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Few research has investigated the problem of regeneration of activated carbon once it has been saturated by
organic and inorganic contaminants. Among the regeneration methods, electrochemical technology is one of the
most advanced, demonstrating its effectiveness in pilot-plant scale experiments using samples obtained from
drinking water treatment plants. In the present study, the optimization of a parallel plate electrochemical reactor
with a capacity of 15 kg of activated carbon, has been achieved regarding the electrolyte concentration and flow
rate. A regeneration efficiency of approximately 90% was achieved with a 0.25 M H2SO4 concentration, while
lower concentrations resulted in a voltage exceeding the acceptable limits for this type of installation. In addi-
tion, higher flow rates imply a higher recovery of the porous texture of the regenerated activated carbon. This is,
to the best of our knowledge, the first report where these two experimental variables are optimized in a pilot-
scale process with real saturated activated carbon samples with different types of pollutants adsorbed in the

activated carbon.

1. Introduction

The development of the World population has led to a growth in
industrialization and urbanization which has produced increased levels
of pollution in water and air. The contamination in these environments
is leading to more health problems, deteriorating levels of air and water
quality and habitat modification, being one of the most important fac-
tors in climate change [1].

For these reasons, governments are enforcing regulations to set limits
on the number of pollutants that can be released and require industries
to implement best practices to reduce them. Moreover, some policies to
reducing waste and promoting conservation practices to protect the
environment are being implemented. Among the most relevant mea-
sures, we find the increase of waste management through recycling and
circular economy strategies [2] and the development of treatment
technologies to diminish pollution levels in air and water such as
filtration, oxidation, exchange membranes and the adoption of more
energy efficient systems to bring down the footprint [3].

One of the most widely implemented technologies for pollutant
removal is the adsorption in activated carbon (AC) [4,5]. In fact, the
global consumption market of AC was valued at $3.2 billion in 2020 and
was estimated to be around $5.8 billion by 2030 [6]. However, AC has
three limitations as an adsorbent of pollutants such as its economic cost
when used in industries at large-scale, its disposal as waste and its
production processes, since they also produce emissions of greenhouse
gases, contributing to environmental degradation [7,8].

Despite these limitations, AC remains a widely used and effective
tool for decreasing pollution and different methods to recover its
adsorptive properties have been investigated for their recycling, since
this approach would reduce waste generation and the environmental
impact associated with waste disposal or incineration. There are
different methods for regeneration of AC: thermal, chemical, microbi-
ological and vacuum technologies [9]. In addition, advanced methods
have been investigated including electrochemical and photo-Fenton,
electro-peroxymonosulfate, electro-peroxone, ozonation, hydrothermal
hydrogenation, ultraviolet and microwave-assisted regeneration process
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[10-22]. However, even though these novel methods offer significant
improvements, it is important to carefully consider their limitations (e.
g., cost, equipment, efficiency and durability). So, further research is
needed to evaluate its effectiveness and feasibility.

Nowadays, one regeneration method that is gaining more interest is
electrochemical regeneration, which can be a promising alternative to
the thermal treatment due to its high efficiency, selectivity, environ-
mentally friendly, and its scalability into large scale reactors [8,23-26].
To optimize efficiency of electrochemical regeneration, there are several
parameters to consider such as regeneration time (e.g., 1-8 h), applied
current (e.g., 0.01-2.5 A) and electrode composition (e.g., Pt, stainless
steel, carbon-based material, boron-doped diamond, and mixed metal
oxides). It should be noted that these factors have been previously
optimized both at laboratory and pilot scale with AC samples that were
spent under real conditions and in laboratory conditions
[10,13,25,27-31].

However, it has been demonstrated that the most important factor to
obtain the highest recovery of the AC properties is the electrolyte due to
its capability to fix the pH as well as the ionic conductivity. In previous
studies at laboratory scale, NaCl, NaBr, KCl, NaOH, NaHCO3, H2SO4,
NasS04, K3S04, H3PO4, CH3COONa and water have been used with
different efficiencies of regeneration [13,26,32-35].

The third variable related with the electrolyte is the flow rate, a
parameter that has not yet been analyzed in pilot-scale electrochemical
reactors with AC samples saturated in real conditions such as a drinking
water treatment plant (DWTP). It is worth noting that the contact time
between the AC and the electrolyte, can affect the efficiency of the
removal of contaminants from the AC surface. As far as we know, only
one work studied this effect, concluding that fluidization favors
desorption of the compounds from the AC [36]; nevertheless, there are
no studies conducted at the pilot plant scale or higher, showing the
impact of flow rate and electrolyte concentration on regenerating AC in
an electrochemical reactor.

Thus, the electrochemical regeneration of AC is a topic of interest in
recent years that, despite numerous studies performed, still needs for
further investigation to optimize the overall process. The purpose of this
work is to study the effect of concentration and flow rate of HoSO4
electrolyte solution in electrochemical regeneration of AC spent in a
DWTP in real conditions using an electrochemical reactor at pilot-plant
scale with a capacity of 15 kg of AC.
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2. Materials and methods
2.1. Materials

The granular AC used in this work was Filtrasorb® TL820 (10x20
mesh, agglomerated, Chemviron Carbon, Belgium) which had been
thermally regenerated two times with two make-up treatments with 10%
Norit1020® (10x20 mesh, agglomerated, Cabot Norit Activated Carbon,
The Netherlands). The AC was spent in La Presa municipal DWTP
located in Valencia (Spain) for 3 years for the retention of organic
compounds as geosmin and 2-methylisoborneol, in unknown concen-
tration, improving the organoleptic properties of water; moreover,
inorganic compounds are also adsorbed. Sulfuric acid (H2SO4, VWR
International, USA) solution prepared with tap water was used as elec-
trolyte. The electrodes used as anode and cathode have been commercial
Ti mesh fully platinized and 304-stainless steel mesh, respectively.

2.2. Electrochemical regeneration of activated carbon

The electrochemical regeneration of ACs was done using the elec-
trochemical reactor prototype designed and built with parallel plate
electrode configuration at pilot-plant-scale (Fig. 1). This electrochemical
reactor has been previously described by Ferrandez-Gomez et al. [25].
Briefly, for each experiment, 15 kg of spent AC were placed into the
cathodic compartment using HySO4 as electrolyte, 75 L in each tank. In
all cases the current density used was 0.025 A/cm? during 4 h, supplied
by a power source (GE050250DVR, Grelco, Spain) operating in galva-
nostatic mode and the reached voltage was measured at the beginning
and the end of the experiments. In this reactor, it is possible to recover
almost 100 % of the regenerated activated carbon, being this an
advantage compared to thermal regeneration.

To study the effect of electrolyte concentration, the electrochemical
regeneration tests were done maintaining the flow rate of electrolyte at
750 L/h with different H,SO4 concentration: 0.5 (PPR-1), 0.1 (PPR-2)
and 0.25 M (PPR-3). All experiments carried out to study the effect of
electrolyte concentration were done in triplicate.

The effect of flow rate of electrolyte has been studied using 0.5 M of
H>SO4 and three different flow rates: 300 (PPR-5), 500 (PPR-1) and 750
L/h (PPR-4). The three experiments performed to study the effect of flow
rate were done in triplicate.

Different samples have been taken out at different points of the AC

Fig. 1. A) photograph of parallel plate electrodes prototype at pilot-plant-scale for the electrochemical regeneration of ac and b) top view of electrochemical reactor.
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bed and mixed to obtain homogenized samples of regenerated AC. Each
sample was washed with abundant distilled water until neutral pH and
dried at 70 °C for overnight. In addition, to test the effect of the contact
of the AC with the electrolyte in absence of current, 6 g of spent AC was
put in contact and in continuous agitation for 1 h with 200 mL of elec-
trolytic aqueous 0.5 M H5SO4 solution.

2.3. Characterization of activated carbon

The porous texture of pristine, spent and regenerated AC samples
was determined by Ny adsorption—desorption isotherm at —196 °C and
CO4 adsorption isotherm at 0 °C using an automatic adsorption system
(Autosorb-6B, Quantachrome Corporation, USA). The samples were
outgassed at 150 °C under vacuum for 8 h. Total volume of micropores
(Vpr(N2)) and volume of narrow micropores (Vpr(CO-2)) were calculated
applying the Dubinin-Radushkevich (DR) equation [37], the volume of
mesopores (Veso) Was calculated by subtraction of the adsorbed volume
at relative pressures of 0.9 and 0.2 [38] and the apparent specific surface
area was determined by the Brunauer-Emmet-Teller (BET) equation
[39]. The pore size distribution (PSD) was calculated by applying the
bidimensional non-local density functional theory method (2D-NLDFT)
to the Ny adsorption isotherms using SAIEUS software (version 2.0,
Micromeritics Instrument Corp. 2000-2015) [40].

The surface chemistry of ACs was analyzed by temperature-
programmed desorption (TPD) experiments. These were performed in
a DSC-TGA equipment (Simultaneous TGA/DSC SDT Q600, TA In-
struments, USA) coupled to a mass spectrometer (HiCube 80 Eco,
Pfeiffer Vacuum, Germany) which was used to follow the m/z lines
related to the decomposition of surface functional groups from the AC.
The thermobalance was purged for 1 h under a He flow rate of 100 mL/
min and then heated up to 950 °C with a heating rate of 20 °C/min.

In addition, the pH at the point of zero charge (pHpzc) was deter-
mined using the procedure previously described by Such-Basanez et al.
[41].

The surface morphology of ACs was studied by scanning electron
microscope (SEM) (S-3000N, Hitachi, Japan), which was coupled to a
Rontec X-ray detector for energy dispersive X-ray (EDX) analysis.

The electrochemical characterization of ACs was performed by cyclic
voltammetry (CV) in a three-electrode cell at 25 °C (controlled by an
outer water-jacket) in 0.5 M HySO4 electrolyte Ny-saturated solution in a
potential range from 0.2 to 0.8 V at 10 mV/s. An Autolab PGSTAT 302
(Metrohm, Netherlands) potentiostat was used. The electrochemical
setup was a standard three-electrode cell, where a reversible hydrogen
electrode (RHE) immersed in the working solution through a Luggin
capillary was employed as the reference electrode. A graphite bar
(supplied by Mersen Ibérica) was used as a counter electrode. The
working electrode (WE) consists of a glassy carbon disk (5 mm of
diameter) as support, previously polished with alumina slurries and
rinsed with ultrapure water. Afterwards, the WE was modified by
dropping 1 mg/mL dispersion of each sample in an aqueous solution (20
vol% isopropanol, 79 vol% water and 1 vol% Nafion®). The dispersion
was previously homogenized via ultrasonication for at least 30 min. The
amount of sample loading on the disk electrode was set to 1.02 mg/cm?.

The electrochemical impedance spectroscopy (EIS) analysis was
performed at 0.4 V (vs RHE). Data were collected in the frequency range
of 10 mHz to 100 kHz with an amplitude for the potential signal of 10
mV in a 0.5 M H3SO4 solution. EIS experiments were carried out using
the same three-electrode electrochemical cell.

The gravimetric capacitance (Cg) has been calculated from the
electrical charge measured in the integration of voltametric profile and
divided by the potential range. The specific capacitance was calculated
dividing Cg by the Sggr.

2.4. Evaluation of the efficiency of electrochemical regeneration

The percentage of regeneration efficiency was determined by
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calculating the porosity recovery (%RP) as the ratio of regenerated to
pristine AC surface area (Sggr) according to the Eq. (1). In this work, it
was considered that the regeneration of the activated carbon was ob-
tained when the %RP was, as minimum, a value of 85.

SBET, regenerate
QRP — ZBET, regenerated AC 4y 6))

SBET. pristine AC
3. Results and discussion
3.1. Effect of electrolyte concentration

To elucidate the behavior of H,SO4 concentration, PPR-1 (0.5 M) can
be considered the reference experiment. In PPR-2 a reduction in con-
centration of 80% was applied and, for PPR-3 a 50% of reduction was
used. It is important to highlight that all the electrochemical regenera-
tion experiments lasted for four hours except for PPR-2, which had to be
stopped after the first hour of treatment due to the high voltage reached
(27.6 V), since it exceeded the maximum value of 25.0 V allowed by the
current Spanish legislation in DWTP facilities.

Fig. 2 presents the No adsorption—desorption isotherms of the pris-
tine, spent, after acid washing (non-electrochemical regeneration) and
electrochemically regenerated ACs using different HoSO4 concentra-
tions. PSD determined by application of 2D-NLDFT method are also
plotted in Fig. 2. As it can be seen, all the isotherms were of type I [42]
corresponding to microporous ACs; the small slope for the relative
pressure above 0.2 and the small hysteresis cycle shows that the meso-
pores contribution is low.

Table 1 summarizes the main textural properties, such as the Sggr,
Vpr(N2), Vpr(CO2), Vmeso, PHpzc, as well as the %RP, the reached
voltage at the end of the experiments (AE), and the amount and types of
oxygen-containing surface groups in the carbon materials (CO,-type and
CO-type groups and total oxygen content, O determined as CO + 2CO5.

It can be observed that the washing with the electrolyte (washed
sample) cannot recover the porosity of the pristine activated carbon.
Then, this regeneration procedure is not adequate for the regeneration
of this spent AC.

Regarding the effect of electrolyte concentration in electrochemi-
cally regenerated samples, (PPR-1, PPR-2 and PPR-3 experiments at 500
L/h), in all the cases, a recovery of the porosity was observed for the AC
after the electrochemical regeneration compared to the spent AC. It must
be noted that, in many cases, the electrochemical treatment was able to
recover the PSD of the pristine AC (Fig. 2). The values of %RP were, in
the first two hours of experiment, 88, 89 and 98 for PPR-1, PPR-2 and
PPR-3, respectively. In all cases, the %RP was above 87 at the end of the
electrochemical process. Regarding regeneration time, for electrolyte
concentration study, the behavior was similar to that previously pub-
lished by different authors [25,26,28,35], who found that for this type of
electrochemical process there was a rapid increase in regeneration ef-
ficiency in the first three hours until reaching a constant value.

The surface chemistry of the pristine, spent, washed and regenerated
ACs was characterized by TPD experiments and by measurement of
pHpzc (Table 1) in order to check the oxidation degree of the regener-
ated materials after electrochemical treatment.

Pristine AC had a low amount of surface oxygen groups and an
alkaline pHpy( value, while the spent AC had a much higher CO and CO4
evolution and a lower pHpzc. This reveals that the AC was oxidized
during the use in the DWTP and by the two thermal regeneration
treatments carried out, what is in agreement with what has been pre-
viously concluded for a sample from another DWTP [25]. In addition,
Fig. 3 shows that some of the gas desorbed could be due to the decom-
position of inorganic compounds like metal carbonates (this is clearly
observed in the peak at 650-700 °C in the CO; profile in Fig. 3 for spent
ACQ). This is reasonable considering that the analysis of the spent AC by
EDX and SEM (Table S1 and Fig. S3) shows the presence of calcium in a
significant amount (4.95 wt%). The TPD profile for the spent AC after
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Fig. 2. A), b) and c) n, adsorption—desorption isotherms at —196 °C and d), e) and f) pore size distribution for samples obtained from the experiments carried out in
electrochemical regeneration of AC for the optimization of electrolyte concentration: a) and d) PPR-1 (0.5 M H,SO4), b) and e) PPR-2 (0.1 M H3SO4) and c¢) and f)
PPR-3 (0.25 M H,SO,). The data for pristine, spent and acid washed AC are also included for comparison purposes.

washing and after the electrochemical treatments with the acid elec-
trolyte, showed the disappearance of the CO, peak associated to metal
carbonates decomposition (Fig. 3). In any case, the TPD and the pHpzc
of the spent AC after washing (Table 1 and Fig. 3) confirms that
oxidation of the AC occurred during its use in the DWTP.

The surface chemistry of the electrochemically regenerated ACs
using different H,SO4 concentrations, can be compared with the pristine
and spent AC after washing because all of them are free of the inorganic
species that produce additional features in the TPD. It is important to
highlight that the regeneration treatments at these conditions did not
produce an important change in CO and CO; desorption with respect to
the washed AC (Fig. 3 and Table 1). It must also be noted that the pHpzc

for the regenerated samples was higher than for the acid washed sample,
showing that the electrochemical treatment at these conditions was not
producing an additional important oxidation of the spent AC. However,
among the four regenerated samples obtained for each experiment there
were no significant differences in the values of pHpzc or TPD. A similar
behavior was reported by other researchers where neither the pHpzc nor
the amount of oxygen surface groups of the AC cloth were significantly
modified after prolonged negative polarization [43]. Finally, it should
also be noted that the lower the electrolyte concentration, the higher the
reached voltage due to the increase in electrode resistance (Table 1).
This produced an increase in the pHpzc and in the amount of CO type
groups (that is, some additional surface oxidation occurs), as well as a
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Table 1

Journal of Electroanalytical Chemistry 946 (2023) 117727

Physicochemical characterization of textural properties by N, and CO, adsorption-desorption isotherms, TPD, pHpzc and AE of pristine, spent and electrochemically
regenerated ACs for study of the effect of electrolyte concentration and the flow rate.

Sample Sger Vpgr,N2 Vpgr,CO2 Vineso %RP Cco CO, o PHpzc AE
m?/g cm®/g cm®/g cm®/g umol/g pmol/g pmol/g v

Pristine 950 0.33 0.17 0.09 645 265 1175 11.8

Spent 750 0.28 0.14 0.08 1875 915 3705 7.8

Washed 770 0.28 0.15 0.09 80 2210 770 3750 2.0

PPR-1 (0.5 M H,SO4 and 500 L/h)

Reg-1h 815 0.27 0.19 0.09 86 1875 850 3580 2.6 8.2

Reg-2h 835 0.29 0.20 0.09 88 2075 870 3815 2.5 7.4

Reg-3h 825 0.31 0.20 0.09 87 1905 835 3570 2.5 7.1

Reg-4 h 830 0.30 0.20 0.09 87 2200 905 4015 2.6 7.0

PPR-2 (0.1 M H;SO4 and 500 L/h)

Reg-1h 840 0.33 0.20 0.10 88 2505 850 4200 4.9 27.6

PPR-3 (0.25 M H2SO4 and 500 L/h)

Reg-1h 845 0.34 0.19 0.07 89 2090 705 3500 4.1 10.4

Reg-2h 840 0.33 0.21 0.08 88 2470 760 3985 3.7 10.2

Reg-3h 835 0.33 0.19 0.10 88 2295 725 3745 3.2 9.9

Reg-4 h 825 0.33 0.19 0.08 87 2620 1060 4740 3.0 9.7

PPR-4 (0.5 M H;SO4 and 750 L/h)

Reg-1h 880 0.32 0.21 0.09 93 2710 940 4590 2.8 7.2

Reg-2 h 815 0.30 0.19 0.09 86 2985 980 4945 2.8 6.5

Reg-3h 885 0.33 0.20 0.10 93 2580 905 4385 2.7 6.5

Reg-4 h 855 0.32 0.21 0.09 90 2640 930 4505 2.6 6.4

PPR-5 (0.5 M H,SO4 and 300 L/h)

Reg-1h 815 0.32 0.21 0.08 86 2375 925 4230 3.0 6.5

Reg-2 h 795 0.31 0.21 0.08 84 2435 885 4210 2.6 6.2

Reg-3h 805 0.32 0.18 0.07 85 2380 840 4065 2.6 5.8

Reg-4 h 810 0.31 0.19 0.08 85 2235 670 3580 2.4 5.7

small increase in the porosity for the regenerated samples (as observed
in the increase in the Vpg,N»).

Considering the %RP, in this study, it seems that the most adequate
electrolyte concentration was 0.25 M due to the better recovery of
porous texture (from 750 m?/g to 845 m2/g after 1 h of electrochemical
treatment) compared to 0.5 M (from 750 mz/g to 835 mz/g in 2 h of
electrochemical treatment). Besides, 0.25 M could be considered as a
better option taking into account the economic and environmental cost
of the electrochemical regeneration of AC under these experimental
conditions. However, the higher voltage reached for 0.25 M (10.4-9.7
V) compared to 0.5 M (8.2-7.0 V), will result in higher energy con-
sumption to carry out the electrochemical regeneration process with its
economic cost associated, and this will have to be taken into account in
the studies of life cycle assessment and life cycle cost. Finally, even
though the 0.1 M concentration had similar %RP values to the 0.25 and
0.5 M, this concentration was discarded due to the high voltage (27.6 V)
reached during the electrochemical regeneration.

Gazigil et al. [32] explains that this fact may be due to the fact that
the driving force of the electrolytic reaction decreases when the applied
voltage is gradually reduced as the electrolyte concentration increases.
Moreover, and according with Ye et al. [44], when the electrolyte con-
centration is increased, the ions adsorbed on the electrode from the
electrolyte can block active sites, inhibiting the formation of -OH radi-
cals and consequently, decreasing the %RP.

A similar electrolyte concentration effect was studied by Khataee
etal. [45] for NaySOy4, concluding there was a need for higher voltages to
overcome the decrease in the electrical conductivity, being a non-viable
option with low concentrations.

However, this behavior is contrary to that concluded by different
authors who described that the higher the concentration the higher the
regeneration achieved [32,33,35,46]. This difference could be due to the
reactor configuration and AC amount to regenerate, as these are fixed
beds and our work is done using a moving bed where the recirculation of
the electrolyte increases the mass transfer. Another explanation could be
the proposed by McQuillan et al. [26] who suggest that once a certain
current density is exceeded using a particular electrolyte concentration,
regeneration efficiencies tend to stabilize, or sometimes decrease, due to
the increased number of by-product reactions that occur.

3.2. Optimization of flow rate of electrolyte

An important parameter that may affect to the %RP of ACs is the
electrolyte flow rate. To study this effect, three experiments were carried
out using 750 (PPR-4), 500 (PPR-1) and 300 L/h (PPR-5), which cor-
responds to residence times of 168, 252 and 420 s, respectively.

As can be seen in Table 1, the %RP was 86, 88 and 93 for PPR-5, PPR-
1 and PPR-4, as the flow rate increases, respectively. Regarding regen-
eration time, the trend is similar to that obtained for the effect of elec-
trolyte concentration, where a maximum regeneration is reached in the
first hour of treatment and then maintained with slight variations that
are not significant until the end of the test.

Fig. S1 contains the Ny adsorption—desorption isotherms and the PSD
for the different materials obtained for this study. The results show that
the isotherms for the electrochemically regenerated ACs have a similar
shape but an increase in the adsorption capacity compared to the spent
sample in the three tests performed. Regarding PSD, as occurred in the
study of the effect of electrolyte concentration, this treatment produced
an almost complete recovery of porosity compared to the original
sample. The differences between the regenerated samples were observed
in the microporous region (Table 1 and Fig. S1) and the electrolyte flow
rate had no effect on the reached voltage (Table 1).

Interestingly, the regeneration treatments at these conditions pro-
duced an important change in CO and CO5 desorption with respect to the
washed AC in experiments done with higher flow rates, where an in-
crease in surface oxygen groups was observed for samples obtained from
PPR-4 and PPR-5 experiments (Fig. S2 and Table 1).

Furthermore, as can be seen in Fig. 4, after the 3rd h of treatment, the
higher the electrolyte flow rate, the higher the recovery of the porosity.

It is well-known that the electrolyte flow rate is related to the mass
transfer rate, which may affect the oxidation, adsorption and desorption
processes occurring in the AC [18,36,47,48]. The results showed that an
increase in flow rate favors the removal of desorbed compounds
resulting in an increase in the porous texture and the %RP (Table 1).
This behavior is in agreement with McQuillan et al. [49] where a higher
flow rate of the regenerant solution in a carbon-packed column resulted
in a higher desorption rate. In addition, Zhou and Lei [36] concluded
that, with low electrolyte flow, organic compounds retained in AC could
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Fig. 3. CO and CO, TPD evolution profiles of the ACs regenerated electrochemically from samples obtained for the optimization of electrolyte concentration: a) PPR-
1 (0.5 M), b) PPR-2 (0.1 M) and c) PPR-3 (0.25 M). The data for pristine, spent and acid washed AC are also included for comparison purposes.

not be easily attacked by hydroxyl radicals or other generated oxidizing
agents, because they could not be efficiently distributed through the
electrolyte. However, with the increase in flow rate, the mass transfer is
improved, and the AC desorption pathway and oxidizing species diffu-
sion are enhanced. Another explanation that reinforces the results ob-
tained is that a higher flow rate favors the homogenization of pH,
directly influencing the processes of electron transfer and mass transport
[471, which also can affect the current and energy efficiencies [50].

3.3. Electrochemical characterization of activated carbon

The electrochemical behavior of pristine, spent and regenerated ACs
(PPR-3 and PPR-4, after 1 h of treatment) was characterized in a three-
electrode cell in acid media. Firstly, the open circuit potential (OCP) of
these carbon materials was measured, as seen in Table 2. All OCPs for
spent, PPR-3 (Reg-1h) and PPR-4 (Reg-1h) ACs are slightly higher to that
of pristine AC, what is in agreement with the higher amount of surface
oxygen groups observed in the TPD experiments (Table 1). Fig. 5 shows
the CVs obtained, where a rectangular shape can be appreciated for
pristine AC as a consequence of the charge and discharge of the electric
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Fig. 4. Effect of flow rate of electrolyte for electrochemical regeneration of AC.

Table 2
OCP, gravimetric (Cg) and surface capacitance (Cg/Spgr), equivalent series
resistance (ESR) and ESR plus the equivalent distributed resistance (ESR + EDR)
of pristine, spent, PPR-3 (Reg-1h) and PPR-4 (Reg-1h) ACs measured in 0.5 M
HzSO4.

Sample ocCP Cg [10 Cg/Sger [10 ESR ESR +
mvV/s] mV/s] EDR
V (vs F/g mF/m? Q Q
RHE)
Pristine 0.66 42 44 35.2 58.6
Spent 0.71 77 102 78.6 110.2
PPR-3 (Reg- 0.69 86 102 31.8 63.1
1h)
PPR-4 (Reg- 0.71 66 74 28.9 70.8
1h)
1.5
i Pristine Spent ——PPR-3 ——PPR-4
1 4
0.5 |
9 -
=)
0 : -
:C“ {
~
-0.5 A
-1 4
-1.5

E (V vs RHE)

Fig. 5. Cyclic voltammograms for pristine, spent and regenerated ACs (PPR-3
and PPR-4, after 1 h of treatment).

double-layer. A broad redox contribution appears at around 0.5-0.6 V in
spent, PPR-3 (Reg-1h) and PPR-4 (Reg-1h) ACs, which could correspond
to electroactive surface oxygen-related species [51], thus confirming the
oxidation of AC during its use in the DWTP. The less rectangular shape of
the CV may also be related to the lower electrical conductivity of the
spent AC in presence of impurities. However, it can be observed that the
regenerated PPR-3 (Reg-1h) sample shows an increase in voltametric
profile compared to spent AC. However, in the case of PPR-4 (Reg-1h)
the voltametric profile decreases compared to the spent AC.

Table 2 also shows differences in the calculated gravimetric capaci-
tance (Cg) and specific capacitance (Cg/Sper) for all the samples due to
the different surface chemistry and surface area. In the spent and
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electrochemically regenerated samples, the capacitance increases in
comparison to the pristine AC. The increase in capacitance for spent,
PPR-3 (Reg-1h) can be ascribed to two factors: (i) the increase of the
double-layer capacitance due to high electrochemical accessible area,
possibly related to an improvement of carbon wettability, and (ii) the
pseudocapacitive contribution of the redox processes due to electro-
active surface species. It is well-known that CO-evolving groups are
beneficial for increasing the wettability of carbon materials [51].
Interestingly, PPR-4 (Reg-1h) AC presents capacitance values lower than
the spent AC, this result can be explained as consequence of the
increased oxidation of this sample during electrochemical regeneration
as consequence of the higher sulphuric acid concentration (Table 1).
This oxidation can block the porosity of the activated carbon decreasing
the capacitance.

Fig. 6 shows the Nyquist plot obtained for the ACs, where important
differences are observed. At high frequencies of the Nyquist plot (i.e.,
impedance values closer to the -Z’’ axis), the materials behave as a
resistance. At this region, the impedance determined by the first inter-
cept of the Z’ axis (known as the internal resistance or equivalent series
resistance, ESR) is due to the ohmic resistance of the electrolyte between
the working and the reference electrodes, together with the resistance of
the electrode and the contact between the current collector and the
electrode [52]. Since the same electrochemical setup, procedure and
material weight have been used in all measurements, we propose that
the main differences observed in ESR values in Table 2 could be related
to the inherent electrical conductivity of the carbon materials studied.
Similar ESR values are observed for PPR-3 (Reg-1h) and PPR-4 (Reg-1h)
and the pristine AC, whereas spent AC shows the highest resistance
probably due to the oxidation of the material in the DWTP and the
presence of inorganic compounds and adsorbed species at the surface
that increase the electrical resistance of the material. Therefore, it is
evidenced that the electrochemical regeneration treatment allows to
recover the electrical conductivity of the pristine AC after the first hour
of treatment.

At the middle-low frequency domain, a semicircle is not observed in
any sample, thus indicating that charge transfer processes do not occur
at the electrode under the conditions studied. Instead, the presence of a
Warburg region, represented by an approximately 45° line, evidences
the ion diffusion limitation process to the porous electrode surface [53],
this resistance is also known as the equivalent distributed resistance
(EDR). Finally, the lowest frequency region consists of an almost vertical
line attributed to the dominant capacitive behavior [54]. As seen in
Fig. 6, the onset frequency for obtaining such capacitive behavior is
higher in spent AC than in pristine AC, while less vertical line is observed
for PPR-3 (Reg-1h) and PPR-4 (Reg-1h) samples at low frequencies.
Table 2 also includes the ESR + EDR values, determined from the x-
intercept of this line, which could also be interpreted as an indicator of

300
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Fig. 6. Nyquist plot obtained for the different ACs studied.
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the resistance of the ACs at 0.4 V (vs RHE) in acid media, in agreement
with the above discussion. Then, it can be observed that this value is
lower in the case of PPR-3 (Reg-1h) which has been electrochemically
regenerated using 0.25 M H3SO4.

4. Conclusions

The electrochemical regeneration of spent AC used in a DWTP can be
achieved using the designed pilot-plant-scale parallel-plane electrode
reactor that operates with 15 kg of AC. Under ideal experimental con-
ditions, a recovery of porosity of approximately 93% was obtained for
the regenerated activated carbon.

From our findings, it can be concluded that washing with a 0.5 M
HySO4 electrolyte is ineffective in recovering the porosity of the AC.
Therefore, this chemical regeneration method is not suitable for the
spent AC that has undergone two previous thermal regeneration
treatments.

The electrochemical characterization of the spent and regenerated
samples using cyclic voltammetry and EIS shows that in the DWTP, the
pristine activated carbon has been oxidized in the previous water
treatment step using chlorine; this disinfection step alters the AC prop-
erties. However, the electrochemical regeneration can improve the
textural properties and the electrochemical properties improving the
conductivity and porosity recovery of the spent activated carbons.

The optimal electrolyte concentration depends on the reached
voltage in the electrochemical reactor. In this study, a concentration of
0.1 M H3SO4 is not adequate due to the high voltage obtained in the
reactor. When analyzing 0.5 M and 0.25 M concentrations, the last value
is established as the optimum value. This concentration in the electro-
chemical regeneration of spent AC it is an alternative that generates
fewer by-products and waste, as well as a reduced volume of HySOj4. In
these conditions, a regeneration efficiency of 89% is achieved within
just 1 h of treatment.

Concerning the flow rate of the electrolyte, the higher the flow rate,
the higher the recovery of textural properties of the regenerated AC is
reached. It should be noted that although a slight oxidation of the ma-
terial was observed at a flow rate of 750 L/h, the regeneration time is not
a significant factor in this oxidation process of the material.
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