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Abstract

The accumulation of antiviral drugs, such as sofosbuvir (SOF), in aquatic environments
raises growing concerns due to their persistence and potential ecological risks. This study
addresses the need for effective degradation strategies by investigating the homogeneous
electro-Fenton (EF) process in a Pt/carbon felt cell for the degradation and mineralization
of SOF in an aqueous medium. A Box-Behnken design (BBD) was employed to optimize key
operational parameters, including initial Fe?* concentration, current intensity, and initial
SOF concentration, targeting chemical oxygen demand (COD) removal as the main
response. The model showed excellent predictability (R?> = 0.99), and the optimal conditions
were identified as 400 mA current intensity, Csor.o = 0.1 mM, and Cre?+o = 0.1 mM. Under
these conditions, 97% of SOF was degraded within 5 min, while complete mineralization
was achieved within 5 h. Biodegradability tests revealed an increase in the BODs/COD ratio
to 0.41 after 2 h of electrolysis, indicating that the EF process can be effectively coupled with
a biological treatment. The combined bio-electro-Fenton (bio-EF) approach successfully
achieved complete mineralization, offering a cost-effective and sustainable strategy for the
removal of recalcitrant pharmaceutical pollutants from water.
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Introduction

Industrial and anthropogenic activities continuously release various pollutants into aquatic
environments, including surfactants, pharmaceuticals, dyes, pesticides, and phenolic compounds,
many of which are toxic, persistent, and resistant to conventional treatment [1,2]. Pharmaceuticals
represent a major concern as they span a wide range of therapeutic classes, including antivirals,
nonsteroidal anti-inflammatory drugs (NSAIDs), B-blockers, lipid regulators, antibiotics, and anti-
depressants. While essential in healthcare, their widespread and sometimes careless use leads to
continuous release into water bodies [3,4]. These residues, from both human and veterinary
applications, are often only partially metabolized and excreted, ultimately reaching aquatic systems
through wastewater treatment plant (WWTP) discharges, which often fail to completely eradicate
them. Consequently, these persistent pollutants are detected in groundwater, lakes, rivers, and
even drinking water, posing risks to ecosystems and human health [5].

Among pharmaceutical pollutants, antiviral drugs have gained attention due to their role in
treating infections like hepatitis, herpes, influenza, and HIV [6,7]. Recent viral outbreaks, such as
swine flu and COVID-19, have further increased focus on these medications [8,9]. Their extensive
use raises concerns about environmental impact. Sofosbuvir (SOF), a nucleotide polymerase inhi-
bitor approved by the U.S. Food and Drug Administration (FDA) for chronic hepatitis C treat-
ment [10], is effective but only partially metabolized and excreted through faeces and urine [11],
leading to its presence in wastewater. Developing efficient treatment strategies for such persistent
pollutants is essential to safeguarding water quality, ensuring ecological protection, and addressing
an urgent public health issue [12,13].

Conventional wastewater treatment processes, including physical, chemical, and biological
methods, often fail to remove persistent and toxic pollutants effectively. This has driven growing
interest in advanced oxidation processes (AOPs) [13-15], which generate highly reactive species in-
situ, capable of mineralizing non-biodegradable organic contaminants [16]. Among these species,
hydroxyl radicals (*OH) are the primary oxidants, with a high redox potential (E°=2.80V vs. SHE), able
to non-selectively convert organics into CO>, H,0, and inorganic ions, Equations (1) and (2) [1,17,18].

*OH + organic pollutant — primary intermediates (1)

Primary intermediates + "OH — CO,+ H,O +inorganicions (2)

Various AOPs have been studied and are generally classified according to their driving force.
Energy-based methods, such as photocatalysis [13], rely on light irradiation to generate reactive
species. Oxidant-based methods include the activation of oxidants such as peroxymonosulfate
(PMS) [19] and peroxodisulfate (PDS) [15], which produce powerful radicals upon activation. In
parallel, electrochemical advanced oxidation processes (EAOPs), such as the electro-peroxone process
[20], the electro-Fenton (EF) process [17], and related techniques, have gained increasing attention.
EAOPs offer the advantages of in-situ oxidant generation and flexible operating conditions [21].
Among these, the EF process has attracted particular interest due to its high efficiency in degrading
resistant organic pollutants and is therefore the main focus of this study [22].

In the EF process, Fenton’s reagent, a combination of hydrogen peroxide (H,02) and ferrous ions
(Fe?*), is electrochemically generated, with H,0, formed through the two-electron oxygen reduction
reaction (ORR) (Equation (3)) and Fe?* produced via the one-electron reduction of added ferric ions
(Fe3*) at a suitable cathode (Equation (4)), leading to continuous formation of hydroxyl radicals (*OH)
through the Fenton reaction (Equation (5)) [23-25].

0,+2H"+2e — H,0, (3)
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Fe*'+e — Fe” (4)

Fe* +H,0, — Fe’ +"OH + OH" (5)

Although EF has been extensively studied on synthetic effluents, the increasing occurrence of
emerging micropollutants makes it important to understand how these compounds behave and
whether the by-products formed are biodegradable. Studies on real effluents, whether from highly
concentrated industrial sources or from wastewater treatment plants with much lower pollutant
levels, have shown that it is often difficult to draw clear conclusions regarding the biodegradability
of transformation products. To the best of our knowledge, no studies have investigated the
degradation and mineralization of sofosbuvir. The EF process faces operational limitations such as
long treatment times and high electricity consumption, which restrict its large-scale application [17].
Combining EF with biological treatment (bio-EF) can offer substantial benefits, either as a pre-
treatment to partially oxidize refractory organics and enhance biodegradability, or as a post-treat-
ment to remove residual recalcitrant pollutants, maintaining high mineralization while reducing
overall costs [26,27]. The efficiency of EF depends on factors such as current intensity, pH, and
catalyst and pollutant concentrations [17], and advanced experimental design and modelling
approaches are often employed to optimize these parameters. Among them, artificial neural
networks (ANNs) [28], reaction kinetics [29], and response surface methodology (RSM) [30] have
been widely applied to predict and optimize EF outcomes. In this study, both the one-factor-at-a-
time (OFAT) and design of experiments (DOE) approaches were employed to ensure consistency and
correlation of the results.

This work aims to investigate the homogeneous EF degradation and mineralization of SOF in
aqueous medium. A 33 Box-Behnken design (BBD), a widely used form of RSM, was applied to
optimize key operational parameters, including initial catalyst concentration (Cre2-0), current
intensity (/), and initial pollutant concentration (Csor-0), to maximize chemical oxygen demand (COD)
removal. A quadratic regression model was developed from the experimental data to evaluate the
impact of each variable on process performance. The optimal conditions were identified and used
for further testing. The results from this approach were compared with those obtained from a more
traditional approach (OFAT) to validate the results and ensure their reliability. Subsequently, the
evolution of the BODs/COD ratio was assessed to determine the evolution of the biodegradability
of the solution, in view of combining the EF process with a biological post-treatment (bio-EF).

Experimental

Chemicals and reagents

The chemicals used in this work were either of HPLC, analytical or reagent grade. Sofosbuvir
(C22H29FN309P) was purchased from Sigma-Aldrich and used as the target pollutant. Anhydrous
sodium sulphate (Na2S04 > 99 % purity) and iron(ll) sulphate heptahydrate (FeSO4-7H,0 = 99 % purity)
were supplied by Merck and Sigma-Aldrich, respectively. The pH values were adjusted using sulfuric
acid (H2SO04 = 96 % purity) and sodium hydroxide (NaOH) from Acros Organics" and Fluka, respectively.
To ensure consistency and reliability in the experiments, all solutions were prepared with ultra-pure
water produced by a Millipore Milli-Q° (simplicity 185) system, with a resistivity > 18 MQ cm at 25 °C.

Electrochemical system

The homogeneous EF experiments were conducted in a 250 mL undivided cylindrical glass open
cell (¢ =7 cm), equipped with three electrodes at 20+1 °C. The anode used was a platinum (Pt)
electrode (2.5x2 cm), while the cathode was a three-dimensional carbon felt (CF) electrode
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(6%5%x0.5 cm) from Carbon-Lorraine (Paris, France). The electrodes were positioned facing each
other in parallel, 1.5 cm apart. The third electrode, a saturated KCl calomel electrode, served as the
reference electrode and was immersed directly in the solution (Figure 1). SOF was introduced with
FeS04-7H,0 as the catalyst and Na;SO4 (0.05 M) as the supporting electrolyte. The initial pH of SOF
solutions was measured using a CyberScan pH 110 pH meter from Eutech Instruments and was
adjusted to 3+0.1, using H2SO4, the optimal value for the EF process [17,24,31]. To ensure saturated
oxygen conditions for H20 production, compressed air was bubbled at a rate of 1 L min?, initiated
10 min prior to the start of each experiment and maintained throughout the electrolysis process.
Continuous magnetic stirring at 400 rpm facilitated mass transport from/towards the electrode
surfaces. the electrochemical cell was powered by a Potentiostat/Galvanostat PGZ100 from Voltalab
Instrument. Experiments were conducted under constant current (100 to 500 mA), with samples
collected at pre-set time intervals to evaluate degradation and mineralization concentrations.

Power
supply

Calomel | Carbon-felt
reference _—— || cathode
electrode ©

Air bubbles
‘3 Cylindrical glass

3
N

Magnetic stirrer

Figure 1. An open and undivided lab-scale, three-electrode reactor fed with compressed air for operating
the EF process in batch mode

Biological treatment

The biological treatment was performed in batch mode, under aerobic conditions, using activated
sludge collected from a nearby wastewater treatment plant in Ain El-Aouda (Rabat, Morocco), without
prior purification. The culture medium, prepared in a 250 mL Erlenmeyer flask at 20+1 °C, contained
200 mL of EF-treated Csor-0 = 0.1 mM solution for 2 h. Mineral supplements were added to the flask:
33.4 mg L' Na;HPO4, 43.8 mg L't KH,PO4, 27.5 mg Lt CaCly, 22.5 mg L't MgS04-7H,0 and 3 mg L?
NH4NOs. After adjusting the pH to 7+0.2 with NaOH, trace elements were introduced: 1.36 mg L*
FeS04-7H,0, 0.24 mg L'! CuS04-2H,0, 0.25 mgL? ZnS04-5H,0, 0.11 mg L'* NiSO4-6H,0 and 1.01 mg L*
MnSO4-H,0. The flask was then inoculated with 0.5 g L** of activated sludge, stirred for 3 weeks, and
covered with a cotton plug to ensure proper oxygenation [32-34]. Each day for 21 days, 5 mL aliquots
were collected and filtered with a 0.45 um filter for further COD analysis.

Instruments and analytical procedures

High-performance liquid chromatography (HPLC)

The degradation kinetics of SOF were analysed using high-performance liquid chromatography
(HPLC) on a Thermo Scientific Dionex UltiMat 3000 system, equipped with a PhotoDiode Array (PDA)
detector. Separation was conducted on a reversed-phase Hypersil BDS C18 column (150x4.6 mm,
5 um) at 30 °C. Isocratic elution was used with a mobile phase composed of a mixture of (water +

4 (co) T
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+0.1 % H3POy4) / acetonitrile (55:45 v/v). The mobile phase was pumped at a flow rate of 1 mL min-,
with an injection volume set at 50 L, and detection was performed at a wavelength of A = 260 nm,
revealing a distinct retention peak at tg = 5.06 min.

Chemical oxygen demand

The chemical oxygen demand (COD) was determined using the potassium dichromate assay with
an RD 125 thermoreactor (Lovibond®). Samples were mixed with H2SOs4, mercury(ll) sulphate
(HgS04), and potassium dichromate (K.Cr,07) in vials and incubated for 2 h at 150 °C in the
thermoreactor [35]. After cooling, COD values were measured using a Photometer (Lovibond® MD
200 COD VARIO). All experiments were conducted at 20+1 °C for accuracy.

Instantaneous current efficiency

The instantaneous current efficiency (ICE, %) defined as the fraction of the applied current to
oxidize organic compounds, was calculated using Equation (6) to understand better the impact of

current on mineralization efficiency of aqueous SOF via the EF process [24,36,37].

(CoD,-CoD,, ,,)FV. 100 (6)
8IAt

where COD; and COD¢at are the COD, g O, L values at times t /s and t + At / s, F is the Faraday

constant (96,487 C mol), Vs / Lis the volume of the treated solution, the constant 8 is the oxygen

equivalent mass (g eq?), and I/ Ais the applied current.

ICE=

Energy consumption

The energy consumption (EC, kWh (g COD)?) for each experiment, expressed per unit mass of
COD removed, was calculated using Equation (7). Measurement of energy consumption is crucial

for evaluating the electrochemical process and estimating operational treatment costs [24,37,38].

— Ecelllt (7)
ACOD,V,
where Eci1 / V is the average cell voltage, / / A is the applied current, ACOD: is the decay of COD at

time t, Vs / Lis the volume of the treated solution, and t / h is the electrolysis time.

Biological oxygen demand

The biological oxygen demand (BOD) was used to measure the progression of solution biodegra-
dability. The measurements were conducted using the OxiDirect system (Lovibond®), with the 5-day
respirometry method. The bottles were continuously stirred and incubated in a TC 135 S thermostat
cabinet (Lovibond®) at 20+1 °C, under dark conditions. An inoculum was obtained from a nearby
WWTP, and N-allylthiourea (ATH) was added as a nitrification inhibitor in each bottle, and the pH
was carefully adjusted to remain between 6.5 and 7.5. Each bottle contained a rubber sleeve with 4
drops of 45 % KOH to absorb CO2 generated during respiration [27].

Box-Behnken experimental design

Response surface methodology is a statistical approach for designing experiments, analysing
factor interactions, and optimizing processes while minimizing the number of trials [39,40]. In this
study, a 3 Box-Behnken experimental design (BBD) was used to optimize experimental parameters
with fewer tests. The two main variables affecting SOF mineralization effectiveness were selected:
X1 - current applied and X; - initial catalyst concentration, Cre?+.0/ mM. Another variable was taken
into consideration, X - initial sofosbuvir concentration, Csor-0 / mM, which might change depending
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on the nature of the pollutant. The BBD represents a factorial plane at 3 levels: low, middle, and
high (-1, 0, 1). The coded and actual values are shown in Table 1.

Table 1. The levels studied for each factor in the 3> Box-Behnken design

Coded levels
Coded factors Variable -1 0 1
Actual values
X1 I/A 200 300 400
X2 Csor-0 / mM 0.10 0.15 0.20
X3 Cre2t.0 / mM 0.05 0.10 0.15

The total number of experiments needed can be calculated using the following Equation (8):
N=2k(k-1)+C, (8)
where N, k, and Cp correspond to the number of experiments, independent variables, and central

points, respectively. It resulted in 15 tests being carried out using three central points.

The response variable was the mineralization effectiveness, calculated as follows (Equation 9) [41]:

COD, - COD
0" ="t 100 (9)
cop,

where CODp and COD: correspond to the value of the COD at tp and at time t, respectively.
The quadratic response model can be described as shown in Equation (10), which includes linear
terms, square terms, and interactions between factors.

k k k
Y=,BO+Z,BJ.XJ+Z,BHXJ.2+ZZﬂinin+g (i<j) (10)

COD removal=

where Y is the predicted response, € represent the experimental error, %, fj, fii and i, are the
regression coefficients for intercept, linear, quadratic, and interaction terms, respectively, while X;
and X are the coded variables.

The experimental response obtained with the BBD was characterized by a quadratic polynomial
model (Equation (11)):

Y :ﬂo +ﬁ1X1 +ﬂ2X2 +ﬂ3X3 +ﬁlle +ﬂ22X22 +ﬁ33X§ +ﬂ12X1X2 +1813X1X3 +ﬂ23X2X3 +& (11)

After the regression of the experimental data, analysis of variance (ANOVA) was conducted to
assess the reliability and significance of the fitted model, considering lack of fit, the coefficient of
determination (R?), and the model's overall adequacy, using Design-Expert software (DX13).
Subsequently, 3D graphs were plotted to visualize the response surface, the interaction between
factors, and their overall impact on treatment performance. Additionally, a Pareto chart and a
normal plot of standardized effects were generated using Minitab statistical software version 21 to
evaluate the influence of each parameter on the process.

Results and discussion
Effect of operating parameters on sofosbuvir degradation and mineralization

Effect of applied current intensity

The efficiency of electrochemical oxidation processes is fundamentally influenced by the applied
current intensity (/) (Figure 2), which directly impacts the generation rate of the Fenton’s reagent, and
therefore the generation rate of hydroxyl radicals (*OH) through the Fenton’s reaction (Equation (5)).
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Figure 2. Effect of applied current intensity on: (a) degradation, with the inset panel presenting the
corresponding oxidation kinetics analysis, (b) mineralization, (c) instantaneous current efficiency (ICE), and
(d) energy consumption (EC) during SOF removal via the EF process at pH 340.1; Csor.0 = 0.1 mM;
Cre2+90=0.1 mM; Vs = 200 mL; CN02504 =0.05M

To treat aqueous SOF solutions, the EF process was applied under controlled current electrolysis
conditions, with initial concentrations of Cre2*.0 = 0.1 mM and Csor0 = 0.1 mM at pH 3£0.1. The impact
of varying the applied current on the degradation kinetics of SOF was studied across different current
intensities, i.e. 100, 200, 300, 400 and 500 mA. As shown in Figure 2a, SOF concentration dropped to
zero at all current levels, with the oxidation rate increasing as the current was raised. Specifically,
increasing the current from 100 to 400 mA significantly enhanced the SOF degradation rate, rising
from 57 to 97 % within just 5 min of electrolysis. Consequently, the time required for >99 %
degradation decreased from 30 min at 100 mA to 11 min at 400 mA. Beyond this point, the primary
organic compounds remaining in the solution were aromatic by-products and short-chain carboxylic
acids [31]. However, increasing the current beyond 400 mA slowed the degradation of SOF.

The mineralization of agueous SOF solutions required longer treatment times. The difference
between degradation and mineralization kinetics highlights the accumulation of degradation by-
products in the solution. Regarding the influence of the applied current, a similar pattern was
observed for both the degradation and mineralization of aqueous SOF solutions (Figure 2b). As the
current intensity increased from 100 to 400 mA, the COD decreased correspondingly. At 100 mA, a
90 % mineralization rate was observed, while at 400 mA, >99 % mineralization was achieved after
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5 h. However, increasing the applied current to 500 mA slowed the rate of SOF mineralization,
achieving only 98 % after 5 h of electrolysis, indicating that complete oxidation at higher currents
requires a longer electrolysis time. This enhancement in both degradation and mineralization is due
to the increased production of H,02 from Equation (3) and the regeneration of Fe?* at the cathode
(Equation (4)). leading to the generation of larger amounts of hydroxyl radicals (*OH) from Fenton’s
reaction (Equation (5)), thereby enhancing treatment effectiveness [34,42-44]. Equation (12)
illustrates the dependence of *OH generation on the concentrations of Fe?* and H,0, [36,43,45].

dC.'OH
Coop =A| 52 [ AKC G, (12)

where A / min is the average life span of the hydroxyl radical, Cre2.0 / mM and Ch,0, / mM are the
concentrations of ferrous ion and hydrogen peroxide, respectively, and k / (mmol L) mintis the
second-order rate constant of Equation (5).

However, the decrease in treatment efficiency at higher currents may be due to secondary
parasitic reactions including (i) the four-electron reduction of O, (Equation (13)), which hinders H,0,
formation (Equation (3)); (ii) H2 evolution at the cathode (Equation (14)); and (iii) the oxidati-
ve/reductive decay of H,0; at both the anode (Equation (15)) and the cathode (Equation (16)), all of
which negatively impact the oxidation process. Additionally, exceeding the optimal current can
accelerate the rate of *OH production (Equation (17)), further complicating the process [17].
Therefore, the optimal current for both degradation and mineralization is 400 mA.

O, t4H +4e —2H,0 (13)
2H +2e > H, (14)
H,0,— O, + 2H + 2e” (15)
H,0,+2H"+2e"— 2H,0 (16)
H,0,+°0H — HO; +H,0 (17)

The degradation of SOF follows an exponential pattern at all applied currents, indicating a first-
order reaction kinetics for its oxidation by *OH (Equation (18)) [46]. This observation is supported
by the apparent rate constants (kapp) presented in Table 2.

SOF + "OH — oxidation products (18)

Under the steady-state approximation for *OH in the EF treatment, the oxidation rate of SOF can
be expressed as follows (Equation (19)) [47,48]:
dC

_ﬁ = kabs C-OH Coor = kapp Coor (19)

where kabs and kapp represent the absolute and apparent rate constants of SOF oxidation by *OH,
respectively.
Yielding the following expression after integration (Equation (20)) [44]:

Coor
|(_]Kt (20

SOF-t
where Csor-0 and Csor-t are the concentrations of sofosbuvir at to and at time t, respectively.

The kinetic constant data provide a quantitative assessment of the trends previously observed in
the degradation curves. The apparent rate constants for SOF oxidation were determined from

8 (co) T
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plotting In (Csor-0 / Csor-t) against time at various applied currents (Figure 2a, inset) and summarized
in Table 2 alongside half-life times (t1/2).

Table 2. Apparent rate constant (kqpp) and half-life times (t1/2) for the oxidation of SOF by *OH at different
applied currents under operating conditions of Figure 2 fitted by a first-order kinetic model

I/ mA kapp / min R? t12 / min
100 0.15 0.999 4.5
200 0.21 0.993 3.3
300 0.27 0.996 2.5
400 0.70 0.999 1.0
500 0.38 0.990 1.9

The results confirm the acceleration of degradation with increasing current up to 400 mA, beyond
which kinetics slow down despite higher energy consumption. As an alternative approach to
evaluating the impact of current on the electrochemical mineralization of SOF, we calculated the
ICE based on Equation (6). The results depicted in Figure 2c demonstrate that the highest ICE was
achieved at lower applied currents, with a general decrease in ICE over time. Notably, ICE decreases
as the applied current increases, reaching its lowest at 500 mA. This can be attributed to the increase
in parasitic reactions, such as the oxidation of H,0 into O; (Equation (21)) and the reduction of H*
into Hy (Equation (14)). For all the current intensities, the highest ICE is observed at the beginning
of electrolysis, after which it gradually declines. The decrease in ICE could result from (i) the
generation of more stable substances, like short-chain carboxylic acids, which are more resistant to
oxidation; (ii) the increase of mass transport limitations related to the short lifespan of hydroxyl
radicals, since the concentration of organic compounds in the solution gradually decreases [49-51].

2H,0 > O, + 4H" + 4e’ (21)

2(g)

The evaluation of energy consumption was conducted to determine the feasibility of the EF
process for industrial use, as it is crucial for assessing its cost efficiency. Figure 2d illustrates how EC,
calculated using Equation (7), varies with current intensities between 200 and 500 mA. The out-
comes are presented in terms of kWh per gram of COD removed, over electrolysis time, h. Similarly,
to ICE, the rise in EC correlates with both the applied current and the treatment time during the
electrolysis of the SOF solution. Compared to ICE, increasing the current intensity has an additional
adverse effect on EC, which is related to the increase of the cell potential (i.e. 5.7 V at 200 mA and
12.8 V at 500 mA after 1 h) that further increases the EC. Higher currents, such as 400 and 500 mA,
result in significantly greater energy consumption (0.78 and 1.20 kWh (g COD)?, respectively)
compared to lower currents like 200 and 300 mA (0.23 and 0.50 kWh (g COD)™, respectively). From
an energy optimization standpoint, using lower currents is more efficient as it consumes less energy
over time. However, selecting the appropriate current should ideally balance energy consumption
with the process's effectiveness. Therefore, a current of 400 mA was identified as the optimal choice
for combination with a cost-effective biological method. In this context, the bio-electro-Fenton
process aims at reducing the required treatment time by EF to achieve a more energy-efficient
approach for treating persistent pollutants [52].

Effect of the initial catalyst concentration

The initial concentration of ferrous ions (Fe?*) is also considered a critical parameter in evaluating
the efficiency of the EF process [17,53,54]. The catalytic performance of Fe?* is primarily influenced by
the solution's pH. At pH 3+0.1, the Fe?* concentration in the reaction medium reaches its highest level,
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leading to the most efficient Fenton’s reaction rate (Equation (5)) [24,55]. To investigate the effect of
the initial catalyst concentration on SOF mineralization and degradation, Fe?* concentrations ranging
from 0.05 to 0.15 mM were examined, with an optimal current of 400 mA (Figure 3).

(a) 74 (b) —=—0.05 mM
0.10 - o 1.0 —*—0.1mM
. —&—(0.15 mM
0.08 - § 0.8 -
-4
I
= g3 o
£ 0.06-4 £ —a—005mM O 0.6
~ ——01mm | &
5 —a—015mM| O
J o
0.04 - Y 04
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Figure 3. Influence of the initial Fe?* concentration during: (a) degradation, with the inset panel presenting
the corresponding oxidation kinetics analysis, (b) mineralization on SOF removal via EF process at pH 3+0.1;
CSOF—O =0.1 mM,' 1 =400 mA; Vs =200 mL; CN02504 =0.05M

The effect of Cre2+.0 on SOF degradation revealed a significant impact on process efficiency, as
shown in Figure 3a. At Cre2+0 = 0.05 mM, 86 % of SOF was degraded within the first 5 min, indicating
that this lower Fe?* concentration was insufficient to efficiently catalyse Fenton’s reaction
(Equation (5)) [17]. Doubling the initial ferrous iron (Fe?*) concentration to 0.1 mM significantly
improved the degradation efficiency to 97 % within the same timeframe of treatment, attributed to
the high generation of *OH in the bulk solution via Fenton’s reaction (Equation (5)) [45,56,57].
However, when Cre2+.0 was raised to 0.15 mM, the efficiency reduced to 92 % after 5 min of electrolysis.
This decrease is likely due to the enhanced rate of wasting reaction (Equation (22)) [17,34,56,58],
which reduces the oxidation efficiency of the process. As shown in the inset panel of Figure 3a, the
degradation kinetics follow a pseudo-first-order reaction, with the kapp increasing up to 0.1 mM before
declining at higher Fe?* concentrations (Table 3).

Table 3. Apparent rate constant (kqpp) and half-life times (t1/2) for the oxidation of SOF by *OH at different
catalyst concentrations under operating conditions of Figure 3, fitted by a first-order kinetic model

Cre2+0 / MM Kapp / min* R? t12 / min
0.05 0.31 0.993 2.3
0.10 0.70 0.999 1.0
0.15 0.63 0.996 1.1

The mineralization of SOF (Figure 3b) exhibited notable variation with Fe2+ concentration,
increasing from 95 % at 0.05 mM to 98 % at 0.1 mM, but then decreasing to 92 % at 0.15 mM after
4 h of electrolysis. These results indicate that Cre2.0 = 0.1 mM is optimal, providing the right balance
between effective hydroxyl radical production and minimizing side reactions (Equation (22)).
Therefore, this concentration was selected for subsequent experiments related to the bio-electro-
Fenton process.

Fe + "OH - Fe®" + OH’ (22)
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Effect of the initial sofosbuvir concentration

The mineralization and degradation efficiency of EAOPs is highly influenced by the initial load of
organic pollutants. To better understand its impact on EF performance, electrolysis experiments
were conducted at three different SOF concentrations (i.e. 0.1, 0.15 and 0.2 mM) under optimal
conditions (Figure 4).
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Figure 4. Influence of initial SOF concentration during: (a) degradation, with the inset panel presenting the
corresponding oxidation kinetics analysis, (b) mineralization by the EF process at pH 320.1; Cre2+0= 0.1 mM;
I =400 mA; Vs = 200 mL; Cngyso, = 0.05 M

The results presented in Figure 4a and Table 4 show that the degradation yield of SOF was still very
high after only 5 min of treatment when the concentration of SOF was increased from 0.1 to 0.2 mM.

Table 4. Apparent rate constant (kq.pp) and half-life times (t1/2) for the oxidation of SOF by *OH at different SOF
concentrations under operating conditions of Figure 4, fitted by a first-order kinetic model

Csor0/ mM Kapp / mint R? ti2 / min
0.1 0.70 0.999 1.0
0.15 0.67 0.999 1.0
0.2 0.63 0.999 1.1

These results mean that a larger amount of SOF was degraded during the experiment at 0.2 mM.
As these experiments were performed under mass transport limitation, the increase of SOF
concentration promotes the reaction of SOF with hydroxyl radicals [34,59]. A similar pattern was
observed for mineralization Figure 4b.

Optimization of COD removal

Statistical analysis

The efficiency of the EF process is influenced by various parameters, such as the initial catalyst
concentration Cre2-0, the applied current (/), and the initial SOF concentration Csoro. TO optimize
these factors, we used the BBD with the analysis time fixed at 4 h. This study involved 15 expe-
riments, as determined using Equation (8). The variables considered in the experiments, along with
the results from the BBD, including the observed and predicted COD removal efficiencies for SOF in
the EF process, are presented in Table 5.
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Table 5. The 32 Box-Behnken experimental matrix for different factors influencing SOF removal in the EF
process, along with the observed and predicted COD values

RUR Actual variables COD removal, %
1/ mA (X1) Csor-0 / mM (X2) Cre?~.0 / mM (X3) Observed Predicted
1 200 0.15 0.15 88.5 88.3
2 300 0.20 0.05 92.0 91.9
3 400 0.15 0.05 96.1 96.3
4 200 0.20 0.10 89.3 89.4
5 300 0.10 0.05 92.5 92.4
6 400 0.10 0.10 98.5 98.4
7 300 0.20 0.15 90.2 90.3
8 200 0.15 0.05 87.3 87.4
9 400 0.20 0.10 95.3 95.3
10 300 0.10 0.15 92.8 93.0
11 300 0.15 0.10 91.3 91.1
12 300 0.15 0.10 90.9 91.1
13 300 0.15 0.10 91.0 91.1
14 200 0.10 0.10 89.4 89.4
15 400 0.15 0.15 94.5 94.4

To validate the statistical model, we conducted an ANOVA analysis, as summarized in Table 6.
This assessment focused on mean square ratios, F-values, and p-values, where a p-value below
0.05 indicates the significance of the model at a 95 % confidence level [60].

Table 6. Analysis of variance (ANOVA) results for the quadratic model of operational parameters in SOF
removal via the EF process

Source Sum of squares Degree of freedom Mean square  F-value p-value

Model 130.85 9 14.54 342 <0.0001 Significant
A%l 111.30 1 111.30 2619 <0.0001

B: Csor-o0 5.10 1 5.10 120 0.0001

C°: Crez0 0.4950 1 0.4950 11.6 0.0190

AB 2.53 1 2.53 59.5 0.0006

AC 2.02 1 2.02 47.5 0.0010

BC 1.16 1 1.16 27.2 0.0034

A? 2.94 1 2.94 69.3 0.0004

B? 4.93 1 4.93 116 0.0001

c 0.4512 1 0.4512 10.6 0.0225

Residual 0.2125 5 0.0425

Lack of fit 0.1608 3 0.0536 2.08 0.3416 Not significant
Pure error 0.0517 2 0.0258

Corr. total 131.06 14

aA = X1; PB = Xy; <C = X3; 9Corrected total sum of squares.

The results confirm the model's statistical significance, with a very low p-value (<0.0001)
underscoring its robustness. In addition, the terms A, B, C, AB, AC, BC, A%, B> and C? showed statistical
significance (p < 0.05), demonstrating the model's reliability. The positive signs of variables such as
X1, X1? and X2 indicate that they positively affect SOF mineralization. Conversely, the negative signs
of X2, X3, and the interaction terms X1X2, X1X3, XoX3 and X32 suggest a negative impact (Figure 6b).
Consequently, the quadratic polynomial model that represents the correlation between these
variables and COD removal is given by Equation (23):

COD removal =91.07 +3.73X, —0.80X, —0.25X, —0.80X, X, —0.71X,X, —0.54X, X, +

23
+0.89X7 +1.16X; —0.35X; 123)
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Furthermore, the high F-values obtained further validate the model, indicating that the variability
in each parameter is substantial compared to the error variance [61]. The fact that there is only a
0.01 % chance of obtaining such a large F-value due to noise underscores the model's significance and
robustness. The F-values also reveal the effect of different factors on the process, with the following
sequence of significance: I > Csor.0 > Cre2+-0. These findings highlight the crucial role of each parameter
in determining process efficiency. Moreover, the lack of fit (LOF) test serves to verify the alignment
between the model and the observed data [62]. In this case, the LOF value of 2.08 is statistically
insignificant compared to the pure error. There is a 34.2 % chance that such F-value for a lack of fit
could occur due to noise. These results validate the strong agreement between the experimental data
and the model, suggesting a good fit.

Table 7. Fit quality results based on ANOVA analysis for SOF mineralization

Fit quality indicators Fit values
Standard deviation 0.206
Mean 91.97
CV, % 0.224
R? 0.998
Radj? 0.996
Rored? 0.980
Adequate precision 65.47
PRESS? 2.690

aPredicted residual error sum of squares

The model's accuracy is reflected in the coefficient of determination (R?), with a value of 0.998,
demonstrating that only 0.2 % of the total variation remains unexplained by the quadratic regression
model. This is closely supported by the adjusted R? = 0.996, as presented in Table 7, highlighting the
model’s robustness in fitting the experimental data and its predictive reliability [63]. The predicted
R? = 0.98 aligns closely with the adjusted R?, with a difference of less than 0.1, further demonstrating
the model’s high accuracy. The strong alignment between the predicted and experimental values
underscores the model's effectiveness and accuracy in predicting the COD removal of SOF. Figure 5
reveals that all data points align closely with a straight line, further validating the model's suitability
for process prediction and optimization.

100
98
96—

94

Color points by value of
COD removal:

s73 [ 95-48

92

90—

Predicted COD removal, %

86

T T T T T T T T
86 88 90 92 94 96 98 100

Observed COD removal, %
Figure 5. Linear correlation of actual versus predicted values for SOF removal via the EF process
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The “Adequate precision” evaluates the ratio of signal-to-noise, where values above 4 are con-
sidered desirable [61,62]. In this study, the ratio of 65.47 indicates a strong signal relative to noise,
confirming the model’s reliability and suitability for exploring the design space. In addition, the
coefficient of variation (CV) measures the degree of variation in the data, with lower values indicating
better reproducibility. In this case, the CV value of 0.224 % signifies excellent reproducibility [63].
Furthermore, to assess the model’s predictive accuracy, the predicted residual sum of squares (PRESS)
is used to evaluate how well the model fits each point in the design. A PRESS ratio of 2.69 was
obtained, indicating a good fit. Generally, lower PRESS values suggest better predictive ability.

Pareto analysis

The Pareto diagram reveals the extent to which each parameter and its interactions affect the
response. This is determined using Equation (24) [64,65]:

B -

P= Z'ﬁz 100 (i#0) (24)
where P; indicates the percentage contribution of factor X to the overall variability, and /£ refers to
the coefficient associated with factor Xi.

The Pareto chart in Figure 6a illustrates the influence of each factor in terms of content, including
their squared terms and interactions.
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Figure 6. (a) Pareto chart of standardized effects at 0.05 confidence level (2.57 reference line); (b) normal
plot of standardized effects for assessing the significance of variables on SOF removal

The chart features horizontal bars with a red vertical reference line marking statistical
significance. Factors with bars crossing this line are considered to have a significant statistical impact
at a 0.05 significance threshold. The diagram reveals that all three factors significantly affect COD
removal of SOF, with current intensity (/) having the greatest effect, followed by the initial sofosbuvir
concentration Csor-0, and then the initial catalyst concentration Cre2+o. Additionally, interactions
between these factors and their squared terms also affect COD removal. Figure 6b presents the
normal plot of standardized effects, where factors further from zero indicate greater statistical
significance. The main factors are significant at the 0.05 threshold, along with their interactions and
guadratic terms. The plot also reveals the direction of each effect, offering further insights. For
instance, the applied current (A) exhibits a positive standardized effect, meaning that as the applied
current rises from 200 to 400 mA, COD removal increases. In contrast, initial SOF concentration (B)
shows a negative standardized effect, indicating that higher concentrations lead to a reduction in
COD removal. Additionally, the quadratic terms for current (A?) and concentration of SOF (B?) also
have positive effects. Meanwhile, the remaining interactions and terms exhibit negative effects.
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Overall, the plot provides a clear view of the significant factors and their influence on the COD
removal process.

Interactions between process variables

The 3D surface plots serve to visualize interactions among variables and help determine optimal
conditions. These plots show how two independent variables influence the selected response, with
the third variable held constant. Figure 7 presents the most relevant fitted response surface plots,
illustrating COD removal as a function of significant variables and showing how two factors influence
SOF mineralization via the EF process, with the third factor held constant at its optimal value. The
plots reveal clear peaks, which identify the optimal regions for the analysed factors and their highest
response values.

(a) (b)

o - -
%;e;;;;;’;gzﬁgz ign Points!
"4
e s 551’. @ Above Surface

Iq" 7 . (O Below Surface

s73 [ 9548

Design Points:
@ Above Surface
O Below Surface

873 [ 9548

S IALTALT
I"'I::I':l
L7

COD removal, %
COD removal, %

Design Points:
@ Above Surface

O Below Surface

873 [ 9848

Figure 7. 3D response surface of COD removal as a function of variable pairs, with the third factor held at
its optimal value, including (a) | and Csoro; (b) | and Cre2+.g; () Csor.0 and Cre2+.0

The observed trends align with the classical approach while offering a more comprehensive view
across the studied conditions. The interaction between current intensity and Csor-o, with Cre2+0 kept
at 0.1 mM, is depicted in the 3D surface response in Figure 7a. The interaction shows that increasing
current intensity improves COD removal, particularly at Csor-0 = 0.1 mM, while higher concentrations
reduce efficiency due to by-product formation.

Further analysis of the interaction between the applied current and Cre2+-0, while keeping Csor-o fixed
at its optimal value of 0.1 mM, provides additional insights, as the response surface in Figure 7b
indicates that COD removal is primarily influenced by current intensity, with minimal impact from
Cre?+-0 beyond 0.1 mM. Moreover, Figure 7c confirms that optimal conditions are achieved at 0.1 mM
for both SOF and Fe?*, reinforcing the importance of precise parameter adjustments in the EF process.

https://doi.org/10.5599/jese.2824 15



https://doi.org/10.5599/jese.2824

J. Electrochem. Sci. Eng. 15(6) (2025) 2824 Bio-electro-Fenton approach for removal of the antiviral sofosbuvir

Model-based optimization of operating conditions

The desirability function (DF), ranging from 0 (undesirable) to 1 (highly desirable), was used to
optimize SOF mineralization. As depicted in Figure 8, the DF evaluates the effect of key variables on
COD removal efficiency and identifies the optimal conditions for the system.
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Figure 8. Profiles for predicated values and desirability function for SOF removal via the EF process

The maximum DF value highlights the most effective settings for the variables studied, as
illustrated in the response values and desirability profile. The three parameters (i.e. I, Csor0, and
Cre2+0) were set 'in range', while the COD removal efficiency was set to 'maximize' (Table 8).
Additionally, the lower and upper limits for COD removal were taken from the BBD levels, with the
objective of enhancing the removal efficiency.

Table 8. Parameter constraints and optimization goals for COD removal efficiency

Name Goal Lower limit Upper limit
I/ mA isin range 200 400
Csor-0 / mM is in range 0.1 0.2
Cre2t0 / MM isin range 0.05 0.15
COD removal, % maximize 87.3 98.5

The ideal conditions for achieving maximum COD removal were found to be / = 400 mA,
Csor-0 = 0.1 mM and Cre2+o ranging from 0.05 and 0.1 mM, achieving a desirability score of 1. At
400 mA, the maximum COD removal of 98.5 % was recorded, whereas lower currents led to reduced
efficiency and desirability. The initial SOF concentration of 0.1 mM was also optimal, with higher
concentrations causing a gradual decline in both COD removal and desirability. For Fe?* concen-
tration, the ideal range was between 0.05 and 0.1 mM, which produced the best results for
mineralization. The desirability function effectively identified these optimal conditions, ensuring
maximum COD removal and efficient SOF treatment. Additionally, the experimental results, showing
a 98.5 % removal of SOF, align with the COD removal of 98.5 % predicted by the quadratic model,
validating the model's accuracy and reliability in predicting SOF mineralization outcomes.

Bio-electro-Fenton process

Evaluation of the biodegradability

The evolution of SOF solution biodegradability during EF treatment under optimal conditions was
evaluated by the BODs/COD ratio, which reflects the proportion of organic matter susceptible to
biodegradation. A rise in this ratio indicates enhanced biodegradability, with a value of 0.40
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sometimes considered a threshold for a solution to be classified as readily biodegradable [27,66,67].
To evaluate the EF process as a pre-treatment and determine the optimal time for coupling with
biological treatment as a post-treatment for complete mineralization at a reasonable cost, BODs
measurements were conducted before and after electrolysis. Figure 9 illustrates the progression of
COD removal and the BODs/COD ratio over time of electrochemical pre-treatment.
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Figure 9. Evolution of COD removal and BODs/COD ratio during SOF treatment via EF process at pH 340.1;
I = 400 MA; Csoro = 0.1 mM; Cre2+9 = 0.1 mMM;; Cna,so, = 0.05 M; Vs = 200 mL

Before electrolysis, SOF was non-biodegradable, as indicated by the BODs/COD ratio <0.02, high-
lighting the need for pre-treatment before biological treatment. After 1 h of electrolysis, biode-
gradability already significantly improved, with a BODs/COD ratio of 0.23. After 2 h, the solution
became readily biodegradable, achieving a ratio of 0.41. This enhancement is likely due to the
oxidation of persistent SOF molecules by "OH and conversion into more easily biodegradable by-
products [56,68]. Final by-products in the solution at 2 h were more biodegradable than the initial by-
products obtained at 1 h. It may be attributed to a higher proportion of easily biodegradable by-
products, such as short-chain carboxylic acids. The results demonstrate that partial removal of the
COD by the EF process might be sufficient, while the subsequent biological treatment step (bio-EF) to
complete the mineralization process might allow for achieving a high overall COD removal [17,24,27].

Biological aerobic treatment by activated sludge

The choice of a 2-hour EF treatment at 400 mA for the pre-treatment stage is supported by the
resulting BODs/COD ratio of 0.41. In the combined bio-EF process, the EF treatment is intentionally
stopped before complete mineralization, and the pre-treated effluent is then directed to a biological
treatment. This allows the biological stage to complete the degradation of the remaining organic
compounds, thereby improving overall biodegradability while reducing energy consumption
compared to full EF treatment. The experiment was conducted under optimal conditions. The
electrolyzed solution was subsequently treated biologically under aerobic conditions using activated
sludge culture. The progress in COD removal achieved through the combined treatment is presented
in Figure 10.

The results indicate that the 2-hour EF pre-treatment process resulted in 89 % mineralization, and
after 18 days of culture, microorganisms were able to degrade the remaining 11 % of the initial COD.
This result suggests that the intermediates formed during the electrochemical stage were highly
biodegradable and compatible with subsequent biological treatment [25,27], as reflected in the
increased BODs/COD ratio. In contrast, when a 0.1 mM SOF solution was subjected to aerobic
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treatment without prior pretreatment, no detectable biodegradation occurred under the same
conditions. The biological treatment alone fails to degrade SOF. It confirms the drug’s lack of biode-
gradability, consistent with the low BODs/COD ratio <0.02. These results are a new indication of the
effectiveness of the bio-electro-Fenton process, using the strong oxidative power of EF while parti-
cipating in reducing operating cost by reducing the treatment time required for the EF step [17,33].

Although this study was conducted in ultrapure water, it does not fully represent the complexity of
real wastewater. Nevertheless, sofosbuvir is an emerging micropollutant that remains insufficiently
studied, and different pharmaceuticals can generate distinct transformation products with varying
biodegradability.
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Figure 10. Time-course of the overall COD removal during the integrated bio-electro-Fenton process at

2041 °C, pH 7+0.2 of a pre-treated SOF solution for 2 h at pH 3#0.1; Csor.0 = 0.1 mM; Cee2+0 = 0.1 mM;
Chays0, = 0.05 M; | = 400 mA; Vs = 200 mL

Conducting the experiments under controlled synthetic conditions allowed us to monitor its
degradation pathways and assess the biodegradability of its by-products with high resolution.
Considering that SOF is typically present at very low concentrations in real wastewater, initial studies
under synthetic conditions are necessary to reliably track its transformation and the formation of by-
products. Future work should apply the optimized EF conditions, integrate biological treatment, and
extend the study to more complex matrices, potentially using heterogeneous EF, alternative
electrodes, and 3D-printed cells, to develop a sustainable and scalable treatment strategy.

Conclusions

In this work, we explored the efficiency of the homogeneous EF process for degrading and
mineralizing the antiviral drug SOF in aqueous medium, using a Pt anode and a CF cathode. The
potential of combining this process with biological treatment was also examined. The experimental
approach was designed using RSM based on the BBD to analyze three key parameters: initial SOF
concentration (0.1 to 0.2 mM), initial catalyst Fe?* concentration (0.05 to 0.15 mM), and applied
current (100 to 500 mA). The model showed high reliability, with an R? value of 0.99, and the optimal
conditions were determined to be an initial SOF concentration of 0.1 mM, an initial catalyst
concentration between 0.05 and 0.1 mM, and a current intensity of 400 mA. These results were
validated with a more traditional experimental approach based on changing one variable at a time.
Under these conditions, the process achieved complete mineralization within 5 h, with 97 %
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degradation occurring within the first 5 min of electrolysis. To make the EF process more cost-
effective for mineralization, it was combined with a biological treatment. Biodegradability tests
under optimal conditions showed an increase in the BODs/COD ratio to 0.41 after 2 h of electrolysis,
indicating that the solution became biodegradable. The EF process was applied as a 2-hour pre-
treatment, followed by a batch biological treatment using activated sludge as a post-treatment. This
combined method achieved complete mineralization of the solution. These findings are a new
indication of the potential of the bio-electro-Fenton process for achieving full mineralization of
recalcitrant organic compounds in a cost-effective way. Further improvements should focus on
optimizing the process to enhance biodegradability within shorter treatment times, making it even
more practical for large-scale applications.
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