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Abstract: This work examined the use of a 3D combined electrochemical process based on particle
electrodes from sawdust-derived biochar pyrolized at T = 550–850 ◦C to remove persistent pollutants.
The as-prepared biochar was characterized by scanning electron microscopy with an X-ray energy
dispersive spectrometer (SEM/EDS), nitrogen adsorption (BET method) and X-ray diffraction (XRD)
techniques. The use of sawdust biochar pyrolized at 650 ◦C led to a significant increase in efficiency
against the sum of conventional 2D electrochemical systems and adsorption, and the synergy index
estimated equal to 74.5% at optimum conditions. Sulfamethoxazole (SMX) removal was favored by
increasing particle electrode loading. Despite that, the reaction was slightly favored in near-neutral
conditions; the system retained most of its activity in the pH range 3–10. The proposed 3D system
could degrade different micropollutants, namely SMX, Bisphenol A (BPA), Propylparaben (PP),
and Piroxicam (PR). Of particular interest was that no significant reduction in degradation was
observed in the case of complex or real water matrices. In addition, the system retained its efficiency
regarding SMX removal after five sequential experiments in the 3D combined electrochemical process.
However, further investigation is needed to estimate the contribution of the different mechanisms of
micropollutant removal in the proposed system.

Keywords: three-dimensional electrochemical process; novel particle electrode; biochar; micropollutants;
synergy

1. Introduction

Advanced oxidation processes (AOPs) have gained great interest in the last decades
amongst water treatment technologies [1,2]. Their popularity derives from the fact that they
successfully cover the inefficiency of conventional water treatment methods regarding the
complete degradation of emerging contaminants (ECs) in water [3]. The term ECs refers to
pharmaceuticals, personal care products (PPCPs), and other natural or chemical substances
that have been detected at very low concentrations (in the range of µg/L or ng/L) not
only in the secondary effluent of wastewater treatment plants but also at surface or ground
waters. Their presence has been linked to a series of undesired effects on humans and
aquatic life, such as antimicrobial resistance and risks to reproductive health [4].

The high efficiency of AOPs derives from the high oxidative power of hydroxyl
radicals (•OH) generated in situ and can react with organic pollutants, leading to their
complete mineralization [1,2]. Some AOPs, such as photocatalysis, are based on light for
•OH production, while others are based on the addition of oxidants, such as persulfate
or hydrogen peroxide [5]. Another group of AOPs proposed for wastewater treatment
includes directly or indirectly electrooxidation of water on an anode surface and is known
as electrochemical AOPs (EAOPs) [6].

A typical two-dimensional (2D) EAOP system consists of anode and cathode electrodes
and the electrolyte [7]. Between different materials, Boron-doped diamond (BDD) electrodes
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have shown very promising results as anode materials, exhibiting high stability, a large
potential window, and a long lifetime [8]. For example, the removal of Procion Red MX-5B
was investigated using the BDD electrode, showing complete degradation when applying
low current densities [9]. Furthermore, Ti4O7 was very recently introduced as anode
material for paracetamol degradation, showing high efficiency [10].

Electrochemical oxidation is environmentally friendly, as the main oxidant involved
is the electron and not a chemical reagent. It has high efficiency; it can be automated and
easily adjusted while reactions take place under mild conditions (ambient temperature
and pressure), thus keeping the cost of the whole process low. Finally, the coupling with
renewable energy sources for current supply can lead to a complete “green” solution to the
problem of wastewater treatment [11,12].

However, one of the 2D EAOP system’s main drawbacks is the small electrode surface
area and mass transfer limitations [13,14]. Trying to deal with these restrictions, it was
found that the addition of granular activated carbon (GAC) into the electrolyte of a 2D
system could significantly enhance the reported efficiency, as, under the imposition of
suitable current, these particles transform to charged microelectrodes, acting as independent
electrolytic cells [15]. The increase of the electrode surface area triggers an increase in active
sites for micropollutant degradation that, in combination with the increase of electrolyte
conductivity and the decrease of mass transfer, greatly enhances the efficiency of the
process [16,17]. In addition, the adsorption efficiency of particle electrodes was found to
enhance pollutant degradation, thus making the specific surface area a determining factor
for the selection of such electrodes [18].

Considering the above-mentioned requirements—a particle electrode must-have—
many carbonaceous materials were firstly introduced as particle electrodes in 3D EAOP
systems. Zhan et al. treated real pharmaceutical wastewaters in a 3D EAOP system using
GAC as the particle electrode [19]. They also combined this process with ozonation in order
to accelerate pharmaceutical removal. They showed the existence of synergistic phenomena
in the combined process, resulting in a higher total organic carbon (TOC) removal than
the individual processes or the equivalent 2D process. Multiwalled carbon nanotubes
(MWCNTs) were used by Mengelizadeh et al. in their 3D EAOP system for Reactive Black
5 (RB5) degradation, resulting in higher •OH production than in the 2D system [20]. In
addition, the removal of RB5 increased with increasing particle electrode concentration.
Activated carbon fibers [21], carbon aerogel [22], and graphite [23] have also been reported
as efficient particle electrodes.

Apart from carbon-based particle electrodes, some researchers suggested metallic
materials. For example, Fe particles have been successfully used as particle electrodes to
treat refinery wastewater based on Fenton-like reactions [24]. The authors examined the
effect of operational parameters, such as Fe dosage, and demonstrated that combining
a 3D electrode and the electro Fenton system accelerate micropollutant degradation. In
addition, copper ferrite (CuFe2O4) was combined with persulfate in a 3D electrode system,
studying atrazine degradation [25]. Interestingly, although the examined system showed
high activity towards persulfate activation, it was characterized by low adsorption capacity,
especially compared to carbonaceous materials.

In order to combine the benefits of metal particles and materials of higher specific
surface area, other formulations such as metal foams [26] or slags [27] were also proposed
as particle electrodes. Most of these electrodes show sufficient performances, as already
mentioned. However, unfortunately, it has been observed that they lose their efficiency
upon repeated use, probably due to obstruction of the pores on their surface from adsorbed
contaminants or leaching [19]. To overcome this drawback, catalyst-loaded particle elec-
trodes were proposed. For example, TiO2-SnO2 on γ-Al2O3 was used as particle electrodes
for chloramphenicol degradation in wastewater [28], while Bi-Sn-Sb/γ-Al2O3 particle
electrodes showed very promising results for tetracycline removal [29].

In recent years, in the context of a holistic approach and the circular economy, the
utilization of industrial by-products, such as slags [30] or minerals [31], meets higher
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scientific interest for creating usable products than the use of precious raw materials.
Towards this direction, biochars have piqued the scientific community’s interest [32,33].
Biochars are produced from biomass residues (such as rice, oil waste, or conventional
biological treatment sludge). They are a promising material for different environmental
applications, such as the adsorption of organic or inorganic pollutants, improving soil
quality (soil conditioner), and carbon sequestration [32,34,35]. Biochar is a carbon-rich
material obtained by heating biomass at relatively moderate temperatures under limited or
no atmospheric oxygen. It has been widely used as an abundant and low-cost adsorption
material to remove inorganic and organic pollutants or metals from different aqueous
matrices [32–34,36].

Going one step further, in their pioneering work, Fang et al. showed that in the
presence of oxidants like hydrogen peroxide (but in the absence of current), biochar could
act as a catalyst producing reactive oxidizing species (ROS), which can degrade organic
contaminants [37]. Similar conclusions were also reported from other groups using sodium
persulfate instead of hydrogen peroxide as an oxidant [38].

Based on this, the present study aims to investigate the efficiency of biochar as a
particle electrode in a 3D EAOP system. For this, biochar was synthesized by calcination of
sawdust under an Ar flow at different temperatures (T = 550–850 ◦C) and was characterized
by means of BET, XRD, and SEM/EDS techniques. A BDD electrode was used as the anode
electrode, and graphite as a cathode, whereas the system’s efficiency was tested for the
degradation of SMX, an antibiotic agent, and other emerging contaminants belonging to
different groups, such as endocrine disruptors or pharmaceuticals.

As far as we know, this is the first study that examines the effect of biochar preparation
conditions and the study of the observed efficiency and synergy of the hybrid process in a
wide range of operating parameters, including different aqueous matrices, ions, organic
loading, and environmental samples, such as bottled water and secondary effluent while at
the same time the efficiency of the process was demonstrated for different micropollutants.

2. Materials and Methods
2.1. Chemicals

All the micropollutants used in this work, namely SMX, BPA, PP, and PIR, have >99%
purity and were purchased from Sigma-Aldrich. Fluka supplied acetonitrile (HPLC grade)
and sodium sulfate. Sodium chloride and sodium bicarbonate were also supplied by Sigma-
Aldrich and used as received without any purification. Experiments were also performed
using bottled water or secondary effluents, and their physicochemical characterization can
be found in a previous work [39].

2.2. Preparation of Biochar

Sawdust biochar powder was obtained after calcination at different temperatures,
T = 550–850 ◦C in Ar flow for three hours. Then, the biochar was ground in an agate mortar
and used without any post-treatment. The as-prepared samples were denoted as BCS_T,
where T indicates the calcination temperature.

2.3. Physicochemical Characterization Techniques

The specific surface area (SSA) of biochar was determined with the use of a micromerit-
ics (Gemini III 2375) instrument (Norcross, GA, USA), while XRD patterns were obtained
with the use of a Brucker D8 Advance instrument with a Cu Kα source (λ = 1.5496 Å).
More details about the aforementioned characterization techniques can be found in former
studies of our group [40,41]. SEM images were recorded on a JEOL JSM 6300 instrument
(JEOL, Akishima, Tokyo, Japan), equipped with an X-ray energy dispersive spectrom-
eter, EDS (ISIS Link 300, Oxford Instruments, High Wycombe, UK). The laser doppler
micro-electrophoresis method, described by Dimitriadou et al. [42], was applied for the
zeta potential measurements using a Malvern Zetasizer instrument (Malvern Instruments,
Surrey, UK). Fourier transform infrared (FTIR) spectroscopy was performed using a Perkin
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Elmer Spectrum, RX FTIR system (PerkinElmer Inc., Waltham, MA, USA). The measure-
ment range was 4000–950 cm−1. BCS_650 (about 0.5%) and KBr were sieved and pressured
to produce a homogeneous disk.

2.4. Experimental Set-Up and Procedure

The electrochemical set-up consisted of a boron-doped diamond electrode (Adamant
Technologies SA, La-Chaux-de-Fond, Switzerland; B/C 1000 ppm) serving as the anode
and a graphite electrode as the cathode [43]. Their surface area was equal to 8 cm2. The
electrochemical oxidation reactor was a 150 mL square undivided cell from plexiglass, open
in atmospheric conditions, and kept under magnetic stirring. The reactor was filled with
0.1 M Na2SO4, serving as the electrolyte containing 0.5 mg/L SMX. Experiments were
conducted at 8 mA/cm2 current density at various pH and water matrices. At pre-set
periods, samples of 1.2 mL were withdrawn from the reactor, followed by the addition of
0.3 mL of methanol, filtered with 0.22 µm PVDF filters, and analyzed as follows.

2.5. Analytical Methods

The SMX concentration was measured utilizing high-performance liquid chromatogra-
phy (HPLC, Waters Alliance 2695, Santa Clara, CA, USA) comprising of a photodiode array
detector (Waters 2996), a gradient pump (Waters 2695), and a Kinetex column (C18 100A,
150 mm × 3 mm, 2.6 µm particle size). The system worked at 45 ◦C. SMX was monitored at
270 nm. BPA, PIR, and PP were detected at 230 nm, 350 nm, and 254 nm, respectively.

3. Results
Physicochemical Characterization

Notation and SSA values of various carbon-based samples are presented in Table 1. In
contrast with other carbon materials, like activated carbon, the BCS was characterized by
low SSA in the range of 1–3 m2 g−1.

Table 1. Notation and specific surface area (SSA) values of various biochar samples.

Notation Carbon Type Thermal Treatment (◦C) SSA (m2 g−1)

BCS_850 Biochar derived from sawdust 850 2.3 ± 0.1
BCS_750 Biochar derived from sawdust 750 3.05 ± 0.7
BCS_650 Biochar derived from sawdust 650 2.3 ± 0.3
BCS_550 Biochar derived from sawdust 550 1.1 ± 0.8

In Figure 1, the XRD patterns of the various BCS samples are presented. In the
case of the BCS_650, three characteristic peaks located at 2θ = 20.72◦, 21.97◦ and 23.43◦

were detected attributed to (210), (004), and (014) planes of monoclinic C14H13N (JCPDS
Card No. 34–1996), whereas the presence of the C32H38N4 (JCPDS Card No. 13–764) was
confirmed in the case of the BCS_850 and BCS_750 sample. Moreover, a peak located at
20.79◦ in the case of the BCS_750 XRD spectrum was attributed to C12H18O6 (JCPDS Card
No. 19–1789).

The structure and morphology of BCS_650 were further investigated by the SEM/EDS
technique (Figure 2). Carbon and calcium were detected, as shown with red dots in
Figure 2b,c. As demonstrated in Figure 2d, C and Ca distribution was not quite uniform.
As derived from the EDS analysis (Figure 2e) the wt.% of C present in the sample was equal
to ca. 27 wt.%, whereas the percentage of Ca was equal to 0.37 wt.%. The rather small
percentage of Ca in the biochar structure explains its absence in the XRD spectra. The rest
of the sample was oxygen (ca. 72 wt.%). The C and Ca elements were detected in the form
of CO2 and CaO, respectively. FTIR spectrum of the BCS_650 is shown in Figure S1. The
peak at 3450 cm−1 is assigned to the stretching vibration of the –OH groups. The peaks at
about 1640 and 1380 cm−1 correspond to C=C and C–OH groups.
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Figure 2. (a) SEM image of the BCS_650; EDS mapping results showing the distribution of (b) C,
(c) Ca and (d) C (green spots) and Ca (red spots) elements; (e) corresponding EDS spectrum over the
as-prepared BCS_650.

The dependence of the zeta potential values of the BSC_650 sample from the pH
values is presented in Figure 3. Obviously, the BSC_650 surface is positively charged at
pH < 4, whereas the higher charge value was observed at pH = 2. The zero-point charge
(z.p.c.) was identified around pH = 4; while increasing the pH values, the zeta potential
values decreased, implying a negative surface charge, as reported by [44,45]. The latter was
also observed by other researchers [46–49]. Fahmi et al. [46] reported that the well-shaped
biochar (empty fruit bunch biochar (EFBB) of oil palm) particles derived by combining the
increasing adsorption capacity for Pb along with the decrease of the material particle size
were the reason for the increase of the surface oxygen functional groups, thus negatively
affecting the zeta potential values.
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Qian et al. [47] studied the aluminum-biochar interactions and highlight the ampho-
teric nature of biochar materials. Moreover, they correlated the observed elimination of
the negative surface charge to the electrostatic attraction of Al3+ cations with biochar par-
ticles. The surface characteristics, as well as the porosity of biochar derived from water
hyacinth plants (WH), was studied by Batista et al. [45]. Lowering the pH value resulted
in an increase of the zeta potential values, as observed in the present study, which was
related to the smaller ionization of the acid groups of the colloidal surface particles and/or
the protonation of amine groups. Similar behavior of the zeta potential values was also
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observed in the case of crop straw biochar by Yuan et al. [44] and was attributed to the
charge of the colloid surface. The higher negativity of zeta potential values of the EFBB
compared to that observed for the rice husks biochar (RHB) could be related to the higher
adsorption of heavy metals in the case of the former, as reported by Samsuri et al. [49]. In
the present study, a combination of the aforementioned reasons could be related to the
increasing negative zeta potential values since formations such as C14H13N, C32H38N4,
or CaO were identified to be present on the BCS_650 structure by XRD and SEM/EDS
techniques. The possible presence of Ca+ cations could facilitate the absorption of oxygen
functional groups on the biochar surface, thus negatively affecting the zeta potential values.

4. Discussion
4.1. Effect of Particle Electrode

In the first preliminary series of experiments, the effect of the synthesized biochars as
particle electrodes on the destruction of 500 µg/L SMX was examined, and the results are
shown in Figure 4. The experiments were performed using 0.1 M Na2SO4 as the electrolyte
and 8 mA/cm2 of applied current, at inherent pH with 2 g/L of biochar. As shown,
the BCS_650 exhibited higher efficiency among the different biochars investigated. The
apparent kinetic constants were 0.035, 0.144, 0.086 and 0.039 min−1 for BCS_550, BCS_650,
BCS_750 and BCS_850, respectively. Taking into consideration the XRD patterns of the
samples, the higher efficiency of BCS_650 is probably related to its higher crystallinity
compared to the samples calcined in different temperatures. At the same time, the apparent
kinetic constant for the electrooxidation over the BDD anode in the absence of biochar was
0.025 min−1, resulting in only 35% SMX removal after 30 min of treatment. Therefore, the
use of biochar significantly increased the removal of SMX without requiring higher applied
current values, leading to a larger energy footprint and increased costs.
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Figure 4. Effect of biochar type on the degradation of SMX in the combined 3D process. Conditions:
[SMX]◦ = 500 µg/L, [BCS_x] = 2 g/L, [Na2SO4] = 0.1 M, j = 8 mA/cm2, ultrapure water.

The biochar could interfere with the proposed system via different mechanisms.
(i) One of the first uses of biochar was as an inexpensive, environmentally friendly

material for absorbing emerging contaminants. Therefore, the presence of biochar sig-
nificantly increases the surface area compared to the conventional 2D electrochemical
system and could provide a higher concentration of pollutants at the solid-liquid interface.
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(ii) Biochars’ presence increases the conductivity while the graphitic-like structure and
the oxygen-containing functional groups of biochar can assist the electron transfer [50].
(iii) Depending on the origin and preparation method, biochars may have accumulated
persistent free radicals on their surface. The latter could react with the absorbed organic
compounds to further increase pollutants elimination [37]. (iv) Some reports have already
demonstrated a biochar catalytic activity using hydrogen peroxide or persulfate as the
oxidant. The latter can be produced at the anode of electrochemical systems [51], while
hydrogen peroxide can be produced in electrochemical systems via oxygen reduction.

Unfortunately, the exact contribution of the different mechanisms is very difficult
to quantify even with state-of-the-art equipment like Electron Paramagnetic Resonance
(EPR/ESR) which was not available in the present study since the overall efficiency of the
system could also involve interactions of more than one mechanism described above.

In the literature, assuming first or pseudo-first-order kinetics, the synergy index S is
defined as follows [52]:

S =
kcombined − n

i Σki

kcombined

Or in this case S =
kEO/BC−kEO−kBC

kEO/BC

where S


> 0, synergistic effect
= 0, cumulative effect
< 0, competitive effect

where kEO/BC denotes the apparent kinetic constant for the simultaneous use of electro-
chemical oxidation and biochar particle electrodes, kEO is the apparent kinetic constant in
the absence of biochar (only electrochemical oxidation) while the kBC denotes the apparent
kinetic constant for the pollutant adsorption on the biochar.

Substituting in the above Equation the values for the data presented in Figure 4, the
degree of synergy was found equal to 0.8%, 74.5%, 55.7% and 10.3%, for BCS_550, BCS_650,
BCS_750, and BCS_850, respectively, indicating that there is indeed synergy due to the
presence of biochar for BCS_650 and BCS_750. At the same time, system behavior is
cumulative for BCS_550 and BCS_850.

To shed light on the effect of particle electrode loading, additional experiments were
conducted using 0–2 g/L of BCS_650, and the results are depicted in Figure 5. Indeed,
using a higher BCS_650 loading increased the efficiency, and the observed kinetic constant
as expected. The apparent kinetic constants were estimated equal to 0.025, 0.033, 0.057 and
0.144 min−1 for electrochemical oxidation in the presence of 0, 0.5, 1 and 2 g/L BCS_650,
respectively. At the same time, the apparent kinetic constant using 2 g/L BCS_650 without
applied current (i.e., adsorption) was equal to 0.012 min−1. Increased biochar concentration
corresponds to an increase in particulate active micro-reactors and substantially a larger
surface area for the adsorption and oxidation of emerging contaminants. Furthermore,
more persistent free radicals accumulated at biochars existed in the system [50,53]. In
addition, the high biochar loading increases the probability of contact between biochar
particle electrodes and the electrodes in the 3D electrolytic fluidized bed reactor used in
this work [53].

4.2. Effect of pH

The effect of pH on the process performance was studied, and the results are shown
in Figure 6. The destruction of SMX seems to be favored in near-neutral conditions.
The observed kinetic constants were 0.093, 0.144, and 0.105 min−1 for pH 3, 6, and 10,
respectively. These results are consistent with the work of Correia-Sá et al. [54] which
examined the decomposition of carbamazepine into a similar 3D system consisting of
activated carbon or biochar as particle electrodes and boron-doped diamond as the anode.
The researchers observed that treatment efficiency was enhanced in near-neutral conditions.
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Regarding 2D electrochemical oxidation, Hai et al. [55] examined SMX electrooxidation
using a boron-doped diamond anode. The oxidation favored in acidic and near-neutral
conditions, and the observed kinetic constants were estimated equal to 0.067, 0.078, and
0.026 min−1 for pH 3, 7, and 11, respectively. The existence of an optimal pH value is
justified by (a) the existence of electrostatic forces for the adsorption of pollutants in both
diamond and biochar particle electrodes and (b) the different distribution and concentration
of locally produced oxidizing species in different pH. At the same time, it is known that the
oxidation potential of the radicals is higher in acidic conditions. It is worth noting that the
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pH in most environmental systems ranges from 5.5–10. According to the results shown in
Figure 6, the combined process shows satisfactory results in near-neutral conditions, which
makes it advantageous over other techniques, such as the well-known Fenton reaction,
which requires acidic conditions, or methods based on the activation of persulfates that
usually gradually reduced the pH of the solution.

4.3. Effect of Water Matrices

One of the main problems of many physicochemical processes that act as inhibitors
in their industrial application is their non-selectivity. Since, for process evaluation, most
experiments are carried out in ideal laboratory conditions, the results obtained are often
not representative. Therefore, it is critical to study the proposed process in real environ-
mental systems and understand the effect of the various components of the environmental
matrices. In this light, experiments were performed in the presence of inorganic ions such
as bicarbonates (BIC), chlorides (Cl−) and organic material (using humic acid (HA)) as well
as in real aqueous matrices such as secondary domestic wastewater effluent (WW) and
bottled water (BW), and the results are presented in Figure 7.
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Figure 7. Effect of water matrix on the degradation of SMX in the combined 3D process. Conditions:
[SMX]◦ = 500 µg/L, [BCS_650] = 2 g/L, [Na2SO4] = 0.1 M, j = 8 mA/cm2.

It is observed that the apparent kinetic constant of the combined process decreases to
a small degree in the presence of both inorganic ions and organic material, but also in the
case of WW. In the case of BW, practically no reduction in a kinetic constant was shown.

The effect of aqueous matrix components is twofold: On the one hand, they compete
with pollutants for adsorption on the electrode surface (but also of particulate electrodes
in the combined process). On the other hand, in complex or real aqueous matrices, they
react with active oxidizing species. Therefore, less than the latter are available for the
desired reaction.

In several cases, the presence of chlorides can increase the electrochemical oxidation
efficiency due to the formation of active chlorine, which has a longer lifespan than hydroxy
radical and can diffuse into the bulk solution [14]. However, these reactions can lead to the
formation of organochlorine compounds, which are highly toxic. Contrary, the proposed
system did not show any increase in efficiency due to chlorides, and this may be due to
(i) the system being studied in relatively mild conditions, i.e., a low applied current, and
(ii) the presence of particulate electrodes decreasing the problems of the limited surface
area of the electrodes that the presence of chlorine in 2D systems usually overcame.

Recently, Zhang et al. [56] investigated the adsorption of SMX using Fe-impregnated
graphited biochar. The researchers did not observe any interference in the SMX adsorption
in the presence of HA up to 10 mg/L. Similar results were observed for the experiments
performed in river, tap, and aquaculture water.
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To further test the ability of the proposed process to decompose micropollutants be-
longing to different chemical groups, additional experiments were performed to eliminate
the endocrine disruptors BPA and PP and the nonsteroidal anti-inflammatory drug PIR.
Indeed, as depicted in Figure 8, the hybrid process, as expected, degraded all the micropol-
lutants studied in less than 45 min. The observed kinetic constants were 0.144, 0.107, 0.117,
and 0.19 min−1 for SMX, BPA, PP, and PIR, respectively.
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Figure 8. Degradation of different micropollutants using the hybrid 3D process. Conditions: [SMX]◦

= [BPA]◦ = [PIR]◦ = [PP]◦ = 500 µg/L, [BCS_650] = 2 g/L, [Na2SO4] = 0.1 M, j = 8 mA/cm2,
ultrapure water.

4.4. Biochar Reuse

In a final round of experiments, the reuse of biochar was investigated, and the results
are presented in Figure 9. Interestingly the biochar retains most of its ability since the
apparent kinetic constant was decreased almost 23%, from 0.144 to 0.112 min−1 after five
sequential experiments. It is worth noting that most of this drop (18%) takes place after the
first experiment, while the system shows satisfactory stability in the remaining experiments.

After all, the ability to reuse biochar distinguishes this combined process from the
sequentation of electrochemical oxidation with adsorption in series. In this case, the
efficiency will decrease rapidly as soon as the saturation of the adsorbent material occurs.
Despite the encouraging retention of efficiency, these results must be addressed with
caution since they represented a snapshot of the proposed system under specific conditions.
Therefore, in future work, a detailed examination of the stability of the particle electrodes
is needed and the operation under a continuous flow mode is suggested. In addition,
particular emphasis must be given to the examination of different possibilities for the
regeneration of the biochar that was outside of the scope of the current work.
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Figure 9. Effect of biochar reuse on the degradation of SMX in the combined 3D process. Conditions:
[SMX]◦ = 500 µg/L, [BCS_650] = 2 g/L, [Na2SO4] = 0.1 M, j = 8 mA/cm2, ultrapure water.

5. Conclusions and Future Perspectives

In this work, a hybrid electrochemical system based on biochar was tested to eliminate
emerging contaminants from the aqueous phase. The proposed system gave promising
results for different micropollutants. In conclusion, the use of agro-industrial by-products
such as biochars can be an interesting alternative for replacing known materials such as
activated carbon. Of particular interest is that the proposed combination retains its high
efficiency in experiments performed in complex aqueous matrices, unlike other well-known
physicochemical processes. At the same time, the biochar used as a particle electrode can be
reused without a significant drop in efficiency, at least in the range of the conditions studied.

Although the results are promising, future work in different directions is needed to
understand the mechanism of the proposed system. Therefore, future research needs to
be directed towards (i) a thorough examination of the stability of the particle electrodes
through the reuse and regeneration of biochar under different conditions, (ii) a correlation
between the raw precursor biochar, the physicochemical characteristics, and the efficiency
of the hybrid process, (iii) the examination of the contribution of different mechanisms on
the observed efficiency. Conventional direct and indirect electrochemical oxidation have
proven its potential as a disinfection process. Therefore, future research and applications of
the proposed process involve the simultaneous degradation of micropollutants, removal
of natural or effluent organic matter, and disinfection since the final goal is to examine
whether the proposed process can be used as a complete and environmentally friendly
solution for tertiary wastewater treatment.
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