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The degradation of ceftriaxone (CTX) has been studied by the electrochemical oxidation processes in an 
ideally stirred batch reactor using a boron-doped diamond (BDD) as the anode. The mineralization of 
CTX was investigated by UV-vis measurements and chemical oxygen demand (COD) analysis. The 
removal efficiency was studied as a function of several operational variables, such as current densities, 
initial CTX concentration, initial pH values and inorganic ions. It was found that BDD electrode exhibited 
good mineralization capability of CTX in neutral conditions at a current density of 100 mAcm-². That 
oxidation is mainly caused by hydroxyl radicals produced through water discharge at BDD surface in 
aqueous solution of potassium perchlorate. In presence of nitrate, no improvement of the CTX removal 
was observed but in presence of phosphate and chloride ions, CTX removal yield was enhanced. That 
enhancement was explained to be due by the involvement of in situ produced reactive (oxidative) 
species such as chlorine and phosphate radicals in the oxidation of the organic compound in the bulk of 
the solution. 
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1. Introduction 

The presence of the pharmaceutical compounds, namely antibiotics, in 
the ecosystem was known for almost 30 years. Unfortunately, the unused 
overtime drugs such as antibiotics including human and veterinary 
medical compounds are released into environment continuously. A small 
part of unused or expired drugs is gathered to be incinerated. However a 
large part, in the form of original drugs or metabolites, is discarded to 
waste disposal site or flushed down via toilet into municipal sewer in 
excrement. Pharmaceuticals in general and specifically antibiotics 
attracted much attention as potential bioactive chemicals in the 
environment [1-3]. Antibiotics are frequently used to treat human, animal 
diseases but their antibacterial nature does not allow their effective 
removal in conventional wastewater treatment processes [4]. And so 
antibiotics and their metabolites persist in the environment because of 
their incomplete elimination in sewage treatment plants with 60-90% of 
the parent molecules which are still present after biodegradation steps [5]. 
Among antibiotics, ceftriaxone (CTX) is a broad spectrum third generation 
cephalosporin which is prescribed for the treatment of several infectious 
diseases [6-10]. The treatment of waters containing antibiotics such as 
CTX is not easy due to its non-biodegradable character. Due to such reason 
and because of the fact that in Côte d’Ivoire, especially in the teaching 
hospital of Treichville, it has been obtained from a survey undertaken that 
ceftriaxone is one of the most prescribed pharmaceuticals, and because of 
the fact that the hospital wastewaters are released in the environment 
without any treatment, our attention was focused on such a drug in order 
to develop techniques for its elimination. By our knowledge, it is worth 
noting that studies undertaken on ceftriaxone are very scarce. Most of the 
works dealing with ceftriaxone were focused on their characterization, 
determination [11, 12] and few studies (scarce) have been performed on 
their oxidation [13, 14]. Various techniques such as physicochemical 
methods, ozonation, electrochemical, Fenton, and photo-Fenton have been 
tested for organics oxidation like phenol, carboxylic acid, azo dyes but no 
much work has been performed for antibiotic oxidation especially 
ceftriaxone. Amid the techniques mentioned above, electrochemical 
techniques appears to be a very promising solution for the treatment of 

pharmaceuticals [15, 16]. Anodic oxidation is one of the most common 
electrochemical processes for the remediation of waters containing 
organic pollutants [17, 18]. For such a method, electrode materials play an 
important role since the electrochemical oxidation could proceed via 
various reaction routes such as via direct electron transfer to the anode 
and/or mediated oxidation with OH° or other oxidative species formed 
from water or other species discharge at the anode surface at high current 
in case of indirect organics oxidation. The best anodes for this procedure 
are non-active boron doped diamond (BDD) thin-film electrodes because 
they interact very weakly with physisorbed BDD(OH°) and promote a 
much greater O2-overpotential than other conventional anodes like Pt, 
DSA (dimensionally stable anode) and PbO2 [19, 20]. Electrochemical 
oxidation with BDD presents advantages from the point of view of 
efficiency, stability, cost performance in comparison with other electrodes 
and methods because of its technologically important properties such as 
inert surface with low adsorption, remarkable corrosion stability even in 
strongly acidic media and extremely high O2-evolution overvoltage. 

In this study, BDD was used as anode to evaluate the elimination of CTX 
in water. The effect of various oxidation parameters has been investigated 
to study the CTX oxidation on the BDD electrode. Spectrophotometric 
measurements have been carried out for the evaluation of the removal rate 
of intermediates that could be produced. 
 

2. Experimental Methods 

2.1 Electrode Preparation 

Boron doped diamond (BDD) electrodes were prepared by hot-filament 
chemical vapor deposition (HF-CVD) on low resistivity (1-3 mΩcm) p-Si 
wafers (siltronix, diameter 10 cm, thickness 0.5 mm). The process gas was 
a mixture of 1 % CH4 in H2 containing trimethylboron. Film growth 
occurred at a rate of 0.24 μmh-1. The film thickness was about 1 μm. The 
Scanning Electron Microscopic (SEM) image of the BDD electrode was 
carried out with a JEOL LJMS-6300-F instrument. 

 
2.2 Chemicals 

Ceftriaxone was purchased from a pharmacy in Abidjan. All chemicals 
used in the experiments were reagent grade or higher and were used as 
received without any further purification. Potassium perchlorate (KClO4), 
perchloric acid (HClO4), potassium hydroxide (KOH), potassium nitrate 
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(KNO3), potassium chloride (KCl), potassium dihydrogen phosphate 
(KH2PO4) were obtained from Fluka. Solutions were prepared with 
distilled water and the pH value was adjusted by HClO4 and KOH. 

 
2.3 Bulk Electrolysis 

For the bulk electrolysis of ceftriaxone in potassium perchlorate 
solution, an undivided reactor has been used under a galvanostatic regime. 
The system worked under a batch operation mode. The simulated 
wastewater was fed with a peristaltic pump into the electrochemical 
reactor at a flow rate of 2.08 mLs-1. All the electrolysis were conducted at 
room temperature in an open, cylindrical and undivided glass cell of 250 
mL capacity with magnetic stirring. The anode used for the electrolysis 
was a boron doped diamond electrode (BDD) and the cathode was a 
titanium plate. The exposed electrode surface area with the solution was 
about 16 cm2. 

 
3. Results and Discussion 

3.1 Physical Characterization of the Boron Doped Diamond (BDD) Electrode 

Fig. 1 shows the scanning electron microscopic image of the boron 
doped diamond electrode. 
 

 

Fig. 1 Scanning electron micrograph of boron doped diamond 

That image indicates that BDD presents a polycrystalline structure. The 
morphological grains sizes are ranging between 0.3 and 0.6 µm. The grains 
are heavily twinned. At the bottom of the diamond grains, a relative dark 
space was observed especially at grains boundary which can be related 
probably to graphitic carbon (Csp2) formed during the BDD preparation. 
 
3.2 Electrochemical Degradation Kinetics of Ceftriaxone (CTX) 

The effect of applied current density (20–100 mAcm-2), initial 
concentration of ceftriaxone (0.5-2 gL-1), inorganic ions (concentration of 
Cl- , NO3

−, H2PO4
−  ) and initial pH (2, 7 and 10) on the decay kinetics of CTX 

solution using the BDD anode are shown in Figs. 2-4. 
 

 

Fig. 2 Effect of current density on COD removal vs electrolysis time for the 
degradation of 250 mL of 1 gL-1 ceftriaxone in KClO4 0.1 M of pH 7.0 at 25 °C. (a: 20 
mAcm-2; b: 50 mAcm-2; c: 100 mAcm-2). In the inset: plot of ln(COD) versus 
electrolysis time. Anode: BDD, cathode:Titanium plate, T = 25 °C. Q = 2.08 mLs-1. 

 
3.2.1 Effect of Applied Current Density 

Fig. 2 shows the effect of the applied  current density on the degradation 
of 1 gL-1 CTX. The applied current density j is the main key factor governing 
the effectiveness of the Anodic Oxidation (AO). To assess the effect of this 

experimental variable, j values ranging between 20 and 100 mAcm-2 were 
applied to the AO treatment of a 1 gL-1 ceftriaxone solution of pH 7.0 in the 
BDD cell for 5 h. The corresponding COD abatement presented in Fig. 2 
highlights an increasing degradation rate of CTX with rising j, reaching 
81%, 92% and 99% mineralization at the end of electrolysis at 20, 50 and 
100 mAcm-2, respectively, with corresponding consumed charge Qc values 
of 7.44 AhL-1, 18.60 AhL-1 and 28.44 AhL-1. The higher CTX degradation 
rate and mineralization degree reached at higher j can be due to the 
acceleration of water oxidation from reaction (Eq.1): 

 
M + H2O                                M(OH°) + H+ + e-   (1) 

 
 

Plotting the logarithm of the chemical oxidation demand versus the 
electrolysis time, a straigth line was obtained (inset of Fig. 2) indicating 
that in the working conditions, the chemical oxygen demand decay follows 
a pseudo first order kinetic with a constant of 1.07 h-1. 
 
3.2.2 Effect of Initial pH Value 

The initial pH is of crucial importance for the electrochemical oxidation 
process, which may affect the structure of organic matter or coexisting 
ions. Thus, in order to make this study reach more extensive application 
prospect in actual wastewater, the influence of initial pH was determined 
over a wide pH range by adjusting the pH of the medium to 2.0, 7.0 and 
10.0 before electrolysis, and no buffer was used in this part of experiment. 
The results are shown in Fig. 3. It is obtained that CTX solutions with lower 
initial pH had slightly higher oxidation rate than those of the CTX solutions 
with higher pH, indicating that the oxidation process was more favorable 
in acidic solution. The total degradation is attained after 3 h of electrolysis 
independtly of pH. 

 
Fig. 3 Effect of pH on COD removal vs electrolysis time for degradation of 250 mL of 
1000 mg/L ceftriaxone in KClO4 0.1 M  at 25 °C. Anode: BDD, cathode:Titanium plate, 
flow rate Q= 2.08 mLs-1 

 
Fig. 4 Effet of initial concentration of CTX (a: 0.5 gL-1, b: 1 gL-1; c: 2 gL-1)  on COD 
removal vs electrolysis time for degradation of 250 mL at 100 mAcm-2 in KClO4 0.1 M 
of pH 7.0 at 26 °C. Anode: BDD, cathode:Titanium plate, T = 25 °C. Q = 2.08 mLs-1 

 

3.2.3 Effect of Initial CTX Concentration 

Due to the fact that the hospital wastewaters usually contain different 
concentrations of pharmaceutical compounds, it is very important to 
investigate the effect of the initial concentration of ceftriaxone on the 
performance of the electrochemical oxidation process from a pratical 
point of view. For that, a solution of ceftriaxone of 0.5 gL-1, 1 gL-1 and 2      
gL-1 at pH 7 was electrolyzed under 100 mAcm-2 using BDD anode. The 
initial pH of the three solutions decreases with time to remain practically 
constant up to a final value of 1.3. The obtained result is depicted in Fig. 4. 
That result indicates that in the course of the electrolysis, ceftriaxone 
oxidation leads to intermediates presenting an acidic character [12, 21]. 
That result is in accordance to that of other authors where an antibiotic 
such as oxacillin was oxidized on Ti/IrO2 electrode [14]. The 
mineralization rate of ceftriaxone decreases quickly as the initial 
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concentration of the ceftriaxone solution increases. Martinez-Huitle and 
Ferro [20, 22] claimed that the oxidation reaction that occurs on the 
electrode surface are mediated by hydroxyl radicals, thus, due to the mass 
transfert control, it could be assumed that the effect of the concentration 
of organic matter could not be ignored. At low initial concentration, the 
electrochemical reaction is faster than diffusion i.e. the process is diffusion 
controlled for very low ceftriaxone concentration. As shown in Fig. 4, CTX 
disappeared almost completely in 120 min of electrolysis for an initial 
concentration of 0.5 gL-1. After a quantity of electricity of Qc = 13.61AhL-1 
is passed, COD was reduced to reach 98%, 82% and 91% for 0.5, 1 and 2 
gL-1 respectively. 
 
3.2.4 Effect of Inorganic Ions 

In order to investigate the influence of the inorganic ions on the 
degradation kinetics and mineralization efficiency of ceftriaxone aqueous 
solutions, the experiments were performed in neutral medium (pH 7) 
containing differents inorganic ions Cl-, NO3

− and phosphate ions H2PO4
− . It 

is worth noting that at pH around 7, both HPO4
2− and H2PO4

−  forms are 
present in the electrolysis solution with almost the same concentration 
buffering the solution. The obtained results were presented in Fig. 5. The 
degradation rate of ceftriaxone in the presence of NO3

− is similar to that 
obained without these ions until 3h of electrolysis. As can be seen from Fig. 
5, the complete degradation of ceftriaxone took place after 180, 240, 300 
min and 120 min of electrolysis in presence of phosphate ions,  in absence 
of ions, in presence of  NO3

− and in presence of chlorides respectively. Plots 
of the logarithm of the chemical oxidation demand versus the electrolysis 
time realized in presence and in absence of inorganic ions used in this 
work showed straight lines with kinetic constant of 1.76 h-1 (R2=1 ); 0.98 
h-1 (R2=0.99); 1.20 h-1 (R2=0.98); 1.07 h-1 (R2=0.98) for Cl-, NO3

− and 
H2PO4

− ions and in absence of ions respectively. In order to compare the 
COD removal values of these systems, we performed the COD analysis at 
120 min of electrolysis and calculated the corresponding current 
efficiency CE% values. After 120 min of electrolysis, the degradation of 
ceftriaxone reaches 82.8%, 100%, 82.6% and 90.1% of COD removal with 
21.6%, 26.2%, 21.6% and 23.6% current efficiency respectively in absence 
and in presence of chloride ions, nitrates ions and phosphate ions 
respectively. In this experimental condition, it is obtained that the 
mineralization rate of ceftriaxone in presence of the inorganic ions 

investigated increases in the following order : Cl- > H2PO4
− > NO3

−absence 
of additional inorganic ions. That observation is positively corrolated with 
the kinetic constant determined above. In all cases, current efficiencies are 
almost the same indicating that independtly of the composition of the 
electrolysis solution in term of additional ions only 21.6-23.6% part of the 
current applied is really involved in the degradation of ceftriaxone. The 
other part of current could intervene in the production of reactive species 
that could participate in the oxidation process and/or in the production of 
undesirable side reactions. From this result, it appears that chlorides have 
a very important effect on the degradation kinetic of ceftriaxone. In case of 
phosphate ions, a sligth increase of the ceftriaxone degradation yield was 
observed and in case of nitrate, no improvement of ceftriaxone 
degradation yield was observed when results are compared to situation 
where no additional ions were used. The improvement observed in 
presence of phosphate ions could result from the participation of 
phosphate radicals that are produced in situ by many reactions routes. 
They can be produced directly on the electrode surface by direct reaction 
or through the reaction between hydroxyl radicals and the phosphate ions 
(Eqs. 2-4). In some works, it has been indicated that the produced radicals 
are less reactive than hydroxyl radicals meanwhile the phosphate radicals 
diffuse in the bulk of the solution and can oxidize in a chemical way the 
organic compound, ceftriaxone [22, 23]. 
 

H2PO4
−      + OH°                               (HPO4

2−)° +  H2O    (2) 
(HPO4

2−)° + OH°        (PO4
2−)°+  H2O  (3) 

(PO4
2−)°    + (PO4

2−)°                        (P2O8
4−  )°   (4) 

 
These reactive species can also react with the organics and contribute 

in enhancing the degradation yield of ceftrixaone leading to its 
mineralization. The very fast degradation kinetics in the case of Cl- can be 
explained by parallel degradation reaction in the solution phase via 
indirectly formed reactive species. The chloride ions were oxidized to 
chlorine gas (Cl2) at BDD anode (Eq. 5), which reacts with water to form 
hypochlorite (ClO-) ions (Eq. 6) : 

 
2Cl-           Cl2 + 2e-                   (5) 
Cl2  + H2O           HClO + Cl-  + H+                (6) 

 
In the course of the experiment, odor of hypochlorite was spread in the 

laboratory confirming such mechanism. The formed chlorine gas, a strong 

chlorination agent, and hypochlorite ions can react with ceftriaxone to 
form chlorinated by-products. 

During the electrolysis, the absorbance of the samples withdrawn from 
the simulated wastewater tank was recorded. The result is shown in Fig. 
6. One observed in Fig. 6 that during the first 0.5 h, an increase of the 
absorbance is observed and reached a maximum. That could be due to the 
production of intermediates which absorb at the same wavelength as 
ceftriaxone. During the electrolysis, a decrease of the absorbance is 
observed until total degradation is obtained after almost 3 h of electrolysis 
and the colour of the solution was followed. From a colourless solution at 
0 h, solution became red after 0.5 h of electrolysis and as the electrolysis 
is running that colour intensity decreases to be almost colourless after 3 h 
of electrolysis and totally colourless after 5 h of electrolysis (Fig. 7). In fact, 
the change of the solution colour from colourless to red during the 
electrolysis could be due to the production of intermediates which 
absorded at the wavelength around 520 nm. The decrease of the 
absorbance after 0.5 h (inset of Fig. 6) and the decrease in the intensity of 
the colour of the solution (Fig. 7) can result from the oxidation (removal) 
of the produced intermediates. 

 
Fig. 5. Effect of inorganic ions on COD removal vs electrolysis time for degradation of 
250 mL of CTX 1000 mgL-1 at 100 mAcm-2 in KClO4 0.1 M of pH 7.0 at 25 °C. (a: CTX 1 
gL-1 ; b: CTX 1 gL-1 + 50 mM KCl; c: CTX 1 gL-1 + 50 mM NaNO3; d: CTX 1 gL-1 + 50 mM 
KH2PO4)   Anode: BDD, cathode:Titanium plate, Q = 2.08 mLs-1 

 

 

Fig. 6 Absorption spectra of ceftriaxone samples during ceftriaxone electrolysis at 50 
mA cm-2 on BDD electrode. Inset: absorbance at 520 nm versus electrolysis time 

 

 

Fig. 7 Photo of the solution withdrawn from the wastewater tank during electrolysis 
(from left to right : t =0 h; 0.5 h; 1 h; 1.5 h; 2 h; 3 h; 4 h; 5 h) 

 

4. Conclusion 

From this work, it has been pointed out that the boron doped diamond 
(BDD) electrode presents a polycristalline structure with well defined 
diamond grains with graphitic carbon (Csp2) at the diamond grain 
boundaries. It has been demonstrated that anodic oxidation of ceftriaxone 
with BDD is a very effective method for its degradation reaching its 
mineralization in aqueous medium. The degradation of ceftriaxone led to 
intermediates which undergo further degradation until total 
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mineralization of parent organic compound (ceftriaxone) and produced 
intermediates occurs. That oxidation occurs on BDD electrode in 
potassium perchlorate solution via the involvement of hydroxyl radicals. 
Addition of inorganic ions to the solution has indicated that chloride and 
phosphate ions contributed in the enhancement of the degradation yield 
of ceftriaxone through the involvement of oxidative species (radicals) 
produced. The presence of nitrate did not contribute in increasing the 
ceftriaxone degradation yield. 
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