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In this work, a gas diffusion electrode (GDE) made of Printex L6 carbon modified with 2.0 % w/w of benzo-
phenone-3,3',4,4-tetracarboxylic dianhydride (PL6C/BTDA 2 %) was employed as cathode in a new 3D printed
electrochemical cell with tangential flow. With this configuration, the performance of the technology was
evaluated for hydrogen peroxide (H202) electrogeneration and remediation of aqueous wastes contaminated
with diethyl phthalate (DEP) using different HyO,-based advanced oxidation processes (AOPs). The electro-
generation study was carried out varying the current density applied to the system, and it was found that
50 mA cm was the best performing value, resulting in remarkable Faradaic efficiencies of nearly 100 %. This
led to the production of higher amounts of HyOy (442.5 mg L) in 90 minutes at an acceptable energy con-
sumption (8.5 kWh kg’l) compared to values reported in the literature. Based on these findings, H2O-based
AOPs were employed to investigate the removal of DEP in cathodic compartment, including mediated electro-
chemical degradation with electrogenerated H2O2 (e-H202) and the integration of this technology with
ultraviolet-C (UVC) photolysis (e-H205/UVC). The integrated e-H20/UVC obtained the best performance
compared to single photolysis and e-Hy0,, leading to the total elimination of DEP (90 pmol L) within only
30 min of treatment, reaching the highest kinetic rate constant (0.3 min™). Fifteen by-products, generated
through oxidation processes studied, were successfully identified by LC-MS/MS, enabling the proposal of the
degradation mechanism of DEP.

1. Introduction

Interest in hydrogen peroxide (H202) production has surged owing to
its versatile applications across various industries, notably in textiles
and cosmetics, as well as in bacterial and viral disinfection and waste
remediation processes. Indeed, it serves as a primary component in
numerous advanced oxidation processes (AOPs), encompassing a range
of electrochemical advanced oxidation processes (EAOPs), where it is
generated electrolytically in situ. In addition to its high reduction po-
tential (E°= +1.77 V vs SHE), HyO» can be activated in the presence of
UVC irradiation to hydroxyl radical (¢OH) (E°= +2.80 V vs SHE)(De

Aratjo et al., 2016; Lima et al., 2020; Oturan and Aaron, 2014; Y. Song
et al., 2016). This radical has been documented in the literature as being
highly effective in the elimination of aqueous contaminants, even at low
concentrations, including recalcitrant compounds that remain unre-
solved through conventional water treatment methods (Brillas, 2014;
Cordeiro-Junior et al., 2022b). A notable example of such pollutants is
phthalates, a class of plasticizers. Diethyl phthalate (DEP), among
others, is recognized as posing significant health risks to both humans
and animals. Phthalates function as endocrine-disrupting micro-
pollutants capable of adversely perturbing the endocrine systems of
living organisms. (Fromme et al., 2002; Heudorf et al., 2007; Van Wezel
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et al., 2000).

To produce HyO; in the context of alternative water treatment
technologies, electrochemical synthesis stands as a favorable approach
(Xia etal., 2019). This is primarily because HO5 can be generated in situ
directly from the water undergoing treatment, hindering the necessity
for the storage or transportation of this chemical compound-H,05 can be
produced through the cathodic process of the oxygen reduction reaction
(ORR) when it proceeds via the two-electron (2e") pathway, as depicted
in Eq. 1. In contrast, when the ORR follows the four-electron (4e’)
pathway, water (H30) is the resulting product. Hence, in the search of
efficient processes, it is imperative to use catalytic materials that do not
only exhibit high activity for the complete ORR but only selectivity for
the 2e” pathway (Kulkarni et al., 2018; Ma et al., 2019; Zhou et al.,
2019).

02 + 2H" + 2 - H2 02 (l)

0, + 4H" + 4e - 2H,0 )

Carbon-based materials, particularly amorphous carbons like Printex
L6 carbon (PL6C), exhibit notable selectivity for 2e” pathway in the ORR
(Bu et al., 2022). This selectivity is a result of a number of variables,
their favorable electrical conductivity, the presence of functional groups
within their structure and on their surface, and their important surface
area (Cordeiro-Junior et al., 2022a, 2020a). An advantageous charac-
teristic of utilizing carbon, such as PL6C, as a catalytic matrix lies in its
modifiability with various compounds, which can enhance its perfor-
mance in the production of hydrogen peroxide (H203) (Cordeiro-Junior
et al., 2020b; Kronka et al., 2023).

In this regard, numerous compounds, ranging from metal oxides to
complexes and organic substances, have been subjected to investigation
as potential catalytic modifiers (Carneiro et al., 2017; Moreira et al.,
2019; Valim et al., 2021). Within the realm of organic compounds, the
incorporation of Benzophenone-3,3',4,4-tetracarboxylic dianhydride
(BTDA) exhibited notable enhancements in selectivity and efficiency
concerning the electrogeneration of HpO when coupled with PL6C
(Michielli and Elving, 1968; Silva et al., 2022). This favorable outcome
can be attributed to the structural characteristics of BTDA, which en-
compasses multiple oxygenated functional groups. These groups, in
synergy, contribute significantly to augmenting the electrosynthesis of
the desired oxidant (Escobar et al., 2010; Hou and Sun, 2013; Yegorov
et al., 2016).

Beyond the selection of a catalytic material, it is important to
investigate the operational parameters governing the effective genera-
tion of substantial quantities of HyO,. One viable approach involves the
incorporation of these materials into gas diffusion electrodes (GDE)
(Barros et al., 2015; Wang et al., 2021; Zhu et al., 2019). These elec-
trodes are characterized by a tripartite interface (gas-solid-liquid),
enabling the direct delivery of O, gas, the principal reagent in the ORR,
to the reaction surface. This hinders the necessity for dissolving O gas in
the solution, which is non efficient because of the low solubility of O5 in
water and that only can be improved operating at high pressures and low
temperatures (Lima et al., 2020; Muddemann et al., 2020).

The configuration of the electrochemical cell is another pivotal factor
that significantly influences the feasibility of implementing this tech-
nology at a full-scale level (da Costa et al., 2021; Silva et al., 2023; Yu
et al., 2014), being specially important the fluid dynamics attained,
because it may help to reach higher efficiencies.

This study endeavors to achieve optimal current efficiency in the
electrogeneration of HyO2 through the utilization of a newly developed
electrochemical cell, this cell, fabricated via 3D printing to enable
tangential flow, specifically engineered for this purpose and features a
pioneering GDE comprised of PL6C modified with 2 % BTDA. In this
electrochemical cell, a PEM-type membrane will be used not only ex-
pected to serve as separator (avoiding the HyO2 to be consumed by
scavengers) but also to allow only the passage of H which also will
contribute to greater efficiencies in HyO9 electrogeneration as has been
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already reported in a previous work by our research group (Silva et al.,
2023) The primary objective is the complete removal of DEP employing
various AOPs, encompassing mediated electrochemical degradation
utilizing electrogenerated HoO3 (e-H202) and its integration with UVC
photolysis (e-Hy05/UVC). The attainment of successful outcomes holds
significant promise in paving the way for more efficient electrosynthesis
of HyO5 and advancements in wastewater treatment methodologies.

2. Material and methods
2.1. Material

For the manufacture of GDE the carbon (carbon black Printex® L6 —
PL6C) was purchased from Evonik Brazil Itd., benzophenone-3,3’,4,4’-
tetracarboxylic dianhydride (C;7HgO7 — BTDA) with a purity of > 98 %
produced by Aldrich, the carbon cloth from Zoltek, (model PX30), and
the poly(tetrafluoroethylene)-(PTFE) was obtained from Sealflon. So-
dium sulfate (NaxSO4, >99 %) purchased from Merck was used in the
preparation of electrolyte solutions used for HyO5 electrogeneration and
for degradation experiments. Diethyl phthalate (C1,H1404 — DEP) with a
purity > 99.5 % was obtained from Sigma Aldrich. A Proton exchange
membrane (PEM), Neosepta CMX, obtained from Astom Corporation
was used to separate the anodic and cathodic compartment in the
double-compartment cell configuration. Acetonitrile multisolvent
(HPLC grade) was acquired from Scharlau, sulfuric acid (HySO4) with a
purity of >98 %, titanium (IV) oxysulfate solution (TiOSO4 ~
1.9-2.1 %) and potassium bromide (KBr) purity of >99 % (FTIR grade)
were acquired from Sigma Aldrich and used in the analytical analysis.
Ultrapure water (resistivity >18.2 MQ cm) was used in all stages of the
research, (Millipore Milli-Q system).

2.2. Gas diffusion electrode production

The manufacture of the GDE is based on the procedures described
elsewhere (Cordeiro-Junior et al., 2022a; Silva et al., 2022). A catalytic
mass consisting of PL6C and/or PL6C/BTDA 2 % w/w is mixed in a
proportion of % w/w vigorously with PTFE in 500 mL ultrapure water.
Then, it is vacuum filtered, and 2 g of the material are deposited onto a
carbon cloth surface (120 cm?) and double-plate hydraulic press (from
SOLAB, Brazil) with heating accoupled with a termocouple (2 tons for
25 min at 210°C of temperature). Afterward, the cloth was cut into
20 cm? circular shape area to fit the 3-D printed cell compartment.

2.3. Characterization of the gas diffusion electrode

To determine the contact angles of the modified and unmodified GDE
was used an angle meter from Attension Theta. Contact angle mea-
surements were recorded by the angle formed by the contact of a drop of
ultrapure water (3.0 pL) on the surface of the electrode of interest. Using
a scanning electron microscope (JEOL model JSM 6510 V), scanning
electron microscopy (SEM) was used to analyze the surface morphology
of the GDE.

Fourier transform infrared spectroscopy (FTIR) was carried out on
both materials (modified and unmodified), using the tablet method in
which 1 mg of the material of interest was macerated with 100 mg of
KBr until it was homogeneous, and this material was pressed to form a
tablet. The spectra were obtained in a wave range from 500 to 4000 cm
using Tensor 27 from Bruker.

To determine the mass composition of the materials, CHNSO
elemental analysis was carried out using Thermo Scientific FlashSmart
and the PL6C and PL6C/BTDA 2 % materials were analyzed at a tem-
perature of 950 °C for 720 seconds run time, the oxygen values were
obtained by difference (“O*”).
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2.4. Experimental setup and operation procedure

To produce hydrogen peroxide, a tangential-flow electrochemical
cell was mechanically designed using Fusion 360. This reactor consisted
of four frame pieces specifically designed to hold the GDE allowing gas
to enter and the possibility of using a membrane dividing the com-
partments, and they were made of resin (photopolymer Grey Pro - From
Formlabs) by a 3D printer (Form 3+ Stereolithography - from For-
mlabs), and integrated mechanically with seal gaskets and screws, the
resin was chosen carefully to not suffer attack by the chemicals and the
oxidant species generated in it. A GDE (PL6C and PL6C/BTDA 2 %)
cathode and a dimensionally stable anode (DSA®-Cl;) anode from
DeNora S.P.A. in Brazil, both sizing 20 cm?, were integrated in the cell,
as well as a cation exchange membrane that separate the anodic and
cathodic compartments. Electrodes were connected to a power supply
ES030-10 (15 V/10 A) from Delta Elektronica. Production of hydrogen
peroxide was made under galvanostatic conditions and current densities
were modified in the different tests from 25 to 200 mA cm™. Both
compartments of the cell were hydraulically connected to reservoir
tanks (with a capacity of 2.0 L) that contained 1.0 L of electrolyte each
(NaySO4 0.5 mol LD with pH 2.5, adjusted with HoSO4. The electrolytes
were recirculated between the reservoir tanks and the electronic com-
partments by two peristaltic pumps (Percom N-M II from JP Selecta
group) with a flow rate of 250 mL min"l. Temperature of the electrolytes
was kept with a thermostatic bath fixed at 25°C (Tectron-200 27 from JP
Selecta group) (Silva et al., 2023). The flowrate of O5 fed to the GDE was
50.0 mL min . The design of developed electrochemical reactor is
shown in the Fig. SM1 in the supplementary material of the present
work.

The same system used for the electrogeneration of HyO was used to
treat the diethyl phthalate synthetic wastes (replacing the electrolyte
used for hydrogen peroxide production by a solution with an initial
concentration of DEP 20 mg L1 (90 pmol L'l)).

Several technologies were tested:

e Mediated electrochemical degradation with the cathodically pro-
duced hydrogen peroxide (e-H205), in which it is evaluated the
oxidation of DEP with hydrogen peroxide produced on the GDE,
when this electrode is fed with a stream of Oo,

e Photolysis with a 254 nm ultraviolet C light (UVC) of 9 W in which
the electrodes of the reactor were not connected to the power supply
and only UVC light was irradiated to the aqueous waste, while it was
flowed through the hydraulic circuit of the cell,

e Integrated process (e-H205/UVC) in which the combined effect of
hydrogen peroxide produced electrolytically and UVC is evaluated.

In the photolysis and e-Hy03/UVC the lamp is immersed in the
reservoir tank. A fixed current density of 50 mA cm™ was applied in the
e-Hy0, and e-H30,/UVC degradation systems and was chosen after
H20; electrogeneration optimization study.

2.5. Analytical procedures

To measure the H205 in solution, titanium (IV) oxysulfate solution
was utilized as an indicator reagent (at A = 408 nm), The indicator re-
agent forms a complex with H,05, enabling the quantification through
spectroscopic analysis (Chai et al., 2004), using a UV-Vis spectroscopy
(Shimadzu UV- 1700 Spectrophotometer)(Moratalla et al., 2021). The
evolution of the DEP concentration was followed using
high-performance liquid chromatography (HPLC) with a UV-DAD
(Agilent 1100 Series) detector was used. The stationary phase was a
Phenomenez Kinetex C18 column 5 pm particle size (150 mm x
4.6 mm), and the mobile phase consisted of a mixture of acetonitrile and
10 % formic acid in water (70:30; v/v), in isocratic elution mode (at
0.8 mL min!). At a temperature of 30°C and an injection volume of
20 pL, DEP was detected at 228 nm. Considering the following: The
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relative percentage decay of DEP was computed as [DEP]/[DEP]0 x
100 %, where [DEP] and [DEP]O are the values at a predetermined
interval and the start of the experiment, respectively. The analysis
involved filtering the obtained materials using a Chromafil syringe filter
(0.45 ym).

Carboxylic acids intermediates were monitored by HPLC (Shimadzu
— UFLC 20) using a HiplexH reversed- column (7.7 mm x 300 mm) as
stationary phase and the mobile phase consisted of 0.1 M HSO4 at flow
rate of 0.6 mL min'!, with detection at 210 nm. The temperature of the
column was set to 60 °C. The acid intermediates were identified by
comparison with retention time of standard solutions.

The degradation by-products and degradation pathway were deter-
mined using a liquid chromatograph system (Prominence LC 20AT)
coupled to a triple quadrupole mass spectrometer (LC-MS/MS 8030),
both acquired from Shimadzu (Kyoto, Japan). Chromatographic sepa-
ration was achieved using a Shim-pack ODS II column (dimensions:
100 mm x 3.0 mm x 2.2 pm) with a flow rate of 0.6 mL min~!. The
mobile phase was a combination of 0.1 % formic acid in water (A) and
acetonitrile (B) and the elution was performed in gradient mode:
0 —5 min: 10-100 % B; 5-8 min: 100 % B; 8-10 min: 100-10 % B).
The analysis was performed with electrospray ionization (ESI) interface
in positive ionization mode with a scan range of m/z between 50 and
500. The desolvation gas (N2) flow rate was set at 1 L min’l, and the
temperature of desolvation and ion source block was maintained at
250°C and 400°C, respectively. Mass spectra were obtained over a
capillary voltage of 4 kV and collision energy of 35 eV.

3. Results and discussion
3.1. Characterization of the gas diffusion electrode materials

Fig. 1 illustrates the images utilized for calculating the hydrophilicity
of the GDE surface, determined by the contact angle between a water
droplet and the GDE surface. Additionally, SEM photos of the GDE
surface are depicted. It is well-established that an efficient GDE must
facilitate the formation of triple phase boundaries (solid-liquid-gas).
This requirement necessitates adequate hydrophilicity to allow for
liquid permeation through the electrode surface while maintaining
suitable hydrophobicity to enable gas flow along preferential paths to
the active sites. This balance is typically achieved by a PL6C GDE,
elucidating its commendable performance. (Giomo et al., 2008; Wang
etal., 2021). As observed, the average contact angle values for the PL6C
GDE and the PL6C/BTDA 2 % GDE were 124.29° and 123.79°, respec-
tively. This indicates that the addition of the modifier BTDA does not
significantly influence the hydrophilicity of the modified GDE. Howev-
er, it introduces new functional groups that could potentially enhance
the catalytic behavior of the ORR.

Concerning the SEM images, it is evident that the diffusion layer,
situated on a carbon fabric substrate, demonstrates successful deposition
of the catalytic layer. This results in the formation of a thin layer char-
acterized by minimal surface fissures. (Cordeiro-Junior et al., 2022a,
2022b; Marques Cordeiro-Junior et al.,, 2022). These electrodes
commonly exhibit a pattern characterized by shallow cracks, which can
be attributed to the inherent flexibility of the carbon fabric within the
diffusion layer, thereby facilitating the development of these small fis-
sures. Importantly, a thorough analysis of the electrode surface revealed
an absence of regions lacking the catalytic layer. This outcome indicates
a strong adherence of the catalytic layer to the carbon fabric, a notable
advantage attained through the utilization of the high-pressure method
during the preparation of the GDE at elevated temperatures. (Moreira
et al., 2019).

To characterize the surface functional groups of the materials, the
Fourier transform infrared (FTIR) spectrum was analyzed (Fig. SM2).
According to the spectra, the materials exhibit several oxygenated
groups within their structure, including C-OH (1357 cm™), C=0
(1715 em™), N=0 (1446 cm™), and O-H (3665 cm™), along with C=C
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Fig. 1. Contact angles of the ultrapure water droplets on the GDE: a) PL6C. b) PL6C/BTDA 2 %. SEM images of the GDEs: c¢) PL6C. d) PL6C/BTDA 2 %.

(1547 cm'l), which is typical of carbonaceous materials (Adinaveen
et al., 2013; Posher, 1983). However, due to the minor 2 % modification
and the composition of BTDA and PL6C (comprising carbon, oxygen,
and hydrogen) it is very difficult to discern differences between the two
materials. Consequently, elemental analysis was conducted on the ma-
terials, depicted in Fig. SM3, reveals a higher oxygen content in the
9.5 % modified material compared to the 6.2 % unmodified material.
This discrepancy can be attributed to the presence of BTDA, which
contains numerous oxygenated groups within its structure, thereby
causing an anticipated reduction in the carbon content (Hong et al.,
2021; Quan et al., 2018).

3.2. Electrogeneration of H,O2

In order to study the performance of GDE (with and without BTDA in
its composition) in the HoO; electrogeneration, several electrolysis were
conducted with current densities ranging from 25 to 200 mA cm’2, Fig. 2
shows the production of HyO3 in each test and the fitting of experimental
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data to a straight line, which corresponds to a zero-order kinetic model,
whose integration in a discontinuously operated electrochemical cell
corresponds to Eq. 1, where the concentration of HyO, at time t is
expressed by Cyso2(t) and kyopo is the zero-order kinetic constant sH
(Silva et al., 2022).

Ch202() = —kn202 t 3)

Regardless of the GDE composition, increases in current density
result in higher production of HyO5 Also, it is important to comment
that a linear behavior for HoO, production is observed, on the contrary
to the well-documented plateau that appears in non-divided electro-
chemical cells (Cordeiro-Junior et al., 2022a). This linear behavior can
be explained in terms of the prevention of the direct oxidation of HoOy
on the surface of the anode as well as because of the prevention of the
action of scavengers species generated on the anode, because of the use
of the membrane. (Silva et al., 2022). However, by comparing the
modified and unmodified GDE, it can be observed a positive effect of the
addition of BTDA that low current densities: 50 and 100 mA cm™

b)
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Fig. 2. Concentration of H,0, electrogenerated under different current densities for 90 min in a divided cell and apparent kinetic constants (ky202). @) GDE PL6C and
b) GDE PL6C/BTDA 2 %. Electrolyte Na;SO4 0.5 mol L%, 1L, flow rate 250 mL min’}, pH 2.5 adjusted with H,SO4.
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achieved concentrations of HyO5 of 442.5 and 951.5 mg L, respec-
tively, while the unmodified GDE demonstrated HyO» concentrations of
395.6 and 881.2 mg L! for equivalent current densities. However, for
higher current densities (above 150 mA cm’z), this relationship is
reversed, with the unmodified GDE registering higher H,0O, values
compared to the GDE containing the organic modifier. Selectivity for
ORR via 2 e- is only displayed by the PL6C/BTDA 2 % at specific current
density values: It is plausible that an overpotential may induce a loss of
selectivity in the material when the applied electric current surpasses
this threshold. Consequently, the reaction may proceed via 4e’, yielding
H0 instead of HyOs. This phenomenon has been previously docu-
mented in the scientific literature (Silva et al., 2022).

In addition, it is worth noting that the material under investigation in
this study demonstrates a higher kyao2 value in comparison to values
documented in the literature. For example, Moreira et al. (2019) ach-
ieved a kppoz value of 24.10 mg L' min?! for a current density of
150 mA cm™2, while in the current study, a kyoo2 value of 26.27 mg L!
min! was obtained at the same current density (Moreira et al., 2019).
Silva et al. (2023) also conducted research with a PL6C GDE modified
with 2 % BTDA, applying a current density of 50 mA cm™2, and reported
a kpgoz value of approximately 3.00 mg L min’(Silva et al., 2022).
This value is notably lower than the corresponding value in the present
study, which was as high as 11.24 mg L'} min at the same current
density. This discrepancy can be attributed to the methodology
employed in this study for the GDE, which involves the utilization of
carbon fabric as a support for the catalytic material. This discrepancy
can be attributed to the methodology employed in this study for the
GDE, which involves the utilization of carbon fabric as a support for the
catalytic material, this innovative approach enables the reduction of the
proportion of PTFE while preserving the efficiency of HoO5 generation
and ensuring the stability of the material assessed at harsh conditions as
document in a previous study (Marques Cordeiro-Junior et al., 2022),
another factor contributing to the higher levels of HyO9 production
compared to the findings of Silva et al. (2023). is the positive influence
of the novel type of electrochemical cell used, that has an efficiency
performance because of the tangential flow produced inside the cell
that, in turn, contributes to increase mass transfer importantly, as
already been reported in an work that study the same principle of
tangential flow (da Silva et al., 2023).

The effect of the BDTA addition is also seen in Fig. 3, which shows
the Faradaic efficiencies (FE) and energy consumption (EC), calculated
according to Eq. 2 and 3 respectively, where mH,0; is the mass of HoO5
(in g) in Eq. 2 and mass of HyO3 (in kg) for Eq. 3, I is the applied current
(in A), t is the time (in seconds) for Eq. 2 and time (in hours) for Eq. 3.
Two (2) is the stoichiometric number of electrons involved in the process
and F is the Faraday constant (96486 C mol™1) for Eq. 2. Ecell corre-
sponds to cell potential (in V) for Eq. 3 (Sanchez-Montes et al., 2023;
Silva et al., 2022).

35
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Fig. 3. Calculations of Faradaic efficiency and energy consumption for both
electrodes PL6C and PL6C/BTDA 2 %.

90

Process Safety and Environmental Protection 188 (2024) 86-95

mH202 mHZO2
FE(%) = —— 222 9000 = — 272 100% 4
(%) = 0 theoretical * 1% ~Tx tx 342 100% @
_ Eaq xI xt
EC (kWh kg™ ') = = 5
( i ) mH202 ()

As expected according to the changes in the production, the faradaic
efficiency increases from 25 to 100 mA cm™ and reverts this trend at
higher current densities, which support the change in the primary ox-
ygen reduction reaction from the 2 to the 4 electron transfer mecha-
nisms. In the first region the modified electrode is more efficient
reaching FE of 99.99 % at current densities of 50 and 100 mA cm?,
which are higher than those obtained by the bare PL6C GDE, which
reached 94.48 % at 100 mA cm™. Regarding the energy efficiency, the
situation is different because in this case the cell voltage increases
importantly with the current density, making that energy consumption
increases progressively with the increase in this parameter. Anyhow,
operation at 50 mA cm2 exhibits a suitable value with an energy con-
sumption of 8.5 kWh kg™ compared to 13.5 kWh kg needed for oper-
ation at 100 mA ecm? and because of that, it can be proposed as a very
convenient choice for this process.

The better performance of BTDA-modified material when operated
at the most efficient conditions with respect to the conventional GDE can
be elucidated in terms of the direct involvement of BTDA in the reaction
mechanisms for HoO, formation, in turn associated with the capability
to both oxidize and reduce the central oxygen within its molecular
structure, thereby facilitating the direct production of Hy0, as illus-
trated in Fig. 4. This phenomenon has previously been documented in
the literature for quinones and anthraquinones. Given the structural
similarities between benzophenones and quinones, it is reasonable to
anticipate that they may exhibit comparable behavior. Additionally, it is
noteworthy that, aside from the direct influence of BTDA, a synergistic
interaction should be occurring between the modifier and the carbon
matrix. Owing to the presence of multiple oxygenated groups within the
BTDA structure, its alterations in the electron density of the carbon
matrix can be promoted. This modification results in the emergence of a
larger number of active sites within the catalytic matrix (PL6C). These
additional active sites account for the heightened generation of Hy0,
and the concurrent increase in FE, the effect of increasing active sites
was also evidenced by Xia et al. (2019) after chemical treatment of
carbon black with nitric acid, adding more oxygenated groups to its
surface (Xia et al., 2019).

These results underscore the remarkable effectiveness of the tech-
nology, wherein the utilization of GDE featuring an optimized catalytic
material (PL6C/BTDA 2 %) led to the attainment of maximum FE, an
unprecedented achievement in comparison to existing literature.
Several pivotal factors were instrumental in achieving this maximum FE.
First and foremost, the PL6C/BTDA 2 % material constituting the GDE
exhibited high activity for the ORR and exceptional selectivity for the 2e
reduction pathway. Moreover, it demonstrated synergistic behavior
with the carbon matrix, enhancing H,O5 electrogeneration. A pivotal
factor influencing the technology’s performance is the configuration of
the electrochemical cell, as previously emphasized, wherein the GDE is
seamlessly integrated. In this setup, a proton exchange membrane
separate the cathode and anode, resulting in increased current efficiency
and higher quantities of electrogenerated HyO», as previously reported
(Silva et al., 2023). Lastly, the 3D printed electrochemical cell with
tangential liquid flow plays a key role. A very recent study by our
research groups demonstrated, by means of CFD modelling, that this
configuration ensures thorough contact of the entire electrolyte with the
electrode surface, eliminating dead volume and promoting high mass
transport rates and turbulence (da Silva et al., 2023). The synergistic
influence of all these factors enabled the generation of substantial
quantities of HpO2 with maximum current efficiency.
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BTDA

Fig. 4. Proposed reaction mechanism for electrogeneration of H,O, with GDE PL6C/BTDA 2 %.

3.3. Degradation of diethyl phthalate

The GDE PL6C/BTDA 2 % was used in DEP degradation experiments
at current density of 50 mA cm?, recirculating through the cathodic
compartment of the electrochemical cell a synthetic wastewater con-
taining this pollutant. The anodic compartment was fed with a solution
containing the same electrolyte and no pollutants, because its charac-
terization was not the target of this research, focused only on the
cathodic compartment. The degradation of DEP by different process is
shown in Fig. 5. It is worth highlighting that when employing the e-H;0,
and UVC technologies, a consistent degradation pattern for DEP was
observed. These treatment technologies achieved a substantial reduc-
tion in DEP concentration, reaching values within the range 60-70 %,
after treating the waste for 90 minutes. Previously, Xu et al. (2007)
conducted research focused on the removal of DEP through the addition
of HyO5 and the research findings revealed that, after a reaction duration
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Fig. 5. Relative percentage of DEP degraded over time under various treatment
procedures with GDE PL6C/BTDA 2 % and a 50 mA cm™ density current
applied. Electrolyte NaySO4 0.5 mol L1, 1 L, flow rate 250 mL min’!, pH 2.5.

91

of 3 hours, there was no discernible alteration in the initial concentra-
tion of DEP. This observation underscores the considerable inertness of
DEP, indicating that it does not undergo degradation solely through the
action of HyO5 (Xu et al., 2007; Yang et al., 2005). In a separate inves-
tigation conducted by Dong et al. (2016), it was evaluated the impact of
electrochemical oxidation as a sole treatment method on the degrada-
tion of DEP (50 mg L)), and the study revealed that when applying a
current density of 200 mA cm™ a complete degradation of DEP was
achieved within a 120 min. This outcome aligns with the findings of the
current study, wherein it is substantiated that the degradation observed
by e-H30, and this result may be associated to the activation of the
hydrogen peroxide by means of other processes that takes place on the
cell (Dong et al., 2016).

Photodegradation exhibits a degradation pattern consistent with the
previously discussed processes, resulting in the partial degradation of
DEP in 90 minutes duration tests. This behavior can be attributed to the
inertness of DEP, rendering it relatively resistant to UV irradiation. This
observation agrees with prior findings in the literature, as reported by
Medellin-Castillo et al. (2013). In that study, the application of UV light
(15 W) for 180 minutes led to a partial degradation of approximately
70 %, equivalent to the reduction of initial 21.89 mgL' of DEP
(Medellin-Castillo et al., 2013).

The oxidation of DEP molecule exhibited remarkable enhancement
when the coupled approach of e-H202/UVC was employed. This hybrid
treatment strategy achieved complete DEP elimination within a mere
30 min treatment duration. The significant enhancement observed in
this treatment process can primarily be attributed to the ¢OH, generated
through the activation of HoO5 under UVC irradiation, as delineated in
Eq. 4 (Li et al., 2017; Sanchez-Montes et al., 2023; Y. Song et al., 2016).

©

These eOH species selectively target the DEP molecule and its
completely oxidation, causing its degradation, expected behavior ac-
cording to the literature as it is a strong oxidant already consolidated in
science (Chaplin, 2014; Jing and Chaplin, 2017; Wang and Xu, 2012;
Xiao and Ouyang, 2009). Hence, among the investigated processes, the
combined treatment approach that facilitates the generation of highly
reactive and non-selective radicals (¢OH) attains complete molecule

H202 + hv— 2 °OH
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removal within a remarkably brief duration of 30 minutes.

To gain further insights into the process underlying the degradation
of DEP, pseudo-first-order kinetic constants (k;5;) were calculated (by
fitting experimental data) for the various treatment processes and are
presented in Fig. 6a. The data reveal that, as anticipated, the k;4 values
are notably similar for the e-HyO, and UVC processes, with values of
3.94 and 3.67 x10°2 min’}, respectively. These findings align with the
observed DEP degradation trends. In contrast, the e-H,02/UVC process
demonstrated a substantially higher rate constant, 30.0 x10 min’!,
which exceeded the values attained when each individual treatment
process was applied by a factor of more than sevenfold, clearly pointing
out the existence of a synergistic behavior in the integration of both
degradation technologies.

Song et al. (2016) found that applying the Hy02/UVC procedure at
the start of the experiment resulted in a comparatively lower k;5 value
(~ 4.0 x102 min'h) equivalent to DEP (45 umol L'Y) removal as
compared to the value observed in this investigation. (C. Song et al.,
2016). The kinetics results are also superior to those studied by
Medellin-Castillo et al. (2013), who also adding H2O2 at the beginning of
the reaction and activating with UVC (H202/UVC) studied the degra-
dation of DEP (40 mg L) and found a ki value of 3.6 x102 min™!
(Medellin-Castillo et al., 2013). The disparity noted in the kjg values
between the current study and previously reported works in the litera-
ture can be attributed to the continuous in situ electrogeneration of HyO5
facilitated by the GDE and, as well, to the performance of the 3D printed
electrochemical cell. This setup ensures the constant availability of the
oxidant, ready for activation throughout the entire experimental dura-
tion. It is important to consider that the GDE, utilizing PL6C/BTDA 2 %,
efficiently generates substantial quantities of electrogenerated HoO» and
can supply quantities of eOH sufficient to sustain a robust degradation
kinetics.

Eq. 5. provided below was employed for the purpose of assessing and
comparing the treatment methods in relation to their electrical energy
consumed per order of decrease of the pollutant concentration (E/EO),
where Ec is the cell potential in V, Pjayp is the power of the UVC lamp
in W, 6.39 x10~* is a conversion factor (1 h/3600 s/0.4343), ky is the
pseudo-first order rate constant in s~!, and V is the volume in m®. This
approach allows for a comprehensive evaluation of the treatment
methods with respect to their feasibility and efficiency in the oxidation
of DEP, show in Fig. 6b (Silva et al., 2022).

6.39x10~4 (Ecell + Plamp)
\4 Xklst

E / EO (kWhm’3order’1) = )

Once again, the superior performance of the combined e-H,0,/UVC
process is clear. This process presents the lowest E/EO value, quantified
at 2.17 kWh m® order’!, while the individual processes showed signif-
icantly higher energy consumption, with values of 13.58 kWh m™ order”
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1 to e-Hy05 and 25.37 kWh m™ order! to UVC. The combined process
stands out as the most advantageous among the studied methodologies.
One of the key factors contributing to this superiority is its reduced
energy requirement to achieve a one-order magnitude reduction of the
pollutant DEP, underscoring its environmentally friendly character. It is
significant to remember that E/EO values depend on a number of vari-
ables, such as the supporting electrolyte, hydrodynamic circumstances,
applied electric current density, and starting contaminant
concentration.

3.4. Proposal pathway of DEP degradation

By selecting the Selected Ion Monitoring (SIM) and Full Scan (range
of m/z 50-500) modes, it was possible to determine the molecular ion of
the DEP molecule ([M+H]+, m/z = 223) and its characteristic fragment
at m/z 177 (Chingin et al., 2009; Farissi et al., 2023; Mansouri et al.,
2019; Wu et al., 2019).

Fifteen DEP degradation products (DP1-DP15) were identified in the
treatments processes (e-H202; UVC and e-H205/UVC). Chromatographic
and mass spectrometry information for these degradation compounds is
displayed in Table 1 and Fig. SM4. Based on the identified products, four
transformation pathways of DEP were proposed (Fig. 7).

In Pathway I, the occurrence of self-coupling of phenoxy radicals and
successive hydroxylation processes of DEP were suggested, leading to
the formation of high-molecular-weight products DP1 (m/z 479), DP2
(m/z 495), and DP3 (m/z 499). The cross-coupling processes of DEP
radicals have been described in the literature (Zhang et al., 2024).
Degradation reactions of these high-molecular-weight compounds can
also occur through the attack of *OH radicals, with the likely formation
process for DP4 at m/z 391, DP5 at m/z 353, and DP6 at m/z 339. The
formation of these intermediates occurred through the fragmentation of
DP2 and/or DP3 with losses of moieties such as CH40, H20, CoHgO,
and/or CH40,. These coupling reactions which resulted in large mo-
lecular weight products, including dimeric photoproducts (combina-
tions of the two parent compounds or of the parent compound and the
product of UVC process) was only observed during UVC irradiation as
observed in previous studies (Zhang et al., 2024).

A second mechanism for the formation of intermediates (Pathway II)
was proposed by the continuous hydroxylation of the DEP molecule,
leading to the formation of DP7 (m/z 253), DP8 (m/z 271), DP9 (m/z
301), DP10 (m/z 317), and DP11 (m/z 227).

Pathway III describes the oxidation of DEP, with DP12 at m/z 279
being the only intermediate formed by this route.

The attack of the hydroxyl radical on the DEP molecule, causing the
breaking of C-C and C-O bonds, is proposed in Pathway IV. The loss of
two methyl groups from DEP generated DP13 (m/z 195), the removal of
a methoxy unit from DP13 gave rise to DP14 with m/z 165, and
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Fig. 6. a) Kinetic rate constant (k;s) values obtained according pseudo-first order model for DEP removal. b) Electrical energy consumed to reduce the concentration
of DEP by one order of magnitude under the application of different processes. Current density 50 mA cm~2; UVC lamp (9 W), electrolyte Na;SO4 0.5mol L', 1 L,

flow rate 250 mL min™, pH 2.5, duration: 90 min.
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Table 1
Information on the molecular ion, fragments and retention time of DEP and its
degradation products.

Compound Retention Molecular Ion Fragments (m/z)
Time [M+4H]
(minutes)
Diethyl phthalate 4.51 223 177
(DEP)

DP1 3.70 479 312, 271, 222, 185, 83
and 59

DP2 0.73 495 443, 375, 301, 233,
206, 165 and 105

DP3 0.69 499 431, 363, 295, 227, 159
and 105

DP4 1.42 391 279, 235, 199, 183 and
83

DP5 2.93 353 279, 222, 183, 83 and
59

DP6 3.26 339 284, 183, 83 and 59

DP7 11.31 253 225, 201, 101, 83 and
60

DP8 6.15 271 242, 145, 83 and 59

DP9 4.11 301 279, 222, 83 and 59

DP10 4.56 317 279, 222, 185, 83 and
59

DP11 6.96 227 159, 132, 105 and 64

DP12 2.77 279 264, 235, 222, 183,
145, 83 and 59

DP13 9.60 195 181, 135, 83 and 59

DP14 2.56 165 135, 105 and 64

DP15 9.52 183 159, 83 and 59

subsequent hydroxylation of DP14 generated DP15 with m/z 183. This
pathway also includes the aromatic ring opening and the generation of
short chain carboxylic acids as previously reported in the literature
(Jung et al., 2010). Then, e-H202/UVC process stands out as the most
efficient technique since led to more transformations of the DEP to lower
molecular weight by-products (formation of dimeric by-products are
avoided).

Hydroxylation (Jung et al., 2010; Mansouri et al., 2019; Zhang et al.,
2024), demethylation (Peng et al., 2013), dihydroxylation (Peng et al.,
2013; Wu et al., 2019), and decarboxylation (Wu et al., 2019; Xu et al.,
2007) were the major mechanisms described in the literature involved in
DEP degradation, followed by the opening of the aromatic ring (Farissi
et al., 2023; Muneer et al., 2001; Xu et al., 2007).

The detection of short-chain carboxylic acids generated after DEP
degradation using combined e-H205/UVC process was carried out to
better understand the DEP degradation pathway in this system. As
result, acids intermediates detected were oxalic acid (9.4 min), maleic
acid (11.5 min), formic acid (14.5 min) and acetic acid (Tr: 15.7 min).
As reported in previous studies, oxalic acid was the major recalcitrant
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oxidized product that remained at high concentrations (66.8 mg L) at
the end of the treatment, while minor concentrations of maleic acid
(0.03 mg L’l), formic acid (1.5 mg L) and acetic acid (3.3 mg LH
were detected. These three acids (maleic, acetic and formic) are formed
by ring opening of the aromatic ring of DEP (Bensalah et al., 2019).

4. Conclusions

The utilization of a new electrochemical cell with tangential flow ard
in the degradation of diethyl phthalate using a novel GDE PL6C/BTDA
2 % for HyO, electrogeneration were comprehensively documented in
this work. The results obtained allow to draw the following conclusions:

- Higher Faradaic efficiencies (close to 100 %) are obtained using
GDE PL6C/BTDA 2 % when operating at current densities of 50 and
100 mA cm™, where 50 mA cm™ was selected as best choice due to
the lower energy consumption. Higher current densities
(>100 mA cm2) promotes the reduction of oxygen to water, causing
an important decrease in current efficiency for both GDEs studied.

- Among EAOPs employed to evaluate DEP degradation, the combined
e-Hy0,/UVC system yielded the most favorable results leading to the
complete degradation of DEP within 30 minutes of treatment at the
lowest energy cost compared to the other process studied. The
outstanding performance can be associated to the electro-activation
of BTDA and generation of hydroxyl radicals (e¢OH) through the
activation of HyO2 by UVC light, which is more effective in the
elimination of DEP than single photolysis and treatment with HyO»
electrogenerated.

The proposed degradation pathway revealed that in the e-H,02/UVC

process, the aromatic ring opens, and short-chain carboxylic acids

are generated. This process facilitates the transformation of DEP into
lower molecular weight by-products and prevents the formation of
dimeric by-products detected in single photolysis.

- The findings presented in this study underscore the significance of
the synergistic combination of an exceptional divided cell, catalytic
material and an electrochemical cell featuring tangential flow,
rendering the technology viable for practical implementation for the
remarkable performance in terms of current efficiency. Also, as
future perspective opens the possibility of integration of anodic and
cathodic process in the development of a new generation of cells
capable of treating simultaneously two wastes in both compartments
of the cell.
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