remediation technique
in a porous fixed reactor using single and dual cathode
chambers with a 0.5 mol/L sodium citrate solution.

MATERIALS AND METHODS

Materials

The material studied here consists of a deactivated
FCC catalyst composed of Y-zeolite, which was mainly
composed of aluminium and silicon oxides with a tri-
dimensional structure and saturated with several heavy
metals, including vanadium.

The following materials were cut into racket shapes
with an area of 0.0lm? and used as electrodes in the
electrokinetic remediation experiments. The distance
between the clectrodes was 22 cm. In the anode, a non-
commercial electrode was used, which was manufactured
by De Nora Company, composed of a 2-mm thick titanium
sheet covered with iridium and ruthenium (Ti = 66.75%;
O= 22.4%; Ir = 9.14%; Ru = 1.71%); in the cathode, a
commercial electrode was used, which was composed of a
3-mm thick flat lead sheet.

The applied potential (¢ =0.5 V/cm) was controlled by
a potential source of the brand Power Supply model EMG
18134 with a capacity to supply 30 V and 10 A.

A 0.5 mol/L sodium citrate solution was prepared
with distilled water (T = 25°C) and used as electrolyte.
The electrolyte was injected into the reactor chamber by
using a Millan peristaltic pump with a power of 1.0 HP. To
maintain the stability of the catholyte, 0.1 mol/L sodium
chloride solution was recirculated in the extra cathode
chamber of the second experimental setup.

Electrokinetic Remediation System

Two different electrokinetic remediation systems were
used in this study: the first one with a cathode chamber,
and the second one with two cathode chambers separated
by a Nafion® cationic exchange membrane produced by
DuPont. The use of this membrane avoids the electrolytic
pH changes, improving the reactor reaction stability.

The first experimental electrokinetic remediation unit
assembled is presented in Fig. 1, as used by Valt et al. (2015).

This first experimental unit was composed of an acrylic
chamber with a 600 g capacity of deactivated catalyst
(fixed bed). It included three upper orifices for electrolyte
sampling. The electrodes were positioned at the end of the
reactor and connected to the power source. The electrodes
were separated from the porous fixed bed by a permeable
membrane. The electrolyte was injected into the anode
chambers by a peristaltic pump with a 60 ml/min flow rate.
Contaminated electrolyte was removed from the system
through the cathode chamber.

The second experimental unit was similar to the
first one, used by Valt et al. (2015), but with a cationic
membrane separating a second chamber in the cathode side
of the reactor, as shown in Fig. 2.
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Figure 1. Schematic of the first electrokinetic remediation system components. (A) Electrolyte reservoir; (B) peristaltic pump; (C) acrylic
remediation chamber; (D) reservoir for the outflowing electrolyte; (E) power source; (F) anode chamber; (G) cathode chamber; and electrolyte

sampling points a, b and ¢ (Valt et al., 2015).
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Figure 2. Schematic of the second electrokinetic remediation system components. (A) Electrolyte reservoir; (B) peristaltic pump; (C) acrylic
remediation chamber; (D) reservoir for the outflowing electrolyte; (E) power source; (F) anode chamber; (G) first cathode chamber, (H) second
cathode chamber; (1) cationic membrane; (J) sodium chloride solution inlet and outlet; and electrolyte sampling points (a, b and c).

The construction that held the cationic membrane
consisted of the membrane, which was protected by two
PVC plastic fabrics between two rubber sheets that were
0.4 mm thick with 30 Sh A hardness.

In both experimental systems (Figures 1 and 2),
the acrylic remediation chamber was entirely filled
with deactivated catalyst and 0.5 mol/L sodium citrate
electrolyte. The system was maintained for 24 hours in
standby to eliminate the air from the catalyst pores (Yeung,

2011; Valt et al., 2015).

A 0.1 mol/L sodium chloride solution recirculates in the
extra cathode chamber of the second remediation system
(Fig. 2) to renew the solution and remove the hydroxide ions
generated by water electrolysis by-products, maintaining
the reactor’s cathode pH closer to that of the reactor.

Electrolyte injection and potential application were
initiated after the 24-hour rest period, and electrolyte
sampled at points @, b and ¢ every hour during the first
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8 hours and after 24 and 48 hours of the experiment.
The pH was monitored in the reactor region next to the
cathode.

The vanadium concentration in the sampled electrolyte
during the electrokinetic remediation process, as well as
in the total final effluent of the process, was determined
by polarographic analysis using a Metrohm MVA-I
voltammetric analyzer with a HMDE system (hanging
Mercury drop electrode).

RESULTS AND DISCUSSION

The current intensity measured during the experiments
was maintained at the same order of magnitude in both
systems (between 0.15 and 0.17 A). Considering the
quantity of vanadium ions removed, this result indicates
that energy consumption is lower when the extra cathode
chamber is used because more vanadium ions were
removed per unit of energy spent (energy consumption).

The sodium citrate electrolyte solution pH remained
between 8.2 and 8.6 throughout all the experiment with
the dual chamber system at all sampling points, unlike the
experiment with the single chamber system in which the pH
at point ¢ changed from 8.2 to 12.7. In turn, the NaCl solution
used in the dual chamber system showed a considerable
increase of its pH after the second hour of experiment with a
range of 7.02 to 13.3. The pH of the sodium citrate solution

remained below the threshold for vanadium precipitation,
which is around 13, causing greater mobility of ions and
reducing the reactions of RRH and ROO.

The results of the polarographic analysis show the vanadium
ion removal profiles over time in the different regions of the
reactor during remediation for an £ =0.5 V/em applied electric
field with and without the dual cathode chamber.

Fig. 3 shows the vanadium ion removal profile for
remediation by a single cathode chamber system.

Fig. 3 shows that more vanadium ions were removed at
Point b (centre of the reactor) in the first hours of remediation
with aremoval peak of 61.0 ppm after 1 hour of the experiment
and at Point C with a removal peak of 68.2 ppm after 4 hours
of the experiment. After 48 hours into the process, Points b
(central region) and c (region close to the cathode) continued
to exhibit vanadium ion removal at approximately 15 ppm.

It was observed that the removal rate is stable with the
greater vanadium concentration moving from the anode to
the cathode. After 48 hours the migration rate decreases
considerably, suggesting some process changes that need
to be studied more.

Vanadium ion removal increased considerably in the
remediation experiment with the cationic membrane and
second cathode chamber, as shown in Fig. 4.

A vanadium ion removal peak of 183 ppm was observed at
Point @ after 1 hour of remediation, and a removal peak of 78.7
ppm was observed at Point ¢ after 24 hours of remediation.
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Figure 3. Vanadium removal with 0.5 mol/L sodium citrate at the different sampling points in the electrokinetic reactor with the single cathode

chamber and € = 0.5 V/cm .
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Figure 4. Vanadium removal with 0.5 mol/L sodium citrate at the different sampling points in the electrokinetic reactor with the dual cathode

chamber and €=0.5 V/cm.

Point a continued to exhibit the lowest removal average
among the evaluated regions. Moreover, the vanadium ion
concentration increased at Point b at the end of the experiment.

For both electrokinetic remediation systems, the single
cathode chamber and the dual chamber, with £ =0.5 V/
cm applied, the results were compared. The dual chamber
showed a considerable increase in vanadium ion removal
when sodium citrate was used, which demonstrates that the
dual chamber system featured a more efficient process.

With experimental time and electrolyte pH changes
occur the solubilization of the species and metal ion
complexation by citrate, which led to a slight increase in
electrical current in the system, from 0.20A to 0.21A until
the end of the experiment

The expected effect with the addition of the dual
chamber was a better electric field profile and equalization.
The process electric current was reduced (0.13 A to 0.18
A at the end) and the amount of vanadium ions removed
from the catalyst increased from 5.94 ppm, for the single
chamber assembly, to 17.94 ppm for the double one.

Thus, there was a decrease in the process power
consumption by using a double chamber assembly. The
energy consumption calculated for the system with a

simple chamber was 184.8 Wh / kg and that for the dual
chamber was 140.8 Wh/ kg.

CONCLUSIONS

An analysis of the vanadium ion concentrations shows
that vanadium removal with the dual cathode chamber
was more efficient than with the single chamber. The dual
cathode chamber also yielded lower energy consumption
per unit of vanadium removed. Finally, the electrolyte pH
was maintained at approximately 8.0 throughout the reactor
in the dual cathode chamber system, which contributed to
better vanadium removal.

In the experiment with the double cathodic chamber,
the pH was strictly controlled and much more stable.
This behavior was expected with the use of the cationic
exchange membrane.

The analysis of the results obtained from this study
showed that, although the electroremediation process was
not able to remove all the vanadium from the catalyst, it
presents a good potential for its treatment and the results
support the application of the double cathodic chamber.
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