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Abstract

This paper presents the theoretical and experimental confirmation of the performance of a novel pre-
pilot reactor design implementing a boron-doped diamond (BDD) anode to destroy emerging
pollutants by electrochemical oxidation. Turbulent flow simulation and secondary current distribution
modeling with a COMSOL Multiphysics software were used to assess the engineering capabilities of
the reactor along with the oxidant BDD(*OH) electrogeneration at the anode. The antibiotic
ciprofloxacin (CIP) was chosen as model molecule to assess the oxidation power achieved with the
pre-pilot batch plant. In sulfate medium where BDD(*OH) was the main oxidant, faster degradation
was determined by increasing current density, CIP content, and pH. The effect of pH was explained
by the transformation of the cationic form of CIP in acidic medium into its more easily oxidizable
anionic form in alkaline medium. In chloride medium, CIP was more rapidly removed by the faster
attack of the generated active chlorine. The degradation was decelerated in carbonate medium by its
scavenging effect and in the presence of humic acid by its competitive oxidation with BDD(*OH).
The antibiotic abatement also dropped down in tap water and synthetic urine. An almost total
mineralization was achieved with a constant energy cost per unit COD mass of 0.6+0.1 kWh (g COD)"
!, The initial N of CIP was pre-eminently converted into nitrate, alongside nitrite and ammonia to

lesser extent. Recalcitrant acetic, oxalic, and formic acids were detected as final carboxylic acids.

Keywords: Active chlorine; Ciprofloxacin, COMSOL Multiphysics; Hydroxyl radical; Secondary

current distribution model; Wastewater treatment
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1. Introduction

Over the past decades, factors such as population growth and rapid urbanization linked to a better
quality of life have increased the overuse of antibiotics for the prevention or treatment of bacterial
infections [1-3]. Use of antibiotics has as downside the resulting contamination of the aquatic
environment when these metabolic active compounds are excreted. The issue of antibiotic pollutions
has become a global issue with terrible consequences such as the development of multi-drug resistant
bacteria strains [4-6]. Ciprofloxacin (CIP) is a widely used fluoroquinolone antibiotic to treat many
bacterial infections. The poor CIP metabolic decomposition results in the excretion of ~80% of the
dosed CIP in urine and feces [7]. The widespread use of CIP to treat even minor infections readily
treatable with narrower spectrum antibiotics has contributed to decrease CIP efficiency due to the
development of bacteria resistance to this antibiotic. In fact, the presence of CIP in water can increase
the resistance of genes and bacteria (antimicrobial resistance agents) to not only CIP but also to other
related fluoroquinolone antibiotics. Several papers have reported the detection of CIP in wastewater
[8-11], groundwater [12—-15], surface water [16-18], drinking water [19-22], tap water [23-25] and
hospital wastewater [26—30] ranging from concentrations of ng/L to mg/L. The presence of CIP in
water may cause adverse effects to human health even at trace concentrations [31-33]. Unfortunately,
conventional wastewater treatments are not capable of removing this pollutant because centralized
wastewater treatment plants are not built for such purposes. Development of advanced technologies
to treat CIP in different water sources including yellow waters is an urgent need to preserve
antimicrobial activity and protect the environment.

Technologies that use electricity to treat contaminated water known as electrochemical advanced
oxidative processes (EAOPs) have recently highlighted as promising alternative to conventional
wastewater treatment methods. The modular and adaptable character of electrified reactors may be
an opportunity to advanced decentralized systems to be implemented in hospitals to treat their

effluents with a high load of pharmaceuticals [34-36]. Among the different EAOPs, the
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electrochemical oxidation (ECO) is the most frequently used process for antibiotics removal due to
its simplicity, environmental compatibility, high efficiency, and flexibility to automation and pilot-
scale application [37—42]. One of the factors that affect the efficiency of this process is the nature of
the anodic material. It is well-known that boron doped-diamond (BDD) anodes can produce oxidizing
radicals from water discharge (mainly heterogeneous hydroxyl radical, designed as BDD(*OH)). The
BDD electrocatalysts have been reported to surpass in efficiency Pt and dimensionally stable anodes
(DSA) due to their larger electrocatalytic activity (higher overpotential of oxygen evolution with
excellent stability) [43-50]. Hydroxyl radical reacts non-selectively with organic contaminants,
rapidly leading to their conversion into innocuous by-products or even their total mineralization (i.e.,
giving CO», H20, and inorganic ions) [51-55].

In addition to the anode material, the type of the electrolytic reactor plays a significant role in the
ECO process [56,57]. Bench reactors treating small solution volumes are usually reported in the
literature due to their simplicity that is enough to answer countless scientific questions about the
electrochemical mechanisms and the influence of certain operating variables on the removal of target
pollutants [58-62]. However, the feasibility of bench reactors in real scenarios has recently been
questioned based on often unrealistic extrapolations of data obtained from lab-scale experiments. Too
enthusiastic interpretations and assurances could prevent the possibilities of successful large-scale
application.

In this work, a new pilot electrochemical batch reactor has been developed to pave the way to
clean waters containing emergent pollutants by ECO. Mathematical modeling and simulations were
conducted by COMSOL to assess the effectiveness of the designed system. Performance tests with
CIP antibiotic as a model pollutant were carried out to confirm its practical application. Experimental
variables such as applied current density, pollutant concentration, and initial pH were first tested in a
sulfate medium. Then the competitiveness of the system in the treatment of more realistic water

samples was evaluated though the treatment of tap water and urine. Generated by-products such as



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

carboxylic acids and nitrogenated ionic species were identified and quantified. The degradation and

mineralization of the pollutant were determined and discussed on the calculated figures of merit.

2. Experimental

2.1 Chemicals

Ciprofloxacin (CIP, CAS: 85721-33-1, 98%, see chemical structure in Fig. 1), sodium sulfate
(Na2SOa4, 99%), sodium chloride (NaCl, 99%), oxalic acid (99%), formic acid (99%), acetic acid
(99%), uric acid (99%), humic acid (99%), urea (99%), calcium carbonate (99%), sulfuric acid

(H2S04, 96-98%), and acetonitrile (99%) were purchased from Sigma-Aldrich and used without
o} o}

additional purifications. The synthetic s¢dutions.were pirepargd with ultrapure water from Elga Lab

Water.

Fig. 1. Chemical structure of ciprofloxacin (CIP).

2.2 Experimental set-up

Electrochemical oxidation was performed at a fixed volume of 2 L using a pre-pilot batch
recirculation loop cell containing a BDD anode and a stainless-steel cathode, both of 65 cm? of
geometrical area. The electrolysis ran at room temperature (25 °C) and constant current density (j)
provided by a TENMA model 72-2720 DC power supply. The main experimental variables were |
(15, 30, 45, and 60 mA cm™), initial CIP concentration (5, 10, 20, and 30 mg L), and initial pH (3.0,
5.0, 7.0, and 10.0) adjusted with a stock solution of 0.5 M sulfuric acid or sodium hydroxide. Synthetic
solutions employed 0.050 M Na>SOs as supporting electrolyte. The best operational conditions

according to figures of merit observed were selected to evaluate the effect of inorganic ions

5
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commonly present in real effluents (i.e., chloride, carbonate) and natural organic matter using humic
acid (HA) as model. Realistic water matrices consisting of tap water and urine were used to evaluate
ECO performance. The tap water sample was collected in Tempe AZ /USA and stored at 4 °C. The
synthetic urine was prepared with 13.9 mM of urea and 0.10 mM of uric acid. All experiments were

performed at similar conductivity of 8-10 mS cm™.

2.3. Analytical procedure

The concentration of CIP was monitored over time using a Waters HPLC system model €2695,
equipped with a C-18 column (75 mm x 4.6 mm, 3.5 um) coupled to a PDA detector (at 275 nm).
Samples of 10 pL were injected into the LC and the mobile phase consisted of an 80:20 mixture of
ultrapure water acidified with 0.1% acetic acid and acetonitrile pumped at a flow rate of 0.3 mL min
1. A defined peak for CIP was displayed in the chromatograms at a retention time of 3.91 min. The

percentage of CIP removal was then calculated as follows:

CIP,—CIP

% CIP removal = x 100 (1)

0

where CIPg and CIP are the concentration at initial time and time t, respectively. The concentration
decays obeyed a pseudo-first order Kkinetics, allowing to determine the apparent rate constant ki (in
mint) from Eq. (2):

In (55 =kt @

The chemical oxygen demand (COD) was determined using low range COD Kkits from Hach.
Volume of sample required for analysis was placed in the vials and digested for 120 min at 150 °C
using a Hach model DRB200 digester. Thereafter, COD was measured using a Hach UV-vis
spectrophotometer DR 6000. The average current efficiency (ACE) and the energy consumption per
unit COD mass (ECcop) were calculated from the determined COD values using Eq. (3) and (4),

respectively [63]:
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8t

ACE =

3)

Ecenlt

ECcop(kWh (g COD)™') = - (COD,— COD) “

where CODo and COD: correspond to the chemical oxygen demand at the beginning of the treatment
and a time t, respectively (g Oz L), F is the Faraday constant (96,487 C mol™), V is the volume of
solution (L), 8 is the oxygen equivalent mass (g eq?), | is the applied current (A), t is the electrolysis
time in s for % ACE and in h for EC, and Ec is the average potential difference between the
electrodes in the cell (V).Duplicate trials for concentration and COD decays were made and average
values are reported with a 95% confidence interval.

Generated carboxylic acids were identified by injecting 20 uL of the sample into a Waters HPLC
system equipped with Bio-Rad lon Exclusion Column Aminex HPX-87H (300 mm x 7.8 mm) at 35
°C. The detection was accomplished at 210 nm in a 2998 PDA detector. The mobile phase contained
0.004 M H2S04 being pumped at a flow rate of 0.6 mL min’. The retention times were 6.11, 13.05
and 14.28 min for oxalic, formic, and acetic acids, respectively. Nitrogenated, chloride and free

chloride species were detected using Hach analytic kits.

2.4. Formulation of the numerical simulation of the electrochemical cell
2.4.1. Pre-pilot batch recirculation cell

The electrochemical system used in the experiments of CIP degradation by ECO was simplified
to stablish the simulation domain and it is represented in Fig. 2. The reactor consisted of a BDD
circular disc of 10 cm diameter at the bottom, and a concave stainless steel disc cathode of 5.5 cm
diameter with a hole in the middle, connected with a pipe of 33.3 cm length and 0.66 cm internal
diameter. The overall volume was of 2000 cm? and the interelectrode gap of 2 cm. The solution was
recirculated at 8 L min™. Here, theoretical fluid flow and current distribution models were
implemented to evaluate the performance in terms of momentum and charge transfer. Mathematical

modeling and simulations were implemented with software COMSOL Multiphysics® by solving
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governing equations through finite element method. Table 1 summarizes the kinetic parameters and
the solution properties that were considered for the model simulations. Mass and charge balances
were met for all cases. The computational domain consisted of an unstructured mesh with 1135079
elements. Then, the simulation solution was verified by varying the number of elements till
converging results remained unchanged around these defined mesh elements. Fluid flow simulations
required ~219 min of computational run time and current distribution simulations required ~100 min.
The segregate iterative GMRES method was employed to solve for fluid flow equations, while the
direct iterative MUMPS method was used to solve for the current distribution. A convergence

criterion of <107 was considered for all the simulations.

2.4.2. Turbulent flow

According to Fig. 2, all inlets and the outlet of the system can cause changes of flow course,
rotational flow, and vortex despite low Reynolds numbers. The traditional x-¢ turbulence model was
then chosen because it has proved to be very effective to simulate the fluid flow of complex
electrochemical systems [64]. In steady state for an incompressible fluid, the governing equations

were:

Outflow
—  Inflow
Inflow |
Inflow

N

Stainless-Steel -
cathode : ) BDD
«© anode

Z

y‘\I/'X
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Fig. 2. Simulation domain of the pre-pilot cell used for CIP degradation.

simulations at 20 °C.

Table 1. Characteristic transport properties and electrochemical kinetic parameters employed in the

Dynamic electrolyte viscosity, u« (Pa-s),+ 1x10°3
Density of solution, p (kgm™ 1000
Inflow velocity, up (ms™") 2.6
Pressure reference, Po (Pa) 101325
Conductivity of solution, k (S m™) 0.54
Open circuit potential of the anode, ¢, (V vs SHE) [65] 0.6
Open circuit potential of the cathode, ¢, (V vs SHE) [66] 0.039
Tafel slope of *OH, b.on (V dec?) [65] 0.25
Cathodic Tafel slope, be (V dec?) [66] 0.8
Exchange current density for *OH j, .o (A m?) [65] 3x106
Cathodic exchange current density j, . (A m?) [66] 7.5%x1073
p(u-Vu) = =VP + V((u + pup)(Vu + (Vu)") (5)
Vu=20 (6)

where p is the fluid density, u is the average velocity vector, P is the average pressure, and u the

dynamic viscosity. The turbulent viscosity g is described by means of Eq. (7) to (9):
Ut = pcu% (7)

p(u-V)K=V-<(y+?)VK)+PK—pe (8)
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where « is the turbulent Kinetic energy,e is the turbulent energy dissipation velocity, and B is an
energy production term. The equations use dimensionless model constants C, with value 0.09, C;
with value 1.46, C.; with value 1.44, C,, with value 1.92, o equal tol, and o with value 1.3. Details
of these parameters have been provided elsewhere [67].

Electrolyte velocities can decrease at the vicinity of the reactor walls, and therefore become
dissimilar to the predictions of the turbulent model close to the wall. The Eq. (10) introduces a

corrective wall function that is valid for turbulent flow layers [67]:
ut =55+=Iny* (10)

Where u* is defined as dimensionless velocity normal to the wall, $#is the von Karman constant,
and the term y* is the dimensionless length from the wall to the boundary layer described by Eq.
(12):

+ _ Puyry
yr==r (11)

Where u, is the friction velocity as estimated from Eq. (12), (,) and y is the distance from the wall
[67].

U = C&M\/E (12)

The model is subjected to the following boundary conditions in order to solve Eq. (5)-(9):
+ At the electrolyte inlet it is valid the relationship u = —ugn. The term wu, is defined as the
average velocity at the electrolyte inlet and normalized by its product with normal unit vector
(n). The solution inlet values of k, and g, can be estimated from the turbulent intensity (i)

fixed at 0.05, and the turbulent length scale (Lt), according to the well-accepted relationships:

10
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Ko = 3/2 (uolr)? and &, = C/* k3/? /L. The Lt value is determined as 0.07r as function of
the electrolyte inlet radius r = 0.4 cm.

« At the electrolyte outlet it is considered valid the relationship [—P + (u + pp)(Vu +
(Vu)")]n = —nP,, where P, is the pressure at the outlet. Also, Ven = 0 and Vx-n = 0 at
solution exit.

« The local flow velocity u*in Eq. (10) was applied to all other boundaries.

2.4.3. Secondary current distribution model

The production of *OH through water oxidation occurs at the interface electrode-electrolyte and
this process is limited by charge transfer [68]. Thereby, an analysis of current distribution on the BDD
surface could be helpful to evaluate the electrode performance in terms of production of *OH radicals.
The secondary current distribution model was themed adequate to analyze this process since boundary
conditions only considered surface overpotential through a Tafel kinetics [69]. The governing

potential and charge equations given by Laplace’s formulation and Ohms law are:

Vi =0 (13)

j=—kve (14)

where | is the current density vector, k is the electrolyte conductivity. and ¢ is the electric potential

of the solution.

The solution of Eq. (10) and (11) depended on the defined boundary conditions:
+ For the BDD anode a charged controlled kinetics was employed, i.e., j, = jo.on€xp (#)

where ja is the current density at the anode, jo..on is the exchange current density, and b.on is
the Tafel constant for hydroxyl radical formation.

For the stainless-steel cathode, the water reduction kinetic was governed by the expression:

Je = —Jocexp (;—Z’) where jc is the current density at the cathode, jo.c is the exchange current

11
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density, and b is the Tafel constant for water reduction.The overpontential is givenbyn = ¢y —
¢ — docp, Where ¢y is the potential of the metallic electrode and ¢, is the open circuit potential

for each electrode.

3. Results and discussion

3.1. Theoretical assessment of the pre-pilot plant

An analysis of the momentum transfer is very important to evaluate the reactor performance in
terms of bulk mixing. In this context, Fig. 3a shows the velocity magnitude distribution in a z-y plane
and Fig. 3b presents the flow lines patterns inside the system. The velocity distribution and flow
patterns highlighted that the flow entered to the system at 2.6 m s and collided with the stainless-
steel rod to generate recirculation zones in the middle-body of the reactor. The fluid gets into the
concave zone of the cathode and close to the rod hole, thus accelerating due to the drastic decrease of
area. Finally, the fluid flow leaves the system with an increment of 0.4 m s™%. Note that recirculation

zones are desirable to promote a homogeneous bulk mixing and fluid acceleration is suitable for

12
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Fig. 3. (a) Velocity magnitude distribution in a z-y plane and (b) flow lines patterns inside the

proposed electrochemical reactor with up = 2.6 m s™.

ja/jave

1.4

1.2

Fig. 4. (a) Potential distribution and (b) normalized current density distribution on the BDD surface

of the electrochemical reactor with jae =25.5 mA cm™.

minimizing pressure drops. However, next to the BDD electrode the velocity decreased between 0.01
and 0.8 m s, which could impact in the mass transfer of the pollutant to the working electrode.

The BDD(*OH) production is very related to the current distribution on the BDD surface, because
a non-uniform current distribution could generate zones with more or less quantities of this oxidant
and therefore, it may cause an impact in the efficiency of pollutant degradation. Fig. 4a shows the
potential distribution and Fig. 4b depicts the normalized current density distribution on the BDD

surface of the electrochemical reactor. The potential distribution of Fig 4a follows the geometry and

13
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the position of the electrodes, as expected. Meanwhile, Fig. 4b makes evident a non-uniform current
distribution generated by the geometry and position of the stainless-steel cathode. A donut of high
current was formed at counter position of the cathode, and close to the walls of the reactor, the current
decreased. High current zones could promote the undesirable O formation and low current zones
could promote the production of lower quantities of BDD(*OH). Nevertheless, the deviation of the
normalized current distribution was between 0.6 (60%) to 1.9 (190%), indicating a good performance.
One can then infer that the pre-pilot plant could produce an effective amount of BDD(*OH) for the

ECO process of CIP, as discussed in the next sub-sections.

3.2. Effect of operating conditions on CIP degradation in sulfate medium

First assays with the novel pre-pilot batch plant with a BDD/stainless steel pair of electrodes
were made to assess the effect of j, antibiotic concentration, and pH over the performance of CIP
degradation aiming to find the best experimental condition for its ECO treatment in sulfate medium.
As pointed out above, the main oxidant acting in this process is the physisorbed BDD(*OH), which
is formed from the water discharge at the BDD anode from Eq (15) [70-73]. In addition, secondary
oxidants such as peroxydisulfate (S:0s%, Eq. (16)) and sulfate radical (SO4~, Eq. (17)) can be

electrogenerated in small amounts, slightly contributing to the antibiotic removal [47,74]

BDD + H,O — BDD(*OH) + H" + e~ (15)
SO4% + SO4* — S208% + 26 (16)
S04 — S04~ +¢€ a7

The influence of j was studied for 2 L of 10 mg L™ CIP in 0.050 M Na;SOsat pH 7.0 and 25 °C
lasting 300 min. Fig. 5a depicts the gradual rise in the percentage of CIP removal with increasing j
from 15 to 60 mA cm?, attaining final values from 84.2% to 99.9% (see Table 2). This behavior can
be related to the simultaneous increase in rate of reaction (15) due to the greater Ecen achieved (see
Table 2), originating higher amounts of BDD(*OH) that more rapidly oxidized the parent molecule.

The kinetic analysis of the concentration decays agreed with a pseudo-first order equation and the
14
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corresponding rate constant k; with R? > 0.98 (see Table 2) was calculated from Eq. (2). Fig. 5b shows
the progressive increase found for ki from 2.3 x 10 to 6.3 x 10 min'* when passing from 15 to 60
mA cm. This presupposes a growth of only 2.74-fold of ki for a rise of 4-fold of j. The observed
loss of efficiency of the ECO process at higher j can be related to: (i) the parallel oxidation of the by-
products formed with BDD(*OH) and (ii) a larger acceleration of non-oxidizing and parasitic
reactions of this radical like Oz evolution from reaction (18) or *OH dimerization to give the weak

oxidant H20 from reaction (19) [47,75,76]:

BDD(*OH) — BDD +%0; + H* + e (18)
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Fig. 5. (a,c,e) Percentage of CIP removal vs. time and (b,d,f) the corresponding pseudo-first-order
kinetic analysis for the electrochemical oxidation of 2 L of ciprofloxacin (CIP) solutions in 0.050 M
Na.SO4 and at 25 °C using a pre-pilot batch cell with a BDD anode and a stainless-steel cathode,
both of 65 cm? of geometric area. Effect of: (a,b) j for 10 mg L™ CIP and pH = 7.0, (c,d) initial CIP
concentration for j = 45 mA cm? and pH = 7.0, and (e.f) pH for j = 45 mA cm™ and 10 mg L™ CIP.
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329rable 2. Percentage of CIP removal at 300 min, pseudo-first-order rate constant with the

33@orresponding square regression coefficient, and average potential difference of the cell determined

33¥or the electrochemical oxidation of 2 L of CIP solutions under different conditions at 25 °C

33Zontained in a pre-pilot batch BDD/stainless-steel cell.

[CIP] J % CIP Ky Ecen

Medium (mgL?Y) (mAcm? pH  removal (10°mint) R? (V)
Control @ 10 15 7.0 84.2 2.3 0.981 7.3
10 30 7.0 90.6 3.2 0.995 8.7

10 45 7.0 97.2 5.2 0.991 9.8

10 60 7.0 99.9 6.3 0.992 11.2

5 45 7.0 99.9 6.9 0.991 9.6

20 45 7.0 95.1 3.8 0.989 9.5

30 45 7.0 91.3 2.9 0.988 9.6

10 45 3.0 90.1 3.3 0.997 9.3

10 45 5.0 96.2 4.2 0.990 9.4

10 45 10.0 99.9 6.8 0.981 9.8

Cl-P 10 45 7.0 99.9 12.0 0.996 94
COz% P 10 45 7.0 85.5 3.0 0.997 9.5
HA ¢ 10 45 7.0 7.2 2.3 0.994 94
Tap 10 45 6.5 95.8 4.4 0.997 9.9
Urine 10 45 7.0 77.2 2.9 0.998 9.3

333 @ Synthetic solution with 0.050 M Na>SO.. ® Concentration of 5 mM. ¢ 5 mM humic acid.

334
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2BDD(*OH) — 2BDD + H20: (19)

Fig. 5¢ shows that CIP was more slowly degraded when its concentration grew from 5 to 30 mg
Lt in 2 L of 0.050 M NazSOq at pH 7.0, 25 °C, and j = 45 mA cm™. The percentage of CIP removal
at the end of the runs dropped down from 99.9% to 91.3% (see Table 2) and the expected decay of ki
from 6.9 x 102 to 2.9 x 10 min is depicted in Fig. 5d. As a first approach, this trend can be
interpreted as a decrease of the degradation rate due to the reaction of greater quantities of the
antibiotic with a similar amount of generated BDD(*OH). However, while 5 mg L™ of CIP were
removed at the lower concentration, a much higher content of 27.39 mg L™ were degraded for 30 mg
L of CIP. This is indicative of a large enhancement of the oxidation power of the ECO process at
higher organic matter, suggesting a faster reaction of CIP with increasing amounts of BDD(*OH)
proceeding from the deceleration of its parasitic reactions like reactions (18) and (19).

The effect of pH on the percentage of CIP removal for 2 L of solutions with 10 mg L™ CIP in
0.050 M NazSOs at 25 °C and j = 45 mA cm2 is presented in Fig. 5e. A surprising behavior can be
observed because the degradation is progressively enhanced from pH 3.0 with 90.1% removal to 10.0
with 99.9% removal (see Table 2). Fig. 5f shows the expected gradual increase in ki from 3.3 x 103
mint at pH 3.0 to 6.8 x 10 min"* at pH 10.0 according to this trend. It is noteworthy that a similar
pH-dependence has been reported by Wachter et al. [77] for the ECO degradation of CIP in a flow
reactor equipped with a filter-press cell containing a BDD anode. The rise of CIP degradation at
higher pH can be associated with the change of the ionic form of this antibiotic since it possesses two
pKa values of 6.09 and 8.62. At pH < 6.0 the cationic form of CIP (with a proton linked to the -NH-
of the piperazine group) predominates in the medium, whereas at pH > 8.7 only the anionic form
(with a lateral -COO- group) exists. The zwitterionic or neutral form (with -NH;*- and -COO~ group)
is then present in the solution in the interval of pH 6.0-8.7. Since BDD(*OH) attacks much more

rapidly the negative than positive compounds, the transition of pH from 3.0 to 10.0 favors the much
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faster destruction of the more easily oxidizable anionic form of CIP hence strongly accelerating its
degradation, as shows Fig. 5e.

The above results make evident that CIP is more largely removed by ECO with a BDD anode
and in sulfate medium with increasing j, its concentration, and the solution pH, giving rise to a good
performance with the novel pre-pilot batch plant. In these processes, the relative rate of the parasitic
reactions of BDD(*OH) and the ionic form of the antibiotic present in solution played a key role to

determine the positive action of such operating variables.

3.3. Influence of different aqueous matrices over CIP degradation

Once clarified the influence of the main operating variables in sulfate medium, the study of the
oxidation power of the ECO process of CIP with a BDD anode using the new pre-pilot batch reactor
was extended to agueous matrices containing common species of natural waters and wastewaters such
as Cl- and CO3z?> ions, as well as HA as representative of the natural organic matter.

Fig. 6a highlights the variation of the percent of CIP removal with time for 2 L of 10 mg L*
antibiotic in different media with pure water at pH 7.0, 25 °C, and j = 45 mA cm™. The aqueous
matrices contained 0.050 M Na,SOs (control) and 5 mM of Cl-, COs>, or HA. As can be seen, the
degradation was largely improved in the presence of Cl~ achieving 99.9% removal in only 180 min
with a ki = 1.20 x 102 min'!, a value much greater than 5.2 x 10 min’* determined for the control
test (see Table 2). The strong reactivity in the presence of this ion can be associated to the production
of high quantities of active chlorine (HCIO) at pH 7.0 from its anodic oxidation via reactions (20)
and (21) [78,79], which attacks more rapidly CIP in the solution bulk than BDD(*OH) in the vicinity

of the BDD anode.
2ClI- > Cl + 2e (20)

Cl, + H,O — HCIO + CI- + H* (21)
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Fig. 6. Variation of the percentage of CIP removal with time for the electrochemical oxidation of 2
L of 10 mg L™* CIP in different media at pH = 7.0 and 25 °C using a pre-pilot batch BDD/stainless-
steel cell by applying a j = 45 mA cm. Comparison of control conditions (0.050 M Na2SQO4) with (a)
solutions with 5 mM of CI-, COs?, and humic acid (HA) and (b) tap water and synthetic urine as

aqueous matrices. (c) Change of normalized CI~ concentration and active chlorine content with time

for the above assay with 5 mM CI-.
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The opposite trend can be observed in Fig. 6a for the electrolytes containing COs?>~ or HA, with
slower removal than the control assay and lower ki-values of 3.0 x 10 and 2.3 x 10 min?,
respectively (Table 2). The inhibitory effect of CO3?~ means that it acted as a scavenger of the
generated BDD(*OH), consuming part of it and hence, decelerating the oxidation of the
antibiotic[7,80] In contrast, HA as an organic compound was competitively oxidized with CIP by
BDD(*OH). Consequently, in both cases, less BDD(*OH) was available for the antibiotic destruction.

From the above study, the degradation of CIP was carried out in more complex matrices like tap
water and synthetic urine. Similar experimental conditions, i.e., 10 mg L™ of spiked antibiotic, pH
7.0, and j = 45 mA cm, were used and the results obtained are given in Fig. 6b. A slightly removal
can be seen operating with tap water (k1 = 4.4 x 10 min) as compared with control conditions (ki
=5.2 x 10 min) (see Table 2). This result allows inferring that despite the expected deceleration of
CIP destruction by the competitive removal of the trace organic components of the tap water by
BDD(*OH), the electrogeneration of oxidant HCIO compensates the oxidative power loss, so the ECO
practically maintains the oxidation power of ECO over the antibiotic abatement[81]. In contrast, the
percent of CIP removal underwent a noticeable decrease in the synthetic urine matrix, yielding a
ki.value of 2.9 x 10 min'}(see Table 2). In this case, the parallel oxidation of urea and uric acid by
BDD(*OH) led to a strong decrease of the attack of this oxidant over CIP [82,83]

The good effectiveness of reaction (19) over the electroactive BDD anode and the subsequent
quick formation of active chlorine by reaction (20) was confirmed by measuring the Cl~ abatement
and the HCIO production in the assay performed with 5 mM CI-. Fig. 6c¢ illustrates a fast removal of
66.6% of the initial ClI~ (3.33 mM) in 300 min, whereas the active chlorine was continuously
accumulated up to only 5.12 mg L (0.10 mM). The very low content of HCIO detected as compared
to the high Cl-concentration lost makes evident that most generated active chlorine reacted with CIP

and its by-products causing its rapid destruction.
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The above findings clearly demonstrate the large influence of the electrolytes and organic
components of the solution over the ability of ECO to destroy CIP. The novel pre-pilot plant reactor
with a BDD anode appropriately informs over such effects due to the good performance of BDD(*OH)

and HCIO generation under the experimental conditions tested.

3.4. Chemical oxygen demand abatement and by-products identification

The mineralization process is much slower than the degradation one because of the hard
oxidation of some by-products formed like final short-linear aliphatic carboxylic acids, much more
recalcitrant than the target molecule [63,84]. To confirm the continuous production of BDD(*OH) in
the novel pre-pilot batch reactor and its power to remove organic pollutants, a longer experiment of
8 h was made by electrolyzing 2 L of 30 mg L™* CIP (CODg = 190 mg L) in 0.050 M Na,SO: at pH
=7.0,25°C, and j = 45 mA cm. Fig. 7a highlights the progressive mineralization of the solution up
to a final COD reduction near 94%, making evident the high oxidation power of the electrolytic
system. Fig. 7b reveals a continuous fall of the percent of ACE from 14.3% to 5.0% as results of the
gradual generation of more recalcitrant by-products. A very positive result was the constant ECcop
of 0.6+0.1 kWh (g COD)* found during all the mineralization process, which confirms the good
generation of BDD(*OH) in the powerful novel pre-pilot batch reactor tested.

The study of the above mineralization process was completed by quantifying the main by-
products formed. Fig. 7c shows that the initial N of the 30 mg L™ antibiotic solution was pre-
eminently converted into nitrate (3.11 mg Lt of N), and to much less extent into nitrite (0.029 mg L
! of N) and ammonia (0.062 mg L of N) after 300 min of electrolysis. This presupposes the release
of 3.20 mg L of N from the target molecule, accounting for the ionization of a 84% of the initial N
(3.80 mg L). This indicates either the destruction of the major part of N-derivatives or their total
removal with a low generation of volatile N-compounds like NxOy gases, as usually described for N-

aromatic compounds [34,85,86]
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Fig. 7. Change of (a) the percentage of COD removal and (b) average current efficiency and the
energy consumption per unit COD mass with time for the electrochemical oxidation of 2 L of 30 mg
L CIP (190 mg L™ of initial COD) in 0.050 M NazSO4 at pH = 7.0 and 25 °C using a pre-pilot batch
BDD/stainless-steel cell at j = 45 mA cm. (c) Concentration of nitrogenated species (in mg L™ — N)
detected at 300 min of the above trial. (d) Time course of the concentration of generated carboxylic

acids.
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The evolution of the main carboxylic acids generated in the mineralization process is depicted in
Fig. 7d. Low contents of acetic acid (< 0.16 mg L™) were detected during the 8 h electrolysis,
alongside greater concentrations of formic acid (approximately 0.5 mg L) and preferentially oxalic
acid (1.86 mg L™). These acids are formed from the cleavage of the cyclic moieties of the antibiotic
and the two latter are directly mineralized to CO> [87,88]. The large stability of these acids in front

of BDD(*OH) explains the fact that CIP cannot be completely mineralized by ECO.

4. Conclusions

It has been shown the good performance of the novel pre-pilot batch reactor with a BDD anode
to generate physisorbed BDD(*OH) by ECO using turbulent flow simulation and secondary current
distribution modeling with a COMSOL Multiphysics software. This has been confirmed by studying
the removal of CIP under different experimental conditions. Faster degradation of this antibiotic was
found in sulfate medium by ECO at higher j, CIP concentration, and solution pH where BDD(*OH)
was the main oxidant. The action of such operating variables was determined by the relative rate of
the parasitic reactions of BDD(*OH) and the oxidation rate of the ionic form of the antibiotic present
in solution. Higher pH transformed its cationic form into its more easily oxidizable anionic form. The
degradation process was accelerated in chloride medium due to the additional generation of active
chlorine by CI~ oxidation at the anode. 1t was confirmed that most of generated active chlorine reacted
with the antibiotic and its by-products. The presence of carbonate in the aqueous matrix caused an
inhibitory effect due to its scavenging action, whereas the addition of humic acid decelerated CIP
degradation by competitive oxidation with BDD(*OH). A decay in antibiotic abatement was also
found in tap water and synthetic urine by the electrolytes and organic compounds contained in them.
In sulfate medium, an almost total mineralization was achieved at long electrolysis time with
formation of recalcitrant acetic, oxalic, and formic acids. A final ECcop = 0.6+0.1 kWh (g COD)™!

was obtained during all the mineralization process demonstrating the good performance of the pre-
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pilot batch reactor. The initial N of CIP was pre-eminently released as nitrate ion, and to lesser extent,

as nitrite and ammonia.
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