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ARTICLE INFO ABSTRACT
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Venlafaxine (VF) and its active metabolite desvenlafaxine (DVF) are widely prescribed antidepressants that are
only partially metabolized and excreted in significant amounts, making them clinically important analytes and
environmentally relevant contaminants. In this study, a free-standing boron-doped diamond (BDD) electrode is

51:3;:;?1}&3 exploited in a dual role for the electrochemical detection and degradation of VF and DVF, integrated into a
Desvenlafaxine custom 3D-printed dual-function electrochemical cell. The nucleation (BDDys) and growth (BDDgs) sides of the

BDD plate were systematically compared under different surface terminations. Oxidized BDDys (O-BDDys)
provided three well-resolved oxidation peaks for VF, whereas hydrogen-terminated BDDys (H-BDDys) yielded a
single distinct peak for DVF in 0.1 M H,SO,. Differential pulse voltammetric (DPV) methods were developed with
limits of detection of 0.35 uM for VF (peak 1) and 0.34 uM for DVF and wide linear ranges in the low-to-high
micromolar region. By exploiting the different surface-termination preferences and multi-peak behaviour of
VF, simultaneous determination of VF and DVF was achieved. The methods showed good selectivity toward
common interferents and were successfully applied to spiked river water and pharmaceutical capsules using the
standard addition approach, giving recoveries close to 100 %. In the 3D-printed cell, BDDgg was used for
electrochemical advanced oxidation, achieving ~97 % degradation of 1 mM VF and DVF in 0.1 M H3SO4 within
20 min under galvanostatic conditions, following pseudo-first-order kinetics. In situ DPV on BDDyg enabled real-
time monitoring of VF decay, demonstrating an integrated detect-and-degrade platform based on BDD and ad-
ditive manufacturing.

Electrochemical degradation

1. Introduction

Depression is a major global health disorder, affecting hundreds of
millions of people worldwide [1] and driving widespread use of the
antidepressants venlafaxine (VF) and its active metabolite desvenla-
faxine (DVF), both serotonin-norepinephrine reuptake inhibitors [2].
However, both compounds are only partially metabolized and are
excreted in significant amounts — up to 5 % as unchanged VF, 29 % as
DVF from VF metabolism [3], and 45 % as unchanged DVF [4] - leading
to their accumulation in wastewaters [5-7] and natural waters [8].

Both VF and DVF are persistent, poorly degradable, and toxic to
aquatic organisms [9,10]. They have been detected globally in surface
waters at concerning levels [8,11] and, due to their ecotoxicological
risk, are included on the European Union’s Surface Water Watch List
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under the Water Framework Directive [9]. Conventional wastewater
treatment processes achieve only limited removal efficiency [7,12], with
one study reporting VF removal of approximately 40 % [13]. Their
persistence highlights the urgent need for reliable monitoring strategies
for not only clinical but also for environmental matrices.

Conventional analytical techniques for VF and DVF, such as high-
performance liquid chromatography (HPLC) coupled with mass spec-
trometry (HPLC-MS/MS), provide high sensitivity and selectivity [2,14].
However, these methods require expensive instrumentation,
labour-intensive sample preparation, and trained personnel, which
limits their applicability for rapid or on-site monitoring. In contrast,
electrochemical detection offers a cost-effective, reliable, accurate,
portable, and straightforward alternative.

Electrochemical sensing represents a promising approach for the

E-mail addresses: j.g.buijnsters@tudelft.nl (J.G. Buijnsters), simona.baluchova@natur.cuni.cz (S. Baluchova).

https://doi.org/10.1016/j.electacta.2026.148353

Received 21 December 2025; Received in revised form 28 January 2026; Accepted 31 January 2026

Available online 1 February 2026

0013-4686/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-9602-7069
https://orcid.org/0000-0002-9602-7069
mailto:j.g.buijnsters@tudelft.nl
mailto:simona.baluchova@natur.cuni.cz
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2026.148353
https://doi.org/10.1016/j.electacta.2026.148353
http://creativecommons.org/licenses/by/4.0/

M. Seféik et al.

detection of VF and DVF [15,16]. To date, the majority of studies have
employed sp>-carbon-based electrodes, such as carbon paste [17], glassy
carbon [18], and screen-printed carbon [19,20] electrodes; see Table S1
in Supplementary Material for a more extensive overview of electro-
chemical sensors developed for VF and DVF detection so far. However,
in most cases, bare sp?-carbon surfaces failed to yield analytically useful
signals, necessitating surface modification. Common modifiers include
multi-walled carbon nanotubes [17,18] and inorganic nanoparticles
such as ZnO [17], Gd03 [20], and Co304 [19], used individually or in
combination. These modification procedures are typically multi-step,
time-consuming, and complex. Moreover, issues with stability and
reproducibility in electrode fabrication can negatively impact the reli-
ability and consistency of the analytical results.

Among electrode materials, the sp3—carbon—based boron-doped dia-
mond (BDD) has emerged as particularly attractive due to its exceptional
chemical stability, low background currents, wide potential window,
high signal-to-noise ratio, and strong resistance to surface fouling [21,
22]. These properties collectively contribute to the long-term reliability
and stability of BDD electrodes in electrochemical applications. How-
ever, it should be pointed out that the electrochemical performance of
BDD electrodes is strongly influenced by a range of parameters [21,22],
including boron doping level [23,24], surface termination [25-27],
spz-carbon content [28], and crystallographic orientation [25,27].

BDD electrodes can be fabricated either as thin films (with thick-
nesses of several hundred nanometres) deposited on substrates such as
silicon, titanium, or as free-standing thick plates (with thicknesses of
several hundred micrometres) [22]. In the case of BDD thin films, only
the growth surface is accessible for electrochemical measurements,
whereas free-standing BDD typically provides both nucleation and
growth faces, which may be used either in their as-deposited or polished
state. We have previously demonstrated that nucleation, growth, and
polished growth surfaces differ markedly in grain size, boron dopant
distribution, and spz-carbon content [28,29], which translates into
distinct electrochemical behaviour, for example in glucose sensing [28]
and electrochemical degradation of carbamazepine in water treatment
[30].

In electroanalysis, BDD electrodes have been successfully applied to
the detection of various pharmaceuticals [21,26,31-34]. To the best of
our knowledge, only one study to date has reported the use of a
commercially available, unmodified BDD thin-film electrode for VF
detection [35], employing batch injection analysis with amperometric
detection as the main analytical approach.

Beyond detection, the removal of VF and DVF from aquatic envi-
ronments is a growing concern. Electrochemical advanced oxidation
processes (EAOPs) have gained attention as green technologies for the
degradation of persistent pollutants [36-38]. BDD electrodes are
particularly well-suited for such applications due to their high oxygen
evolution overpotential, which enables the efficient generation of hy-
droxyl radicals with strong oxidizing capabilities [39-42]. As in sensing
applications, the performance of BDD in EAOPs is influenced by key
material properties such as boron doping level, grain size, and the
density of grain boundaries containing non-diamond (spz) carbon [30,
43-45]. These factors collectively affect the generation of reactive
radical species, and thus directly impact the degradation kinetics and
overall removal efficiency of organic contaminants, including VF [44].
BDD electrodes have already been successfully applied to the degrada-
tion of VF in lab-made solutions [46] as well as in real wastewater [44],
while in the latter 100 % removal efficiency, monitored through
HPLC-UV/MS, was achieved within 4 h under optimized BDD synthesis
and operating conditions.

In parallel, additive manufacturing has recently expanded the design
possibilities of electrochemical systems. 3D printing enables the fabri-
cation of custom-made, low-cost, and reproducible devices with tailored
geometries and integrated functionalities [47-50]. Tailored 3D-printed
electrochemical cells have been designed to optimize reactor geometry
and flow configuration for specific processes, improving control over
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mass transport and operating conditions [47]. Complete additively
manufactured sensing platforms have also been demonstrated, in which
both the cell body and electrode components are printed yet still provide
robust analytical performance [48]. Furthermore, 3D-printed architec-
tures have been used to integrate microfluidic channels with impedi-
metric sensing elements in compact devices [49], and to construct
filter-press electrochemical reactors that offer a versatile, low-cost op-
tion for multipurpose laboratory applications [50].

In this work, we present a comprehensive and methodologically
novel electrochemical strategy to address the challenges associated with
the detection and degradation of VF and DVF using a free-standing BDD
plate. First, we evaluate both sides of the free-standing BDD electrode to
identify the most suitable surface, along with the optimal surface
termination (H- vs. O-) that promotes signal development. Second, we
develop and optimize electroanalytical methods for the detection of VF
and DVF, and demonstrate their applicability through analyses of river
water and pharmaceutical capsule samples. Ultimately, we employ the
same free-standing BDD electrode for the electrochemical degradation
of VF and DVF, and introduce a custom-designed 3D-printed electro-
chemical cell that enables the integrated detection and degradation of
these two antidepressants. To the best of our knowledge, this is the first
report combining side-selective use of a free-standing BDD electrode
with a 3D-printed dual-function cell for simultaneous electroanalytical
monitoring and electrochemical degradation of antidepressants.

2. Experimental
2.1. Reagents and solutions

Analytical reagent grade chemicals were obtained from Sigma-
Aldrich and used as-received: venlafaxine hydrochloride, O-desme-
thylvenlafaxine, potassium hexacyanoferrate(Il) trihydrate, sulphuric
acid (97 %), ortho-phosphoric acid (85 %), potassium nitrate, acetic
acid, boric acid, sodium hydroxide, phosphate buffered saline (PBS;
tablets, pH 7.4), glucose, sucrose, ascorbic acid, citric acid, dopamine,
and acetonitrile. Olwexya® (venlafaxine hydrochloride, 150 mg) com-
mercial capsules were purchased from KRKA Co., Czech Republic.

Stock solutions of VF and DVF (1.0 mM) were prepared in deionized
water or a 1:1 mixture of deionized water and acetonitrile, respectively,
and stored in the dark at 4 + 1 °C. Universal Britton—-Robinson (BR)
buffers (0.04 M) with pH ranging from 2.0 to 12.0 were prepared by
mixing the acidic component (a combination of ortho-phosphoric, acetic,
and boric acids) with 0.2 M sodium hydroxide to adjust the pH, which
was measured using a Metrohm 913 pH meter.

All aqueous solutions were made using ultra-pure water (resistivity
of >18.0 MQ cm), purified with a LWTN Genie A system (Laboratorium
Water Technologie Nederland).

2.2. Instrumentation and procedures

2.2.1. Electroanalytical measurements

All electroanalytical measurements were performed at laboratory
temperature (23 + 1 °C) using an Autolab PGSTAT128N controlled by
Nova 2.1 software (Metrohm, the Netherlands). A conventional three-
electrode configuration was employed, consisting of a free-standing
BDD electrode (Mintres, the Netherlands) as the working electrode, a
silver-silver chloride electrode (Ag|AgCl|3 M NaCl) as the reference
electrode, and a platinum wire (both provided by Bio-Logic, France) as
the counter electrode. The free-standing BDD electrode (1.5 x 1.5 cmz),
approximately 300 um thick and with average boron doping level of
3 x 10%° atoms cm’3, featured both the nucleation side (BDDys) and the
growth side (BDDgg), each mechanically polished and available for
electrochemical measurements. During electroanalytical experiments,
the BDD electrode was mounted at the bottom of an electrochemical cell
such that only one side (either BDDyg or BDDgs) was exposed to the
solution through a circular aperture (5 mm diameter), thereby defining
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the active working area. Comprehensive morphological and structural
characterization of BDDys and BDDgg surfaces, including scanning
electron microscopy, atomic force microscopy, and Raman spectroscopy
(spectra and mapping), has been reported previously in [28-30].

2.2.2. BDD surface pre-treatments

Two surface terminations of the BDD electrode were investigated: an
oxygen-terminated (O-BDD) and a hydrogen-terminated (H-BDD) sur-
face for both the BDDys and BDDgg electrode sides. Surface termination
was modified electrochemically using two distinct pre-treatment pro-
cedures carried out in 0.1 M H»SO4. For anodic oxidation, a potential of
+2.4 V was applied for 20 min to produce an oxygen-enriched surface,
while cathodic hydrogenation was achieved by applying —2.4 V for 20
min to generate a hydrogen-enriched surface. Between individual
measurements, a shorter reactivation step (30 s at the respective po-
tential) was employed to maintain surface termination. The effective-
ness of each pre-treatment method was evaluated using a 1 mM [Fe
(CN)6]3’/ 4~ redox probe, which is sensitive to the nature of the surface
functional groups [25,51].

2.2.3. Optimization of DPV parameters

Differential pulse voltammetric (DPV) parameters, i.e., pulse
amplitude (A), pulse width (t), and potential step (E;), were indepen-
dently optimized for VF (at O-BDDys) and DVF (at H-BDDys), both at
100 pM concentration. Each parameter was varied within the ranges A:
10-150 mV (VF) / 10-250 mV (DVF), t: 5-50 ms, and Eg: 5-25 mV, while
keeping the others constant. The final optimized conditions were: (i) VF
at O-BDDys: A =115mV, t = 10 ms, E; = 15 mV; (ii) DVF at H-BDDys: A
=200 mV, t = 20 ms, Es = 15 mV. Prior to optimization, particularly for
the pH study, the used DPV parameters for both compounds were A = 60
mV, t = 50 ms, and E; = 15 mV.

2.3. Analytical performance

Using the optimized DPV parameters, calibration curves for VF on O-
BDDys and DVF on H-BDDys were constructed from the average of four
replicate measurements per calibration solution. Linear regression was
applied using the least squares method. The limits of detection (LOD)
and quantification (LOQ) were calculated as three and ten times the
standard deviation (n = 10) of the peak current at the lowest measurable
concentration, respectively, divided by the slope of the corresponding
calibration curve.

Simultaneous determination of VF and DVF was also investigated
using DPV under the optimized parameters described above. Three
calibration protocols were employed: (1) dual-variation calibration,
where VF and DVF were present together and varied simultaneously
from 1.0 to 10.0 uM (O-BDDyg); (2) selective calibration for VF, where
DVF was kept constant at 5.0 uM and VF was varied from 1.0 to 14.0 uM
(O-BDDys); and (3) selective calibration for DVF, where VF was fixed at
10.0 uM and DVF was varied from 4.0 to 20.0 uM (H-BDDyg). For each
protocol, calibration curves were constructed and LOD and LOQ values
were calculated using the same procedure as described above.

2.4. Interference study

The selectivity of the developed DPV methods was evaluated by
introducing potential interfering compounds. Sugars (glucose, sucrose)
were tested at a 500-fold excess, while ascorbic acid, citric acid, and
dopamine were added at analyte-to-interferent ratios of 1:1, 1:10, 1:25,
1:50, and 1:100. The influence on the VF and DVF signals (10.0 uM) was
assessed, and interference was considered negligible if the peak current
deviated by less than +10 % compared to the signal obtained in the
absence of interferents.
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2.5. Real samples analysis

A 250 mL river water sample was collected from the Schie River
(Delft, the Netherlands), filtered to remove particulate matter, and used
without further treatment. Aliquots were spiked with 50.0 uM VF or DVF
and subsequently diluted with 0.1 M HyoSO4 in a 1:9 (v/v) ratio, resulting
in a final analyte concentration of 5.0 uM. The standard addition method
was applied using two additions (100 uL each) of a 1.0 mM VF or DVF
stock solution. VF was determined on O-BDDyg and DVF on H-BDDyg,
and all measurements were performed in triplicate (n = 3) to account for
matrix effects and enable accurate quantification.

Pharmaceutical venlafaxine capsules were analysed using three
commercial units, each labelled to contain 150 mg VF. Capsules were
carefully opened, and shells and contents were weighed separately. An
accurately weighed portion of the fill material, corresponding to a final
VF concentration of 5.0 mM in 100 mL, was transferred to a volumetric
flask. Sample preparation followed the relevant pharmacopeia proced-
ure: 8 mL of acetonitrile (8 % of the final volume) was added and the
mixture shaken for 40 min, followed by addition of 50 mL of an aceto-
nitrile-deionized water mixture (25:75, v/v) and shaking for a further
20 min. The solution was then made up to 100 mL with the same ace-
tonitrile-water mixture to obtain a 5.0 mM VF stock solution, which was
filtered through a 0.45 ym membrane. Working solutions for DPV were
prepared by dilution with 0.1 M H2SO4 to give VF concentrations of 10.0
uM, whereas a 0.20 mM VF solution was used for UHPLC-UV analysis.
Standard addition (two to three aliquots of the VF stock solution) was
applied in both DPV and UHPLC determinations, and each capsule
extract was analysed in triplicate to correct for matrix effects and to
evaluate method precision.

Chromatographic analysis of capsule extracts was carried out using
an Ultra-High-Performance Liquid Chromatography (UHPLC) system
Waters Acquity UPLC H—Class (Waters Corporation, Milford, MA, USA)
equipped with a photodiode array detector (4 = 224 nm) and controlled
by Empower 3 software. Analyses were performed on a Kinetex C18
column (1.7 pm, 100 x 2.1 mm) using gradient elution with acetonitrile
and deionized water (10-50 % (v/v) acetonitrile in 5 min), both con-
taining 0.1 % (v/v) formic acid, as the mobile phase.

2.6. Design, fabrication and validation of the 3D-printed cell

A custom 3D-printed dual-function electrochemical cell (internal
volume of 12 mL), shown in Scheme 1, was developed for the oxidative
degradation of VF and DVF and their subsequent detection by in situ
voltammetry (using the optimized DPV parameters) and ex situ UHPLC-
UV analysis. The cell was designed in Autodesk Fusion 360 (Autodesk
Inc., USA) and fabricated on a Form 3 SLA printer (Formlabs, USA). The
cell body, cover, presser, motor stand and stirrer were printed from
Clear V4 resin, while sealing elements were printed from Silicone 40A
resin. Clear V4 components were washed with isopropanol and post-
cured for 30 min at 60 °C; Silicone 40A parts were cleaned in a 4:1
(v/v) isopropanol:n-butyl acetate mixture and post-cured in water for 45
min at 60 °C using a Form Cure unit (Formlabs, USA).

As depicted in Scheme 1 (and shown in Video S1), the free-standing
BDD electrode was mounted vertically by inserting its lower edge into a
triangular aperture and securing the upper edge with the cell cover. The
nucleation side (BDDys) was oriented toward a stainless-steel wire
electrode (0.5 mm diameter), which served as the counter electrode for
voltammetric measurements, while the growth side (BDDgg) faced a
stainless-steel plate cathode (1.5 x 1.5 crnz) used for electrochemical
degradation. Thus, VF and DVF were degraded on the BDDgg-stainless-
steel plate anode-cathode pair (inter-electrode distance of 33 mm),
whereas in situ DPV detection was always performed at the BDDyg
surface versus the stainless-steel wire counter electrode, with an Ag/
AgCl reference electrode placed in close proximity to the BDDyg surface.
The wire counter electrode was installed in the back wall of the cell, and
the plate cathode in the front wall, and both were sealed by clamping the
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Free-standing BDD

(A) Aperture for stirrer anode
N v Ag/AgCl
Cover
- \/ © = electrode
Stainless-steel plate ) holder
cathode
Presser
\ Cell body
Seal 2
(B)
Free-standing BDD Stainless-steel
anode wire electrode
Triangular aperture
Mounting groove 1 " Mounting groove 2

for motor stand for motor stand

Scheme 1. Schematic representation of the 3D-printed dual-function electro-
chemical cell with labelled components, illustrating the arrangement of elec-
trodes and structural elements: (A) external view, and (B) internal view.

presser and back wall together. Electrochemical degradation was carried
out using a laboratory DC power supply (Owon, China), while in situ
DPV measurements were performed with an Autolab PGSTAT128N
(Metrohm, the Netherlands).

Degradation experiments of 1 mM VF and 1 mM DVF were conducted
in 0.1 M HSO4 under galvanostatic conditions at a current density of
200 mA cm 2, with degradation times of 5, 10 and 20 min. During
degradation, the solution was thoroughly stirred using a stirrer driven
by a motor mounted on the dual-function cell via the grooves shown in
Scheme 1(B). Each experiment was conducted in triplicate. Degradation
was monitored using the same UHPLC system and chromatographic
conditions as those described for the pharmaceutical capsule analysis in
Section 2.5. The residual fraction of VF or DVF after each degradation
period was calculated as the ratio of the analyte peak area in the
degraded solution to that of the corresponding 1 mM standard solution,
multiplied by 100 %.

3. Results and discussion
3.1. Effect of BDDgs and BDDys surfaces and their termination

A free-standing BDD electrode featuring both the growth side
(BDDgg) and the nucleation side (BDDys) was employed to investigate
surface-dependent electrochemical behaviour. These two surfaces
exhibit distinct morphological and structural properties [28-30]. The
BDDgs is characterized by larger diamond (sp>-hybridized carbon)
grains, typically ranging from 4 to 54 pym in diameter, resulting in a
lower density of grain boundaries where non-diamond (often sp>-hy-
bridized) carbon is commonly found. In contrast, the BDDyg comprises
smaller diamond grains (1-10 um in diameter) and a higher density of
grain boundaries and sp? carbon content. These intrinsic differences in
morphology and composition are known to influence electrochemical
performance, as previously demonstrated in our studies on glucose
sensing [28] and carbamazepine degradation [30]. Therefore, we first
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examined how these two surfaces affect the electrochemical response
toward VF and DVF.

Both BDDgs and BDDyg surfaces were subjected to electrochemical
pre-treatments to induce either oxidized (O-) or hydrogenated (H-)
terminations, as surface termination is a well-established factor gov-
erning the electrochemical properties of BDD electrodes [25,26].
Changes in surface termination were evaluated using cyclic voltamme-
try with the inner-sphere redox probe [Fe(CN)6]3’/ 4’, which is sensitive
to surface oxygen functionalities introduced by anodic pre-treatment
[26,51]. These modifications manifest as an increase in the
peak-to-peak separation (AE,). Conversely, cathodic pre-treatment,
which reintroduces hydrogen termination, results in a decrease in AE,,
The corresponding voltammograms illustrating the behaviour of [Fe
(CN)6]3_/ 4~ on differently terminated BDD surfaces are shown in Fig. S1
and display an increase in AE, on oxidized O-BDDys and O-BDDgg
surfaces.

Cyclic voltammograms of VF and DVF (both 100.0 pM) were recor-
ded on both oxidized and hydrogenated BDDgg and BDDys surfaces in
three different supporting electrolytes: 0.1 M HySO4 (pH 0.7), 0.1 M PBS
(pH 7.4), and 0.1 M NaOH (pH 13.0), using the respective potential
windows available in each medium. The voltammograms obtained on
BDDygs are presented in Fig. 1, while those recorded on BDDgg are shown
in Fig. S2.

As clearly illustrated in Fig. 1, the most well-defined voltammetric
responses for both VF and DVF on the BDDyg surface were obtained in
acidic medium (0.1 M HsSO4). Under these conditions, VF exhibited
three well-resolved oxidation peaks on oxidized BDDyg surface at +1.30
V, +1.45V and +1.75 V. In contrast, DVF produced only a single peak at
+1.34 V, indicating significant differences in the electrochemical
behaviour of these compounds despite structural similarity (see the in-
sets in Fig. 1(Aiii) and (Biii)). VF oxidized at slightly lower potentials on
the oxidized surface, with higher peak intensities and improved defini-
tion, suggesting a preference for O-terminated BDDys. This preference
for O-termination is consistent with previous work, where anodically
oxidized O-BDD electrode yielded higher oxidation peak intensities and
shifted oxidation processes to lower potentials compared with cathodi-
cally hydrogenated H-BDD surfaces [35].

Conversely, DVF exhibited a more pronounced response on H-
terminated BDDyg, indicating that hydrogen termination is more
favourable for its detection. Thus, VF and DVF differ not only in the
number of redox processes observed, but also in their preferred BDDyg
surface termination for optimal signal development. This behaviour can
be assigned to their molecular structures: DVF contains a phenolic
moiety, whereas VF bears a methoxy-substituted aromatic ring, leading
to different oxidation mechanisms as discussed in detail in Section 3.2.
Phenolic compounds (-OH directly attached to the aromatic ring),
including bisphenol A, chlorophenols, butylated hydroxyanisole, and
butylated hydroxytoluene, have been reported to yield better developed
and often significantly more intense signals on H-terminated BDD
compared to oxidized BDD [52-54].

In neutral medium (0.1 M PBS, pH 7.4), a notable decline in signal
quality was observed. VF generated only a single, poorly defined peak,
and only on O-BDDys. DVF continued to produce a single peak on both
surface terminations, although the response was weaker and less well-
defined than in acidic conditions. In alkaline medium (0.1 M NaOH,
pH 13.0), neither VF nor DVF produced any detectable signals on
BDDys, regardless of surface termination.

A markedly different behaviour was observed on the BDDgg surface
(Fig. S2). In acidic medium, VF yielded two poorly defined peaks, and
only a faint signal was observed in PBS on O-BDDgs. No signals were
recorded for VF on H-BDDgg, nor under alkaline conditions for either
termination. DVF exhibited even poorer performance, with no discern-
ible peaks on either O-BDDgs or H-BDDgg in any of the tested media,
making it essentially undetectable on the BDDgg surface.

Overall, the BDDys surface exhibited superior electrochemical per-
formance toward both VF and DVF compared to BDDgg. This behaviour



M. Seféik et al.

30 . . ; . ;
(Ai) 'VFinH,SO,
—— O-BDDy
20 - ——H-BDDys E

-10 1 1 1 I
-0.5 0.0 0.5 1.0 1.5 2.0

E vs. Ag/AgCI (V)

-0.5 0.0 0.5 1.0 1.5

-1.0
E vs. Ag/AgCI (V)
30 (Aiii)  |VF in NaOH 7
—— O-BDDyg
—— H-BDD,
15 = .
< of .
=
-~ /, . R/ N/
=15+ /7 | A
!
v,/
/
v,
=30+, i
1y O
I/ 1 1 1 1 ~ 1
-1.5 -1.0 -0.5 0.0 0.5 1.0

E vs. Ag/AgCI (V)

Electrochimica Acta 555 (2026) 148353

20 |L(BY DVF in H,SO, i
—— O-BDDy¢
—— H-BDD,
10 - .
R g |
-~ /
/ /
—10L ¥ 4
10 /IV
A
l’
-20}F 4
‘l
I 1 1 1 1 1 1
-1.0 -05 00 0.5 1.0 1.5 2.0
E vs. Ag/AgCI (V)
(Bii) |DVFinPBS
w0k —— O-BDD,¢ |
—— H-BDD,g

1 1
-0.5 0.0 0.5 1.0 1.5

-1.0
E vs. Ag/AgCI (V)
(Biii)  [DVF in NaOH |
20 —— 0-BDDyg

OH B

-1.0

—0|.5 ofo 0:5 1.0
E vs. Aa/AaCl (V)

Fig. 1. Cyclic voltammograms of (A) 100.0 uM VF and (B) 100.0 uM DVF recorded on (green) oxidized and (pink) hydrogenated BDDys electrode surface in different
supporting electrolytes: (i) 0.1 M H,SO4 (pH 0.7), (ii) 0.1 M PBS (pH 7.4), and (iii) 0.1 M NaOH (pH 13.0). The scan rate was 100 mV s~1. Dashed lines represent the
corresponding supporting electrolytes. The chemical structures of VF and DVF are shown as insets in (Aiii) and (Biii), respectively.

can be attributed to the smaller grain size and higher density of grain
boundaries on the nucleation side, where sp?-bonded carbon may reside
[29]. Such spz—carbon domains are known to accelerate, or even enable,
electron-transfer kinetics and facilitate redox processes; in our previous
work with glucose, the strongest oxidation response was likewise ob-
tained on BDDyg, which contained the highest proportion of sp>-bonded
carbon among the tested BDD electrodes [28].

Consequently, all further voltammetric experiments were conducted
using the BDDys electrode. Specifically, O-terminated BDDyg was
selected for VF due to its better-developed peaks, while H-terminated

BDDys was used for DVF, where its signal was more pronounced.

3.2. Effect of pH

To further clarify the effect of pH, a thorough pH study was per-
formed with both VF and DVF (both 100.0 pM) in BR buffers of pH
2.0-12.0 (with a step of pH 1.0), 0.1 M HoSO4 (pH 0.7) and 0.1 M NaOH
(pH 13.0) on O-BDDyg and H-BDDyg electrodes, respectively. Obtained
DPV curves are displayed in Fig. 2 (A, B) and show the strong depen-
dence of both studied compounds on pH of the supporting electrolyte.
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Fig. 2. DP voltammograms of (A) 100.0 uM VF recorded on O-BDDys and (B) 100.0 uM DVF recorded on H-BDDys in solutions with pH values ranging from 0.7

to 13.0.

VF contains a tertiary amine group (see Fig. 1(Aiii)) with a pKa of
approximately 9.4, and therefore exists predominantly in its protonated
(cationic) form in acidic and neutral media (up to about pH 8). As clearly
depicted in Fig. 2(A), the best-developed voltammetric signals were
obtained in strongly acidic conditions (0.1 M HySO4; pH 0.7), where
electrostatic attraction between protonated amine groups of VF and
oxygen-containing surface functionalities on O-BDDys bearing partially
negative charge (-C>*—0°") likely promotes adsorption and electron
transfer, as also previously reported for nitrogen-based heterocyclic
compounds [26]. Three oxidation peaks are clearly observed up to pH
4.0; with increasing pH, the anodic potential window narrows and only
the first two peaks remain, gradually merging between pH 5.0 and 7.0.
From pH 9.0 to 11.0, a single main peak is observed together with a new,
smaller peak at lower potential, which may be associated with the
coexistence of protonated and neutral VF species near the pKu. At even
higher pH, the signals become progressively weaker and are almost
completely suppressed at pH 13, indicating unfavourable conditions for
VF oxidation. In a previous study of VF on a different type of BDD
(thin-film), no oxidation peaks were observed for VF at pH values above
8, and an acidic medium of pH 2.0 was selected as the most suitable
[351.

DVF exhibits two ionization equilibria, with pK, values of approxi-
mately 8.3-8.9 for the dimethylamino group and ~10.1 for the phenolic
group. Analogously to VF, it exists predominantly in its protonated form
(at the tertiary amine) up to about pH 7. Nevertheless, analytically
useful voltammetric signals for DVF were only obtained on H-BDDyg in
highly acidic medium (0.1 M H3SO4, pH 0.7), as shown in Fig. 2(B); in
other media, only a weak and poorly defined peak was observed. For
both VF and DVF, the best-developed signals were thus achieved in
strongly acidic 0.1 M H3SO4, which was therefore selected as the sup-
porting electrolyte for subsequent studies.

Thus far, VF has been more frequently studied electrochemically
than DVF [17-20,55-58] (see Table S1). On spz-carbon-based electrodes
such as bare glassy carbon, pyrolytic graphite [55] or screen-printed
carbon electrode [58], VF typically provides a single broad oxidation
peak in the potential range of +0.6 V - +0.8 V. In contrast, on O-BDDyg
three distinct oxidation peaks are observed at +1.20, +1.38, and +1.62
V, i.e., the first peak is shifted by roughly 400-600 mV to more positive
potentials. For DVF, only a few electrochemical studies are available,
including two on potentiometric determination [59,60] and two on
voltammetric determination; in one case a reduction (cathodic) process
was monitored [17], and in only one study an oxidation signal was re-
ported, using a Nafion-carbon nanotube modified glassy carbon

electrode [18], where the oxidation peak appeared at approximately
+0.7 V. On H-BDDyg, however, DVF oxidizes at +1.28 V, again shifted
by nearly 600 mV relative to sp>-carbon electrodes.

Such anodic shifts on BDD compared to sp>-carbon electrodes have
previously been described for phenolic and anisole-type aromatic spe-
cies [61,62] and are commonly attributed to the heterogeneous nature
of BDD, with a lower density of electronic states and fewer charge car-
riers, which can decrease electron transfer rates and increase over-
potentials for redox reactions. In such a regime, successive
electrochemical/chemical steps can become kinetically separated and
appear as distinct peaks rather than collapsing into a single
multi-electron wave, as is typically observed on spcarbon materials,
where the process is interpreted as an overall oxidation without
resolving sub-steps. The multi-peak behaviour observed for VF on BDD is
therefore ascribed to the combination of BDD’s distinct electronic
structure and surface chemistry, which promotes the separation of in-
dividual electron transfer steps. A similar phenomenon has been re-
ported for the plant-growth regulator 1-naphthaleneacetic acid, where
two distinct oxidation peaks were observed at BDD [63], whereas only a
single oxidation peak was obtained at glassy carbon or carbon paste
electrodes [64,65].

Finally, the differences in oxidation mechanism between VF and
DVF, despite their very close structural similarity, also contribute to the
distinct voltammetric behaviour observed on BDD. DVF contains a
phenolic group (—OH directly attached to the aromatic ring), which is
most likely the primary electroactive site. Its oxidation on BDD can be
presumably described by the established mechanism for phenols: an
initial one-electron/one-proton step to form a phenoxy radical [66],
followed by rapid chemical reactions such as further oxidation to
quinone-type species or irreversible radical-radical coupling or reaction
with a parent molecule (dimerization and eventual polymeric film for-
mation) [67]. These follow-up processes are predominantly chemical
and are not resolved as separate faradaic events, so DVF gives a single
anodic peak. In contrast, VF carries a methoxy group (-OCHs) on the
aromatic ring, and literature proposes a multi-step, two-electron
mechanism: (i) initial oxidation of the aryl ring to an aryl radical cation;
(ii) nucleophilic attack of water with loss of the methoxy group, yielding
a phenolic/aryl radical intermediate; and (iii) a second electron transfer
leading to a more oxidized quinone-like species. On BDD, a further
(third) electron-transfer step is plausibly associated with oxidation of
the tertiary amine to an aminium/iminium species, as the nitrogen lone
pair can also be oxidized. This assumption is supported by previous
studies on tertiary-amine-containing drugs: for example,
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benzoylecgonine, measured at a BDD electrode, exhibits an irreversible
oxidation process with a maximum peak around +2.10 V in acidic me-
dium, attributed to oxidation of the tertiary amine in the tropane group
[68].

3.3. Analytical performance

3.3.1. Optimization of DPV parameters

Given the irreversible oxidation behaviour of VF and DVF on the
BDDys electrode surface (see Fig. 1), DPV was selected as the preferred
technique for developing sensitive, selective, and reliable detection
protocols. To this end, key DPV parameters affecting both peak current
(signal intensity) and peak potential (position and shape), specifically
modulation amplitude (A), modulation time (t), and potential step (Es),
were systematically optimized.

The optimization was performed independently for VF and DVF
(each at a concentration of 100.0 uM) using O-BDDyg for VF and H-
BDDys for DVF. The influence of each parameter was evaluated within
the following ranges: A 10-150 mV (for VF) and 10-250 mV (for DVF), t
5-50 ms, and Es; 5-25 mV. During the optimization process, two pa-
rameters were held constant while the third was varied to assess its ef-
fect on the analytical response. Fig. S3 illustrates the dependence of the
recorded peak currents of VF and DVF on the tested values of each DPV
parameter. The final DPV conditions were selected as a compromise
between maximizing peak intensity and maintaining well-defined peak
shapes. The optimized parameters were: (i) VF at O-BDDyg: A 115 mV, t
10 ms, Eg 15 mV; (ii) DVF at H-BDDys: A 200 mV, ¢t 20 ms, Es 15 mV. The
DP voltammograms obtained using these optimized parameters are
depicted in Fig. 3 and compared with those recorded using initially
selected, non-optimized parameters.

3.3.2. Stability of DVF and VF voltammetric responses

A series of experiments was conducted under optimized conditions, i.
e., BDD surface state, supporting electrolyte and DPV parameters, to
evaluate the stability of the voltammetric signals of VF and DVF (both
100.0 uM). Ten consecutive DPV scans were performed under three
different conditions: (i) without any stirring or electrode pre-treatment
between scans, (ii) with stirring of the solution between scans, and
(iii) with an electrochemical pre-treatment step applied between scans,
i.e., 30 s of anodic oxidation for O-BDDys or 30 s of cathodic reduction
for H-BDDyg. Both the peak potentials and peak currents were moni-
tored. While peak potentials remained essentially stable (with a
maximum deviation of +0.010 V), peak currents varied depending on
the measurement conditions, as shown in Fig. 4 and Table S2.

In the first set of measurements, i.e., ten successive DPV scans

(A)

90 - prior optimization 4
optimized parameters

E vs. Ag/AgCI (V)
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without stirring or pre-treatment, a continuous decline in signal in-
tensity was observed for both VF and DVF. This signal deterioration is
attributed to two main factors: (1) a decrease in the local concentration
of the analyte near the electrode surface, and (2) progressive fouling of
the BDDyg surface due to adsorption of oxidation products.

When the solution was stirred between measurements, the decrease
in peak currents was significantly mitigated for VF, with reductions
limited to 13-23 %. Stirring likely restores the analyte concentration at
the electrode surface and partially removes adsorbed species. As illus-
trated in Fig. 4(A), although a decline in peak currents still occurred, it
was substantially smaller than in the unstirred case (which showed a
60-77 % decrease). In contrast, DVF exhibited less improvement with
stirring, and a 55 % decline in peak current was still observed after ten
scans (Fig. 4(B)). This behaviour is consistent with the proposed
oxidation mechanism: DVF oxidizes via a phenoxy-radical pathway,
which can lead to the formation of dimeric and polymeric products that
strongly adsorb on the H-BDDyg surface and cause pronounced fouling,
not prevented by simple stirring. For VF, the oxidation products are
presumably less prone to form strongly adherent polymeric films, and
any fouling appears weaker and more easily mitigated by stirring, which
aligns with the different oxidation pathways and products discussed in
detail in Section 3.2.

Notably, incorporation of the respective electrochemical pre-
treatment step between scans ensured highly reproducible signals for
both compounds. Excellent intra-day repeatability (n = 10) was ach-
ieved, with relative standard deviations (RSD) not exceeding 2.1 % (see
Table S2). These results confirm the high stability and reliability of the
VF and DVF signals when a simple, quick reactivation procedure is
employed.

An additional advantage is that the BDDyg electrode operates effec-
tively in its unmodified form. If required, the surface can be conve-
niently reactivated by extending the pre-treatment step, eliminating the
need for complex and time-consuming modification protocols typically
required for spz—carbon—based electrodes [17-20,55-57,69]. Moreover,
such modified electrodes often suffer from signal instability and fabri-
cation reproducibility issues, making BDDyg a robust and practical
choice for reliable electrochemical detection of these antidepressants.

3.3.3. Concentration dependences

Next, the concentration dependence of both antidepressants was
investigated under optimized conditions using the BDDys electrode. The
resulting DP voltammograms are depicted in Fig. 5. Key analytical pa-
rameters, including linear range, sensitivity, as well as the calculated
LOD and LOQ values are summarized in Table 1, while the calibration
graphs for the individual VF peaks and DVF are depicted in Fig. S4.

s ®

prior optimization
—— optimized parameters

10

0.6 08 10 12 1.4
E vs. Ag/AgCI (V)

Fig. 3. DP voltammograms of (A) 100.0 uM VF recorded on O-BDDyg and (B) 100.0 uM DVF recorded on H-BDDys, comparing signals obtained using initially
selected (pre-optimization, pink line) and optimized (blue line) DPV parameters. Dashed line corresponds to the supporting electrolyte (0.1 M HSOy,).
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(—2.4 V) for H-BDDys.
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Fig. 5. DP voltammograms of (A) VF recorded on O-BDDys and (B) DVF recorded on H-BDDyg at various concentration levels. Dashed lines correspond to the
supporting electrolyte (0.1 M H,SO4).

Fig. 5 clearly shows that the oxidation peak currents of both VF and
DVF increase with increasing concentration, and two linear ranges were
obtained for each antidepressant. The LOQ values are either below or

very close to 1.0 uM,

which is relevant given that therapeutic plasma

concentrations are approximately 0.5-2.2 uM for VF and 0.3-1.5 uM for
DVF [70], with higher levels associated with an increased risk of

toxicity. In environmental waters, however, VF and DVF typically occur
at concentrations several orders of magnitude lower (nM range) [8], and
the developed voltammetric methods cannot be applied directly to un-

treated samples; an
would be required.

appropriate preconcentration step (e.g., extraction)
When compared with previously reported electro-

analytical methods (summarized in Table S1), the analytical figures of
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Table 1

Analytical parameters of VF and DVF concentration dependences recorded by

developed DPV methods.

Compound  Linear Intercept Slope R LOD LOQ
range (nA) (pA @M (M)
(nM) KM )
0-BDDys
VF-peakl 1.0-75.0 0.49 + 0.547 + 0.9962  0.35 1.15
0.52 0.017
75.0 - 19.2 + 0.278 + 0.9995
175.0 0.07 0.005
VF-peak2 1.0-75.0 0.48 + 0.625 + 0.9969  0.29 0.89
0.54 0.018
75.0 - 27.6 £ 1.0 0.236 + 0.9988
150.0 0.008
VF-peak3 1.0-50.0 4.93+ 0.726 + 0.9876  0.14 0.42
0.91 0.044
50.0 - 26.1 £2.0 0.287 + 0.9931
175.0 0.017
H-BDDys
DVF 2.5 - —0.06 + 0.226 + 0.9988  0.34 1.04
150.0 0.29 0.004
150.0 - 20.5 + 0.6 0.086 + 0.9987
275.0 0.002

merit obtained here are comparable, and in some cases superior, while
using a robust, unmodified BDD electrode and thus avoiding complex
and time-consuming surface modification procedures.

3.3.4. Simultaneous detection of VF and DVF

DVF is the main active metabolite of VF, and both compounds thus
co-occur in biological matrices (e.g., blood, urine) as well as in envi-
ronmental waters. It is therefore important to assess whether VF and
DVF can be reliably determined in the presence of each other using the
proposed DPV methods. A notable advantage of the developed approach
is that VF and DVF exhibit different preferences toward BDD surface
termination (VF on O-BDDyg, DVF on H-BDDys), which can be exploited
to improve signal discrimination in mixtures. The simultaneous detec-
tion was evaluated in the lower micromolar concentration ranges, which
are more relevant for physiological levels and for environmental sam-
ples (the latter after an appropriate preconcentration step). The corre-
sponding analytical parameters, derived from the DP voltammograms
shown in Fig. 6, are summarized in Table S3.

Three calibration strategies were investigated. In the first, a dual-
variation calibration (Fig. 6(A)), the concentrations of both VF and
DVF were simultaneously increased stepwise from 1.0 to 10.0 uM on O-
BDDys. Under these conditions, the second and third oxidation peaks of
VF remained well resolved and could be reliably quantified, whereas the
DVF peak partially overlapped with the first VF peak but could still be
evaluated separately. In the second strategy (Fig. 6(B)), the DVF con-
centration was fixed at 5.0 uM and the VF concentration was varied
(from 1.0 to 14.0 uM) on O-BDDys. Again, the second and third VF peaks
were essentially unaffected by DVF and could be determined with very
good selectivity. The first VF peak was influenced by the presence of
DVF at low VF levels but became well defined and suitable for evaluation
at VF concentrations > 4.0 uM. In the third strategy (Fig. 6(C)), the VF
concentration was held constant at 10.0 uM while the DVF concentration
was varied (from 4.0 to 20.0 uM) on H-BDDyg. The main DVF peak could
be clearly discerned and quantified, although a small contribution from
the first VF peak appeared at higher potential values. Overall, these
results demonstrate that, by exploiting the distinct surface-termination
preferences and the multi-peak behaviour of VF, simultaneous deter-
mination of VF and DVF is feasible within the investigated concentration
ranges.

3.4. Interference study

The selectivity of the proposed DPV methods for VF and DVF
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Fig. 6. DP voltammograms recorded under the following conditions: (A)
simultaneous variation of VF and DVF concentrations (dual-variation calibra-
tion) on O-BDDyg, (B) DVF kept constant at 5.0 uM while VF concentration was
varied, recorded on O-BDDys, (C) VF kept constant at 10.0 uM while DVF
concentration was varied, recorded on H-BDDyg. Dashed lines represent the
background response of the supporting electrolyte (0.1 M H2SO4).
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detection was further evaluated by examining the voltammetric
response of 10.0 uM solutions of each analyte in the presence of common
interfering compounds at varying concentrations. Representative DP
voltammograms recorded in the presence of interferents are shown in
Fig. S5, while Fig. 7 summarizes the extent to which VF and DVF peak
currents were affected by each interferent.

Both VF (all three peaks) and DVF showed minimal interference from
a 500-fold excess of carbohydrates (glucose and sucrose) and from citric
acid at concentrations up to 1000 uM. However, interference became
more pronounced with electroactive compounds such as ascorbic acid
and dopamine. Ascorbic acid (vitamin C), which is typically present in
blood at concentrations between 10 and 115 uM [71], had limited
impact on VF peaks 1 and 3 and the DVF signal at physiological levels.
However, VF peak 2 was significantly affected at ascorbic acid concen-
trations from and above 100 pM, and DVF signal intensity deviated
beyond the +10 % tolerance threshold at 500 uM, a concentration not
expected in real biological samples.

Dopamine, present in plasma at low concentrations (< 0.1 uM), did
not interfere with VF detection even at elevated levels (250 uM for peaks
1 and 2, and 100 pM for peak 3). In contrast, dopamine had a more
pronounced effect on DVF detection, suggesting potential challenges in
selective quantification of DVF in dopamine-rich environments.

3.5. Real sample analysis

Finally, the suitability of the proposed DPV methods for practical
applications was verified by analysing environmental river water (VF
and DVF) and pharmaceutical capsules (VF) using the standard addition
method. The determined concentrations and corresponding recoveries
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are summarized in Table 2 for river water and Table 3 for pharmaceu-
tical capsules.

For VF in river water, the sample was diluted with 0.1 M H,SO4 and
measured on O-BDDys (Fig. 8(A)). A small background peak was
observed around +1.5 V in the unspiked sample. After spiking with 5.0
uM VF, the third VF peak was partially affected by this background
response; however, the first two VF peaks remained well defined and
were used for quantification by standard addition, yielding recoveries of
106.4 % and 94.4 % for the first and second VF peak, respectively. For
DVF, recorded on H-BDDys (Fig. S6), no interfering peak from the
diluted river water was observed in the potential region of interest, and
the DVF peak was clearly distinguishable after spiking, enabling reliable
quantification by the standard addition method.

The capsule extracts were analysed by both DPV and UHPLC-UV
methods. Using DPV (Fig. 8(B)), VF contents determined from peak 1
and peak 2 were 152.7 + 7.5 mg (101.8 % recovery) and 154.6 + 5.6 mg
(103.1 % recovery), respectively. These values are in good agreement
with the label claim (150 mg) and with the UHPLC-UV reference method
(150.0 + 5.3 mg; 100 % recovery), confirming the accuracy of the DPV

Table 2
Determination of VF and DVF in spiked river water samples by DPV methods,
using the standard addition method (n = 3).

Compound  Spiked (uM)  Found (uM) + SD  Recovery (%)"  RSD (%)
VF peak 1 5.0 5.32 £ 0.40 106.4 8.0

VF peak 2 5.0 4.72 £ 0.37 94.4 7.4

DVF 5.0 5.49 £ 0.55 109.8 11.0

@ Recovery (%) = (found concentration / spiked concentration) x 100.
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Fig. 7. Relative DP voltammetric responses of (A) 10.0 pM VF for each of its three peaks (i-iii) recorded on the O-BDDys electrode and (B) 10.0 pM DVF recorded on
the H-BDDyg electrode, in the presence of various interfering compounds at different concentration levels. Measurements were conducted in 0.1 M H,SO4. The
dashed grey zones represent the acceptable +10 % variation in peak current intensity, indicating the tolerance range for signal interference.
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Table 3
Determination of VF in pharmaceutical capsules by DPV (on O-BDDys) and
UHPLC-UV, using the standard addition method (n = 3).

Method Label claim Found Recovery RSD
(mg/ (mg/capsule) +  (%)° (%)
capsule) SD
DPV - VF peak 150 152.7 +7.5 101.8 5.0
1

DPV - VF peak 150 154.6 + 5.6 103.1 3.7
2

UHPLC-UV 150 150.0 +5.3 100.0 3.5

@ Recovery (%) = (found mg VF in capsule / labelled VF content in capsule) x
100.

approach for routine quality control. Overall, recoveries were close to
100 % and the RSD values were at or below 5 %, indicating good pre-
cision of both methods.

3.6. Degradation kinetics and proof-of-concept validation in the 3D-
printed dual-function cell

Since BDDys proved more suitable for electroanalytical measure-
ments, the opposite face, BDDgg, was selected as the anode for degra-
dation experiments, in line with our previous work demonstrating its
good performance in electrochemical pollutant removal [30].

Degradation experiments were carried out to evaluate the perfor-
mance of the 3D-printed dual-function cell in terms of VF and DVF
removal efficiency, kinetics, repeatability, and its ability to couple
degradation with in situ detection. Solutions of 1.0 mM VF or DVF in 0.1
M HySO4 were subjected to galvanostatic electrolysis on strongly
oxidized O-BDDgg at a current density of 200 mA cm ™2 (the cell voltage
fluctuated between +17 V and +23 V). In this medium, the generation of
hydroxyl radicals and sulphate radical anions is expected, both of which
are strong oxidants capable of efficiently degrading organic pollutants
[30,72]. Such a high current density can be applied because of the
free-standing nature of the BDD electrode, which avoids the stability,
adhesion and delamination issues often encountered with BDD thin films
grown on metal substrates. For thin-film BDD electrodes, current den-
sities are typically limited to about 50-100 mA cm™2 to prevent film
damage. In contrast, in a recent study [73], a free-standing BDD elec-
trode was employed for the electrochemical degradation of per-

fluorobutanoic and perfluorobutanesulfonic acids in a 3D-printed
Z2
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under demanding EAOP conditions.

The relative concentrations of VF and DVF were monitored by
UHPLC-UV as a function of degradation time to determine degradation
kinetics and reproducibility. As shown in Fig. 9(A), the decay of both VF
and DVF followed an exponential trend consistent with first-order
behaviour. Owing to the large excess of electrogenerated hydroxyl
radicals over antidepressant molecules, the degradation process was
actually treated as pseudo-first-order, in line with previous reports for
anodic oxidation on non-active anodes [74,75]. The apparent degrada-
tion rate constants obtained were kapp,vr = 0.10 min~?! for VF and kapp,
pvr = 0.17 min~ for DVF. After 20 min of treatment, approximately 97
% of each antidepressant was removed, and no additional chromato-
graphic peaks attributable to degradation products were detected. Error
bars, representing 95 % confidence intervals from triplicate experi-
ments, were within 9 % of the relative amount values, indicating satis-
factory repeatability and confirming O-BDDgs as a suitable electrode
material for efficient removal of these pollutants in the proposed cell
configuration.

To demonstrate the dual degradation-detection functionality of the
device, a proof-of-concept in situ monitoring was performed by DPV for
VF. With the electrode orientation described in Section 2.6, DP vol-
tammograms of an initially 1.0 mM VF solution in 0.1 M H»SO4 were
recorded on O-BDDyg after 0, 3, 6, and 15 min of degradation (Fig. 9(B)).
After 3 and 6 min, the first and second VF peaks decreased markedly,
whereas the third peak increased substantially after 3 min and then
decreased at 6 min, however, remaining higher than in the undegraded
solution. This behaviour suggests the transient formation of an electro-
active intermediate generated during VF degradation, contributing to
the third peak. After 15 min of electrolysis, no peaks corresponding to
VF were observed on O-BDDys, in agreement with the UHPLC-UV re-
sults. These findings not only validate the proof-of-concept operation of
the 3D-printed cell but also highlight its methodological novelty: within
a single free-standing BDD/3D-printed platform, efficient electro-
chemical degradation on one BDD face is coupled with real-time vol-
tammetric monitoring on the opposite side, reducing reliance on
external analytical instrumentation such as HPLC.

Using VF and DVF as model antidepressants, the current scope of our
dual-function platform can be outlined as follows: The approach is well
suited for applications where analyte levels are in the low-mid micro-
molar range (e.g., pharmaceutical formulations, spiked laboratory
samples or enriched environmental matrices) and where acidification to
0.1 M H,SO4 is acceptable. At the same time, the requirement for

recirculating flow cell, and current densities of > 390 mA cm™“ were strongly acidic medium and the present LOD values mean that direct
sustained for several hours without any obvious signs of electrode monitoring of trace-level (sub-nanomolar) environmental
corrosion. This furthers confirm the robustness of free-standing BDD
6 T T T T T T 8 T T T T
(A) (B) 3rd addition
- 2nd additi
2nd addition 12'( a?jditli;n
—— 1st addition 6 VF capsule b
VF-spiked river water
4r- - - river water
2 L
ok

0.6 0.8 1.0 1.2 1.4

E vs. Ag/AgCI (V)

E vs. Ag/AgCI (V)

Fig. 8. (A) DP voltammograms recorded in the river water sample diluted with 0.1 M H,SO4 (1:9) and spiked with 5.0 uM VF, followed by the two standard additions
(both 100 pL, 1 mM VF) on O-BDDys. Dashed line corresponds to the diluted river water without spiked VF. (B) DP voltammograms recorded in the pharmaceutical
capsule solution (10.0 uM VF), followed by three standard additions (each 100 pL, 1 mM VF) on O-BDDys. Dashed line corresponds to 0.1 M H2SO4.
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concentrations would still require an appropriate preconcentration step.
The present design operates in batch mode with a small volume (12 mL);
such conditions are appropriate for proof-of-concept kinetic and mech-
anistic studies, but long-term material stability and operation under
realistic pollutant levels and continuous solution flow remain subjects
for future work.

On the other hand, herein presented 3D-printed dual-function cell is
small and compact, and in combination with modern miniaturized
potentiostats it is well suited for mobile, rapid field monitoring.
Stereolithography-based 3D printing, as used here, is widely accessible,
cost-effective and highly suitable for rapid prototyping and custom ge-
ometries, while the free-standing BDD electrode offers the clear
advantage of sustaining substantially higher current densities than BDD
thin films on metallic supports. In addition, proposed “detect-and-
degrade” methodology can, in principle, be extended to other organic
pollutants present in a variety of environmental matrices. For detection
purposes, the selected side of the free-standing BDD could be further
tailored, for example by controlled introduction of sp>-carbon domains
via laser micromachining [76,77], to fine-tune sensitivity and
selectivity.

4. Conclusion

This study presents a comprehensive electrochemical strategy for the
detection and degradation of the antidepressants VF and DVF using a
single free-standing BDD electrode integrated into a 3D-printed dual-
function cell. By comparing the nucleation (BDDys) and growth
(BDDgs) faces under controlled surface terminations, BDDys was iden-
tified as the superior surface for electroanalytical applications, whereas
BDDgs was then selected for electrochemical advanced oxidation.

On O-BDDyg, VF exhibited three well-resolved oxidation peaks, in
contrast to the single peak typically reported on sp-carbon electrodes,
while DVF yielded a single peak on H-BDDys. This behaviour reflects
both the differing oxidation mechanisms of VF and DVF and the ability
of BDD to kinetically separate successive electron transfer steps. Opti-
mized DPV protocols allowed for low micromolar limits of detection
(down to 0.35 uM for first VF peak and 0.34 uM for DVF), broad linear
ranges, and excellent signal stability when combined with brief elec-
trochemical reconditioning steps.

The developed DPV methods displayed good tolerance toward
common interferents and enabled simultaneous determination of VF and
DVF by exploiting their distinct surface-termination preferences and the
multi-peak response of VF. Practical applicability was demonstrated
through analyses of river water and commercial capsules, where

12

) 15 min of degradation of 1 mM VF under galvanostatic conditions.

recoveries were generally close to 100 %, confirming the robustness of
the unmodified BDDyg surface for real-sample measurements.

In the custom 3D-printed cell, electrochemical degradation of 1.0
mM VF and DVF on BDDgg in 0.1 M H2SO4 achieved approximately 97 %
removal within 20 min, following pseudo-first-order kinetics. In situ
DPV on O-BDDys allowed real-time tracking of VF decay and its
oxidation products, demonstrating the feasibility of coupling degrada-
tion and electrochemical monitoring in a single, compact platform.

Overall, this work illustrates how free-standing BDD materials and
additive manufacturing can be synergistically combined to create
multifunctional electrochemical systems capable of both sensitive
detection and efficient removal of pharmaceutical contaminants, offer-
ing a promising route toward integrated monitoring-remediation tech-
nologies for water quality management.
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