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The adsorption and electroadsorption of arsenic from a natural water has been studied in a
filterpress electrochemical cell using a commercial granular activated carbon as adsorbent
and Pt/Ti and graphite as electrodes. A significant reduction of the arsenic concentration is
achieved when current is imposed between the electrodes, especially when the activated
carbon was located in the vicinity of the anode. This enhancement can be explained in
terms of the presence of electrostatic interactions between the polarized carbon surface
and the arsenic ions, and changes in the distribution of most stable species of arsenic in
solution due to As(lIl) to As(V) oxidation. In summary, electrochemical adsorption on a filter
press cell can be used for enhancement the arsenic remediation with activated carbon in
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INTRODUCTION

Thanks to the combination of high surface area, chemical and
physical stability, adjustable surface chemistry, and reduced pro-
duction costs, activated carbon is the preferred adsorbent for the
removal of organic and inorganic pollutants from polluted waters.
The availability of different techniques for tuning their surface
chemistry and their pore size distribution makes possible to adapt
their surface characteristics in order to match the requirements to
enhance as much as possible the adsorption of a given component
from a water or gas mixture. Adsorption treatments using these
kind of porous carbon materials are known to combine a high
degree of efficiency with a reasonable cost (Derbyshire et al., 2001;
Radovic et al., 2001). More particularly, remediation of metallic
ions in concentrations in the range of parts per million (ppm)
using activated carbon as adsorbent has been proved to be accom-
plishable (Corapcioglu and Huang, 1987a; Bailey et al., 1999; Babel
and Kurniawan, 2003; Kobya et al., 2005). But, it is much more dif-
ficult to find examples about the treatment of water polluted with
heavy metals in concentrations under the milligram per liter. In
these conditions, activated carbons are reported to be an ineffec-
tive adsorbent for water treatment (Pattanayak et al., 2000; Babi¢
etal., 2002). In those cases, the application of a controlled electric
potential to the adsorbent can enhance adsorption by enabling
the formation of an electric double layer, which can be partially
formed by heavy metal ions, on the surface of the activated carbon
in a process known as electroadsorption (Ban et al., 1998). This
phenomenon shares the same fundamentals as the energy stor-
age in supercapacitors (Ghosh and Lee, 2012) and the capacitive
deionization for water purification (Gabelich et al., 2002; Noked
etal.,2009), and it is only possible in materials with adequate pore
size distribution and acceptable conductivity, such as activated
carbons.

the treatment of a real groundwater.
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Arsenic (As) is a water pollutant that can be mainly found in
rocks in the form of FeAsS, As,S;, and As;Ss. It is usually present
in natural waters at concentration of less than 1-2 pg/L. However,
itis possible to find groundwater reservoirs that are in contact with
sulfide mineral deposits and sedimentary deposits from volcanic
rocks and consequently show higher concentrations (Mohan and
Pittman, 2007; Tyson, 2013). Arsenic is well known by its high
toxicity, and even if it is usually found in low amounts in surface
and ground waters, the health risks associated to arsenic expo-
sure cannot be ignored, which is reflected by the worldwide trend
for strong regulation on its allowable limit (Mohan and Pittman,
2007; Tyson, 2013; Nasser and Kheir-Bek, 2014). The World Health
Organization considers arsenic pollution of groundwater a threat
for human health in south Asia (WHO, “Guidelines for drinking-
water quality”, chapter 12, fourth edition 2011. Accessed October 3,
2014, http://www.who.int/water_sanitation_health/publications/
2011/dwq_chapters/en/). Moreover, the inherent difficulties for
arsenic quantification and speciation at low concentration lev-
els, because of the number of the possible species that can exist
in water depending on arsenic oxidation state and pH of water,
makes even more challenging the development of remediation
techniques (Tyson, 2013). Removal of arsenic from water is usu-
ally achieved by coagulation (Lee et al., 2003; Gomes et al., 2007),
precipitation (Borho and Wilderer, 1996), membrane separation
(Anetal.,2005),and adsorption (Mohan and Pittman, 2007; Giles
et al., 2011). On the other hand, electrochemical methods have
been used for identification, quantification, and also removal of
arsenic in very low concentrations (Mohan and Pittman, 2007;
Morallén et al., 2009; Bain et al., 2010), although those studies
were carried out in synthetic waters.

The removal of As(IIl) and As(V) species in water can be
attained using adsorption on porous carbon materials under
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restricted conditions, which have been already reported in the past
(Eguez and Cho, 1987; Rajakovic, 1992; Lorenzen et al., 1995). For
instance, Eguez and Cho reported that uptake of As(III) over an
activated carbon was found to be almost constant at pH ranging
between 0.16 and 3.5. However, the activated carbon showed a
maximum As(V) adsorption at pH 2.3 on a pH interval between
0.86 and 6.33 (Eguez and Cho, 1987). In a different study, three
activated carbons with different ash contents were tested for As
removal, and the best results were found in the case of the porous
carbon with the higher ash content (Lorenzen et al., 1995). Similar
results using porous carbon materials as adsorbents whilst modi-
fying their surface chemistry by the addition of metals or surface
groups have been reported during the last 20 years (Pattanayak
et al., 2000; Babi¢ et al., 2002; Navarro and Alguacil, 2002; Gu
et al., 2005; Chen et al., 2007). Nevertheless, the allowable con-
centration of arsenic in drinkable water was lowered from 50 to
10 wg/L in USA and the European Union several years ago (Mohan
and Pittman, 2007), and as a consequence, a huge interest for the
development of new and effective As remediation techniques have
risen in the last years, for what the use of carbon materials as
adsorbents can be a possible answer. Granular activated carbon
(GAC) and activated carbon fibers (ACF) are probably the most
adequate materials for such purpose, given their economic and
technical advantages in terms of handling, safety regulations, and
availability, between others. This is reflected by the amount of
recent literature reporting their use for such purpose (Zhang et al.,
2010b; Giles et al., 2011; Sun et al., 2013). More advanced carbon
materials, such as carbon nanotubes and graphene oxide, have also
been proposed in hybrid materials for the removal of As in water
solution (Zhang et al., 2010a; Chen et al., 2013), however, they
are far from being ready to be implemented for water treatment,
specially due to their production cost.

There exist only a few works regarding electroadsorption of
arsenic on porous carbon materials, although they show rather
promising results that demonstrate the feasibility of such tech-
nique for this challenging task (Morallon et al., 2009; Bain et al.,
2010). Focused on this specific topic, the work by Bain et al. reports
the results of adsorption, electroadsorption, and electrodesorption
of As alone and also in the presence of Ni, Fe, and Cr over a GAC
(Bain et al., 2010). They carried out the electroadsorption in a
batch cell using Pt-based electrodes and anodic potentials ranging
from 1.0 to 1.5V, obtaining an outstanding removal of more than
80% in a solution containing 85.7 Lg/L of As after imposing an
anodic potential of 1.5V for 24 h.

Our research group has previously studied the adsorption and
speciation of As in the ppm range over platinum and carbon black
electrodes using a three electrode cell (Morallon et al., 2009), pay-
ing special attention to the mechanisms of interaction of As with
the carbon surface and the electrochemical reactions. However,
the present work focuses in the feasibility of using As electroad-
sorption on activated carbon from an applied point of view. With
this objective in mind, removal of arsenic in parts per billion (ppb)
concentration from a polluted natural water pumped from a Span-
ish well has been studied for the first time in a filter-press cell using
as adsorbent an activated carbon commercialized for wastewater
treatment. When envisaging the viability of a technology in eco-
nomical and engineering aspects, it is important to consider the

use of materials and equipment that have been proved to be imple-
mentable and scalable to larger sizes. This is in line with the use of
the selected activated carbon and the filter-press cell for the elec-
troadsorption treatment, which is a readily available and widely
implemented device in the water treatment industry. For stablish-
ing the role of the polarization on the electroadsorption process,
the effect of emplacing the activated carbon in the anodic or in
the cathodic compartment has been studied. Kinetic studies have
been carried out in order to elucidate the effect on diffusivity and
adsorbed amount as well as the best polarization condition for As
removal. The results in this work show that by using electroadsorp-
tion on GAC in a filter-press cell, it is possible to increase the As
adsorption capacity of the porous carbon in about 50% compared
to the adsorption process.

MATERIALS AND METHODS

CHARACTERIZATION OF GRANULAR ACTIVATED CARBON

The adsorbent used for this study was a commercial GAC provided
by Waterlink Suctliffe Carbons. Its porous structure was character-
ized by N, adsorption—desorption at —196°C and CO, adsorption
at 0°C that were performed in an Autosorb-6 equipment (Quan-
tachrome). The sample was previously outgassed at 250°C under
vacuum during at least 4h to ensure complete removal of mois-
ture and adsorbed gases. The apparent surface area (Spgr) was
determined from the N, adsorption isotherm by applying the
BET equation at relative pressures between 0.05 and 0.20. The
total micropore volume (V]ID\II%) was determined using Dubinin
Radushkevich (DR) equation on the nitrogen adsorption isotherm
in the interval of relative pressures between 0.005 and 0.10. Sim-
ilarly, the narrow micropore volume (VSS 2) has been assessed
from CO; adsorption isotherm for relative pressures below 0.025
(Cazorla-Amor6s et al., 1998). The mesopore volume (V es) was
assessed as the difference between the adsorbed volume at a rel-
ative pressure of 0.98 and the (Vg}%) micropore volume. The
densities of the adsorbed phases considered for the micropore
volume determination were 1.023 and 0.808 g/mL for CO, and
N,, respectively.

The surface chemistry of the activated carbon was analyzed
by temperature-programed desorption (TPD). The TPD profiles
were obtained in a DSC-TGA equipment (TA instruments, SDT
2960) coupled to a mass spectrometer (Thermostar, Balzers, BSC
200). Approximately, 10 mg of sample were purged in helium flow
(100 mL/min STP) for 2h and then heated from room temper-
ature up to 950°C at a heating rate of 10°C/min. The amounts
of CO and CO; desorbed were continuously monitored with the
mass spectrometer.

Granular activated carbon was thoroughly washed using dis-
tilled water, filtered and dried at 110°C in order to clean its internal
surface before its characterization and further use as As adsorbent.

WATER ANALYSIS AND ARSENIC DETERMINATION

The natural groundwater employed in this study was recovered
from an aquifer in Spain, herein identified as the As-containing
water. The arsenic concentration, which is the most relevant para-
meter for this study, was measured using inductively coupled
plasma-mass spectrometry (ICP-MS) with a Perkin-Elmer 4300
DV. This technique is widely validated for As determination, being

Frontiers in Materials | Carbon-Based Materials

November 2014 | Volume 1 | Article 28 | 2


http://www.frontiersin.org/Carbon-Based_Materials
http://www.frontiersin.org/Carbon-Based_Materials/archive

Beralus et al.

Electroadsorption of Arsenic in granular activated carbon

classified between the most sensitive ones by the World Health
Organization, with a detection limit of 0.1 ppb. For the ICP-MS
measurements, each sample was dissolved in 0.5 M HNOs, fol-
lowed by filtration using a nylon membrane filter (pore diameter
~350 nm). The initial As concentration was 56 pg/L that is above
the maximum contaminant level for drinking water for most coun-
tries (10 g/L). The natural pH of the As-containing water was
8.2 at 25.0°C. The conductivity was 595 S/cm at 28.7°C. The
hardness was determined to be 80 mg/L of equivalent CaCO3. At
this pH conditions, most of the arsenic is present as HAsOi_
(>90%) and a small amount as HzAsOﬁ_ (<10%), as determined
using CHEAQS software, which has taken into account the As
redox equilibriums and the pH of the As-containing groundwater
(Verweij, 2014).

FILTER-PRESS CELL

The As adsorption and electroadsorption on GAC experiments
have been carried out using a filter-press cell similar to that used
in previous works of our research group (Berenguer et al., 2010).
Figure 1 illustrates the main components of the cell. It is divided
into two compartments that are herein referred as the anode and
cathode, and each one being composed by (i) a flow distribu-
tor with one nozzle that can be used as water inlet or outlet,
(ii) a mesh for keeping pressed the activated carbon particles
and the electrode altogether, (iii) a joint that provides volume
for allocating the activated carbon particles, (iv) an electrode. The

compartments are tightly connected together by means of (v) two
screwed iron plates, with (vi) a final joint being displayed between
anode and cathode. In this work, the filter-press cell was disposed
horizontally without compartment separation (i.e., no selective
ionic membrane was used between the compartments). The cell
has a plane electrode area of 20 cm?. The width of each electro-
chemical compartment is 0.9 cm, resulting in a volume of 18 cm?.
An Ag/AgCl 3M KCl reference electrode was connected through
a home-made lugging connector to the membrane compartment
(vi), for measuring the electrode potential during the course of
the experiments. In the electroadsorption experiments, a graphite
electrode and platinized titanium (Pt/Ti) electrode were used as
the cathode and the anode, respectively. The As-containing water
was continuously stirred and pumped at 1 L/min through the cell
from a reservoir placed upwards the cell by means of centrifugal
pumps. All the cell volume is filled with water, therefore providing
full contact between both the electrode and the activated carbon
and the electrolyte. The temperature was controlled at 25°C dur-
ing the whole experiment using a refrigerated recirculation bath
(Frigiterm-10, JP Selecta, resolution: 0.1°C).

The experimental conditions, i.e., carbon dosage, adsorption
time, and voltage, for a typical adsorption treatment were the
following: 4 g of the washed GAC were placed near the cathode
or near the anode for the cathodic or anodic electroadsorptions,
respectively, and contacted with 400 mL of As-containing water.
Although the contact between the GAC particles and the electrode

i)

iv) iii) ii)

vi) iv) iii) i) v)

B Anode

FIGURE 1 | (A) Scheme and (B) experimental set-up for the filterpress cell.
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FIGURE 2 | (A) Nitrogen adsorption-desorption isotherm at —196°C. (B). CO (black line) and CO2 (red line) evolution rate during TPD analyses.
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was slightly loose, resembling that of a fluidized bed, a series of
electrochemical treatments carried out in previous works over
activated carbons that were allocated inside the compartments
of the cell using the same configuration have demonstrated the
polarization of the surface of the carbon particles, which has been
profited for achieving tunable modification of their surface chem-
istry (Berenguer et al., 2009). The adsorption experiments were
initiated when As-containing water started circulating inside the
electrochemical cell for 24 h in absence of current, time enough
for ensuring the adsorption equilibrium. After that time, three
different voltages, 1.5, 2.5, and 3.0V, were sequentially applied
between the electrodes using an external DC Power supply (BL
Ausonic FA-325, 30V, 2.5 A). Each voltage step was imposed for
24 h before proceeding to the next adsorption stage. It must be
highlighted that, in order to keep as simple as possible the pro-
posed water treatment method, no supporting electrolyte was used
for the electroadsorption experiments. A last desorption step in
absence of current for another 24 h was carried out at the end
of the adsorption and electroadsorption experiments in order
to check the reversibility of the attained As removal during the
electroadsorption experiments. Aliquots of 1 mL of solution were
periodically sampled from the electrochemical cell and the As con-
centration was determined as exposed in Section “Water Analysis
and Arsenic Determination.”

RESULTS

CHARACTERIZATION OF THE ACTIVATED CARBON

It is well-known that the surface characteristics of activated car-
bons have a strong influence in the kinetics and thermodynamics
of adsorption of a given ion. A well-developed porous structure
with a high degree of connectivity is necessary to minimize dif-
fusional constraints and enhance the adsorption kinetics, while
surface chemistry seems to be the primary contributor to the
amount and mechanism for the adsorption of inorganic ions
(Corapcioglu and Huang, 1987a,b).

The GAC utilized in this study is a commercial material used
in the water treatment plants. The selection of this material and
the natural water used will allow us to demonstrate the validity
of this method at conditions very close to those available in a real
water treatment plant. The most relevant surface properties of the

Table 1 | Surface characteristics of GAC.

Ager (V)2 VS Vmeso TPD CO TPD CO,
(m2/g)  (em3/g)  (cm®/g)  (em3/g)  (nmol/g)  (umol/g)
880 0.21 0.25 0.12 620 260

GAC has been assessed by N, and CO, adsorption—desorption
isotherms and TPD experiment (Figures 2A,B, respectively). The
textural properties and the amounts of surface oxygen groups that
evolve as CO and CO; are compiled in Table 1.

The N, adsorption isotherm reveals that the selected GAC has
a developed porous structure. The contribution of both microp-
ores (sizes lower than 2nm) and mesopores (pore size between
2 and 50 nm) is pointed out by the high N, uptake at very low
relative pressures (micropore contribution) and the slope that the
isotherm presents at medium and high relative pressures (meso-
pore contribution). The presence of mesopores is also confirmed
by the hysteresis loop of the desorption branch of the isotherm.
The high porosity development of GAC is confirmed by the BET
surface area and the micropore and mesopore volumes (Table 1).
The CO, adsorption isotherm complements the N, one, since
it allows to evaluate the narrow microporosity (i.e., below about
0.7nm) (Cazorla-Amorés et al., 1998). The micropore volume
obtained from CO; adsorption, compared to the N, one, indi-
cates that most of the microporosity has a size of about 0.5 nm
(the micropore volumes from N, and CO; adsorptions are simi-
lar, Table 1) (Cazorla-Amor6s et al., 1998). Thus, from the point
of view of textural properties it can be concluded that the selected
GAC has a well-developed pore structure that makes it a good
choice for water treatment.

The surface chemistry of the activated carbon was studied by
means of CO and CO, TPD (Figure 2B). Each kind of surface
oxygen group decomposes upon thermal treatment at different
temperatures, yielding the evolution of CO and CO;. Thus, the
nature of the surface oxygen groups can be assessed attending
to the evolution temperature and the nature of evolved gases
(Roman-Martinez et al., 1993; Figueiredo et al., 1999). The TPD
profiles of GAC revealed a high amount of oxygen surface func-
tionalities. The CO; evolution found at temperatures between 200
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FIGURE 3 | As uptake on GAC (squares) and remaining As
concentration (circles) as functions of time in absence of potential
(Carbon dosage: 10 g/L, absence of potential).

and 600°C can be ascribed to the presence of a high amount of
carboxylic and anhydride functionalities (Roman-Martinez et al.,
1993). The latter thermally decompose forming also a CO mol-
ecule, which is confirmed in the CO evolution profile. These
anhydrides can be formed from the de-hydroxylation of two adja-
cent carboxylic groups during the drying of the samples or during
the initial stages of the TPD experiment, and are expected to be
hydrolyzed in aqueous media (Boehm, 2002). The presence of car-
bonyls and quinones, and phenols in a lower extent is derived from
the observation of the CO TPD profile. The presence of surface
oxygen groups constitutes a very interesting feature for the adsorp-
tion of inorganic ions, since their adsorption is strongly affected
by the surface charge and by the presence of species that may act as
ligand for the inorganic species to be adsorbed (Corapcioglu and
Huang, 1987a; Foo and Hameed, 2009).

ARSENIC ADSORPTION KINETIC ANALYSIS ON GRANULAR ACTIVATED
CARBON

Figure 3 illustrates the kinetic curve of As ion adsorption over
the GAC inside the electrochemical filter-press cell. The accu-
racy of these results has been checked by three replications of
the experiment, obtaining a high reproducibility, showing a con-
fidence interval of £0.02 jLg/g for a 95% confidence level. It must
be noted that the As adsorption data were obtained in absence of
potential. The amount of adsorbed As in the activated carbon was
obtained as follows:

V.- (Cy— G
g =L Q- (1)

WAC

where Cy and C; stands for the initial concentration and concen-
tration obtained at a given ¢ time, V represents the volume of
As-containing water inside the cell, and wxc is the carbon dosage
in dry basis.

The adsorption curve shows a fast increase on As uptake up to
1 h, followed by a slow rise toward equilibrium, which seems to
be accomplished in less than 10h. Samples taken after 2, 3, and
4 days confirmed that equilibrium had been achieved (not shown
in Figure 3 for clearness). The presence of two differentiated zones
for the adsorption rate in liquid-phase adsorption is a frequently
found feature of adsorption systems where activated carbons are
used as adsorbent. It reflects the combination of two mass trans-
fer resistance processes, one being related to either mass transfer
through the stationary liquid boundary layer that appears over the
external surface of the particle or restricted pore diffusion of the
adsorbate in the wider porosity of the carbon particle, and the
second, slower process, corresponding to the surface diffusion of
adsorbed molecules inside the narrowest pores (Moon and Kook
Lee, 1983; Yang and Al-Duri, 2005).

The total As retained by the GAC in equilibrium at the tested
conditions is 2.5 g/g, which means that 34 pg/L of arsenic still
remains on the solution after reaching the equilibrium. Even
though this supposes a decrease on As concentration of 39%, the
As amount is still well over the 10 pg/L legal limit for drinkable
water. Most of the works in literature concerning arsenic removal
by adsorption on activated carbon report arsenic uptakes for much
higher equilibrium concentrations than the one used in this work
(Eguez and Cho, 1987; Rajakovic, 1992; Lorenzen et al., 1995; Pat-
tanayak et al., 2000; Navarro and Alguacil, 2002; Chandra et al,,
2010). In those few where similar As concentrations have been
used, there exists a general consensus on the inability of unmod-
ified activated carbons for reaching the As limit for a drinkable
water (Gu et al., 2005; Chen et al., 2007; Bain et al., 2010), thus
making necessary either a modification of the activated carbon or
an electroadsorption process.

ARSENIC ELECTROADSORPTION ON GRANULAR ACTIVATED CARBON
Arsenic electroadsorption treatments at increasing voltage were
sequentially conducted after As adsorption in absence of current
inside the filter-press cell as shown in Section “Arsenic Adsorption
Kinetic Analysis on Granular Activated Carbon.” The adsorbed
arsenic as a function of time is shown in Figure 4 for a five-stage
experiment. The activated carbon has been placed in the vicin-
ity of the anode for this experiment. It can be seen that the initial
arsenic adsorption stage is very similar to that reported in Figure 3.
A plateau in arsenic uptake has been reached after 10h, with a
remaining arsenic concentration of 34 pg/L after 24 h of normal
adsorption. At that point, a voltage of 1.5V has been imposed
for 24 h between the electrodes, which has resulted in an addi-
tional uptake of more than 0.9 jLg/g and an arsenic concentration
of 25.3 ng/L in the As-containing water. Additional increases of
voltage have caused an even higher As removal (As concentration
in water was 21.2 and 18.2 ug/L after electroadsorption treatment
at2.5and 3.0V), and in all the three cases two different adsorption
regions with different kinetic rates can be differentiated, being the
fastest one that occurring at the initial stage of each voltage step.
Evidences for the lack of water decomposition at the surface of
the electrodes were obtained during the electroadsorption exper-
iments. First, the occurrence of bubbles, which would have been
produced if oxygen or hydrogen evolution reactions were taking
place in either the anode or the cathode, was not observed in
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FIGURE 4 | Arsenic uptake (black line) and remaining concentration
(red line) as a function of time during the adsorption and
electroadsorption experiment in anodic treatment (GAC on the anode
compartment). \oltage was varied sequentially during the experiment as
follows: (i) normal adsorption in absence of current (triangle); (i)
electroadsorption at 1.5V (square); (iii) electroadsorption at 2.5V (diamond)
(iv) electroadsorption at 3.0V (asterisk); (v) arsenic desorption in absence of
current (circle).
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FIGURE 5 | Arsenic uptake (black line) and remaining concentration
(red line) as a function of time during the adsorption and
electroadsorption experiment in cathodic treatment (GAC on the
cathode compartment). \oltage was varied sequentially during the
experiment as follows: (i) normal adsorption in absence of current (triangle);
(ii) electroadsorption at 1.5V (square); (iii) electroadsorption at 2.5V
(diamond) (iv) electroadsorption at 3.0V (asterisk); (v) arsenic desorption in
absence of current (circle).

the water passing through external circuit that connects the filter
press with the water reservoir. The potential of the anode was also
registered using an Ag/AgCl reference electrode and the highest
anode potential during the course of the experiments was 1.05V
vs. Ag/AgClin the case of the treatment at 3V, being not sufficiently
higher for producing a noticeable water oxidation. This is also sup-
ported by the values of intensities registered in the power supply.
After the charging of the electrical double layer that is formed at the
carbon surface, the intensity delivered by the power supply reached
steady a state value (the required time being between 30 min and
1h), showing intensities as low as 0.14, 0.65, and 1.7 mA for the
treatments at 1.5, 2.5, and 3.0V, respectively.

The electroadsorption experiment ended with a last step where
the electrical circuit was opened in order to check the reversibility
of the desorption process (Figure 4, circle dots). The desorption
of As resulted in a linear increase of As concentration in water.
After 24 h, the As concentration was 25.0 pg/L, still lower than
that obtained when the As-containing water was treated with GAC
using normal adsorption, while the retained As on the activated
carbon was 3.7 ug/g. This means an increase in the adsorption
capacity of near 50% compared to the adsorption without applying
potential.

Different conclusions can be drawn from the observation of
the arsenic uptake curve for the electroadsorption experiment
in cathodic configuration, Figure 5. The emplacement of GAC
on the vicinities of the graphite electrode resulted in a reduced
impact upon arsenic uptake during the electroadsorption exper-
iments (red, green, and purple lines in Figure 5). Again, absence
of water decomposition was observed at the employed conditions.
The most relevant increase was attained in the electrotreatment

conducted at 1.5V. In that treatment, the maximum As uptake
observed was 3.1 pg/g, which corresponds to an As concentration
in water of 28.8 ug/L. Electroadsorption treatments at 2.5 and
3.0V only rendered minor increases in As uptake (The attained
As concentration in water was 27.7 and 26.8 ug/L after 24 h at
2.5 and 3.0V, respectively). A desorption stage was conducted
again after such treatments, and it was found that As concen-
tration increased from 26.8 to 28.9 ug/L, being this increase lower
than in the case of locating the activated carbon near the anode
for the electrochemical adsorption treatment.

In order to compare the effect on the uptake and the adsorption
rate of the electroadsorption treatments with respect to nor-
mal adsorption treatment, the electroadsorption treatment upon
cathodic and anodic polarization at 1.5V was directly carried
out without applying an initial adsorption step. The results for
the adsorption and electroadsorption processes are compared in
Figure 6. It can be seen that initially, the kinetic rate seems to fol-
low the order normal adsorption > anodic adsorption ~ cathodic
adsorption. After 200 min, the order is reversed, and from that time
to the end of the experiment (24 h), the adsorption rate is higher
for the electroadsorption treatments than for the normal adsorp-
tion, being the fastest in the case of the anodic electroadsorption.
After 24 h, the As uptake has been increased in 13 and 25% in the
cathodic and anodic electroadsorption treatments, respectively,
compared to the normal adsorption.

Pseudo first and second order models and Linear Driving Force
(LDF) model were applied to the experimental curves for the
kinetic analysis of the adsorption process. Both pseudo-first and
second models are widely utilized for describing the adsorption
rate of ions onto activated carbons from a mathematical point of
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very low concentrations, as those used in this work, can be con-
3.5 sidered linear, which allows using the Henry law for describing
As uptake. Finally, kipr stands for the kinetic rate that can be
31 described in function of diffusivity constant thanks to the equiva-
™ lence between LDF model and homogeneous adsorption in porous
E 3 carbon particles (Otero et al., 2005):
e
Pt 2 kiop — 15 - D,
s B
al.
< ! Where De is the effective diffusivity of As in the carbon particle
(m?/s) and R? is the mean particle radius of the carbon particle
0.5 (m), which was estimated to be ~0.6 mm.
Linear regression (SOLVER function of Excel ©in the case
0 ) ) ) ) of LDF) was applied for obtaining ge, ki, k2, or kipp parame-

4 . 6 10
time (h)

FIGURE 6 | Arsenic uptake from As-containing water in function of
time obtained from normal adsorption (squares), and cathodic
electroadsorption (circles) and anodic (triangles) electroadsorption
(Carbon dosage: 10 g/L, absence of potential and 1.5V for the normal
adsorption and electroadsorption, respectively). Solid lines were
obtained solving the LDF model, Eq. (4), using the optimized
parameters.

view, whereas LDF model have been used to estimate the diffusivity
coefficient, which allows assessing the control of internal mass
transfer in the particle (Otero et al., 2005). For the pseudo-first
order model, the following equation was used:

In[ge — q()] = —ki-t + Ln(qe) . )

As for the pseudo-second order model, the related equation is
expressed as follows:

t 1 t

= — 3
q(t)  kq? * 9e G)

Wherek; (min~!) and k, (g mg_1 min~ ) are the kinetic rate con-
stants for pseudo first and second order, respectively, while g is the
As amount adsorbed by the activated carbon at the equilibrium
(ng/g).

In the case of the LDF model, the system is considered to work
as an ideal batch reactor, in absence of external mass transfer, and
the following differential equation is considered for the As mass
balance:

%:kLDF(K-C—q). (4)
at

While the As concentration in the bulk of liquid can be related to
the As amount adsorbed by the activated carbon:

w
c:co—v -q(t) (5)

dis

In these equations, W/V gjs is the carbon dosage (g/L), while K is
the Henry constant for As adsorption (L/g). Adsorption of As at

ters for normal adsorption and electroadsorption experiments.
For all the experiments, the adsorption rate was better described
by the pseudo-second order, obtaining correlation coefficients of
0.999, 0.989, and 0.996 for the normal adsorption, anodic, and
cathodic electroadsorption experiments, respectively. The asso-
ciated kinetic constants were obtained from the slope of the
line of fit, being 0.016, 0.005, and 0.008 min™~!, again for nor-
mal adsorption, anodic, and cathodic electroadsorption, respec-
tively. LDF delivered similar accuracy in the description, and
the As uptake calculated using this model has been represented
for the three experiments using solid lines, Figure 6. The dif-
fusivity coefficient for normal adsorption, cathodic, and anodic
electroadsorption experiments were 5.40 x 10712, 2.28 x 10712,
and 1.19 x 1072 m?/s, respectively. On the other hand, the Henry
constant were 0.073, 0.094, and 0.115 L/g, respectively. This means
that the diffusion coefficient diminishes when applying potential,
whereas the uptake at equilibrium conditions and the energy of the
adsorption increases. It seems that the polarization of the carbon
surface and the generated electric field may decrease the diffusion
coefficient because of an increase of the strength of the interaction
of the ions with the pore walls.

DISCUSSION
The adsorption of arsenic ions in activated carbon surface is
highly dependent on the speciation of arsenic, which in turns
relies on pH and redox potential. pH of groundwater usually
ranges between 5.5 and 9.0, and that of the analyzed As-containing
water is 8.2. Considering the pH window and the thermodynamic
stability of water, the Pourbaix diagram for As establishes that
As(V) would be present in anionic forms HzAsOi_ and HAsOi_,
while As(IIT) would be found in neutral state, H3AsO3 (Smith and
Martell, 1976, 1982). However, at the pH conditions of this natural
water (pH = 8.2), most of the As is as As(V) and as HAsOi_ [as
determined with CHEAQS (Verweij, 2014)]. The high amount of
carboxylic functionalities, Figure 2B, will be deprotonated at the
pH of the natural water used. In such case, the carbon surface could
be negatively charged when wetted with the contaminated water,
and electrostatic repulsion of the As(V) anions could partially
explain the low As uptake when working in normal adsorption,
Figure 3.

A notorious enhancement on As removal is attained when using
an electroadsorption treatment in anodic configuration, Figure 4.
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There may be different processes contributing in such a good
result, however, the straightforward interpretation is that activated
carbon in direct contact with the Pt/Ti electrode will be positively
charged upon anodic polarization. In such a case, the concentra-
tion of anions over the carbon surface will increase due to the
favorable electrostatic interactions between the ions and the sur-
face. Taking into account that most of the As is in anionic form,
this mechanism will be favored.

Furthermore, the oxidizing agents formed upon anodic polar-
ization of the Ti/Pt electrode can also oxidize the surface of the
activated carbon, increasing the population of surface oxygen
groups (Berenguer etal.,2009). This can be helpful for the elimina-
tion of the other interfering cations also found in As-containing
water. It has been reported that cation adsorption on oxidized
activated carbon samples can be described either by ion-exchange
mechanism or by formation of hydroxyl complexes with the partic-
ipation of hydroxyl groups from the surface of the activated carbon
(Corapcioglu and Huang, 1987a; Swiatkowski et al., 2004). On
cathodic polarization, most of the aforementioned effects are neg-
ligible, thus rendering a lower adsorption enhancement than in the
case of anodic electroadsorption, Figure 5. It is important to note
that electroadsorption has a reduced or even a negative impact on
the rate of the adsorption process (see the values for the kinetic
constants obtained by the pseudo-second order and LDF models),
which is still diffusion-controlled, as can be observed in the long
adsorption times and slow As uptakes for the electroadsorption
experiments in Figure 6.

Another interesting result is the reversibility of electroadsorp-
tion observed on the last step of the experiments illustrated in
Figures 4 and 5. This outcome points out that electrostatic inter-
action does occur between the polarized carbon surface and As
species, and those species slowly diffuse out of the pore network
after stopping the applied voltage between the electrodes. This
effect is more intense on the anodic polarization because part of
the carbon particles can be positively charged, therefore increasing
the interaction with the As anions from the solution.

In conclusion, the electroadsorption enhances arsenic uptake
by activated carbons. This positive outcome of the treatment has
been obtained for the first time using a natural groundwater pol-
luted with low As amount in the ppb range, demonstrating that the
treatment can operate under real conditions. The proposed treat-
ment is viable using readily available materials and devices, i.e.,
employing a common activated carbon for water treatment and
filter-press cell. The best results are obtained using anodic polar-
ization, where the positive charge induced on the carbon surface
favors the adsorption of the As(V) anions present in the studied
natural water.
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