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Abstract 

Kinetic modeling contributes to understand fundamental and practical aspects of 

pharmaceuticals degradation in water by electrogenerated reactive chlorine spe-

cies (RCS). Herein, a different approach to those in literature for the modeling of 

acetaminophen (ACE) degradation by the RCS is presented. A filter-press reactor 

having a dimensionally stable anode, NaCl, and operated in continuous mode, 

was considered, where high current (100 mA) and low flow (11 mL min-1) favored 

the electrogeneration of RCS used for ACE degradation. A semi-empirical kinetic 

model considering the rate of RCS production (ΦE) as a function of current inten-

sity and chloride concentration was developed. The model successfully repro-

duced the ACE removal at different concentrations (10, 20, 40, and 60 mg L-1) in 

distilled water. ΦE and hydraulic retention time were the most relevant parameters 

of the model for the generation of RCS, and these two parameters plus the pol-

lutant concentration were very determinant on ACE degradation. Also, the treat-

ment of ACE in actual seawater was assessed and simulated. The competing 

role toward electrogenerated RCS by intrinsic organic matter in the seawater was 

a key point, and the simulated values fitted well to the experimental ones. Finally, 
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the action of the electrochemical system on ciprofloxacin (CIP) in the real sea-

water and the evolution of its antimicrobial activity were tested. CIP removal was 

faster than that observed for ACE due to structural differences between both 

pharmaceuticals. Moreover, the system removed the antimicrobial activity asso-

ciated with CIP, indicating a positive effect regarding the impact of pharmaceuti-

cals in environmental water. 

 

Keywords: Acetaminophen; Electrochemical process; Degradation simulation; 

Organic pollutants elimination; Reactive chlorine, Water treatment. 

 

1. Introduction 

Nowadays, the pharmaceuticals (such as the analgesic acetaminophen or the 

antibiotic ciprofloxacin) in aquatic ecosystems have fostered great attention in the 

world due to their persistence and eco-toxicological or environmental risks [1–3]. 

Their occurrence in water resources, even at low concentrations (ng L-1 or µg L-

1) generates a potential threat to the environment and public health [4,5]. For 

example, the bioaccumulation of acetaminophen (ACE) induces inhibition of re-

production and cell growth [2, 8]. Antibiotics like ciprofloxacin (CIP) can cause 

negative effects, such as the development of antibiotic-resistant bacteria [6, 7]. 

In addition to the above-mentioned concerns, conventional methods in the mu-
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nicipal wastewater treatment plants (WWTP) are not able to eliminate pharma-

ceuticals [9]. Therefore, efficient treatment methods to ensure the degradation of 

these problematic substances are needed. 

Electrochemical oxidation processes based on the production and action of reac-

tive chlorine species (RCS) are an alternative to degrade pharmaceuticals [11-

15]. Dimensionally stable anodes (DSA) are the best anodes for the formation of 

RCS (𝐶𝑙2, 𝐸°: 1.36 V; 𝐻𝑂𝐶𝑙, 𝐸°: 1.49 V; and 𝑂𝐶𝑙−, 𝐸°: 0.89 V) [10, 11]. Indeed, 

some works have been focused on kinetic mathematical modeling for the predic-

tion of the oxidation of organic compounds with electro-generated RCS using 

DSA. The most common models are based on the solution of Nernst-Planck, Na-

vier-Stokes, and reaction-dispersion equations alone or combined in 3D, 2D or 

1D coupled with homogeneous and heterogeneous chemical reactions [14–16]. 

However, these models are very complex in their formulation and number of pa-

rameters. A different approach, few studied for processes based on DSA, is the 

use of semiempirical macroscopic models for application to the electrochemical 

reactor, which have a limited number of parameters, allowing easy handling of 

the modeled system. The main advantage of this kind of modeling is that the 

number of parameters needed to run and simulate the reactor behavior is signif-

icantly less than the modeling based on computational fluid dynamics (CFD) but 

it should be recalibrated when the operation conditions are changed. 
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Therefore, this research work aims to study the degradation of a relevant phar-

maceutical (ACE) by in situ electrochemically generated RCS with a DSA, apply-

ing a semi-empirical model. The electrochemical system consisted of a labora-

tory-scale filter press reactor, equipped with a Ti/RuO2-ZrO2 (Sb2O3 doped) an-

ode, which was chosen because it produces the highest amount of RCS com-

pared to other DSA anodes [17]. Firstly, the effect of two main operational pa-

rameters (current intensity and flow) of the reactor on the generation of RCS was 

evaluated through a surface response analysis. Then, the degrading action of the 

electrochemical system on ACE was assessed. Afterward, the kinetic model was 

developed considering the rate of RCS production (ΦE) as a function of current 

intensity and chloride concentration. Besides, the sensitivity analysis of the model 

was performed to calculate the accuracy of the parameters evaluated from ex-

perimental data. Additionally, the feasibility of the process on the degradation of 

ACE in actual seawater was tested, and then it was simulated. Finally, to deter-

mine the action of the electrochemical system on other pharmaceuticals, the an-

tibiotic CIP was treated in real seawater and the evolution of its antimicrobial ac-

tivity was also followed. 

 

2. Materials and Methods 

2.1. Reagents 
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Acetaminophen (ACE) and ciprofloxacin (CIP) were provided by Laproff 

laboratories (Colombia). Potassium iodide and ammonium heptamolybdate, ac-

etonitrile, and sodium chloride were purchased from Merck. Formic acid was ob-

tained from Carlo Erba. The pharmaceutical solutions were prepared using dis-

tilled water. Also, a sample of actual seawater from the Pacific Ocean was con-

sidered, and this matrix was spiked with the pharmaceuticals before the experi-

ments. 

 

2.2. Reaction system 

Experiments were performed in a filter-press reactor (Fig. S1 in Supporting infor-

mation), operated in continuous mode, equipped with a DSA (Ti/RuO2-ZrO2 

(Sb2O3 doped)) and a cathode of titanium. The cathode and anode were rectan-

gular plates, with a geometric area of 40 cm2 (width 2 cm, length 20 cm). The 

distance between electrodes was 1.5 cm. The electrochemical cell had 60 mL of 

internal capacity and the supporting electrolyte was sodium chloride. Experi-

ments were done at least by duplicate and aliquots were sampled periodically for 

the analyses. 

 

2.3. Analyses 

The effect of current intensity and flow on the generation of RCS in the electro-

chemical system was evaluated through the response surface methodology using 
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Design-Expert 12 software (free trial version). A two-level factorial design with 

two central points was applied (Table S1). The current intensity (I) was evaluated 

in the range 20 - 100 mA, and flow (Q) was tested in the range 11 - 50 mL min-1. 

The response factor was the production of RCS (in µmol L-1) in the absence of 

pharmaceuticals. The electrogenerated reactive chlorine species were deter-

mined by the iodometric method detailed in the reference [18]. The absorbance 

was recorded at 350 nm after 5 minutes of reaction using a spectrophotometer 

UV/Vis (Mettler Toledo, UV5).  

The degradations of the target pharmaceuticals were performed at the suitable 

operational conditions of current and flow obtained from the experimental design. 

The degradations of the pharmaceuticals were quantified using a UHPLC Thermo 

Scientific Dionex Ultimate 3000 Instrument. A C-18 Thermo Scientific acclaim 

column (5 µm d.p., 4.6 mm i.d., and 150 mm length) and a diode array detector 

were used. The phase mobile was a mixture of acetonitrile and formic acid buffer 

(pH 3.0) 15:85 v/v, and an injection volume of 25 μL. In the case of ACE, a flow 

rate of 0.45 mL min-1 and 243 nm of detection wavelength were used. Meanwhile, 

for CIP, 0.60 mL min-1 and 278 nm were the flow, and detection wavelength, re-

spectively [19].  

The actual seawater was characterized using the methods reported in Table S2. 

Antimicrobial activity (AA) was determined by the inhibition halo method using 
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Staphylococcus aureus (ATCC 6538) as the indicator microorganism [19]. Anti-

biotic solution (30 µL) was added to Petri dishes containing 10 mL of nutrient agar 

inoculated with 10 µL of the bacteria (optical density of 0.600 at 580 nm). The 

Petri dishes were incubated at 37 °C for 24h in a HeraTherm Thermo Scientific 

Incubator. Confluent bacterial growth was observed, and the diameter of the in-

hibitory halo (mm) was measured using a vernier at different treatment times. 

 

2.4. Reactor modeling 

The kinetic model was based on a mass balance analysis [20], in which the elec-

trochemical reactor is considered as a continuous stirred tank reactor (CSTR), of 

batch type and complete mix. From a macroscopic point of view, the chemistry of 

the oxidation of organic drugs with electrogenerated RCS in a two-electrode elec-

trochemical cell can be represented by the following set of chemical reactions 

(Table 1, R1-R8): 

Table 1. Reactions involved in the electrochemical system. 

Component of the sys-

tem  

Reaction Name 

Anode  
R1 

 
R2 

Solution 
 

R3 

2 Cl- Cl2 +  2 e-
kE1(I)

2 H2O O2 +  H+ +  4 e-
kE2

HOCl +  HCl
k1

Cl2 +  H2O 
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R4 

 
R5 

 
R6 

 
R7 

Cathode 
 
R8 

 

The first two reactions in Table 1 are the macroscopic simplification of the mech-

anism of electrogenerated RCS and the oxygen evolution reaction (OER) respec-

tively proposed by Palma-Goyes [17]. Instead, a detailed description of the mech-

anism which involves at least three chemical and two electrochemical rate con-

stants, all the reactions are lumped in a single chemical reaction characterized 

by observable rate coefficients, 𝑘𝐸1 and 𝑘𝐸2, respectively. Both observable rate 

coefficients depend on the electron transfer rate constants and the adsorption 

chemistry of the electrogenerated RCS and OER. For simplicity and considering 

that the chloride ion is in excess, the chlorine production rate is assumed first 

order for the chloride and will be a source term named ΦE, the chlorine electro-

chemical source, or the chlorine rate formation (Eq. 1). 

0

12


ClEClE CkR
                                                   (1) 

OCl- +  H+HOCl
Ka

ACE- +  H+ACE
KA

Prds…
k2

HOCl +  ACE

Prds…
k3

HOCl +  ACE-

2 H2O  +  2 e- 2 OH- +  H2

kCAT
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To solve first the mass balances regarding the chlorine species, given by the 

reactions R1-R4 and R8. The mass balance for the Cl2 and OH- can be written 

as follows (Eqs. 2-4): 

212
2

2 ClClCl

R

Cl CkRC
V

q

dt

dC





                                          (2) 

21 ClHOCl

R

HOCl CkC
V

q

dt

dC





                                             (3) 

  21

0

ClOHOHOH

R

OH CkRCC
V

q

dt

dC


                                     (4) 

The first term in the above equations is the input-output term for each species. 

The 𝑅𝐶𝑙2 and 𝑅𝑂𝐻 terms are the chlorine and hydroxyl ion production rates for 

the electrochemical reactions R1 and R8, respectively. 

Because the configuration of the electrochemical reactor is the two-electrode in 

an undivided mode we have that the anodic (IAN) and the cathodic (ICAT) currents 

must be equal (IAN = ‒ ICAT). There are two contributions for the anodic current, 

one for the chloride oxidation (IA1) corresponding to reaction (R1) and the other 

one for the water oxidation (IA2) corresponding to reaction (R2). We can define 

the chlorine current ratio (η) as the current fraction used in chloride oxidation, as 

presented in Eq. 5. 

21

11

AA

A

AN

A

II

I

I

I




                                                     (5) 
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Considering the reaction rates of formation for Cl2 obey first-order reaction re-

spect the chloride concentration and zero-order for the OH- formation, we have 

Eqs 6-7. 

AnF

I
CkR AN

ClECl



 


12

                                                 (6) 

AnF

I
kR

CAT

CATOH



                                                    (7) 

Then, the formation rate for the chlorine and hydroxyl ions is proportional with 0 

< η < 1 (Eq. 8). 

OHCl RR 
2                                                           (8) 

The set of ordinary differential equations (ODE, Eqs. 2-4) can be written in di-

mensionless form as presented in Eqs. 9-11: 

  0)0(;1  zzk
dt

dz

                               (9) 

  0)0(;1   xxz
dt

dx
H

                            (10) 

  1)0(;1
0

1

0

1 






  wz

Ck

k

C
w

dt

dw

OH

E

OH

E
H




                        (11) 

Where the dimensionless state variables are defined in Eq. 12. 

0

1

;;
2

OH

OH
HOCl

EH

Cl

E C

C
wC

k

k
xC

k
z 












                   (12) 

With the hydraulic retention time τH = VR/q and the constant 𝑘′ = 𝑘1 + 𝜏𝐻
−1. 
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The set of ODEs is lineal for the state variables and then integrable. For the di-

mensionless chlorine and hypochlorous acid concentrations, the solution is rep-

resented by Eqs. 9-11 gives Eqs. 13 and 14. 

)exp(1)( tktz                                                      (13) 

H

t

H

tk

k

eke
tx

H



 








1
1)(

1

                                             (14) 

The hydrolysis constant k1 is usually several orders of magnitude higher the in-

verse of the hydraulic retention time and then the dimensionless OH concentra-

tion can be expressed by Eq. 15. 

 
    tkt

HH

HOH

HE eeXkXXk
kC

tw H 1
1

11

1

0
11

1
1)(














             (15) 

Where 11  X . Under these circumstances, the observable variables of the 

electrochemical system can be expressed as: 

 tkE
Cl e

k
tC





 1

2
1)(

1                                                  (16) 

 tEHHOCl
HetC
 


1

1)(


                                             (17) 

 )(log)( 0 twpHtpH 
                                               (18) 

Thereby, Eq. 17 is particularly useful for calibration purposes and the determina-

tion of ΦE. 

In the presence of pharmaceuticals such as acetaminophen (ACE), the set of Eqs. 

2-4 must be extended including the reactions R5-R7, as detailed in Eqs. 19-22. 

212

12
ClEClH

Cl CkC
dt

dC
 

                                         (19) 
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AHOClClHOClH
HOCl CCkCkC
dt

dC
221

1  
                                (20) 

  AHOClAAH
A CCkCC

dt

dC
20

1  
                                        (21) 

  21

01

Cl
E

OHOHH
OH CkCC

dt

dC



 




                                    (22) 

Where 𝐶𝐴 is the ACE concentration. Because of the non-linear terms in Eqs. 20 

and 21, it is unfeasible to have under these new circumstances an analytical so-

lution such as Eqs. 16-18. In dimensionless units, the set of Eqs. 19-22 can be 

expressed by Eqs. 23-26. 

  0)0(;1  zzk
dt

dz

                                 (23) 

  0)0(;20

1   xyxkCxz
dt

dx
AH

                          (24) 

  1)0(;1 2

1   yyxky
dt

dy
EHH 

                         (25) 

  1)0(;1
0

1

0

1 






  wz

Ck

k

C
w

dt

dw

OH

E

OH

E
H




                         (26) 

Where 𝑘2 is the rate constant between the HOCl and the ACE, and the new state 

variable 𝑦 =
𝐶𝐴

𝐶𝐴0
⁄ . 

For the derivation of Eqs. 23-26 the rate constant 𝑘2 has been considered inde-

pendent of the pH. But there are pieces of evidence of the pH dependence for 

the reaction between the ACE and the HOCl [21]. The reaction rate constant be-

tween the HOCl and the protonated ACE is 3.1 M-1 s-1 [21], while the reaction rate 

between the HOCl and the unprotonated ACE is 7×103 M-1 s-1 [21]. The same 

authors affirm that the OCl- does not react appreciably with the protonated or 
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unprotonated acid. Under these circumstances, it is possible to define an appar-

ent rate constant for the HOCl/ACE reaction shown in Fig. S2A. The maximum 

apparent rate constant 𝑘2, app, i.e., 42.4 M-1 s-1, is attained at pH = 8.6 according 

to Eq. 27. Together, it is shown in Fig. S2B, the predominance diagram for the 

Cl2/HOCl/OCl- system with the ACE acid-base diagram. 

Because the apparent rate constant between the ACE and the HOCl depends on 

the pH, and because the pH changes with time, it is necessary to change the 

constant 𝑘2 in Eqs. 24 and 25 by the apparent rate constant, which mathemati-

cal expression was presented in Eq. 27. 

  ][][

][][ 3

2

2
,2 








HKHK

HKkHk
k

BA

A
app

                                          (27) 

Where here 𝑘2 and 𝑘3 are the true rate constants of the reactions R6 and R7 

respectively and KA and KB are the acid-base equilibrium constants for the ACE 

(KA = 10-9.7) [22] and the HOCl (KB = 10-7.53) [19, 21] respectively. The solution of 

Eq. 26 provides the OH- concentration and then the H+ concentration for Eq. 27. 

Thus, Eqs. 23-27 provide the numerical model used in this work to represent the 

experimental observations. 

Once obtained the experimental data, the model should be validated after a non-

linear least-squares fitting procedure matching the experiments with the model 

[24]. Related to this procedure, it was relevant to the analysis of the sensitivity of 

the model, i.e., the relative effect of the parameters defined in the model over 

each observable magnitude. The sensitivity matrix was related to the Jacobian 
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matrix of the Eqs. 23-27, using matrix notation, the relative sensitivity matrix, S(t,p) 

is defined by Eq. 28. 

p

pq
ppS






),(
),(

t
t

                                                    (28) 

Where p is the vector of parameters and q is the vector of state variables (Eqs. 

29 and 30) in the model. 
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p

                            (29) 

 Twyxzq                                                     (30) 

Because the model represented by Eqs 23-27 has no analytic, nor explicit solu-

tion, is not possible the direct evaluation of the sensitivity matrix (Eq. 28). Instead, 

this direct evaluation, it is possible to define a new set of ODEs (Eq. 31) related 

to the time-derivative of the sensitivity: 

p

q
p

pq

p
p

pS





















dt

td

dt

td ),(),(

                                        (31) 

This last set of differential equations was solved together with Eqs. 23-27, defin-

ing the group. Because the group is considered at rest with t = 0, i.e. the system 

initially is under a steady-state, the initial condition of Eq. 31 is S(0, p) = 0. 

To evaluate the relevance of each parameter of the model (Eq. 29) on each state 

variable (Eq. 30), we need some metric which integrates the relative sensitivity of 

the model along with all the responses of the system. For this purpose, we pro-

pose the integrated relative sensitivity parameter, σij (Eq. 30). 
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                                                 (32) 

Because the asymptotic solution of Eqs 23-27 gives a steady-state concentration 

with all the state variables constant, the solution of Eq. 31; i.e., S(t, p), must be a 

bounded function and then, the Eq. 32 is a convergent and a positive magnitude. 

This metric is a matrix that gives the relative importance of each parameter of the 

model on each state variable. Once this matrix is normalized with its maximum 

value, with the value of σij is possible to sort the relative importance of each of 

the parameters for each state variable.  

The relative sensitivity of the parameters is a local analysis that depends on the 

set point in the space parameters where the analysis is done. Then the results 

depend on the specific values for the parameters. This analysis provides relevant 

information to calculate accurately the parameters from experimental data. 

 

3. Results and discussions 

3.1. Ability of the electrochemical system to generate RCS 

The effect of two main operational parameters (I and Q) on the production of RCS 

by the considered reaction system was evaluated through an experimental de-

sign (Table S1) in absence of pharmaceuticals. Fig. 1¡Error! No se encuentra 

el origen de la referencia. shows the response surface for the accumulation of 

RCS upon the variation of both I and Q in the considered electrochemical reactor. 
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From Fig. 1, it can be noted the trends for each parameter, and the red zone 

indicates the most suitable values of the current and flow parameters for the RCS 

production. The trends showed that the increase in the current intensity favors 

the RCS formation, which is associated with the improvement of electronic trans-

fer between the chloride anions and DSA surface (R1, Table 1) as the current is 

augmented [25]. Conversely, a lower value of the flow increases the contact time 

of the electrolyte (chlorine ions) on the surface of the DSA and so enhances the 

formation of RCS [16, 26]. Thereby, in considered ranges, the highest value of I 

and the lowest amount of Q (which corresponded to 100 mA and 11 mL min-1, 

respectively) were the most suitable conditions for the RCS generation in the 

tested electrochemical system. 
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Fig 1. Response surface derived from the DOE for the effect of current intensity 

and flow. Operational conditions: current intensity (I) = 20 to100 mA, flow (Q)= 11 

to 50 mL min-1, with 0.1 mol L-1 of NaCl. 

 

3.2. Degradation of ACE in the electrochemical system under favorable con-

ditions 

After determining the proper conditions of I and Q for the RCS production, the 

action of the electrochemical system, under such conditions, on the pharmaceu-

tical ACE was evaluated. The ACE removal percentage at 10 min of treatment is 
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shown in Fig. 2. In addition to the ACE degradation, the accumulations of RCS in 

the presence and absence of ACE were measured and compared (Fig. 2).  

 

 

Fig. 2. ACE removal, and RCS accumulation in presence and absence of ACE 

after 10 min of treatment in distilled water. Experimental conditions: [ACE] = 40 

mg L-1, I = 100 mA, Q= 11 mL min-1, and [NaCl]= 0.1 mol L-1.  

 

The electrochemical system induced a high removal of ACE (~100% at 10 min of 

treatment) and the RCS accumulation is lower in the pharmaceutical presence 

than in its absence (Fig. 2). These results indicate that the electrogenerated RCS 

effectively degrades ACE. Due to the reaction between ACE and the electrogen-

erated species, the RCS accumulation was diminished a half approximately. As 

mentioned above, the RCS are powerful oxidizing agents able to attack organic 
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compounds such as ACE [23]. In fact, RCS can chlorinate ACE, producing com-

pounds such as 1,4-benzoquinone, N-acetyl-p-benzoquinone imine (NAPQI), 

and intermediaries from chlorination on the aromatic ring [21,27,28]. 

Despite the treatment of ACE by electrogenerated RCS or conventional chlorin-

ation has been widely considered in the literature [21,27–29], few works have 

been addressed to the modeling of its degradation by these species. Therefore, 

the topic of modeling was studied as discussed, as detailed in the following sec-

tion. 

 

3.3. Modeling of the ACE degradation and RCS production 

In the initial part of the modeling, the chlorine evolution at different current inten-

sities (Fig. 3A) and concentration of supporting electrolyte (Fig. 3B), both in pres-

ence of ACE, has been estimated using Eqs. 23-27. In Fig. 3, the line represents 

the values obtained by modeling and the dots correspond to the experimental 

results. 

The results show that the RCS accumulation is higher when increasing the ap-

plied current in the electrochemical cell (Fig. 3A). As above mentioned, as the 

current is augmented the electronic transfer between the chloride anions DSA 

surface is increased. Moreover, the RCS rate formation also increases as the 

chloride ion concentration was higher (Fig. 3B). This behavior is associated with 

the enhancement of the conductivity of the solution and mass transference of 
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chloride ions toward the anode surface [25]. Interestingly, the modeling lines rep-

resent well the trends of the experimental points and the variation of I and Cl- 

concentration. This is consistent with the HOCl concentration dependence on ΦE 

(as indicated in Eq. 17), which is directly linked with the current intensity and the 

concentration as will be demonstrated below.  

A 

 

B 
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Fig. 3. HOCl evolution. A. Dependence on the applied current (I= 20, 60 and 100 

mA) at [NaCl] = 0.1 mol L-1; Q = 11 mL min-1, and ACE = 40 mg L-1. B. Depend-

ence on NaCl concentrations ([NaCl]= 0.04 and 0.1 mol L-1; at I = 100 mA; Q= 11 

mL min-1, and ACE = 40 mg L-1). The experimental data are the dots and the 

modeled results are shown as lines.  

 

Once the RCS evolution was modeled, the parameter ΦE was calculated¡Error! 

No se encuentra el origen de la referencia.. Fig. 4 shows that under the exper-

imental conditions, ΦE has a linear direct dependence on I and Cl- concentration. 

Consequently, the chlorine rate formation can be expressed as a mathematical 

function of both current and chloride anion concentration as presented in Eq. 33. 

][)(1034.4)/( 114   ClIsAsME                                    (33) 
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Fig. 4. RCS rate production (ΦE) from the model and the experimental results as 

a function of the applied current intensity and supporting electrolyte (NaCl) con-

centration. 

 

After the determination of ΦE, the pH variation at the output of the reactor was 

also modeled, as shown in ¡Error! No se encuentra el origen de la referencia.. 

It can be noted that the pH raises to high values in short times and reaches its 

steady-state which can be evaluated through Eq. 34 (which was obtained from 

Eq. 26). The increase of pH can be explained by considering the reduction of 

water on the cathode (R8 in Table 1). Due to a part of the electrogenerated acid 

species (i.e., HOCl) was consumed by ACE degradation, hydroxide anions were 

accumulated increasing fastly the pH up to achieve a plateau. It can be noted that 

the model (solid lines in Fig. 5) represents approximately well the effect of current 
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on the pH variation, especially between 0 and 420 s of electrolysis. At long treat-

ment times (i.e., > 420 s), a decrease in the experimental data for pH was ob-

served, which suggests that the primary byproducts coming from the ACE deg-

radation do not consume RCS significantly, and acid species such as HOCl can 

react with the OH-, thus diminishing the pH. These last aspects were not consid-

ered in Eq. 34, and this explains the differences between the experimental data 

and the values obtained using the model.         
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Fig. 5. pH profiles at the output of the electrochemical reactor in presence of ACE 

for different applied currents I= 20, 60, and 100 mA. Experimental conditions: 
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[NaCl] = 0.1 mol L-1; Q= 11 mL min-1, and [ACE]= 40 mg L-1. The experimental 

data (circles) are shown for different initial concentrations. 

 

In addition to the evolution of RCS and pH, the degradation of ACE, at different 

initial concentrations, was also modeled. Fig. 6¡Error! No se encuentra el ori-

gen de la referencia. shows that for initial concentrations concentration between 

10 and 40 mg L-1 of ACE, the electrochemical system completely degraded the 

pharmaceutical. Indeed, at 60 mg L-1 of ACE, the pollutant degradation achieved 

a steady-state, indicating that this system had a maximum removal capability of 

~ 40 mg L-1 of the initial amount under the tested conditions. Furthermore, from 

Fig. 6, it can be noted that the values from the model fit quite well to the experi-

mental observations for all the ACE concentrations. This proves that the model 

based on the intrinsic parameters or the reactor (i.e., τH, and ΦE), and interaction 

between the pharmaceutical and RCS (e.g., 𝑘2, app) represents the ACE degra-

dation by the system correctly. Moreover, our results are in good agreement with 

previous works that also report the dependence of ACE degradation on concen-

trations of the pollutant and RCS [27], and the strong influence of current and 

supporting electrolyte (which control ΦE) [29], in addition to the pH and contact 

time [27,28].    
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Fig. 6. ACE profiles at the output of the electrochemical reactor. The experimental 

data are shown in circles, whereas the model is represented by the solid lines. 

Experimental conditions: [ACE] = 10, 20, 40 and 60 ppm (mg L-1); [NaCl]= 0.1 mol 

L-1; Q= 11 mL min-1, I= 100 mA, pHinitial = 6.0. 

 

On the other hand, in the modeling of processes, sensitivity analyses are relevant 

to determine the relative importance of each parameter regarding both the math-

ematical structure of the model and the experimental data [30]. Thereby, the sen-

sitivity analysis of our model was performed for the neighborhood of a given set 

point of the model. We used the parameters in Table 2 as the operational set 

point, which reproduces the experimental observations. In the calculations, we 

used Eq. 31. This equation relates the sensitivity, S(t), with the state variables, 

q(t), of the model. In turn, the state variables are related to the observables, which 

are the concentrations that we can measure at the output of the reactor. Then, 
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we have the observation matrix C(p) that relates the observables with the state 

variables, according to Eq. 35. 

),()(),( pqpCpy tt                                                    (35) 

Where p is the parameter vector of the model (see Ec. 29). For our system, Ec. 

35 took the explicit form presented in Eq. 36. 
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The combination of Eqs. 31 and 35 produced the observable system represented 

by Eq. 37.  
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Solving the system of ordinary differential equations presented by Eq. 37 with 

Sy(0) = 0 together Eqs. 23-27, we calculated the matrix presented in Eq. 32. Us-

ing the parameters of Table 2, the relative sensitivity matrix (Eq. 32) had the fol-

lowing explicit form. 

 





































0.11080.201093.8001064.11016.1

002348.01066.61081.31075.51081.31062.7

001002.38916.01081.31075.51036.59981.0

0001043.2001064.11064.1
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(38) 
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This last matrix was translated into a heat map, where the color intensity is related 

to the value of each element, resulting in Fig. 7. In Fig. 7, columns correspond to 

the parameters of the model given by Eq. 29 and the rows correspond to each 

observable variable, namely the concentrations of Cl2, HOCl, ACE, and OH-.  

 

Table 2. Reference values for the determination of the sensitivity analysis. 

Symbol Value* Units 

ΦE 3.444 x 10-6 M s-1 

𝑘1 20.9(a) s-1 

𝑘2 3.1(b) M-1 s-1 

𝑘3 7000(b) M-1 s-1 

τH 329.3 s 

0

ACEC
 

2.64 x 10-4 M 

0

OHC
 

10-7.5 M 

η 0.999 - 

*The values are close to the mean experimental values. (a) Spalding et al. [31], (b) 

Pinkston et al. [21]. -:Dimensionless. 
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Fig. 7. Results of the sensitivity analysis for the model. The columns are the 

model parameters and the rows correspond to each observable variable. 

 

From Fig. 7, we can remark that the most relevant parameters of the model were 

ΦE and τH for the accumulation of HOCl, and the η parameter for the production 

of OH-. The results about the accumulation of HOCl agree with the findings in-

formed by other authors about modeling of heterogeneous generation of RCS in 

an analogous electrochemical system. They also found that the inlet flow (param-

eter related to τH) and the current (parameter linked to ΦE) are very important for 

the accumulation of RCS [16]. 

Regarding the ACE degradation, the parameters 𝐶𝐴𝐶𝐸
0 , ΦE, and τH were relevant 

but the kinetic constants had a lower influence on the ACE response. Thereby, 

these results from the sensitivity analysis indicated that for the considered system, 
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the reactor operational parameters had a higher influence on the response than 

the reaction rate constants. 

 

3.4. Application of the electrochemical treatment to degrade pharmaceuti-

cals in seawater 

Once considered the degradation of ACE by the electrogenerated RCS in distilled 

water, the feasibility of the electrochemical process to eliminate this pharmaceu-

tical in an aqueous complex matrix (actual seawater from the Pacific Ocean, Ta-

ble 3) was evaluated, and subsequently simulated. We evaluated the treatment 

of ACE (at 5.0 mg L-1) in actual seawater. In this case, a non-negligible organic 

matter in seawater able to react with the RCS has been considered. This means 

that together the chemical reaction R3-R7 in Table 1, it should be included the 

chemical reaction between the RCS and the natural organic matter, represented 

as B in Eq. 39. 

                                  (39) 

Under these circumstances, Eq. (24) changes to Eq. 40. 

  BBBAAH yxkCyxkCxz
dt

dx
020

1                                 (40) 

The dimensionless concentration of the ACE has been written as 𝑦𝐴 here, and 

𝑦𝐵 is the dimensionless organic matter concentration defined as 𝑦 =
𝐶𝐵

𝐶𝐵0
⁄ . 

HOCl +  B
kB Prods
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Additionaly, a new differential equation must be added to the system of Eqs. 23-

26 accounting for the oxidation of natural organica matter. Similar to Eq. 25, the 

mass balance of the reactive natural organic matter gives Eq. 41. 

  BBEHBH
B yxky

dt

dy
   11

                                                (41) 

Where kB is the reaction rate constant for the reaction between the RCS and the 

organic matter present in the seawater wich in order of simplicity, has been con-

sidered independent of the pH. 

Table 3. Main characteristics of the actual seawater. 

Substances/parameter Units Value 

Cl- mol L-1 0.55 

Br- mmol L-1 0.69 

F- mmol L-1 0.07 

SO4
2- mol L-1 0.03 

HCO3
- mmol L-1 2.15 

Na+ mol L-1 0.43 

K+ mol L-1 0.01 

Mg2+ mol L-1 0.03 

Ca2+ mol L-1 0.01 

pH - 6.4 

Conductivity mS cm-1 47.9 

Total organic carbon mg L-1 3.2 
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C 

 

Fig. 8. Treatment of ACE in real seawater by the electrochemical system. A. 

Degradation of ACE. B. Evolution of RCS during degradation of ACE in seawater. 

C. pH evolution during degradation of ACE in seawater. Blue dots: experimental 

data, blue line: simulated values in the NOM presence, orange dashed line: sim-

ulated values in the NOM absence, green dashed line: simulated values for NOM 

oxidation. Experimental conditions: [ACE]= 5 mg L-1 (33.1 µmol L-1), I= 100 mA, 

and Q= 11 mL min-1. 

 

The dots in Fig. 8A depicts the evolution of ACE in the actual seawater. It can be 

noted that the electrochemical system was able to completely degrade ACE after 

180 s of treatment. This fast ACE degradation can be associated with the high 

amount of RCS produced from the intrinsic chloride ions (0.55 mol L-1, Table 3) 
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in the seawater, which favors the charges conduction and the production of the 

degrading species [25]. 

Despite the fast degradation of the analgesic in the actual seawater, we should 

mention that in distilled water (containing 0.5 mol L-1 of NaCl), ACE was degraded 

after only 30 s of electrolysis (Fig. S3). This fact can be explained by considering 

the composition of real seawater. The actual matrix is rich in inorganic ions (e.g., 

chloride) that are useful for the development of the electrochemical process. 

Nonetheless, at the same time, the seawater also has natural organic matter (i.e., 

3.2 mg L-1 of total organic carbon, Table 3) that can react with the electrogener-

ated RCS [16], slowing the ACE removal regarding the distilled water. 

Fig. 8A also shows the corresponding simulations for ACE degradation in sea-

water considering the absence (orange dashed line) and presence (blue line) of 

intrinsic natural organic matter (NOM) in this matrix. Additionally, the evolution of 

the oxidation of the NOM has been represented in Fig. 8A. As expected, a shift 

in the ACE curve at higher treatment times occurred when the NOM is taken into 

account. Moreover, the RCS can attack NOM, leading to its degradation, as illus-

trated by the green dashed line in Fig. 8A. It should be noted that the concentra-

tion of NOM is around twice the concentration of ACE, and the simulation sug-

gested that the reaction rate of NOM with RCS is significantly higher than the 

reaction rate between ACE and RCS. 
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In addition to the ACE degradation, during the treatment of this pharmaceutical 

in the seawater matrix, the evolution of the RCS and pH were followed and sim-

ulated. The simulation of the chlorine species evolution (Fig. 8B) showed that the 

presence of NOM diminishes the concentration of RCS concerning its absence, 

which is consistent with the results presented in Fig. 8A. Thus, the proposed ap-

proach with the model proposed in this work was successful in reproducing the 

observations about ACE degradation and RCS evolution in actual seawater.  

Regarding the pH behavior, the simulation did not represent well the results in 

the seawater matrix (Fig. 8C), which demonstrates the high difficulty for the mod-

eling of this parameter. From the experimental data in Fig. 8C (i.e., the blue dots), 

it can be noted that during the ACE treatment in the seawater, the pH oscillated 

a little around 8.0, contrasting with the higher pH variations observed in distilled 

water (Fig. 5). Such differences suggest seawater had a certain buffering capac-

ity (due to the presence of anion bicarbonate, Table 3), which was not observed 

in distilled water. Moreover, the buffering ability of the actual matrix was not in-

cluded in the pH model, and therefore, the simulated values of pH were above 

the experimental ones (Fig. 8C). 

On the other hand, to assess the degrading ability of the electrochemical system 

on other pharmaceuticals, the treatment in seawater of the highly consumed an-

tibiotic ciprofloxacin (CIP, at ~11 mg L-1, which corresponded to the same molar 
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concentration used for ACE) was considered. Furthermore, to determine the elec-

trochemical treatment extent, the removal of the antimicrobial activity (AA) asso-

ciated with the antibiotic was also measured. Fig. 9A compares the evolutions of 

CIP and ACE during their treatment in seawater, whereas Fig. 9B and AA under 

the electrochemical treatment, respectively. 

The comparison between the treatment of the two pharmaceuticals shows that 

the degradation of the antibiotic CIP was faster than the analgesic ACE (Fig. 9A). 

This difference can be related to the chemical structural properties of each phar-

maceutical (Fig. S4), which determine their interactions with the RCS [23,32]. CIP 

has two amines on the piperazinyl ring, which are very reactive toward the chlo-

rine species, and this ring can be opened by HOCl (Fig. S4A) [33,34]. Further-

more, in the CIP structure, the benzene carbon placed in ortho position to the 

piperazinyl moiety and meta position to the fluorine atom is activated, and then 

undergoes an electrophilic aromatic substitution promoted by chlorine species 

(see Fig. S4B) [33]. Meanwhile, the ACE structure contains a phenol moiety and 

an acetamide group. These two groups are susceptible to chlorination (as illus-

trated in Fig. S4C-D) [29]. Nevertheless, phenol and acetamide on ACE are less 

reactive than amines (as those present in CIP) toward RCS. Indeed, the second-

order reaction rate constant between RCS and CIP (k: 3.8 x105 M-1 s-1) is higher 

than that for ACE (k: 3.1 M-1 s-1) [23], thus explaining the faster elimination of the 

antibiotic by the system. 
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Fig. 9. Treatment of pharmaceuticals in real seawater by the electrochemical sys-

tem. A. comparison of ACE and CIP degradation in real seawater (RSW). B. re-

moval of the antimicrobial activity AA associated with the antibiotic CIP. Experi-

mental conditions: [ACE]= [CIP]= 33.1 µmol L-1, I= 100 mA. Pharmaceuticals 

were treated individually. S. aureus was used as the indicator microorganism for 

AA. 

 

Regarding the AA (Fig. 9B), it can be noted that the process eliminated the activity 

after only 120 s of treatment (when more than 98% of CIP was degraded). As 

mentioned above, the electrogenerated RCS are able to attack the piperazinyl 

moiety and transform the aromatic ring on CIP (Fig. S4A-B). The piperazyl ring 

controls the antimicrobial potency and pharmacokinetic properties of fluoroquin-

olone antibiotics like CIP [35,36], and the chlorination of the benzene ring can 

alter the activity against bacteria [37]. Then, the structural modifications may be 

responsible for the AA removal. Moreover, the AA elimination represented a pos-

itive aspect for the electrochemical treatment of pharmaceuticals in complex 

aqueous samples (like seawater) because AA removal can contribute to the de-

crease of adverse effects of the input of antibiotics into the environment. 

 

4. Conclusions 
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From the development of the present research, it was concluded that for the con-

sidered electrochemical system (a filter-press reactor, equipped with a dimen-

sionally stable anode, NaCl, and operated in continuous mode), high current and 

low flow were convenient for the RCS production through the enhancement of 

electronic transfer and the contact time between the chloride anions and DSA 

surface. The semi-empirical model based on CSTR hypothesis and the definition 

of the RCS rate production was proposed and successfully applied to account for 

the production of RCS, ACE degradation at different concentrations, and pH evo-

lution. The developed model allowed us to establish a mathematical relationship 

among the RCS generation, current intensity, and chloride anions concentration. 

Moreover, the ACE degradation by the electrochemical system was correctly rep-

resented by the model due to this involved both the reactor (i.e., τH, and ΦE) and 

interaction between the pharmaceutical and RCS (e.g., 𝑘2, app). The relevance of 

τH, and ΦE in addition to the pharmaceutical concentration, in the ACE degradation, 

was confirmed the sensitivity analysis. The electrochemical process was able to 

fastly remove ACE in the actual seawater. Furthermore, the analgesic degrada-

tion and RCS evolution were properly simulated considering in the model the re-

action of chlorine species with the intrinsic NOM present in the actual matrix. On 

the other hand, the electrochemical system also degraded CIP in the real sea-

water and eliminated its related AA (which was associated with structural trans-

formations of the antibiotic), and this removal denotes a positive action of the 
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system to decrease the environmental impacts of CIP. Finally, we can suggest 

that the results from the kinetic modeling of ACE degradation could be utilized in 

further works as a background to study fundamental and practical aspects of deg-

radation of other pharmaceuticals in water by electrogenerated RCS. 
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