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Abstract

Borophene (Bph) and hexagonal boron nitride (hBN)-modified graphene sponge anode coupled to
N-doped graphene sponge cathode were applied for electrochemical degradation of persistent
organic contaminants using intermittent current. Three different ON-OFF pulse cycles were tested
using low-conductivity supporting electrolyte in flow-through mode. Functionalization of the
reduced graphene oxide (RGO) with Bph and hBN improved the ability of the double layer to store
electrical charge, thus maintaining the generation of H>O», O3, and -‘OH even during the OFF
cycles. Both anodes tested showed enhanced contaminant removal during shorter OFF periods
(e.g. 52.5s/52.s and 75s/30s ON/OFF), due to the improved retention of anode charge during the
shorter OFF stages. Electrochemical removal of the target contaminants required 24 kWh m™ in
continuous current mode for both hBN-RGO and Bph-RGO anodes at 231 A m™, which was
lowered to 11.7 and 13.5 kWh m™ respectively, using ON-OFF pulse cycles. Electrochemical
degradation pathways were elucidated in both systems using carbamazepine as a representative
persistent contaminant. Flow-through reactors with both Bph- and hBN-RGO anodes removed
>60% of the target contaminants in a single pass using continuous current, whereas intermittent
current led to somewhat decreased removal efficiencies (43-58%) due to the scavenging effect of
the wastewater matrix. Thus, halving the current ON time led to less than 20% decrease in the
removal efficiencies due to the capacitive properties of RGO. Given that switching to intermittent
current decreased the energy consumption from 9.3 kWh m™ to 4.4 kWh m (Bph-RGO anode)
and from 6.9 kWh m> to 3.6 kWh m™ (hBN-RGO anode), higher removal of the target
contaminants can be achieved by coupling sequential reactors in the intermittent current mode.
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1. Introduction

Carbon-based, metal-free catalysts such as graphene-based materials have emerged as one of the
most promising materials for diverse applications, including water and wastewater treatment and
energy storage devices [1,2]. The use of reduced graphene oxide (RGO)-based electrodes in
electrochemical units, whether their target application is aiming at supercapacitors and batteries,
or (waste)water treatment, offers a range of advantages such as low-cost and easy and scalable
fabrication methods, electrochemical stability (even at high current densities), anticorrosive
properties and high specific capacitance [2—4]. RGO-based electrodes combine both the capacitive
behavior resulting from the electrostatic double-layer capacitance and the pseudocapacitive
behavior resulting from the redox reactions, endowed by the presence of hydrophilic, oxygen
functional groups separated by the hydrophobic regions, which ensure that the active surface is
accessible to the electrolyte [5]. In addition, RGO-based anodes have a demonstrated
electrocatalytic activity in aqueous solutions for the degradation of organic and microbial
contaminants [2—4,6]. Capacitive properties of graphene can enable significant energy savings in
electrochemical water treatment. For example, electrochemical disinfection of tap water with
boron (B)-doped graphene sponge anode enabled 5.5 log removal of E. coli using both continuous
and intermittent current application, but with 76% lower energy consumption in the latter case,
which was decreased from 5.70 kWh m? to 1.38 kWh m™ [2]. Doping of graphene with B and
other elements (e.g., nitrogen (N), phosphorus (P)) is a well-known strategy for increasing the
capacitance of the material as it facilitates charge accumulation, and enhances further the
interaction of the electrode with the electrolyte [1]. Elemental doping of graphene-based electrodes

with B and N has also been shown to increase their electrocatalytic activity [3], whereas this
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electrocatalytic activity is enhanced even further by introducing a two-dimensional (2D) material
such as borophene (Bph) into the RGO coating [6]. Bph-doped graphene sponge anode yielded
higher concentrations of oxidant species (e.g., H2O2, O3, -‘OH) and enhanced the degradation of
persistent organic contaminants compared with the boron-doped graphene sponge anode [3,6]. On
the other hand, functionalization of the graphene sponge anode with hBN enhanced the van der
Waals and n-m interactions of more hydrophobic contaminants with the electrode surface [6]. It is
unclear, however, whether the presence of these 2D materials in graphene-based electrodes
endows them with sufficient capacitance to degrade persistent organic contaminants under
intermittent current, which would allow to lower the overall energy consumption of the system.

In this study, we evaluated the performance of Bph- and hBN-functionalized graphene sponge
anodes, coupled with N-doped graphene sponge cathodes, for electrochemical oxidation of a set
of model contaminants known to be persistent to oxidation, i.e., carbamazepine (CBZ), iopromide
(IPM), and triclopyr (TCP), performed with different cycles of intermittent anodic current. The
objectives of the study were. i) to investigate the impact of functionalization with hBN and Bph
on the capacitive properties of RGO, ii) to investigate the impact of intermittent anodic current on
the system performance using different ON-OFF cycles, and iii) to identify the pathways of
electrochemical degradation of a model contaminant at hBN-RGO and Bph-RGO anode, and iv)
to demonstrate the system performance in real municipal wastewater effluent. The obtained results
prove the feasibility of using graphene-based electrodes functionalized with 2D materials for the

removal of organic pollutants in the intermittent current application mode.
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2. Materials and methods

2.1 Chemicals and reagents

Graphene oxide (GO) aqueous dispersion (0.4 % w/w) was purchased from Graphenea, Inc
(Spain). Analytical grade standards for CBZ, IPM, and TCP, were purchased from Sigma-Aldrich.
Acetonitrile, methanol, and water (LC grade) were supplied by Merck and Fisher. All solvents and

chemicals used in this study were of analytical grade.

2.2 Experimental set-up

Cylindrical flow-through reactor made of methacrylate was equipped with hBN- or Bph-doped
graphene sponge anode and N-doped cathode. Details of the material synthesis and comprehensive
material surface characterization are reported in our previous work [3,6]. To avoid short-circuiting
of the sandwiched electrodes, anode and cathode were separated by a thin polypropylene
membrane. Leak-free Ag/AgCl electrode (LF-1 Harvard Apparatus) was placed in between the
anode and the cathode. The experiments were performed using a low-conductivity supporting
electrolyte (10 mM Na,HPO4/NH,PO4, pH 7, 1.1 mS cm™), in one pass, flow-through mode
(anode-cathode flow direction) at a flow rate of 5 mL min™!, resulting in a hydraulic residence time
(HRT) of 3.45 min. Anodic current density of 231 A m™, calculated using the electrode’s projected
surface area, was applied using a Biologic VMP-300 potentiostat.

Target contaminants (CBZ, IPM, and TCP) were added to the supporting electrolyte at the initial
concentration of 1 uM each. Samples were collected at the outlet of reactor, and immediately
quenched with methanol. For intermittent application of anodic current (231 A m™), three different

ON-OFF pulse cycles were tested: i) symmetrical cycles with 105s ON - 105s OFF, ii) symmetrical
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cycles of 52.5s ON - 52.5s OFF, and iii) asymmetrical cycles with 75s ON - 30s OFF. The ohmic
drops were calculated from the data obtained in the electrochemical impedance spectroscopy (EIS)
measurements, and the recorded anode potentials were corrected for ohmic drops. The near-
vertical slope in the EIS analysis at low frequency was used for obtaining the imaginary part of
the double-layer capacitance (Cai), where Cga represents the real capacitance of the cell at the
corresponding frequency [7]. Nyquist plots of RGO, hBN-RGO and Bph-RGO anodes were fitted
with an equivalent electrical circuit using the BioLogic EC-lab software.

To test the performance of the Bph-RGO and hBN-RGO anodes under more realistic conditions,
experiments were performed using a secondary treated municipal wastewater effluent from a
wastewater treatment plant (WWTP) in Girona, Spain (Table S1), amended with the target
pollutants at 1 uM concentration. The experiments were conducted using a continuous current of
115 A m, and intermittent current with a symmetrical cycle 52.5 s ON/ 52.5s OFF. To prevent
blockage of the graphene sponge electrodes, wastewater effluent was filtered using a 0.22 um
filter. All experiments were conducted in triplicate, and the obtained results are presented as mean

values with their respective standard deviations.

2. 3 Analytical methods

Analyses of the target contaminants were performed using Waters Acquity Ultra-Performance™
liquid chromatograph (UPLC) coupled to a 5500 QTRAP system (Applied Biosystems), equipped
with an electrospray (ESI) source. Details of the analytical methods are summarized in Text S1
and Tables S2 and S3. The concentration of the electrogenerated H>O, was determined by a
spectrophotometric method [8]. The concentration of ozone was measured by a photometric test

kit (LCK) with the quantification limit of 0.05 mg L. Terephthalic acid (TA) was used to evaluate
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the formation of hydroxyl radicals (‘OH) [2,6]; the steady-state concentration of ‘OH was
determined using UV-vis spectroscopy at 239 nm and [-OH] was determined as a ratio of pseudo-

first rate constant of TA decay (kra, s') and kra -ou [9].

2.4 Study of the transformation products

To gain insight into the degradation mechanism occurring at the graphene sponge electrodes
functionalized with the 2D materials, experiments were performed with the Bph-RGO and hBN-
RGO anode at 231 A m?, and using CBZ as a model compound. Structural elucidation of the
transformation products (TPs) was performed with an Orbitrap Exploris 120 mass spectrometer
(Thermo Fisher Scientific Inc), using a Hypersil GOLD™ column (50x2.1 mm, particle size 1.9,
Thermo fisher). The samples were analyzed in full scan mode, from m/z 100 to 1,000, to identify
suspect m/z and further fragment them at a normalized collision energy of 30%. The fragmentation
spectra were acquired by Orbitrap working at a resolution of 15,000 to obtain structural
information of the suspect TPs. All the data was acquired and processed with Compound

Discoverer™ 3.0 Software. Details of the analytical method were summarized in Text S1.

3. Results and discussion

3.1 Electrochemical characterization of graphene sponge electrodes

Electrochemical performance of RGO, hBN-RGO and Bph-RGO anode vs N-RGO cathode was
investigated by cyclic voltammetry (CV) measurements in 100 mM of phosphate buffer solution
between 0 and 0.8 V vs SHE in slow scan rates lead to see the capacitive behavior (i.e., rectangle
shape) (Figure 1 A-C). The area under the curve of Both hBN and Bph-RGO anode increased

with respect to the RGO anode, suggesting an enhanced capacitive behavior of the 2D-
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functionalized sponges [10]. This is due to the larger electrochemically active surface areas (Sk)
of hBN-RGO (0.81 m? g!), and Bph-RGO (0.90 m? g'!) compared to the undoped RGO sponge
(0.67 m?> g') [6], which has a direct impact on the increase in capacitance. The larger
electrochemically active surface areas of hBN-RGO and Bph-RGO are beneficial for ion migration
from electrolyte to the electrode surface, and formation of the double layer, which has an impact
on the capacitance of electrode. Conversely, as scan rates increase, the rectangular shapes
undergoes modifications, a phenomenon attributed to the presence of defects and oxygen
functionalities in RGO-based anodes [6,11]. Also, it is confirmed that addition of borophene caused

a deviation from typical rectangular shape due to the presence of faradaic processes occurring at

the electrode/electrolyte interface [12]. (B)
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Figure 1. Cyclic voltammetry (CV) scans recorded in 100 mM phosphate buffer at pH 7, scan rate
of 10-150 mV/s for: A) RGO, B) hBN-RGO anode, and C) Bph-RGO anode, all coupled to N-
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RGO cathode. D) Experimental Nyquist plots for all anodes in the low conductivity electrolyte (10
mM phosphate buffer at pH 7, 1 mS cm™).

To further study the impact of the functionalization of graphene with the 2D materials, we obtained
EIS Nyquist plots for RGO, hBN-RGO and Bph-RGO anode in 10 mM phosphate buffer (PB)
(Figure 1D). The Nyquist plot of a faradaic impedance spectrum across a broad frequency range
frequently includes two distinct components. First, there is a semicircle in the region of high- to
mid-frequency that represents the frequency region where the electrochemical process is governed
by the charge transfer phenomena and double layer resistance at the electrolyte-electrode surface
(Rct). Secondly, there is a straight line that signifies the frequency region where the
electrochemical process is influenced by the mass transfer phenomena to the electrode surface.
The characteristics of these components may vary depending on the specific values of Cqi and Ret
[13,14]. In the low-frequency domain, all tested anodes exhibit a clear differentiation between the
semicircular region and straight line, indicating that charge transfer phenomena are more
predominant than the mass transfer phenomena.

The equivalent electrical circuit used for fitting the EIS data is also illustrated in Figure 1D. In
this circuit, impedance to current flow arises from the ohmic resistance of the electrolyte between
the reference and working electrodes, called uncompensated resistance (Rs), and denoted as R1.
The value of R1 is determined by the distance between the reference and working electrodes for a
specific electrolyte. R1 is placed in series within the circuit. At both very high and very low
frequencies, the circuit exhibits resistive behavior, causing the semicircle to shift to the real axis.
At very high frequencies, Zreal equals Rs, while at low frequencies, Zreal equals Rcr (R1 + R2).
These boundary conditions are depicted in the Nyquist plot as the first and second intersections of
the semicircle with the x-axis. Additionally, this circuit is connected in series with a second parallel

circuit. Within this parallel arrangement, Q3 and Q4 represent parameters containing capacitance
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information. The series connection Q3/R3 signifies gas diffusion coupled with charge transfer
reactions and ionic transport within the anode functional layer [13]. Ohmic resistances (Rs), i.e.,
bulk electrolyte-electrode resistances obtained from the intercepts of the X-axis, were 9.18 Q, 8.19
Q, and 7.19 Q, for RGO, hBN-RGO, and Bph-RGO respectively. Moreover, the Rct values of
38.83 Q (RGO), 33.48 Q (hBN-RGO), and 29.22 Q (Bph-RGO) implied a lower charge transfer
resistance between the solid-liquid interface for the 2D-functionalized graphene sponges (Table
S4).

Dopants improve the charge density and electrostatic capacity of the double layer by promoting
the space-charge capacitance [15,16]. The electrostatic capacity of each electrode in the double
layer is represented by the Cai [17]. In our previous study [6], the calculated values of Cai were
0.067 F g1 (RGO), 0.081 F g'! (hBN-RGO) and 0.90 F g! (Bph-RGO). These values reflect the
ability of the double layer to store electrical charge in response to an applied potential by
effectively saturating the cavities within the open RGO structure. These cavities contain ionic
liquid and adsorbed counterions, resulting in the formation of a filled phase and a dilute charged
phase [18,19]. This charge storage mechanism allows for the subsequent release of the stored
charge during the OFF stage. Higher Cdl (e.g., Bph-RGO) implies a higher number of ions that
trap in co-ions in the crowded phase (rigid and diffusion-controlled layer), resulting in a slow
diffusion out of the cavity into the dilute counterion-rich phase. Thus, functionalization of
graphene with the 2D materials enhances: i) electrostatic interactions between the electrolyte ions
and electrodes; ii) charge transfer at the electrode/electrolyte interface and iii) ionic binding
capability for charging/discharging processes, leading to an enhanced accommodation of ions at

the electrode surface [20,21].
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3.2 Electrooxidation of persistent organic contaminants

Normalized effluent concentrations of the target contaminants in the initial open circuit (OCinitial),
during the application of current and in the final open circuit (OCfinal) for the two evaluated systems
are presented in Figures S1. In the initial OC, TCP exhibited less than 5% removal at both hBN-
and Bph-RGO anode, thus excluding adsorption as a relevant removal mechanism for this
contaminant. In the case of IPM, its removal in the OC was 24% for Bph-RGO anode, and 13%
for hBN-RGO anode, respectively. Given the high polarity of IPM (log D= -2.1, Table S5), its
removal in the OC can be explained by an enhanced electrostatic adsorption onto the graphene
sponge electrode surface due to its higher polar surface area (169 A?) (Table S5). CBZ exhibited
the highest removal in the initial OC, with 25 and 48% removal at the Bph-RGO and hBN-RGO
anode, respectively (Figure S1 E-F). CBZ has the highest log D value among the investigated
contaminants (log D= 2.3, Table S5), and has a high tendency for m-m interactions with the
electrode surface due to the abundant double bonds and aromatic rings in its structure. Enhanced
adsorption of CBZ at the hBN-RGO anode can be explained by the enhanced n-rt stacking between
the aromatic rings of CBZ and the hexagonal cells of hBN [6].

Functionalized graphene sponges showed an enhanced generation of oxidant species in all cycles
of intermittent current tested compared to the undoped RGO. In both functionalized anodes tested,
52.5s ON/OFF and 75s/30s ON/OFF cycles yielded the highest levels for oxidant generation. For
instance, the cycles of 52.5s ON/OFF and 75s/30s ON/OFF yielded similar concentration of
oxidants to the ones generated with continuous current application, e.g., 31-36 uM of H,O, and
1.2x107-2.5x1077 uM of -OH (Figure 2 A-B). The lower concentration of the measured oxidant

species in 105 s/105 s cycles confirms the capacitive properties of the graphene sponge electrodes,
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where charge is retained for short periods of time and dissipates more during longer OFF stages.
The application of intermittent current resulted in higher concentrations of ozone measured for the

hBN-RGO anode (Figure 2 C).
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Figure 2. Measured concentrations of oxidants at 231 A m™using RGO, Bph-RGO and hBN-RGO
anode, each coupled to N-RGO cathode: A) H>O», B) *OH radicals, and B) ozone.

Electrochemical experiments were conducted by applying a continuous current density of 231 Am’
2 to RGO, Bph-RGO and hBN-RGO anode. This yielded an ohmic-drop corrected anode potential
ranging from 3.1 to 4.5 V/SHE, with a recorded anode potential between 6- 8.2 V/SHE. However,
in the case of three intermittent current cycles, the ohmic-drop corrected anode potential ranged
from 5.1 - 6.1 V/SHE, while the recorded anode potential ranged from 7.9 - 9.1 V/SHE (Table
S7). The observed increase in the anode potentials during intermittent current experiments
conducted on all tested anodes can be attributed to capacitance and ion diffusion during charge
and discharge processes within the graphene sponge electrodes. It is noteworthy that aqueous
electrolytes with lower ionic conductivity (1 mS cm™) exhibit reduced rates of ion mobility and
electrode charging/discharging [2,22]. Consequently, the restricted diffusion of ions within the
low-conductivity electrolyte, combined with increased ohmic losses, results in elevated electrode
potentials [23]. Therefore, during intermittent current application, graphene sponge electrodes
retain the charge more during the shorter OFF stages, to yield a higher total cell potential compared
to continuous current. The increase in the ohmic-drop corrected anode in intermittent current mode
is more pronounced for the Bph-RGO anode compared to the hBN-RGO anode, given that higher
Ca of Bph-RGO, as discussed in section 3.1, leads to its slower discharge.

Figure 3 shows the removal percentages of the target contaminants at 231 A m™ of anodic current
density using RGO, Bph-RGO and hBN-RGO anode, respectively, in continuous current mode
and in three different intermittent current modes. Switching from continuous to intermittent current
led to a significant decrease in the removal efficiencies of CBZ when using the undoped-RGO
anode, i.e., from 50% to 28-35%, respectively. Nevertheless, in the case of functionalized graphene

sponge electrodes, CBZ removal was much less affected by introducing the OFF cycles, with a
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more notable decrease in the removal efficiency observed in the 105/105 cycle (i.e., 53-56%
removal) with longer OFF stage. In contrast, employing short symmetric pulses of 52.5 /52.5
ON/OFF demonstrated comparable CBZ removal efficiency to that achieved through continuous

current. (Figure 3A).
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Figure 3. Electrochemical removal of A) CBZ, B) TCP, and C) IPM using undoped RGO, Bph-
RGO and hBN-RGO anodes each coupled to N-RGO cathode, at 231 A m in the continuous and
intermittent current mode. D) Graphic representation of the direct current and the different
variations of applied intermittent current.

The removal of TCP at the non-functionalized RGO anode was 43-48% and it was minimally

affected by the application of intermittent current, likely due to the stronger electrostatic
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interactions of the negatively charged TCP with the positively charged graphene sponge anode, as
well as m-m interactions of the TCP molecule and the RGO (Figure 3B). Similar results were
obtained for the Bph-RGO anode, with 62-72% removal with both continuous and intermittent
current. In the case of hBN-RGO anode, application of intermittent current decreased the removal
of TCP from 71% with continuous current to 52-56% with intermittent current.

Application of an intermittent current with short OFF periods (e.g., 52.5s/52.5s and 75s/30s
ON/OFF) did not have a significant impact on the removal of IPM compared to the continuous
current application, yielding 74-85% IPM removal when using hBN and Bph-RGO anodes
(Figure 3C). Electrochemical degradation of IPM can occur through direct electron transfer to the
anode as well as through the generation of electrochemical oxidants (e.g., Oz and -OH); IPM is
persistent towards O3, whereas it is more reactive with "OH, with the bimolecular rate constants of
3.34x10° M's™! (Table S6). Thus, its electrochemical degradation proceeds via direct
electrolysis and/or electrogenerated "OH and thus is strongly impacted by their interaction with the
functionalized-anodes surface.

On the other hand, in a continuous flow mode, where the mix of contaminants is continuously fed
into the reactor and removed, the rate of change of concentration (d[contaminant]/dt) can be
expressed as the difference between the inlet concentration ([A]o) and the outlet concentration
([A]) divided by hydraulic residence time (t) of 3.45 min of target contaminants in the reactor.
According to the results (Table S8), the kinetic constants for contaminant removal ranged from
0.08 - 0.16 min! (for the RGO anode) to 0.15 - 0.27 min ! when using anodes functionalized with
2D materials, under both continuous and intermittent current conditions.

In summary, functionalization of the graphene sponge anode with hBN and Bph led to a significant

improvement in the removal of all target contaminants, as well as their respective kinetic constants
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in both continuous and intermittent current application modes. This can be explained by the
favored interactions of contaminants with the anode surface, such as promoted n-r interactions of
CBZ with the hBN-RGO anode, and enhanced generation of oxidant species at the Bph-RGO
anode (Figure 2). The removal efficiencies of the target contaminants were better maintained at
the Bph-RGO anode when switching to an intermittent current application, in accordance with its
higher Cai. (0.090 F g!) compared with the hBN-RGO (0.081 F g'!). The use of intermittent current
facilitates the evacuation of oxygen bubbles formed at the anodes during the OFF cycles and
enhances the interaction of the target contaminants with the electrode surface. The use of a
symmetric cycle with short ON and OFF periods (e.g., 52.5s/52.5s ON/OFF) was the most
effective strategy for the removal of target contaminants. In this case, Bph-RGO anode showed
predominance in the elimination of IPM and TCP, undergoing electrostatic interactions and
reactions with the electrogenerated "OH. CBZ interacts better with the hBN-RGO anode via Van
der Waals forces, in addition to n-m interactions. Even though the large electronegativity difference
between boron and oxygen (6 ~ 1.4) results in a polarized and hydrophilic surface [24] of the Bph-
RGO anode, the dielectric properties of hBN-RGO facilitate the interaction of the anode with
pollutant molecules during ON/OFF cycles. The final OC did not show an increase in the effluent
concentrations compared to the initial OC (Figure S1), implying the electrochemical degradation
of the target contaminants in both continuous and intermittent current mode, as opposed to
electrosorption only.

The electrochemical removal of a set of contaminants using 2D-funcionalized sponges with the
intermittent current mode resulted in significant energy savings, reducing the energy consumption
from 27.1 kWh m™ (RGO) to 24 kWh m™ in continuous current mode for both Bph-RGO and

hBN-RGO anodes at 231 A m™ to 11-13 kWh m™ (52.5s and 105s ON/OFF cycles), 15-18 kWh
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m™ (75s ON/30s OFF) for hBN-RGO and Bph-RGO, respectively (Table S9). Hence, employing
symmetric intermittent current modes with short ON/OFF cycles may provide notable energy
savings while maintaining the efficiency in the degradation of persistent organic contaminants.
On the other hand, the high energy consumption observed is caused by the choice of the phosphate
buffer as the supporting electrolyte, as slow diffusion of phosphate ions within the graphene
sponge electrode, caused by their higher hydration energy and larger size, increases the Rcr of the
material [25]. More realistic streams with lower amount of phosphate lead to a much lower
potential drop through the graphene sponge electrodes and thus lower energy consumption, as
explained in section 3.4 on the example of secondary treated municipal wastewater effluent.
Table S10 shows studies where a commercial anode material, BDD, was utilized for oxidizing
CBZ, IPM and TCP. RGO-based sponges showed removal rates like those achieved by BDD, with
consistent oxidation rate, and lower energy consumption. RGO-based electrodes often required
half the energy used in contaminant oxidation with BDD. Many previous studies used unrealistic
conditions, such as high-conductivity electrolytes and unrealistic contaminant concentrations,
without testing in real water streams. In contrast, this study filled this crucial gap by testing in real-

world conditions, making our approach highly practical and widely applicable.

3.3 Elucidation of the transformation products of carbamazepine

To gain insight into the electrochemical degradation pathways of organic pollutants using Bph-
RGO and hBN-RGO anode, high resolution mass spectrometry was employed to elucidate the
degradation pathways of CBZ as a model contaminant. Figure S2 -S7 show the mass spectra and
Table S11 summarizes the retention times, experimental m/z and exact mass measurement error

values of the identified TPs. The identified TPs imply that the degradation of CBZ occurs through
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oxidation and reduction reactions at both Bph-RGO and hBN-RGO systems (Figure 4 and 5). The
electrochemical degradation of CBZ involves amide hydrolysis, where the carbonyl oxygen
undergoes protonation and reacts with water, resulting in the formation of the corresponding
carboxylic acid and CBZ-193 [26]. This reaction occurs at both Bph- and hBN-RGO anodes.
Additionally, the formation of CBZ-250 [27], which is attributed to hydroxylation and ring
contraction [27,28] (Figure S8), was observed using both 2D-functionalized anodes. The
interaction between CBZ and the electron-deficient boron atoms in hBN and Bph-RGO (acting as
Lewis acids) can lead to the formation of new bonds between the nonbonding electrons of CBZ
and boron from the sponges. This interaction is likely responsible for hydrolysis, hydroxylation,
and ring contraction reaction of CBZ.

Due to its poor reactivity with ozone (Table S6), CBZ molecule often reacts with ‘OH at the
olefinic double bond (C10-C11) on the central heterocyclic ring. This reaction yields an epoxy-
intermediate (CBZ-252) [27-29]. The presence of this TP may be attributed to the higher amount
of ‘OH generated at the Bph-RGO anode compared to the hBN-RGO anode. However, it is
important to note that epoxy-intermediate can also be formed by an initial electron transfer from
CBZ to the anode [27]. Furthermore, CBZ-256 was identified when using Bph-RGO anode, and
assigned to the catalytic hydrogenation of carbonyl and epoxy group from CBZ-252 [30].

The electrochemical reduction of CBZ may be explained by the planar conjugated © electron
systems of CBZ, in which electrons are shared and reactions to various double bonds in the
molecule are likely to occur. For instance, in the hBN-RGO/N-RGO system, the formation of
CBZ-238 can be attributed to the hydrogenation of the double bond [30], followed by the loss of
ammonia moiety and hydrogenation to yield CBZ-225. Upon the adsorption of CBZ at the hBN-

RGO anode surface, the unsaturated bond of CBZ is activated, enabling its interaction with H"
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ions present at the electrode-electrolyte interface. Consequently, hydrogen is added across the

bond, leading to the formation of more saturated TPs.
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Figure 4. Proposal pathway of electrochemical removal of CBZ using Bph-RGO anode coupled
to N-RGO cathode.

S20



0 ==

NH, :

\j: v Chemical Formula: Cy4HsN
_';“ &

1"';"5 g -
N 1 Mo‘lﬁ- CBZ-193
W e

o - iy il i H+

Chemical Formula: C;sH;aN,O
o]

CBZ A y NH;

1) hvdroxylation by -OH in H
hBN-RGO anode +
and ring contraction

2) hatramolecular reaction

Y
H
O\‘/I‘I
I:JH

Chemical Formula: CsH;sN,0"
CBZ-238

\
0
?

\\"O
Chemical Formula: CysH;;N,0,"
CBZ-250
Chemical Formula: C, 5H1.5NO+
CBZ-225
= Oxidation

----- »= Reduction

Figure 5. Proposal pathway of electrochemical removal of CBZ using hBN-RGO anode coupled
to N-RGO cathode.

S21



Figure S9 illustrates the qualitative profiles of the identified TPs (i.e., peak surface areas of TPs
normalized to the initial peak surface area of CBZ). CBZ-193 and CBZ-250, which were observed
with both Bph-RGO and hBN-RGO anodes, are more prominently generated when using the hBN-
RGO anode. Nevertheless, these TPs exhibited a decrease in their intensity relative to the longer
operation times when hBN-RGO was used. For example, CBZ-250 undergoes complete
degradation within 30 bed volumes when hBN-RGO is employed, while it remains present in the
treated solution with the Bph-RGO anode. The persistent presence of CBZ-193 and CBZ-250 in
the Bph-RGO system suggests that CBZ is transformed into these TPs rather than being
electrosorbed. On the other hand, in the case of hBN-RGO anode with an enhanced m-n
interactions, these TPs are likely more adsorbed onto the sponge. This is supported by the unique
identification of CBZ-193 and CBZ-238 in the final OC using hBN-RGO anode. CBZ-256, CBZ-

252 and CBZ-225 were identified in lower intensity in relation to the parent compound.

3.4 Experiments with secondary wastewater effluent

Figure 6 illustrates the removal percentages of the target compounds using secondary treated
municipal wastewater effluent having the same conductivity as the employed 10 mM phosphate
buffer (1.2 mS cm™, pH 7). The experiments were conducted with Bph-RGO and hBN-RGO
anodes, and the effluent was amended with 1 uM of the target compounds in both continuous and
intermittent (52.5s/52.5s ON/OFF) current modes. To address the issue of excessive foaming,
which hindered proper reactor operation, the experiment was conducted using a lower current
density of 115 A m™. This current density was chosen as half the value typically used in the
experiments with phosphate buffer.

Switching from continuous to intermittent current led to a decrease in the removal efficiencies for

all target contaminants for both hBN-RGO and Bph-RGO anodes. Nevertheless, the decline
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observed in both continuous and intermittent current modes was less than 30% when compared to
the experiments conducted in phosphate buffer at 231 A m™. For instance, the removal of CBZ
decreased from 56-63% with continuous current to 45-52% with intermittent current for hBN-
RGO and Bph-RGO anode, respectively. The removal efficiency of TCP at the Bph-RGO and
hBN-RGO anodes exhibited a comparable impact when employing 52.5s/52.5s ON/OFF cycles,
the efficiency decreased from 60% with the continuous current to 43% with the intermittent
current. The removal of [IPM was slightly more affected by switching to an intermittent current for
the Bph-RGO anode, with percentages ranging from 58-78%, compared to 56-66% for the hBN-
RGO anode. This difference can possibly be attributed to the scavenging of -OH produced at the

Bph-RGO anode by the organic matter.

1004 [_]hBN-RGO (CC)
[ ]| hBN-RGO (52.55)
22 Bph-RGO (CC)
80 - /7| Bph-RGO (52.5s)
£ 60+ - |
=
>
c ——
£ 40-
&
oz
20 -
0

CBZ TCP IPM

Figure 6. Electrochemical removal of target contaminants in secondary wastewater effluent using
Bph-RGO and hBN-RGO anodes each coupled to N-RGO cathode, at 115 A m? in intermittent
current mode 52.5s ON / 52.5s OFF.
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The use of real wastewater effluent as a supporting electrolyte with the Bph and hBN-RGO anodes
demonstrated an enhancement in the removal efficiency of target contaminants relative to the
applied current density. This enhancement can be ascribed to the influence of the various ions
present in the wastewater effluent (Table S1), which positively impacted the performance of the
functionalized anodes. For instance, ions like Na™ and CI" (158 and 210 mg L) yield a weaker
solvation shell [31], which gives them a higher degree of mobility in the pores of electrode surface,
leading to a more uniform charge distribution [32,33] and charge density of the double layer [34].
In contrast, phosphate exhibits a stronger solvation shell [31], indicating a tightly bound
arrangement of water molecules around it, resulting in a highly structured and cohesive solvation
shell. This compact solvation structure makes it more challenging for phosphate buffer ions to
adsorb onto the electrode surface, thus affecting ionic transport between the electrode and
electrolyte and consequently the efficiency of contaminant removal. The impact of the electrolyte
anions on the graphene sponge performance and resistance (i.e., Rct, PB > NaNO;3; >NaCl) was
also demonstrated by the electrochemical impedance spectroscopy (EIS) measurements conducted
in our recent study [25]. In Figure S10, the Nyquist plot shows a significantly lower Rct of
approximately 14 Q when using wastewater as the electrolyte compared to 33.48 Q and 29.22 Q
for hBN-RGO and Bph-RGO, respectively, when using phosphate buffer. This difference is
attributed to the easier insertion of ions, such as CI" and SO4*, which are predominantly found in
the secondary treated wastewater effluent, between the layers of reduced graphene oxide (RGO)
in the graphene sponge anode coating, as opposed to the larger phosphate ions [25].

The use of secondary wastewater minimized ohmic losses with Bph and hBN-RGO anodes by
improving the contact between the electrodes and electrolyte, thus maximizing the energy

efficiency and the overall performance of the system. The energy consumption was reduced from
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9.3 to 4.4 kWh m™ (Bph-RGO anode), and from 6.9 to 3.6 kWh m (hBN-RGO anode) applying
direct and intermittent current (52.5s/52.5s ON/OFF), respectively (Table S8). The use of
secondary effluent resulted in a significant reduction in energy consumption and an improvement
in the contaminant removal efficiency compared to phosphate buffer. Given that the electrical
conductivity of the secondary effluent was the same as for the employed 10 mM phosphate buffer
(~1 mS cm™), this reduced resistance of the graphene sponge electrodes highlights the impact of
supporting electrolyte composition on the electrochemical behavior of the RGO-based material

[25].

Conclusions

Functionalizing graphene sponge anodes with 2D materials improves their capacitive properties
and enhances the electrostatic interactions between ions and electrode surface, charge transfer, and
ionic binding capability. Switching from continuous current to intermittent current with shorter
OFF stages (i.e., 52.5s and 75s/30s ON/OFF) reveals similar outcomes in terms of oxidant species
generation and organic contaminant removal compared to the continuous current mode. This can
be attributed to the double layer capacitance of the graphene sponges functionalized with 2D
materials, enabling improved contact between the contaminants and the oxidizing species on the
electrode surface, as well as efficient removal of the oxygen and hydrogen bubbles generated in
the reactor. This strategy reduces the energy consumption from 24 kWh m? in direct current mode
for both Bph-RGO and hBN-RGO anodes to 11-13 kWh m™ (52.5s ON/OFF cycles).

A total of six TPs of CBZ were detected with both functionalized anodes, formed by both oxidation
and reduction reactions. Notably, TPs like CBZ-193 and CBZ-250 are predominant in both

systems, making it difficult to clearly elucidate the differences in their interactions with Bph and
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hBN-RGO anode. However, there is a discernible trend indicating the adsorption of certain TPs
onto the hBN sponge.

The removal efficiency of target contaminants using wastewater in both continuous and
intermittent current modes (52.5s/52.5s ON-OFF) at 115 A m™ was 56-78% and 43-58%,
respectively. The electrochemical systems with hBN and Bph-RGO anodes could remove ~60 %
of the TCP and IPM from municipal wastewater, whereas the removal of CBZ was somewhat
higher for the hBN-RGO anode (63%) compared with the Bph-RGO anode (56%) due to the
enhanced n-m interactions in the first case. The scavenging effect of organic matter on -OH
production has a greater impact on the removal of the most hydrophilic compounds, such as IPM
and TCP, leading to lower degradation when using intermittent current compared with the
continuous current. The application of an intermittent mode (52.5s/52.5s ON-OFF) resulted in a
significant reduction in energy consumption from 9.3 kWh m™ to 4.4 kWh m™ using Bph-RGO
and from 6.9 kWh m™ to 3.6 kWh m™ using hBN-RGO. This study demonstrates the potential of
using 2D-functionalized graphene sponge electrodes in the intermittent current mode, thus

exploiting the capacitive properties of graphene, and enabling energy savings.
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Text S1. Analytical methods

Target organic contaminants were analyzed with a 5500 QTRAP hybrid triple quadrupole linear
ion trap mass spectrometer (QLIT-MS) with a turbo Ion Spray source (Applied Biosystems),
coupled to a Waters Acquity Ultra-PerformanceTM liquid chromatograph (UPLC).
Carbamazepine (CBZ), and iopromide (IPM) were analyzed in electrospray (ESI) positive mode
using an Acquity UPLC HSS T3 column (2.1x50 mm, 1.8 pum, Waters) run at 30°C. The eluents
employed were acetonitrile with 0.1% formic acid (eluent A), and Milli-Q water with 0.1% formic
acid (eluent B) at a flow rate of 0.5 mL min™!. The gradient was started at 2% of eluent A that was
increased to 20% A by 3 min, further increased to 50% A by 6 min and further increased to 95%
A by 7 min. It was kept constant for 2.5 min, before returning to the initial condition of 2% A by
9.5 min. Triclopyr (TCP) was analyzed in the ESI negative mode using an Acquity UPLC BEH
C18 column (2.1x50mm, 1.7um) from Waters run at 30°C. The eluents for ESI negative mode
were mixture of acetonitrile and methanol (1:1, v/v) (eluent A) and 1 mM ammonium acetate
(eluent B) at a flow rate of 0.4 mL min™'. The gradient was started at 5% A, further increased to
100% A by 7 min and then kept constant for 2 min, before returning to the initial conditions of 5

% A by 9 min.

The target organic contaminants were analyzed in a multiple reaction monitoring (MRM). The
source-dependent parameters were: curtain gas, 30 V; nitrogen collision gas, medium; source
temperature, 650°C; ion source gases 60 V and 50 V; ion spray voltage, 5500V, and entrance
potential 10V. For the negative mode; ion source gases 60 V and 70 V; ion spray voltage, -3500
V, and entrance potential -10V. The optimized compound-dependent MS parameters for each
compound are summarized in Table S1, and limits of detection and quantification are reported in

Table S2.
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To identify transformation products (TPs) of CBZ, an Orbitrap Exploris 120 equipped with an
electrospray ionization source (ESI) was used, operating in positive ionization mode with a voltage
of 3500 V. The inject volume of sample was 10 pL, using hypersil GOLD™ column (2.1x50 mm,
1.9 um, Thermo Fisher Scientific) run at 30°C. The mobile phase consisted of 0.1% formic acid
solution (A) and acetonitrile 0.1% formic acid (B) at 0.4 mL min'. The gradient expressed as the
ratio of B was as follows: 0-0.2 min, 2%; a linear increase from 2% to 98%; 0.2—4.75 min, hold

at 98% until 6 min, follow by a linear decrease from 98% to 2%; 6—9 min.
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Figure S1. Electrochemical removal of A-B) TCP, C-D) IPM, and E-F) CBZ using Bph-RGO and
hBN-RGO anodes respectively, coupled with N-RGO cathode, in the OCinitial, 231 A m™ of applied
anodic current at continuous and intermittent mode application with varying durations of ON and

OFF cycles, and OCfinal.
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Figure S2. QTRAP MS? mass spectra of the molecular ion CBZ-193 with proposed structures and

losses of fragment ions.
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Figure S3. QTRAP MS? mass spectra of the molecular ion CBZ-225 with proposed structures and

losses of fragment ions.
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Figure S4. QTRAP MS? mass spectra of the molecular ion CBZ-238 with proposed structures and

losses of fragment ions.
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Figure S5. QTRAP MS? mass spectra of the molecular ion CBZ-250 with proposed structures and

losses of fragment ions.
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Figure S6. QTRAP MS? mass spectra of the molecular ion CBZ-252 with proposed structures and

losses of fragment ions.
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Figure S7. QTRAP MS? mass spectra of the molecular ion CBZ-256 with proposed structures and

losses of fragment ions.
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Figure S8. A possible mechanism for transforming CBZ into CBZ-250 involves using an Bph-
RGO anode coupled with an N-RGO cathode, operating at 231 A m™.
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Figure S9. Qualitative profile of TPs identified using Bph-RGO and hBN-RGO anodes each
coupled to N-RGO cathode at 231 A m™.
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Figure S10. Nyquist plots for Bph- and hBN-RGO anodes in secondary treated wastewater
effluent as supporting electrolyte (1.2 mS cm™).

Table S1. Characteristics of the secondary treated wastewater effluent.

pH 7.0
Conductivity (mS/cm) 1.2
PO4* (mg/L) 0.57

CI' (mg/L) 210.15

SO4* (mg/L) 77.92

Na* (mg/L) 158.11

NH4" (mg/L) 0.0077

K* (mg/L) 29.97

Mg?* (mg/L) 12.82

Ca" (mg/L) 89.99
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Table S2. The optimized compound-dependent MS parameters: declustering potential (DP),

collision energy (CE) and cell exit potential (CXP) for each compound and each transition of the

negative and positive mode.

Organic Q1 Mass (Da) Q3 Mass (Da) DP CE CXpP

compound

Carbamazepine 237.01 194.1 156 47 10

231.01 193 156 47 10

Iopromide 791.72 572.9 156 35 20

791.72 300.0 156 83 10

Triclopyr 256.18 197.7 -75 -16 -5

254.01 196 -55 -30 -10

Table S3. Limits of detection (LOD) and quantification (LOQ) of model contaminants using 5500
QTRAP hybrid triple quadrupole linear ion trap mass spectrometer (QLIT-MS).

Carbamazepine (CBZ) 0.03 0.09
Iopromide (IPM) 0.006 0.02
Triclopyr (TCP) 0.002 0.008
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Table S4. Parameters of the electrochemical circuit fitted with experimental Nyquist diagrams for

all anodes in the low conductivity electrolyte (10 mM phosphate buffer at pH 7, 1 mS cm™).

Equivalent circuit: R1+C2/R2+Q3/(R3+Q4) ‘

RGO hBN-RGO Bph-RGO

R1 9.176 Ohm 8.188 Ohm 7.191 Ohm

C2  10.47x10'*F 5.171x10° F 0.288x° F

R2  19.359 Ohm 14.12 Ohm 15.3 Ohm

Q3 2.487x10°F.s'(a- 1) 0.400 6x10° F.s"(a - 1) 1.133x10° F.s”(a - 1)
R3  19.47 Ohm 19.36 Ohm 13.92 Ohm

Q4 1.131x10°F.s’a- 1) 0.904 2x10° F.s"(a - 1) 2.471x10° F.s"(a - 1)
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Table S5. Chemical structures with represented charge at neutral pH, and physico-chemical
properties of the target contaminants: molecular weight (MW), pKa, octanol-water distribution
coefficient calculated based on chemical structure at pH 7.4 (ACD/logD), and polar surface area.
The calculation of Van der Waals volume was performed using the methodology developed by

Zhao et al. [1], and other information was obtained from https://chemicalize.com/

Organic Chemical structure pka logD Polar

compound MW surface

(g mol™) area

(A2
Iopromide .
(791.11) Hoj\

Carbamazepine HN 0 1596 23 46
(236.27) O \f O
Triclopyr 0 __0° 228 -1.0 59
(256.46) \Eo
Cl Xy
| ¥
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Table S6. Reported bimolecular rate constants of target contaminants with ozone and hydroxyl

radicals at neutral pH.

Compound Kos(M's)
Iopromide 93.07 [2] 3.34 x 10°[3]
Triclopyr 105 [4] 1.7 x 107 [4]
Carbamazepine 9.1 x 10°[5] 9.1 x10° [6]

Table S7. Ohmic-drop corrected potentials for RGO, Bph-RGO and hBN-RGO anode vs Standard

Hydrogen Electrode (SHE) at 231 A m™ for the three electrochemical systems and wastewater-
WW (current density, 115 Am™).

Recorded anodic potential Ohmic-drop corrected anodic
(V/SHE) potential (V/SHE)
Matrix CC 52.5s 105s 75 ON CC 52.5s 105s ON  75s ON

ON ON 30s ON 105s OFF 30s
52.5s 105s OFF 52.5s OFF
OFF OFF OFF

RGO PB 8.2 8.9 8.9 9.1 4.5 53 53 55

Bph- PB 6 8.7 7.9 9.0 3.1 5.8 5.1 6.1

RGO

hBN- PB 7 8.9 8.9 9.1 3.7 5.6 5.6 5.8

RGO

Bph- WW 6 6.5 4.6 5.1

RGO

hBN- WW 5 5.5 -- -- 34 3.9 -- --

RGO
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Table S8. Degradation kinetic constant & (min'') of target contaminants on different anodes
sponges electrodes.

.| RGo [ EBNRGO | BpkRGO |
105/ 52.5/ 75/ CC | 105/ 525/ 75/ CC | 105/ 525/ 75/ CC
105 525 30 105 525 30 105 525 30

IPM | 0.12 0.15 0.16 0.16 | 0.19 021 0.21 022|022 024 024 0.27
CBZ | 008 0.09 0.10 0.14] 0.16 0.20 0.18 021} 0.17 0.19 0.15 0.19
TCP | 0.12 0.13 0.14 0.13| 0.15 0.16 0.16 020 0.19 0.18 0.20 0.20

Table S9. Electric energy consumption (kWh m™) for the removal of target compounds in the

experiments with continuous and intermittent current application in 10 mM phosphate buffer-PB

(current density, 231 Am™) and wastewater-WW (current density, 115 Am™).

cC 52.5s ON/52.5s 1055 ON/105s 75s ON/30s
(kWhm?3) OFF (kWhm?) OFF (kWhm? OFF (kWh m?)
RGO 27.1 11.5 11.5 15.6
Bph-RGO (PB) 24.8 13.5 13.1 18.3
hBN-RGO (PB) 23.6 11.7 11.7 15.8
Bph-RGO (WW) 9.3 4.4 - -
hBN-RGO (WW) 6.9 3.6 — -
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Table S10. Electrochemical oxidation of CBZ, IPM, and TCP by boron-doped diamond electrodes (BDD)

Boron-doped diamond electrodes (BDD)

RGO-based electrodes (Our study)

Co of
Target contaminants Currfant Removal Rate Energy. Removal Rate Energy.
compound and density Reactor (%) constant consumption | Ref (%) constant consumption
p employed | and flow ° (KWhm?) ° (KWhm?)
electrolyte
) 5.4
10 mg L in 5 .
Na,SO. (400 | MA/em® | Continuous | o) 55| ) 47 i1 44 [7]
mg L) 232 mode
g mL/min
100 ug L' in
Different 100 Batch- 0016
queous mA/cm? stirred >92 U 70 [8]
matrices with min
. reactor
high conc of .
Continuous:
¢l 24-27
21110% mol | - 190 0.08-021 | Intermittent:
CBZ Ltin mA/cm? | Continuous . . 28-72 o :
100 n.i n.i [9] min 12-14
0.48 M 1.25 mode Real stream:
NaxSOq4 mL/min 7.9 '
10 0.0027- )
50 mM ) Batch .
NaClo4 mA/cm mode 100 0.3 1_% n.i [10]
min
0.44 Mm in 120
100 mM ) Batch . .
phosphate mA/cm mode 100 n.i n.i [11]
buffer
. _ Batch 2.4-29.4
-1 2 ,
2ugLltin | 200 Am mode 100 Bl 2.44-45.6 [12]
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NaxSOs4 (40 200
mM) and, mL/min
NaNO; (60
mM)
20 ug L' in 15
NaSOsand | mA/cm? Batch 0
NaNO; 370 mode 75 0.10 h 1.44 [13]
anolytes mL/min
5mgLtin 4.8 Continuous 0.0019-
Simulated mA/cm? mode 33 0.002 n.i [14]
wastewater 250 L h min’! 0.12.0.27
IPM I -25mell | 5 Batch 0.3%10-4 | 293 i
in 0.01M mA/em? mode 96 gl n.i [15]
NaxSOq4
2ugLtin
NaxSO4 (40 | 200 A m™
mM) and, 200 iitfllel 100 0'&;’1'_11 L9V ha44s6 | 1121
NaNOs (60 mL/min
mM)
0.12 mM in 16
0.050M | mA/em? iitfllel 78 (r’n?ff 66.8 [16]
NaxSOq4
100 pg L' in | 196 A m 2 1.92 kW h
secondary 162 Ef;gg 40 Or'r?i?flg m3-2.56 | [17] 0.12-0.20
TCP effluent mL/min kWhm 43-72 .min'.l
2pugL'in
Na:SO4 (40 | 200 A m™
mM) and, 200 I';a;flg 100 1'31'1_113 61 aa456 |12
NaNOs (60 mL/min
mM)

n.i= information not reported or insufficient to calculate.
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Table S11. List of the transformation products using hBN-RGO and Bph-RGO (anode) coupled
with N-RGO (cathode)

Name Formula RT Cale. MW Error Reported in
(min) (ppm) other studies

CBZ CisHoN2O 2,66 236.0947 236.0948 -0.87
CBZ-193 CisHiN 2.60  193.0889 194.0965 -0.18 [18]
CBZ-225 C;sHisNO 3.82  226.0928 226.1232 2.48 [18]
CBZ-238 C;sHuuN2O  2.69 238111 239.118 -0.58 [19]
CBZ-250 CisHioN2O2 223 250.0739 251.0816 -1.43 [18,20]
CBZ-252 CisHi2N202  2.89  252.0897 253.0975 -1.86 [18]
CBZ-256 CisHigN2O2  3.41  256.1208 239.1175 -1.55
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